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The Feasibility of in-situ Geological Sequestration of Supercritical
Carbon Dioxide Coupled to Underground Coal Gasification

David J Schiffrin, Chemistry Department, University of Liverpool, Liverpool L69 7ZD, UK
d.j.schiffrin@liv.ac.uk

Based on the thermophysical properties of supercritical carbon dioxide and available power
plant engineering information, it is shown that the maximum achievable efficiency of carbon
dioxide sequestration in underground cavities left after in-situ coal gasification is
approximately only 14%. Available evidence indicates that the claim that the syngas thus
produced can be employed to synthesise “green” liquid fuels is over-optimistic. In addition, a
brief analysis is presented of environmental issues relating to the potential contamination by
carcinogenic polycyclic aromatic compounds dissolved by supercritical carbon dioxide. An
estimate of the solubility of the carcinogenic compound benzo[a]pyrene based on molecular
polarizability is presented.

Broader context

The concern about long term security and reliability of energy supplies has triggered intense
search and discussions on energy sources and production methods. Policy makers and the
general public are faced with conflicting demands that appear irreconcilable between
environmental issues, global warming, quality of life and international obligations. The
exploitation of coal that cannot be extracted by conventional mining methods employing
Underground Coal Gasification coupled to carbon capture and sequestration has been
presented as a long term “green” solution to ensure security of energy supply for several
centuries. This article analyses some of the claims made regarding CO, underground storage
and liquid fuel production highlighting the complexity of some of the environmental issues
related to this technique.

1. Introduction

Concerns about energy supplies, CO, emissions and consequential environmental issues have
triggered a justifiable renewed interest in alternatives to the extensive current use of oil and
natural gas. For example, in the case of natural gas, the UK North Sea gas production has
been in decline for several years as shown by the increase in UK natural gas imports (Figure
1).! Coal gasification was used for many years for the production of manufactured gas and
the UK pioneered this technology.” A return to coal gasification as a source of energy
presents, however, severe environmental concerns related both to the need for decreasing
global CO, emissions and environmental pollution risks. The former is currently being
addressed through international agreements on greenhouse effect emissions abatement.’ In
support of the policies required to reach CO, emission targets, a recent comprehensive
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analysis of the carbon budget projections to keep global warming below the 2 °C limit
concludes that 80 % of coal reserves should remain unused.”
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Figure 1. Natural gas UK imports

It has been argued, however, that underground coal gasification (UCG) is an acceptable
solution to supply energy requirements, by tapping the very large coal reserves that cannot be
mined by conventional methods.” The principles of this method have been extensively
described,®’ and a schematic diagram of the process is shown in Figure 2.
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Figure 2. Schematic diagram of an UCG plant. ASU is the air separation unit for the production of
oxygen required for an efficient carbon dioxide sequestration; CC = underground combustion cavity.
Diagram not in scale. Penetration within the coal seam can be in the km or greater range. Diagram is
not in scale

In summary, a coal seam underground is accessed by directional drilling to reach a
production pipeline and the oxidant, oxygen (either diluted or at a high concentration), is
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injected and the coal adjacent to the production well is ignited. Combustion takes places with
insufficient O, so as not to burn completely the carbon content of the coal to CO, thus
producing a gas mixture (“syngas”) with the components indicated in Fig. 2. The main idea is
that this gas is burnt in a power station to produce electricity thus employing the residual
calorific value of the coal gasified underground or using the latter in other applications that
still result in similar high CO, emissions (see below). An alternative proposed application is
as feed-stock for chemical plants.

In order to retain a partially carbon-based economy, capture and sequestration (CCS) as a
way of storing CO; either underground or in depleted oil reservoirs have been proposed.® The
technical feasibility of doing so in saline aquifers in the North Sea has been demonstrated in
the Snehvit and Sleipner facilities in the Usira reservoir in the Norwegian sector, * 1°
although the long term suitability of this CCS technique will have to await post-injection
monitoring.'' The average yearly sequestration rate in these reservoirs has been estimated as
1.7 Mt COs/year but since the total UK CO; release for 2013 was 464.3 Mt COy, this only
represents 0.37% of the total yearly emissions.'? The current status of the requirements for
geological storage of CO, and field results has been recently critically reviewed."

A combination of UCG and CCS has been proposed as the “green” solution for the
exploitation of underground coal for the in-situ manufacture of syngas that can be used as
fuel in electricity power stations. It has been argued that this will allow the use of
inaccessible coal reserves whilst at the same time avoiding large emissions of CO, CCS
requires CO; purification and then storage as supercritical carbon dioxide (sCO,). Claims
about how much carbon can be sequestered in this way vary widely but a justification for the
use of the UCG technology is that the cavities left after burning the underground coal seams
can be employed directly to store some or all the carbon dioxide produced as sCO,.”

The purpose of this article is to provide a physicochemical basis for quantifying the
percentage of produced CO, that can be expected to be sequestered with this approach by
considering the thermophysical properties of sCO; and process energy requirements. The
conditions considered here are presented as a typical example of the degree of storage that
could be achieved. A second important issue relates to the solubility in sCO; of the
polycyclic aromatic hydrocarbons (PAH) products of coal gasification and the consequent
potential environmental pollution impact of UCG, which is also quantified. Finally, a brief
analysis of the overall atmospheric CO; discharge that can be expected from UCG is
presented by taking into account the different usages of the gas produced: electricity
generation from its residual calorific value, or conversion to liquid fuels by the Fischer-
Tropsch process.

2. Carbon sequestration in UCG cavities

It has been proposed many times that an advantage of UCG is that the cavities formed after
the coal seam is gasified could be employed for CO, sequestration, thus not only allowing the
production for many years of cheap “clean” energy from otherwise inaccessible coal seams
(200 years are often quoted) but also providing the underground sites for geological CO,
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sequestration. 118 Indeed, it has been stated that there is “no a priori engineering barrier to
developing CCS in UCG voids™."®

The percentage of CO; produced that could be sequestered in this way depends on the
temperature and density of sCO, in the underground cavities, the volume of non-volatile
products remaining after gasification and the maximum pressure that can be safely applied to
the supercritical fluid while ensuring that the integrity of the cavities to be used for the
containment of the high pressure fluids is maintained.

3. Conditions prevailing in UGC cavities

To determine the amount of sCO, that can be stored, the properties of SCO, in the cavities
formed by UCG must be quantified at the temperature and pressure at which it will be
present. A key factor to be recognised is that the coal seams that are being considered for
UCG in the UK are at depths greater than 800 m. For example, the conditional operation
licenses granted in the estuary of the river Dee and in the heavily populated Wirral and
Merseyside coastline involve the in-situ gasification of coal deposits present at approximately
1000 m underground. The equilibrium temperature at this depth has been estimated at
~37°C." In order to avoid gas leakage from the thermally fractured cavities left after
gasification, the storage pressure should probably not exceed the hydrostatic pressure at this
depth.

Vertical connectivity through the whole formation leads to hydrostatic equilibrium conditions
for the overlying fluids that are hydraulically connected. For pure water at a constant
temperature and pressure throughout, the hydrostatic pressure at a depth z, Py(z), is given
by:*

Py(z) = gz pw(2) (1)

g is the acceleration due to gravity and p,, is the density of water. The temperature is
however, a linear function of depth up to approximately 1000 m and for instance, in the
Wirral/North Wales region, the gradient is approximately 27 °C/km.'*?' The density of water
(or of saline solutions) is also a function of pressure and these two effects can contribute to
the hydrostatic pressure that will have to prevail within the underground cavities to be used
for sCO; storage. Thus, the hydrostatic pressure calculations refer to a fluid of non-uniform
density.

The influence of a variable water density on underground flow direction and flow rates has
been comprehensively discussed by Kooi et al*? and the case of a static column of water by
Oberlander.” In what follows, pressure will be reported in the usual units employed in
physicochemical measurements instead of the water head terminology preferred by
hydrogeologists.”> The hydrostatic pressure is given by:

Pu(2) = Pu(0) + g [ pw(2)dz )
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where Py(0) is the pressure at ground level taken as a reference point.
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Figure 3. Temperature dependence of the density of water at different pressures. From bottom to top,
P=1,4,8, 15,30, 60, 120 bar. Data taken from Reference 24.

The temperature dependence of the density of water at different pressures is shown in Figure
3% where it can be seen that pressure and temperature have opposite effects. In consequence,
the water density in the range of interest (310 K, 100 bar) has a maximum spread of only 1

%. For greater depths, the corresponding non-linear differential equations describing
hydrostatic pressure must be solved. For the purpose of the following calculations an average
density of 1,000 kg m™ was assumed. From the above discussion, the maximum pressure of
sCO; that will be in equilibrium with the hydrostatic pressure in the cavities (Eqn. 1) would
be ~98 bar. A pressure higher than this will result in uncontrolled pressure-assisted leakage in
the formation with the consequent loss of the sequestered gas and/or release of contaminants.
To simplify the following calculations, a pressure of 100 bar has been considered throughout.

4. Sequestration efficiency

4.1 Volume of UCG cavities

In order to determine the expected percentage sequestration of the overall CO, produced, the
densities of coal and CO, must be considered. The average density of UK bituminous coal is
1,300 kg m™ * and the corresponding elemental carbon content is in the range 80-90 %. After
combustion, non-volatile components, mainly inorganic solids (ashes) and coal tar, will be
left in the cavities.® The amount of ash left after gasification will depend strongly on the
source of the coal. The typical inorganic ash content of British coals lies between 1.2 and 4.5
% > and their mean density is approximately 3,000 kg m~.*® Although the coal tar residues
from coal gasification contain potent carcinogenic compounds, for the purpose of the analysis
below, their contribution to available cavity volume will be ignored. Therefore, for a coal
containing ~3 % of inorganic matter, the cavity volume available for sCO, storage is ~0.97
m® for each m® of coal gasified.
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It is expected that the voids formed by coal gasification will be heavily fractured due to roof
collapse with shedding of broken rocks,® known in the UK mining industry as goaf.ls’ 16.27
Simple overburden collapse is unlikely, however, to increase the total void volume, it just
redistributes its location. If this were not the case and the fracturing of the overburden were to
extend far beyond the estimates calculated employing isotropic properties of the formation
and based on safe mining recommendations beneath water bodies,”’ the resulting increase in
overall porosity would make the feasibility of CO, sequestration rather dubious. In this
respect, an important difference between classical mining and UCG should be highlighted.
Unlike classical mining, UCG generates large thermal stresses within the formation since
local operating temperatures in excess of 1,300 °C are expected.

4.2 Oxygen requirements

A justification for the deployment of UCG has been the suggestion that gasification coupled
to CCS will lead to a “green” usage of coal. There are significant differences between UCG
and modern power plants operating above ground and relying on coal gasification, in that the
gasification for the latter is carried out in well-defined, controlled and thermally insulated
pressurised gasification reactors. In both cases, however, the use of high concentration
oxygen instead of oxygen from air as the oxidant (the so-called oxy-fuel technology) is
advantageous for the efficient separation and sequestration of the carbon dioxide produced as
well as increasing energy efficiency.” The use of air instead of oxygen results also in more
complex and inefficient separation processes with the added complication of the formation of
NOx gases.

The use of oxygen in power generations plants, either retro-fitted or fully integrated with
CCS units,”™ has been comprehensively analysed and different plant designs and
configurations have been published. ***  Oxy-combustion technologies are advantageous for
implementing CO, capture and storage since product separation is simplified by the
production of flue gases with very high concentrations of CO; that can be sequestered
without significant further processing, thus decreasing the overall CO, footprint. Recent short
term laboratory tests also indicate that oxy-fuel combustion might also be successfully
employed for the in-situ gasification of high-ash content coals.*

The large throughput of O, required can only be achieved by cryogenic distillation of liquid
air for which the technology and plant engineering is well-known. Since the use of oxy-fuel
combustion cycles involves large volumes of relative pure oxygen (purity greater than 95 %)
efforts have been made by plant manufacturers to decrease the separation energy employed
by the Air Separation Unit (ASU) for its inclusion in advanced power generation plants. For
example, the separation energy quoted by two plant manufacturers are 201°° and 200°° kWh/t
of O, but for the latter, improvements to take this value down to 160 kWh/t of O, have been
predicted if the ASU is fully integrated within the power plant operations.3 6 Unfortunately, in
this case, the comparison of overall efficiency is not clear since the published information
indicates that the compressors’ drive efficiency and other power requirements are excluded
from the definition of estimated power.3 % Therefore, a separation energy of 200 kWh/t of O,
will be considered here.
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A detailed assessment of the efficiency of CO, sequestration in the voids left after
combustion requires, however, a thorough knowledge of the overall process, for which full
data is lacking. Nevertheless, from the information available in the open literature, the oxy-
fuel combustion power cycle is recognised as the most effective technique to achieve CO,
sequestration coupled to fossil fuel utilisation”™**7 and therefore, published operation
parameters derived from these studies will be employed.

4.3. CO; balance and sequestration efficiency

The so-called “syngas” produced is a mixture mainly of CO,, CO, H,, HO and CH4. In
addition, many other chemicals and pollutants are produced such as COS (carbon sulphide)
and coal tar. Moreover, coal tar contains many carcinogenic polycyclic aromatic
hydrocarbons, benzene and derivatives, phenols, hydrogen cyanide, SO; and SO, (sulphur
trioxide and dioxide); and SO; reacts with the water content of the produced gas to give
sulphuric acid. The products are typical of the production of manufactured “town” gas, prior
to its replacement by natural gas.

The syngas produced can be employed in a variety of applications.'® After purification, the
immediate market is its use as feedstock fuel for electricity generation. Making use of the
residual calorific value of the coal gasified in this way leads to CO; and H,O as final reaction
products. In consequence, in this case, the CO, emitted per m® of coal gasified underground is
no different from the same amount of coal burnt, for instance, in a power station albeit with a
lower energy yield. Burning coal in two stages, however, does not alter the environmental
loading due to CO; but is impacted by any additional CO; burden resulting from all the unit
operations involved in a two-stage process. Oxygen enrichment from air, compression of
gases, purification operations and the energy required to carry out the gasification process
itself at temperatures of above 1,300 °C using the underground coal must also be taken into
account.

Another proposed use of the syngas produced is to transform it into liquid fuels for
transport.”'® The consequent larger CO, loading from this route is discussed below (See
Section 6) and results in even larger CO, emissions than burning it to generate electricity.
The carbon monoxide content of the “syngas” can also be employed to generate hydrogen
through catalytic conversion in the water shift reaction:

CO + H,0 — CO,+ H, D

H; is an important industrial gas but it should be noted that reaction (I) entails the production
of CO; in molar stoichiometric amounts to the H, produced. It can be concluded that none of
the proposed applications of the “syngas” produced will reduce CO, emissions.

The questions now are: how much CQO; is actually produced and how much of this can be
stored in the volume of the voids left behind after coal combustion? Due to the lack of
published plant modelling data, the analysis presented below greatly overestimates the
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efficiency of the proposed UCG-CCS processes. Taking the average carbon content of
bituminous coal as 80 %,”® then burning 1 m’ of this coal will produce 1,320x0.8x44/12 =
3,872 kg of CO». This is not, however, the full carbon footprint of the gasification process
since the CO, emitted in the generation of the electrical power required to drive the
gasification process must also be considered. In the absence of detailed UCG-CCS
engineering information, only two major energy requirements will be taken into account, O,
separation from air as discussed above and gas compression energy. The estimation of the
latter presents some uncertainties related, for example to compressor efficiency, pressure
drops due to the length of piping through which the gases will be injected and extracted, the
possible pressure loss in the production tubing caused by coal tar condensation and the
resulting two-phase flow, and losses resulting from the recirculation of syngas or high
pressure steam into the oxygen supply to moderate flame temperature and improve calorific

value?!™

Chiesa et al’* have modelled the various contributions to the energy requirements to run an
oxy-coal fired power station and calculated the O, compression energies at two operating
pressures of 60 and 120 bar. Note that this section of a power station will be functionally
similar to a well-engineered UCG-CCS operation. From the results presented in Reference 31
(Tables 5a and 5b) a minimum overall average compression energy of 0.175 kWh/t of O, can
be calculated. Therefore, a conservative estimate of the electrical energy specifically required
for the underground oxy-combustion process is approximately 200+175=375 kWh/t of O,.

The O,/C molar combustion ratio for a coal of similar rank to that used in the present
calculations is 1.02,>” which corresponds to an O, consumption of 2.2 t of O, per t of coal.
Consequently, the energy required for producing the oxygen used and the compression
energy for injection into the underground gasification cavity is approximately 375x2.2=825
kWh/t of coal burned. This conservative estimate can be related to the CO, emissions from
the underground gasification operation and the electrical power required with the
corresponding CO, emissions. The median CO, emissions per kWh of power output in the
UK have been estimated at 0.87 kg COo/kWh® and therefore, an additional energy
consumption of 825 kWh will be required to gasify 1 m’ of coal (see above), which will lead
to an additional emission of 718 kg of CO,. The total mass emission of CO, calculated per
cubic metre of coal gasified is, therefore, 3,872 + 718 = 4,590 kg.

In order to be able to sequester all the CO, produced, a pressure at which the density of CO,

is 4,590/0.97=~4,732 kg m™ would have to be employed. The pressure dependence of the

density of sCO, at different temperatures and pressures has been carefully measured by Span

and Wagner*® and the calculated density-pressure data at 37 °C are presented in Figures 4 and

5 for the high and low pressure ranges, respectively. It is clear that such densities are

inaccessible for sCO; and in fact, at the maximum pressure investigated, of 8,000 bar, a solid
-3 40

CO; phase is formed with a density of 1,496 kg m™.

These Figures also show that there is an abrupt change in the density-pressure dependence
around 90 bar. This is a consequence of the onset of strong intermolecular repulsive forces as

8
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the average distance between molecules in the gas phase decreases with increasing pressure.*!
The density of sCO, at a sequestration pressure of 100 bar is 686 kg m™ * and therefore, it
would only be possible to re-inject 665 kg of CO, in the UCG cavity at the equilibrium
temperature and pressure at the depth of the cavities, i.e, only14 % of the total carbon
dioxide from the combusted coal. However, due to the simplifications mentioned above, the
real proportion of emitted carbon dioxide that could be stored will be significantly smaller
than this.
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Figure 4. Pressure dependence of the density of sCO, at 37 °C. High pressure range.*’
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Figure 5. Pressure dependence of the density of sCO, at 37 °C. Low pressure range.*’

The problem highlighted here is common to all sequestration strategies since the volume of
the CO, molecule is an important factor determining the maximum CO, concentration that
can be achieved either in underground cavities or in saline reservoirs. Previous work by
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Bondi in 1964* gave an estimate of the molecular volume for CO, of 4.48% 10* m’ kg'l. This
value has been recalculated in the present work using a more modern approach employing
Density Functional Theory with the B3LYP model using several basis sets (6-311 G*, 6-
311+G*, 6-311++ G** and 6-311++G(2df, 2p))* and a value of 5.24x10™* m’kghas been
estimated. Although the results from these calculations depend on the energy repulsion
distances defining the molecular volume, they provide a good estimate of the volume fraction
in the gas phase. From this, the volume fraction occupied by the sequestered CO, at 100 bar
in the case discussed above is approximately 36 %. Due to the pressure dependence of the
density of sCO; (Figs. 4 and 5), very high pressures would have to be applied to increase the
sequestration efficiency. For instance, to achieve a modest 50 % occupancy by CO, in the
available cavity volume, a pressure of 400 bar would be necessary. This is well above the
hydrostatic pressure at the depths of the coal seams to be exploited and outside the pressure
range that can be safely employed to prevent CO, leakage.

S. Environmental issues

5.1 Contaminants mobilisation by sCO,

The toxicity of coal tars and other coal pyrolysis products, e.g., BTEX (benzene, toluene,
ethylbenzene and xylenes) in relation to chemical carcinogenesis has been known for a long
time.** Although initially this was related mainly to occupational hazards,* extensive
research has demonstrated the intricate relationship between molecular structure, specific
reactivity to DNA and chemical carcinogenesis.* In particular, the polycyclic aromatic
hydrocarbons (PAH) have emerged as the most important group of chemicals that present
serious health risks to human populations.*® For example, an important result of this has been
the establishment beyond dispute of the relationship between tobacco smoking and lung
cancer, and PAHs have now been clearly identified as some of the major chemicals
responsible for genetic mutations in growth control genes.47 PAH have pernicious effects in
many other areas of human health and an example of this is the indication that exposure to
PAH greatly increases the risk of preterm delivery of babies and leads to reduction of foetal
growth.*

The PAH compounds that have shown greatest carcinogenic activity are benzo[a]pyrene
(BaP), various benzofluoranthenes and chrysene and its derivatives.* BaP is the most
harmful compound to human health in this group and the International Agency for Research
on Cancer (IARC ) of the World Health Organization has concluded that: “Benzo[a]pyrene is
carcinogenic to humans (Group 1) (See Ref. 49 and the many references cited therein related
to the toxicity of PAH in coal tar pitch and other products related to the coal gasification
industry). From the available evidence this compound has been chosen as a marker to assess
the degree of air contamination by PAH.>® The effect of these contaminants is cumulative and
in order to reduce the detrimental health and environmental effects of PAH the EU
Environmental Directive on contaminants in ambient air establishes a yearly concentration
target for BaP in PM particles in air of 1.0 ng/m>>' The UK has a more stringer target, of
0.25 ng/m’. The EU Directive mandates the measurement of PAH concentrations in air at
different locations and in the UK, the National Physical Laboratory runs a network including
a maximum of 31 stations operating at any one time for monitoring air-born PAH.””* The

10
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existence of this extensive Network provides a wealth of experience for monitoring PAH air
emissions and provide alerts to the presence of dangerous contamination levels.

There is a significant difference between coal gasification when carried out in-situ, within an
underground coal seam, or in advanced coal-fired power stations. For the latter, the
combustor has evolved from the crude 19" century devices to designs engineered to ensure
uniform and total access of the oxidant to the coal and consequently, greatly decreasing the
formation of coal tars since these are consumed during an efficient and controlled gasification
process. This is achieved, for example by employing fluidised bed or other reactors.” In
addition, water content is regulated to ensure maximum yield in calorific value with the
minimum conversion to CO,. It is interesting to notice that although the total amount of coal
used in the UK for electricity production was 55 Mt in 2012>* the estimated emission of BaP
during that year represented only 0.51 % of all emissions of this PAH (Estimated 18 kg
compared with a total of 3,510 kg of BaP emitted).”> Thus, abatement of PAH production
and emissions by controlled gasification conditions in hermetically sealed and insulated
pressurised combustion chambers coupled to purification of the gaseous products integrated
next to the combustor substantially decreases the environmental loading with PAH.

By contrast, in underground coal gasification, the oxidant accesses the coal seam at a distance
of more than one km away from the processing plant in a very irregular fashion through non-
uniform gasification channels, partially determined by the simultaneous roof collapse of the
gasification cavity (See Ref. 6 and references cited therein). The resulting irregular gas flow
leads to complex temperature profiles and the formation of coal tars, a good proportion of
which are left in the cavity after gasification. The long term contamination left in the UCG
cavities has been investigated, for example, in the experiments in Hoe Creek, Wyoming, US,
where the presence of 135 organic compounds was identified. This contamination persisted
for 15 months after coal gasification and significantly, all the PAHs, characteristic of coal tar
formed in the old gas manufacturing plants were observed.”

5.2 Solubilisation of PAH in sCQO,.

In addition to the very low sequestration efficiencies of the combined in-situ UCG-CCS
approach, when discussing this alternative it is not usually recognised that supercritical
carbon dioxide, although a gas, not only mobilises viscous organic fluids entrapped in porous
media but is also a good solvent of organic compounds. The former property has been
employed in Enhanced Oil Recovery (EOR) by virtue of its dissolution within residual oil
trapped in the pores of the formation with the corresponding increase in the volume of the
trapped oil and also decreasing both oil viscosity and surface tension at the oil/aqueous phase
interface. The injection of sCO; in the UCG cavities will have two effects; first, the
mobilisation of coal-tar oils, produced by the pyrolysis of coal and trapped within the UCG
cavities by similar mechanisms to those used for EOR and secondly, the dissolution of PAH
within the supercritical fluid phase. The ensuing potential dangerous environmental issues of
the latter have already been mentioned in the UCG literature.'>*” The high solvent power of
sCO; is well-known and used industrially, for example, in the manufacture of decaffeinated
coffee.

11
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The excellent solvent properties of sCO; present some insidious issues regarding the
dissolution of carcinogenic compounds left in the gasification cavities following combustion.
sCO; is known to dissolve coal tar and extract the various organic contaminants present. For
this reason sCO, have been tested for the remediation of soils contaminated from
manufactured gas plants and the selective extraction of PAH from coal tars has been clearly
demonstrated.’” In what follows, the extraction of PAH by sCO; under the conditions
discussed in this paper is quantified.

Table 1 shows the solubility of some important PAH containing 3, 4 and 5 benzene rings
calculated from literature sources at 310 K and 100 bar. For compounds for which sufficient
solubility data are available at different pressures and temperatures, the mole fraction of PHA
data (y,) was first fitted for different pressures at constant temperature to a second order
polynomial to obtain the value at 100 bar and then a second fit was carried out at constant
pressure in order to obtain the solubility at 310 K. This procedure was followed for fluorene,
phenanthrene, pyrene and flouranthene.

For the analysis of the dependence of the solubility on the solute molecular structure,
temperature and pressure it is convenient to employ the enhancement factor (E.) defined by:59

P
Ee = % ®)
2

¥, is the mole fraction of the solute dissolved in sCO,, P is the pressure of sCO, and p54“P! is
the vapour pressure of the solute. E. is therefore, the ratio of the partial pressure of the solute
and to that of the solute in the absence of sCO,. For compounds such as anthracene, for
which data was available only at temperatures outside the range of interest, the method
employed by Méndes et al’® was followed. These authors demonstrated that for a given
compound, the function 7 In(E.) depends linearly on the density of sCO,:

T ln(Ee) =A+ BpC02 (4)

where A and B are temperature independent constants specific to the compound and pco,is
the density of the supercritical fluid. An example of the applicability and reliability of
Equation (SI-3) to describe supercritical solubility is shown in Figure 6 for fluorene from data
reported between 303-343 K and 83.6-484 bar.” This provides access to reliable solubility
information for a very wide range of conditions and data for chrysene and perylene were
fitted to Equation 4 to calculate values of E.. The solubility, ,», was calculated employing the
reported vapour pressure data of the pure compounds. Table 1 gives the references for the
data employed in these calculations.
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Figure 6. Dependence of the enhancement factor for fluorene on the density of sCO, (Eqn (4)) at
four different temperatures. Results taken from Reference 62.

No solubility data for BaP in sCO; corresponding to the conditions of interest could be found
in the literature. A semi-empirical approach to predict solubility of BaP was followed here
based on general solubility trends of PAH molecules containing different number of aromatic
rings. For very dilute solutions, as is the case for PAH compounds dissolved in sCO,, the
interaction between solute molecules can be ignored. The work of introducing a molecule of
a solute in a fluid can be divided in two steps: (1) Opening a cavity of appropriate size within
the fluid (solvent) and (2) Introducing a solute molecule into this cavity.63 For a liquid
solvent, the energy required for the first step is determined by the strong intermolecular
forces between solvent molecules but for a supercritical fluid, the applied external pressure
will be a main contribution to the work of cavity formation. The second and more important
contribution is determined by dispersion (or London) interactions between the PAH molecule
and CO,. For a clear discussion of these questions, see Reference 63.

E. is related to the Gibbs energy of solute-solvent interaction corresponding to the transfer of
one mole of solute from an ideal gas (no intermolecular interactions) to the supercritical fluid.
For the range of pressures considered here, the Poynting correction to the standard Gibbs
energy of formation of the PAH can be safely ignored and therefore, the Gibbs energy
component due to the gas phase solvation of the solute, AGjyteract, 1S given by:

AGinteract = —RT ln(Ee) ®)
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Figure 7. Dependence of the solubility enhancement factor on the polarizability for several polycyclic
aromatic compounds in sCO, at 100 bar and 310 K. The data points correspond, in increasing order,
to: (1) fluorene,” (2) phenanthrene,* (3) anthracene,*® (4) pyrene,* (5) flouranthene,®” (6) chrysene®
and (7) perylene.”’

Extensive computer simulations have been carried out employing ab-initio calculations to
determine atom potentials in PAH and employ these to model molecular interactions.”> A
simpler semi empirical approach, according to the analysis by Pierotti® and others,® has
been followed here, recognising that for molecules with no permanent dipole, the solute-
supercritical solvent interaction energy will depend on the molecular polarizability and hard
sphere radii and therefore, the enhancement factor of a family of hydrocarbons would be
expected to show well-defined trends depending mainly on the polarizability/molecular
volume of the solute.”

The simplest choice to consider is to use the molecular polarizability (o) as a global variable
for estimating the solubility of non-polar PAH molecules in sCO,.** A practical advantage of
this approach is that values of a are readily available in the literature or can be obtained from
quantum chemical calculations. Figure 7 shows the dependence of the enhancement factor on
molecular polarizability for some PAH. The source of the data analysed is given in the
legend to this Figure and the experimental values of a are in good agreement with the
theoretical calculations by Alparone et al.®® From the linear fit shown in Fig. 7, a value of RT
In (E.) of 24.1 kJ mole™ was estimated for BaP using og,p = 37.44 A% The vapour pressure
of the compounds analysed was taken from references 70-72. The vapour pressure of BaP at
310 K was calculated from the analysis by Oja’ from which plibl=1.42x 10! bar and
therefore, the mole fraction solubility of BaP is y, = 3.7x107. There are few reliable
measurement of the generally low vapour pressure of the high molecular weight members of
the PHA series and the results by Oja’® were employed for this compound since the enthalpy
of sublimation quoted in Ref. 71 was at variance with results from other sources.
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The above analysis refers to the incorporation of PAH dissolved in the supercritical gas
phase. No literature information could be found on the additional solubilisation contribution
by PM, particles containing adsorbed PAH.

Table 1. Calculated solubility of PAH in sCO; at 310K and 100 bar

Compound Mole fraction, y, Solubility / ng m~ " | References
Fluorene 8.73x10™ 2.26x10" | 58
Phenanthrene 4.97x10™ 1.38x10" | 58
Anthracene 1.67x107 4.63x10" | 59
Pyrene 6.37x107 2.01x10" | 58
Fluoranthene 1.58x10™ 4.98x10'" | 59, 61
Chrysene 1.36x10° 6.62x10° | 59, 61
Perylene 1.24x107 4.88x10° | 59, 60
Benzo[a]pyrene (BaP) | 3.7x107 1.5x10° | #

*For comparison, the solubility in sCO, is expressed in the same units as used for the recommended air
contamination concentration limit of BaP stated in the EU Environmental Directive (1 ng m'3)51 and in the UK
(0.25 ng m™).**? # Present work.

The results in Table 1 demonstrate quantitatively that these compounds are dissolved by
sCO, and that there would be significant solubilisation of the PAH products left in the UCG
cavities. Importantly, their solubility is over 10 orders of magnitude greater than the
maximum target concentration recommended in the UK. It is therefore reasonable to
conclude that migration of PAH compounds through the overburden dissolved in the
supercritical gas at high pressure and their release into the environment cannot be safely
ignored. Their migration in the long (or short!) term due to fractures in the formation, both
naturally occurring or as a results of the thermal stresses caused by the high temperature
gasification process, must be carefully assessed to avoid the uncontrolled emission of
carcinogenic compounds, in particular considering the pressures required for an efficient CO,
sequestration. This is a very important consideration if, as is the case for the licenses granted
in the UK, UCG exploitation is supposed to take place under the sea where remediation
measures would not be easily implemented and in some cases, the operations will take place
close to coastal towns and villages in quite heavily populated areas.

The expectation of a successful CCS operation is that the sequestration method of CO; should
“deposit the gas underground with 99% permanence over at least 100 years”.” Ii is
concluded that in the case of UCG cavities, the leakage of stored carbon dioxide is only part
of the problem and the likely release of contaminants by supercritical gas migration
containing dangerous concentrations of carcinogenic products is a matter of grave concern.

6. Production of liquid fuels from “syngas”

It has been argued5 that UCG is a “clean coal” technology and that it can provide liquid fuels
by employing the syngas produced to subsequently manufacture liquid fuels employing the
Fischer-Tropsch (F.-T.) process. The corresponding full environmental impact in terms of
CO, equivalent emissions has been carefully analysed’* and an average emission of ~4 kg
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CO; per dm’ of F.-T. liquid fuels produced has been calculated (See Table 6 in Ref. 63). In
addition, when used as a transport fuel, the full carbon content will be discharged anyway,
thereby adding to the CO, emitted during production. Although there might be some very
exceptional circumstances that might justify the acceptance of this large environmental carbon
loading, it is unlikely that this is a reasonable solution for the supply and decarbonisation of
transport. In this respect, it is relevant to note that transport is responsible for 20% of all CO,
emissions in the UK'? and the use of such fuels, if extensively adopted, would represent an
unacceptable increase in atmospheric CO; release.”

Conclusions and Final Comments

The analysis presented here indicates that some key arguments which have previously been
employed to justify as environmentally safe a combined Underground Coal Gasification —
Carbon Capture and Storage” approach to syngas generation, by using the cavities generated
underground (by coal-seam combustion) for supercritical CO, storage are found to be
seriously over-optimistic. First, calculations here indicate that it would be impossible to
store in such cavities (typically) more than approximately 14 % of the CO, produced by the
coal-seam combustion. Secondly, it is shown that the likely mobilisation of coal-tar and
carcinogenic polycyclic aromatic hydrocarbons dissolved in sCO; presents significant risks
both to the environment and to human health. Thus, the use of the UCG-generated cavities
for sCO; storage is highly controversial and their application in the “decarbonisation” of
UCG for energy production appears to be not only physically unfeasible but is attended by
unacceptable environmental and health risks.

Moreover, the proposed advantage of employing the produced syngas for the synthesis of
liquid fuels requires re-evaluation, since there is already solid evidence available indicating
that this route for the utilisation of underground carbon resources will result in the
atmospheric release of high levels of CO,, which is clearly incompatible with policies and
international agreements on CO, emissions abatement.’

The analyses presented in this paper relate only to a few specific risk aspects associated with
the process and do not touch upon a variety of other concerns about UCG. New industrial
activities involving incompletely explored areas of technology, especially in extremely
problematic locations where effective monitoring is particularly challenging, can have
unintended consequences that are difficult or even impossible to remedy, as has been argued
here is the case with UCG. Besides the obvious problem of the production and mobilisation
of dangerous concentrations of potent carcinogenic compounds, there are practical
unanswered questions relating to the structural integrity of the thermally-damaged geological
formations surrounding UCG syngas production that need to be addressed, since the
behaviour of compressed gasses at high pressure and temperature in a fractured formation
cannot easily be predicted.

Moreover, the thermal stresses to which the steel tubing and sealants in the gas transport
system will be subjected may have a detrimental impact on the integrity of the casing of the
production well and hence, uncontrolled gas injection within the formation may occur. In
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addition, the produced gases will contain sulphuric acid so that corrosion of the steel tubing
becomes a matter of concern not only due to the acidic conditions but also as a consequence
of the inevitable presence of chloride anions and the consequent danger of the onset of
localised pitting corrosion. This is very different from the conditions found in the
conventional oil and gas industry, where corrosion, for instance in sour wells can be
controlled by the incorporation of corrosion inhibitors. No such possibility exists in UCG
since the high temperatures involved preclude their stability.

Although some of these problems might be ameliorated by intensive research programmes,
the main difficulties with UCG relate not only to the local environmental issues discussed in
this paper, but also to the more generic problem of the continued use of coal as a source of
energy. In addition to the lower calorific value of the syngas produced by UCG compared to
that of mined coal used in modern power stations, it is now widely accepted that urgent
global action must be taken to decrease the current international dependence on fossil fuels.
Rather the focus of the discussion and all available scientific, technological and industrial
resource should be directed towards practical and safe methods of achieving this objective.

Investing in a return to 19" century energy sources does not seem a reasonable alternative to
address some of the greatest challenges ever to face human societies.
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