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Abstract 

 

This study discusses underground coal gasification (UCG) and the analysis 

thereof.  Two main methods were used.  The first is the Bond Equivalent 

Diagram, which gives an ideal of where operations should take place in relation 

to their coal and product gas compositions.  This method was used to analyze 

several real life sites for their idealized and actual operations.  The second 

consisted of a comparative exergy simulation study.  This was done for an air-

blown UCG plant with a downstream Fischer-Tropsch reactor and an oxygen-

blown UCG plant with upstream air separation.  The plants were analyzed by 

their overall exergy efficiency as well as their exergy outputs with respect to 

coal inputs (fuel).  It was discovered that the air-blown simulation with 

downstream Fischer-Tropsch was the better choice from an exergy point of 

view due to it having higher efficiencies (1.5 for overall, 1.38 for fuel) as 

opposed to the oxygen-blown simulation (0.77 overall, 0.8 for fuel).  This 

coupled with other design and safety factors led to the conclusion that the air-

blown simulation was better. 

 

. 
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1 Introduction 

1.1 Overview 
 

Coal has been an integral part of mankind’s technological development, playing 

an important role within the fuel industry and making a significant economic 

contribution to countries that possess feasible deposits.  Its calorific value makes 

it an ideal source of power via its combustion, though its status as a fossil fuel 

presents an urgent issue that forces the reconsideration of its consumption.  

Though cheaper than most renewable sources of energy, coal cannot generate 

itself quickly enough to meet the growing energy demand across the globe.  

Though the resource heavily invests itself in carbon dioxide emissions, it 

continues to be an influential driving force in the energy market and thus requires 

an innovative solution in order to slow down its depletion and help to prevent 

rising energy costs (Self, Reddy & Rose; 2012). 

 

One way to counter the above problem would be to access coal deposits that 

would have normally been ignored under conventional mining protocols.  Self  et 

al  argues that current coal consumption averages at about 15 to 20% of the total 

global reserve by mining standards, with the balance being deemed unrecoverable 

for economic or safety reasons.  Given that mining not only brings about its own 

concerns with regards to ecological contamination and hazardous working 

conditions, it becomes obvious that one must regard other methods of harnessing 

coal.  One such method is underground coal gasification (UCG). 

 

UCG follows the same process as surface coal gasification, whereby coal is 

converted to synthetic gas (syngas) via an oxidizing agent, with one main 

difference: the reactions take place within the coal seam itself rather than in an 

external reactor.  Injection and production wells are drilled into the coal bed for 

oxidant insertion and syngas extraction respectively.  The end product can be used 

for various purposes depending on its composition, calorific value and how much 

cleaning it requires.  Usually, syngas can be used as a means of combustion to 
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generate power or as a chemical feedstock for other processes.  Not only does 

UCG offer a lower capital investment by absence of a reactor set-up and coal 

mine operations, but potential UCG sites offer themselves to be integrated with 

carbon capture and sequestration (CCS), thus lowering carbon dioxide emissions 

(Brown, 2012). 

 

As stated earlier, an oxidant is needed for the reaction pathways to occur, the 

details of which will be described later on.  According to Bialecka (2009), the best 

choice of oxidant would be pure oxygen as it causes the syngas to have a higher 

calorific value than compared to air or steam.  However, the financial implications 

of using pure oxygen are great – since UCG is a continuous process, an air 

separation unit/unit (ASU) would require a tremendous capital investment and 

operating cost, which may outweigh the UCG profit margins.  To consider an 

alternative, the syngas produced from air-blown gasification may be converted to 

liquid hydrocarbon fuels using Fischer-Tropsch synthesis (FTS).  Mirzaei et al 

(2013) defines FTS as a catalytic set of simultaneous reactions which convert 

syngas into linear and branched hydrocarbons.  This process has experienced a 

new surge of interest due to its low sulphur-, nitrogen- and aromatic-based 

emissions as well as fluctuating crude oil prices affecting the hydrocarbon fuel 

market (Choudhury & Moholkar, 2013)
1
. 

 

In terms of analyzing efficiency, the traditional energy balance follows the 

fundamental ‘First Law’ of thermodynamics, which is based upon the principle 

that energy is conserved in different forms and is unable to ascertain the quality of 

energy available in a stream.  This can be solved by considering an exergy 

analysis instead, which is defined as calculating the maximum potential work of a 

stream if brought to equilibrium with its surroundings.  By performing this 

analysis, one is able to asscertain exactly how much work potential the final 

product streams contain and exactly which process units cause the most amount of 

exergy loss. 
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1.2 Problem Statement & Research Motivation 
 

With coal resources under strain and renewable energy resources proving costly, 

new methods are needed to effectively use coal deposits and access seams that are 

deemed unfeasible by mining methods. 

 

The purpose of this research is thus to: 

 Analyze UCG site operations in terms of the Bond Equivalent Diagram 

(BED) 

 Simulate the following processes for exergy evaluation: 

o Oxygen-blown UCG to produce syngas for downstream combustion 

o Air-blown UCG with FT conversion of syngas to liquids for 

downstream combustion 

o The Hoe Creek UCG operation 

 

1.3 Dissertation Structure 
 

This dissertation is divided into 8 different sections, including appendices and the 

introduction (section 1). 

Section 2 covers the literature review of the four main topics mentioned in this 

thesis.  The UCG process is described in detail in terms of its chemistry and 

physical conditions.  The processes of Fischer-Tropsch Synthesis (FTS) and 

cryogenic air separation are also described and expanded upon.  The last idea 

covered in this section is defining exergy and how it is applied to each of the 

aforementioned systems. 

Section 3 covers the practical theory of the study.  In 3.1, the Bond Equivalent 

Diagram (BED) is introduced to give a clearer understanding to UCG and how its 

mass and energy balances operates.  3.2 covers the exergy analysis applied to the 

study and gives a list of assumptions made in the simulations. 
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Section 4 details the analysis and discussion of the study.  4.1 deals with the BED 

analysis of the syngas production operations at the Hoe Creek, Chinchilla and 

Rocky Mountain UCG seams; as well as considering a laboratory-scale 

gasification study done by Prabu & Jayanti (2012).  The heat of reactions that 

come from the reaction scheme help determine the Thermally Balanced Line 

(TBL), a method used to show whether a site operates endothermically, 

exothermically or is thermally balanced in principle.  4.2 covers the exergy 

analysis of an air-blown UCG site coupled with downstream FTS in comparison 

to an air separation unit plant (ASU) producing pure oxygen for a downstream 

UCG reactor.  The exergy represents the workable energy a stream possesses, and 

efficiencies are defined with respect to the system feeds to determine how much 

work is conserved across the process.  Improvements for further study are also 

made. 

Section 5 is the conclusion of the report and summarizes the work done. 

Appendix A and B deals with the ancillary calculations used in the BED and 

exergy calculations respectively  
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2 Literature Review 

2.1 Underground Coal Gasification 

2.1.1 Introduction 

 

Bhutto, Bazmi & Zahedi (2013) characterizes UCG as a combination of mining 

activities and gasification that removes the need for much of the labour, and thus 

offers a production method that is safe to both human control operations and the 

environment.  The reaction mechanism is similar to that of ex-situ gasification 

(Self et al; Bialecka; Brown) and offers a product that may be utilized for energy 

generation or as a feed stock into another process. 

 

The following sections will cover the progression of UCG: 

 Site selection 

 Drilling Procedure 

 Oxidant Selection 

 Reaction Mechanism 

 Environmental Impact 

 

Site Selection 

 

Figure 1 below offers an insight into the geological interactions that the UCG 

process has at different levels.  When considering a potential site, it is important 

to take the overburden material (the rock and soil above the coal seam) and any 

aquifers that are around the area.   Both Bialecka and Brown propose that a 

potential UCG site should ideally be free of any surrounding water bodies as any 

unwanted water influx would lead to compromised gasification efficiency.  Bhutto 

expands on this concept, stating that the groundwater regime must be properly 

defined both within and around the selected operations site.  Groundwater influx 

can impact on the oxidant injection pressure and the UCG chemistry. 
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Figure 1: UCG geological interaction (Kumar, 2014) 

 
 

Groundwater contamination is cited by Kapusta, Stańczyk, Wiatowski and 

Chećko (2013) as one of the major environmental challenges that oppose UCG 

operation.  During any phase of the UCG process, surrounding water bodies may 

become polluted by the products of the chemical reactions occurring within the 

coal seam, many of which are considered to environmentally hazardous, with 

typical contaminants being characterized as phenolic compounds, benzene 

derivatives, polycyclic aromatic compounds and N-heterocyclic compounds for 

organic groups and ammonia, chlorides and sulphates for inorganic groups.  

Kapusta et al conducted a study on the experimental mine site known as ‘Barbara’ 

in Poland and measured levels of the previously mentioned chemicals as well as 

heavy metals and cyanides in five different sampling points in and around the coal 

seam’s post processing waters, which are summarized in table 1 below:   
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Table 1: UCG water tests (adapted from Kapusta et al, 2013) 

Contaminant Unit of 
measurement 

Production phase 
value 

Cooling phase 
value 

Conductivity μS/cm 14 425 11 805 

pH - 6.29 5.95 

Total nitrogen mg/L N 2003 1425 

Total chlorides mg/L 1660 643 

Total cyanides mg/L 1.26 1.03 

Total sulphates mg/L 3220 6305 

Mercury (Hg) mg/L <0.005 <0.005 

Nickel (Ni) mg/L 0.243 0.140 

Iron (Fe) mg/L 650 1110 

Lead (Pb) mg/L 0.044 <0.05 

Total organic carbon mg/L 616 1490 

Phenolics mg/L 484 610 

Total BTEX 
(benzene, toluene, 

ethylbenzene & 
xylene) 

μg/L 55.8 15.3 

Total PAH’s 
(polycyclic aromatic 

hydrocarbons) 

μg/L 1912 378 

Total N-heterocycles μg/L 6.47 11.69 

 

It was noted that the production levels of these contaminants decreased rapidly 

after UCG operations were terminated in the coal seam, and was concluded that 

the pollutant levels decrease with increasing time after operation termination and 

distance from the operation site.  Kapusta and Brown agree that groundwater 

contamination can be avoided by operating the reactor space at a pressure lower 

than the hydrostatic pressure in the area to prevent the influx and settling of any 

water into the surrounding reactor area.  

 

Brown cites Hoe Creek in Wyoming to suffer from “poor site characterization and 

operation”, which eventually caused the cavity roof in the coal seam to collapse 

and the process gas to escape into the local groundwater system.   

 

Table 2 subsequently summarizes the ideal criterion for a potential UCG site: 
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Table 2: Classification criteria for UCG (Bialecka, 2009) 

Criterion Characteristics/Remarks 

Coal type Any 

Coal physiochemical 
properties 

High volatile matter content, low agglomerating capacity, ash 
content less than 50% by weight 

Seam depth Profitability criterion 

Bed thickness More than 1m 

Angle of inclination  Any 

Type & tightness of 
surrounding rock mass 

Should be tight & firm with slightly permeable layers in the 
overburden area (clays, silts, shale clays) 

Hydrological conditions No surrounding water bodies 

Coal quantity Profitability criterion 

Methane presence None 

Deposit tectonics No fissures or faults 

Infrastructure conditions Lack of urbanized development is preferred  

 

Drilling Procedure 

 

Self et al identifies two standard methods which have been used successfully with 

regards to UCG drilling – shaft and shaftless. 

 

Shaft methods make use of coal mine galleries and shafts to transport oxidants 

and the UCG product streams into and out of the reaction space.  These 

sometimes require the creation of shafts and drilling of openings through 

underground labour.  These methods are only employed in closed coal mines for 

economic and safety reasons.  Some of the more commonly used methods in this 

category are: 

 

 Chamber/warehouse method: this is best utilized for highly permeable coal 

types.  Brick walls are used to separate coal panels, whilst oxidants are 

supplied to a side of the panel that has already been ignited and the 
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product is withdrawn from the other side.  Self et al notes that this method 

produces low syngas flow rates. 

 Borehole producer method: the coal seam is separated into parallel 

horizontal galleries all connected by a series of boreholes.  Remote electric 

ignition is used in each borehole to begin the UCG process.  This method 

is best used for extremely flat coal seams. 

 Stream method: best utilized for coal seams orientated in a sharp 

inclination, parallel galleries are created which follow the contour of the 

seam, all of which are connected at the bottom via a horizontal gallery 

known as a fire-drift.  Fire is introduced at the bottom gallery and the hot 

coal face moves up the seam’s natural slope as oxidants are fed through 

one gallery and syngas is withdrawn from the other.  The residual ash 

drops down on the void space and does not interfere with the coal. 

 LLT gasification method:  here, long and large tunnel (LLT) systems are 

drilled - a main gasification channel, two auxiliary holes (between the 

injection and production wells for air and water vapour injection or as gas 

discharge systems) and two auxiliary tunnels.  The tunnels are sealed to 

contain combustible gases.  A third tunnel may exist which is constructed 

of bricks and prevents blockage in the main gasification channel. 

 

More recently, shaftless methods have been developed which make use of 

directional drilling, whereby wells are made in an angular fashion.  These do not 

require the use of an underground labour workforce, thus making it much safer for 

operational personnel.  There are two main methods here: 

 

 Linked vertical well (LVW) method: the most basic of UCG technologies, 

this involves production and injection wells into the seam and using the 

natural pathways of the coal to direct the oxidant flow.  Ideally, this 

method should involve a series of injection wells, as the coal face migrates 

further away from the injection well as the gasification continues; 

decreasing both syngas quality and system control.  This method is best 
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when used for low rank coals such as lignites due to their natural 

permeability.  High rank coals such as anthracites do not fare as well. 

 Controlled retractable injection point (CRIP) method:  a combination of 

conventional and directional drilling, the CRIP method is used to access 

the coal and form a link between the injection and production wells.  A 

vertical section of predetermined depth is drilled, after which directional 

drilling is used to expand the hole and drill underneath the coal seam, 

creating an almost horizontal injection well.  A burner attached to 

retractable coiled tubing is used to start ignition.  The ignition point can be 

moved to anywhere along the injection well should a previous part of the 

seam be consumed and abandoned.  This offers far more accurate control 

than any of the previously mentioned methods, though it is still fairly new 

and not commonly used. 

 

Oxidant Selection 

 

One of the key success criteria listed by Kačur, Durdán, Liaciak & Flegner (2014) 

of the UCG process is the calorific value of the generated syngas.  This is 

generally of a low to medium BTU calorific nature.  Table 3 subsequently 

categorizes some of the UCG trial projects taken around the world since the early 

1900’s and analyzes them in terms of oxidant used and gas calorific value.  As can 

be seen, processes that use a combination of oxygen and air as opposed to the 

latter only produce a gas that has a higher calorific value.   
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Table 3: Analysis of UCG trial projects (adapted of Kačur et al, 2014) 

Country Site Year 
Chosen 

oxidant 
Coal type 

Syngas 

calorific 

value 

(MJ/m3) 

Former 

Soviet 

Union 

(USSR) 

Lisichansk 1935 Air Bituminous 3.8 

Podmoskovna 1947 Air Lignite 3.4 

Angreskajna 1961 Air Bituminous 4.1 

Yuzno-

Abinskaja 
1955 Air Lignite 3.4 

USA 

Hanna I 1973 Air 

High 

volatile 

bituminous 

4.2 

Hanna II 1975 Air 

High 

volatile 

bituminous 

5.3 

Hanna III 1977 Air 

High 

volatile 

bituminous 

4.1 

Hoe Creek I 1976 Air 

High 

volatile 

bituminous 

3.6 

Hoe Creek IIA 1977 Air 

High 

volatile 

bituminous 

3.4 

Hoe Creek IIB 1977 O2/H2O 

High 

volatile 

bituminous 

9.0 

Hoe Creek 

IIIA 
1979 Air 

High 

volatile 
3.9 
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bituminous 

Hoe Creek 

IIIB 
1979 O2/H2O 

High 

volatile 

bituminous 

6.9 

Pricetown I 1979 Air Bituminous 6.1 

Rawlins IA 1979 Air 
Sub-

bituminous 
5.6 

Rawlins IB 1979 O2/H2O 
Sub-

bituminous 
8.1 

Centralia A 1984 O2/H2O 

Sub-

bituminous 

C 

9.7 

Centralia B 1984 O2/H2O 

Sub-

bituminous 

C 

8.4 

Rocky 

Mountain IA 
1987 O2/H2O 

Sub-

bituminous 
9.5 

Rocky 

Mountain IB 
1987 O2/H2O 

Sub-

bituminous 
8.8 

UK 
Newman – 

Spiney P5 
1949 Air 

Sub-

bituminous 
1.4 

Belgium Thulin 1986 Air Anthracite 7.0 

Spain El Tremedal 1997 O2/H2O 
Sub-

bituminous 
10.9 

Australia Chinchilla 2000 Air 
Sub-

bituminous 
6.6 

 

The experiment in Kačur et al further goes on to simulate a UCG reactor system 

using two gasifiers set in parallel.  The use of air only as on oxidant was the first 

variable analyzed, with the results showing that the syngas produced from the 
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reactor reached a maximum value of 4.43 MJ/m
3
 at an air flow of 19.28m

3
/hr.  

The second experiment ran a mixture of air and oxygen as an oxidant with varying 

ratios of the latter.  A maximum calorific value occurred at 8.21MJ/m
3
 at an air 

flow of 3.93m
3
/hr and oxygen flow of 1.84m

3
/hr.  A third experiment also ran a 

mixture of oxygen and air, this time in larger quantities.  A maximum calorific 

value 13.79MJ/m
3
 was achieved at an air flow of 12.06m

3
/hr and oxygen flow of 

9.01m
3
/hr.  Although it is concluded that increasing the oxygen ratio in the air 

does help gasification performance, an optimal ratio must be found: low contents 

can hinder temperature profile growths and reaction rates and excess contents can 

result in unwanted oxygen in the syngas.  
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2.1.2 Reaction Description 

 

Self et al states that UCG is similar to surface (ex situ) gasification, and that 

syngas production is governed by the same set of chemical reactions.  This 

definition is confirmed by both Brown (2012) and Bialecka (2009).  The UCG 

progression is illustrated by figure 2 below: 

 

 

Figure 2: Illustration of UCG (Self et al, 2010) 

Injection and production wells are drilled into the coal seam.  The former acts a 

channel which allows a continuous flow of compressed oxidants to enter the coal 

body and form part of the set of reactions which produce raw syngas together with 

other contaminants depending on the coal composition.  Ignition can be either 

through the use of an electric coil or gas firing at the face of the seam.  Bialecka 

(2009) states that the conditions of these reactions are difficult due to the reaction 

mechanism occurring on a compact surface with only the topmost layer exposed 

to the oxidant flow; however goes further on to state that this would depend on the 

depth of coal – most UCG operations occur within the gas permeable region of 

brown coal beds and young hard coal formations at a depth of approximately 300 

meters.  Strongly swelling and coking coals are noted by Bialecka to block gas 
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flow across the entire coal bed and thus hinder the reaction by restricting the mass 

transfer of the oxidant into the carbon network. 

 

The UCG reactions scheme can be divided into three main zones, discussed both 

in Self et al and Kumar, Udayakumar, Stojcevski & Oo (2014), and shown in 

figure 2, and will now be considered in detail.  These zones follow the oxidant 

flow direction and exist simultaneously, a key feature in differentiating between 

UCG and surface (ex situ) gasification. 

 

The first zone is known as the combustion or oxidation zone, where oxygen 

contained within the oxidant stream reacts with the carbon in the coal, and is 

represented by equations 1 to 3 (Self et al; Kumar et al).  Due to the high release 

of energy, the highest temperatures within the UCG process occur within this 

zone, sometimes exceeding 1500K. 

 

                                           (1) 

                                           (2) 

                             (3) 

 

The second zone is known as the reduction zone, whereby water vapour (from the 

oxidant stream or released from the coal body) and carbon dioxide are reduced to 

form carbon monoxide and hydrogen, represented by equations 4 and 5.  Since 

these reactions are endothermic, they make use of the heat released in the 

combustion zone. 

 

                           (4) 

                              (5) 

 

Kumar et al notes that the water vapour present in this phase an also promote the 

water gas shift (WGS) reaction, which influences the H2/CO ratio.  Both Kumar et 

al and Self et al state that a methanation reaction can occur at this point, which 

consumes hydrogen and carbon monoxide. 
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                             (6) 

                                    (7) 

 

The final zone is called the dry distillation or pyrolysis zone, whereby the coal 

seam decomposes into multiple volatiles including light hydrocarbons, tars and 

volatile gases.  At this point, the syngas can be extracted from the production 

well, containing mostly CO, H2 and CH4; though it can contain other 

contaminants such as heavy metals, ash and sulphur products depending on the 

coal composition. 

  

Bell, Towler & Fan (2011) quantifies The UCG process on a molecular scale, as 

seen by Figure 3 below: 

 

 

Figure 3: UCG molecular view (Bell et al, 2011) 

Heat from the bulk gas zone is transferred to the coal seam across the gas film and 

ash layers.  The water contained in the micropores of the dry zone is evaporated 

and the temperature drops as it approaches the wet zone, where bulk water is 

evaporated into steam (known as the drying zone).  In the pyrolysis zone, the char 

network is thermally decomposed.  Finally, in the char gasification zone, the 

network is converted to gas by a combination of steam & carbon dioxide 
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gasification as well as hydrogenation.  Bell et al states that the overall gasification 

rate is highly influenced by this last step. 

 

2.1.3 Environmental Impact  

 

UCG offers benefits mainly associated with its lack of economic constraints, 

though it does also offer significant environmental advantages as well.  Imran et 

al (2014) states that large areas of land are not removed from use as most of the 

activity occurs well underground.  With this comes the added gain of underground 

ash disposal and minimal surface waste extraction and reduced occupational 

health hazards for operational personnel as no manpower would be required 

underground.  Minimal atmospheric pollution is generated and the process 

consumes less water than ex-situ gasification, which needs a high steam-to-air 

ratio to prevent slagging.  The properties of the overburden material act as a 

natural insulating material and thus create a higher thermal efficiency for UCG as 

opposed to its ex-situ counterpart. 

 

Compared with conventional coal mining techniques, UCG tends to be preferable 

due to its independence from activities such as mining, cleaning, transport and 

storage.  Each of these steps require capital and operating costs and put forward 

the problem of dealing with solid, liquid and gaseous residues that must be treated 

prior to disposal of their respective waste streams.  UCG combines this into a 

single operation that is not only environmentally friendly, but has a lower cost 

(Imran et al).  Compared to other power-generating processes, UCG offers an 

electricity cost of €66 per MWh when combined with CCS and CCGT (combined 

cycle gas turbine) as opposed to other ‘clean’ energies such as nuclear (€67 per 

MWh), clean coal (€115 per MWh), CCG combined with CCS (€105 per MWh) 

and generic renewable energy sources (€172 per MWh).  Kumar et al agrees with 

this, stating that the only close competitor of UCG is nuclear energy. 

 

Imran et al (2014) also delves into the environmental concerns of UCG.  Carbon 

dioxide emissions are still a major concern since the process still utilizes a fossil 
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fuel as a feedstock, though Brown (2012) proposes that this can be countered with 

CCS as there is a high degree of coincidence between UCG and CCS sites.  

Additionally, many types of coal plasticize and swell in the presence of CO2, thus 

sealing any fractures within the exposed surface of the coal bed. 

 

Ground subsidence is also a major concern.  As the void within the reactor space 

grows, surface material moves downward as they are not supported by the coal 

bed.  Though the magnitude of subsidence depends on the type of rocks, depth of 

the bed and geometry of void; it should be noted that this is not a unique problem 

to UCG or conventional mining in general.  Brown mentions that monitoring 

equipment can be installed to measure the rate and extent of subsidence and that it 

can be managed by conventional mining methods. 

 

Bhutto et al (2013) states that contamination of surrounding groundwater through 

outward gas flow from the reactor seam can be managed by operating the 

pressures below hydrostatic pressure.  This also helps by using the groundwater as 

an additional oxidant.  Bhutto et al further goes on to say that main contaminants 

from UCG sites post operation include polyaromatic hydrocarbons, phenols and 

ash leachate (inorganic matter).  Ideally, UCG sites should be as far away from 

groundwater sources as possible, though if this is not achievable, regular water 

testing and treatment should form part of operations. 

  



19 
 

2.2 Fischer-Tropsch Synthesis  

2.2.1 Introduction 

 

The FTS process is a set of catalytic reactions which are used to convert syngas or 

raw natural gas into predominantly straight-chain hydrocarbons.  This technology 

has been reviewed with great interest since the 1920’s under the context of 

converting remote natural gas into liquid fuels (Arabpour, Rahimpour, Iranshahi 

& Raeissi, 2012; van de Loosdrecht et al, 2013).  Gas-to-liquid conversion allows 

for an increase fuel supply to meet the growing demand, particularly within the 

Pacific and Asian sectors. 

 

FTS has the main advantages of producing a wide hydrocarbon spectrum with 

very little sulphur- and nitrogen-based compounds (Lillebø et al, 2013) as well as 

low aromatic compound content (Mirzaei et al, 2013).  By using a natural gas 

feedstock or syngas, it is possible to produce liquid hydrocarbons in bulk that can 

further be refined and separated into fuels such as petroleum and diesel. 

 

Van de Loosdrecht et al gives a detailed history of FTS, starting in 1920’s when 

Franz Fischer and Hans Tropsch patented the method of converting syngas to 

hydrocarbons via iron- and cobalt-based catalysts.  The first commercial plant was 

piloted in 1936, with several others coming online at a later stage to provide 

Germany and Japan with synthetic fuel during the Second World War, with China 

piloting plants from the 1940’s through to the 1960’s.   

 

After the war, the Allied Forces came into contact with FTS technology through 

the interrogations of scientists and engineers who were involved in running the 

synthetic fuels industry.  Based on this, the US Bureau of Mines developed a two-

stage high temperature FTS, whilst Sasol piloted both a high- and low-

temperature process for the production of petrol and waxes respectively.  The 

former was expanded on in the 1970’s due to the increasing oil prices.  
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2.2.2 Reaction & Product Description  

 

van de Loosdrecht et al describes the reaction mechanism as a polymerization 

mechanism in essence, in keeping with the product spectrum previously 

mentioned.  This is demonstrated in the equation below: 

 

                         (8) 

 

Both Choudhary & Moholkar (2013) and Hu, Yu & Lu (2012) expand on equation 

8, by dividing the product spectrum into several simultaneous reactions that group 

each set of hydrocarbons according to their chemical classification: 

 

                                                   (9) 

                                              (10) 

                                                            (11) 

                             (12) 

 

van de Loosdrecht et al states that the entire process can essentially be 

summarized as a carbon monoxide hydrogenation reaction, with the carbon-to-

carbon bonds that make up the chain growth governed by the Anderson-Schulz-

Flory (ASF distribution).  This is a statistical model that is based on the 

probability of hydrocarbon chain growth (α).  For a particular class of product 

containing n carbon atoms: 

 

                     (13) 

 

Should α be independent of the carbon number, the product distribution will align 

itself accordingly as in Figure 4 below: 
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Figure 4: ASF product distribution independent of carbon number(van de Loosdrecht et al, 2013) 

 

According to Hu et al and van de Loosdrecht et al, FTS can be categorized into a 

high or low temperature operating range, depending on the products desired and 

the type of catalyst used: 

High temperature FTS (HTFTS) occurs at temperatures ranging between 320°C to 

350°C.  At these operating conditions, all products are in the gas phase, thus 

making the system a gas-solid system.  Fixed fluidized bed reactors are 

recommended for this type of process.  Cobalt catalysts produce methane within 

this operation, whilst the commercially-used iron catalysts with alkali promoters 

mainly produce gasoline (petroleum) spectrum hydrocarbons with light olefins 

and oxygenates as byproducts. 

 

Low temperature FTS (LTFTS) occurs at temperatures ranging between 200°C to 

250°C.  Commercially, both cobalt and iron catalysts can be used, with the former 

being used at the lower end of the temperature range.  LTFTS tends to be more 

difficult to operate than HTFTS – the products are mainly heavier hydrocarbons 
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(waxes) and thus create a three-phase reaction system.  Catalyst particles have to 

be bigger than they would in the higher temperature operation in order to limit the 

pressure drop if a fixed bed reactor is used.  This tends to cause problems in 

differences between hydrogen and carbon monoxide diffusion rates and reduces 

the catalyst utilization. 

The subsequent section will delve further into catalyst selection. 

 

2.2.3 Catalyst Selection 

 

Although metals such as nickel and ruthenium can be used as catalysts, 

commercially only iron and cobalt based catalysts are used in the FT reactor 

system.  Iron generally produces more oxygenates and olefins than cobalt and is 

thus considered to have a lower hydrogenation count than the latter. 

Looking at iron, it is a cheap raw material when compared to cobalt and produces 

a lighter hydrocarbon spectrum that is suitable for the fuel and chemical industry.  

Ideal temperatures occur between 320° to 350°C, where the α parameter sits at an 

average value of 0.7, thus making it appropriate for HTFTS and helping to yield 

most of the products at gasoline chain length.  It is also more tolerant of catalyst 

poisons such as sulphur and is more responsive to the addition of promoters and 

changes in process parameters (namely temperature, pressure and feed 

composition) to enhance selectivity.  However, iron catalysts tend to deactivate 

quickly and must be regenerated or replaced more often than their cobalt-based 

counterparts. 

Iron catalysts that are used for commercial purposes are mainly iron oxides, 

hydroxides or oxy-hydroxides that require a treatment step such as reduction or 

syngas pre-treatment.  Below, are ideal catalysts for different conditions:  
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Table 4: Ideal FTS iron catalyst categorization (adapted from van de Loosdrect et al, 2013) 

FTS Process Reactor Catalyst 

Properties 

Raw Material  Synthesis 

Method 

HTFT - 320°C 

to 350°C 

Circulating or 

fixed fluidized 

bed reactors  

 Low 

surface 

area (less 

than 

10g/m2) 

 High 

density 

 High 

strength 

Mill scale Fusion method 

followed by 

crushing and 

milling 

LTFT - 220°C 

to 250°C 

Tubular fixed 

bed reactor 

 High 

surface 

area 

 High 

strength 

Fe(NO3)3 and 

silica 

Precipitation 

followed by 

extrusion and 

shaping 

Slurry bed 

reactors 

 High 

surface 

area 

 Small 

particle 

size 

Fe(NO3)3 and 

silica 

Precipitation 

followed by 

spray drying 

and calcination 

 

Iron catalyst preparations include: 

 Fusion is a method that produces iron catalyst particles of low surface area 

and high particle density.  This ensures that the particles are of high 

strength and are suitable for reactors such as circulating fluidized bed 

reactors whereby flow movements would destroy more fragile catalysts.  

Iron oxides are used as a feed and melted in arc furnaces along with 



24 
 

promoters.  The molten mix is then set in ingots and then milled to the 

required size.  A disadvantage of this process are the impurities set in these 

ingots – during cooling, the alkali promoters bind themselves to inorganic 

additions such as silica and aluminium oxides and negate their promotion 

effect. 

 Precipitation of iron catalysts is one of the earliest forms of iron catalyst 

preparation.  In the 1930’s, this method was adapted on a large 

commercial scale, coinciding with the FTS boom in that era.  Iron (III) 

nitrate solution is reacted with a base to precipitate out iron (III) oxide-

(oxy)hydroxide.  By controlling process conditions such as temperature, 

pH and precipitation rate; catalyst properties such as surface area and 

crystallite size can be controlled to the desired condition.  The slurry 

stream is then filtered and washed to remove soluble salts such as 

ammonium nitrate and impregnated with structural promoters such as 

silicon and aluminium to increase catalyst strength as well as chemical 

promoters.  The particles are finally spray-dried and calcinated to get rid 

of volatiles.  When compared with fusion, precipitation offers increased 

catalyst strength, better catalyst shape and increased promoter distribution 

without negation. 

As previously mentioned, iron catalysts can be more easily manipulated than 

cobalt ones in terms of selectivity adjustment.  van de Loosdrecht et al  states that 

iron catalyst composition produces higher responsiveness to FTS selectivity than 

process conditions.  Addition of alkali promoters tend to allow yields which 

deviate from the ASF model and require two α parameters instead of one. 

Deactivation of iron catalysts used in the FTS process can be attributed to: 

 Free carbon formation 

 Phase transformation actions, such as oxidation 

 Mechanical break-up due to flow 

 Deposition of catalyst poisons from the syngas feed 

 Sintering 
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Free carbon formation is the most prevalent cause of catalyst deactivation in 

HTFTS where dissociated carbon atoms from the CO molecule in the syngas feed 

react with each other to produce carbon deposition.  This can be suppressed by the 

types of chemical promoters added to the catalyst.  In LTFTS, sintering and 

oxidation are the key deactivation factors, whereby the interconversion of the 

different iron carbides from the catalyst mechanism can lead to a stoichiometric 

excess of carbon and thus weakening of catalyst particles.  

Cobalt catalysts are mentioned in the original FTS patent made by Fischer and 

Tropsch in 1925.  Germany and Japan adapted large scale FTS processes using 

only cobalt catalysts from 1938 to 1945, after which focus shifted to iron 

catalysts. 

Generally, cobalt is up to 250 times more expensive than iron and thus needs to be 

used effectively, so a high density of cobalt metal sites is available. 

Cobalt catalysts are used exclusively for LTFTS.  They are currently used by 

Sasol and QP in the Oryx GTL plant in Qatar and by Shell in the SMDS plant in 

Bintulu, Malaysia (Saiba, Moodley, Cibîca et al, 2010). 

Many modern cobalt catalysts are similar to the ones first described by Fischer 

and Tropsch, with cobalt on a metal oxide support.  Cobalt is the active metal, 

with a weight composition of anywhere from 10 to 30%.  A noble metal is used as 

a reduction promoter, with a weight composition of 0.05 to 1%, and a structural 

oxidic promoter making up anywhere from 1 to 10%.  The balance is a modified 

refractory oxidic support.  They are usually arranged as per the figure below: 
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Figure 5: Arrangement of typical Co catalyst (van de Loosdrecht et al, 2013) 

 

Methods of cobalt catalyst preparation include: 

 Coprecipitation of catalysts can be done as a batch or continuous process 

at constant pH.  The cobalt precipitates as α-Co(OH)2 or β-Co(OH)2.  As 

with iron catalyst precipitation, crystallite size can be controlled by 

temperature, precursor salt, precipitation agents and reaction atmosphere.  

The precipitate is then filtered and washed.  The particles are impregnated 

with a structural support promoter, then spray-dried to obtain the correct 

size distribution for bubble bed reactors or pelletized for fixed bed 

reactors. 

 Impregnantion of cobalt (in the form of oxides or metal) onto pre-shaped 

supports. 

Van de Loosdrecht et al states that when judging cobalt catalyst performance, 

they are more active in slurry bed reactors, which normally operate at an average 

temperature of 230°C, which is suited for LTFTS.  Here, products are heavier 

hydrocarbons: although this would induce a higher calorific value product 

(Domalski, 1972) and the operation control becomes more difficult due to the 

reactor acting as a multi-phase system. 

Saiba et al (2010) states that cobalt catalyst deactivation methods can be attributed 

to the following: 
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 Oxidation – this was originally thought to have been due to product 

water molecules from the multiple reactions, though recent studies have 

proven that this is a function of crystallite size and dependant on 

operating conditions.  Above sizes of 2nm will not undergo oxidation 

 Mixed-metal support interaction – this is a rare occurrence.  Although 

the reactions are thermodynamically feasible, they need a CoO 

intermediate which will not form under normal FTS conditions. 

 Carbon deposition and carburization – this will result in pore blockages 

and limit mass transfer into and out of the catalyst.  This can be 

decreased to some effect by ruthenium and boron. 

 Sintering – a thermodynamically driven process whereby smaller 

unstable particles join together to form larger stable ones which are 

lower in surface energy.  This is affected by reaction temperature and 

water partial pressure.  This can be controlled by choosing the right 

structural support such as alumina or silica. 

 Poisoning – this is especially significant in coal-to-liquid systems.  

Sulphur-based poisoning can be prevented by the addition of zinc- or 

lead-oxide guard beds whilst nitrogen-based poisoning can be undone 

with mild hydrogen treatment. 

 Surface reconstruction – thermodynamically driven process whereby 

surface energy is lowered.  Unfortunately further study is needed in this 

area. 

As can be expected, much study has gone into the study of catalysts and their 

overall effects on the FTS system.  Yao et al (2014) did a comparative study on 

cobalt catalysts by analyzing the effects of cobalt catalysts, one supported by SiO2 

and one by ZSM-5.  Using the polyethylene glycol-additive method (a subtype of 

the co-precipitation method), both catalysts were developed, with the SiO2 

supported catalyst using ruthenium as a promoter.  The ZSM-5 supported catalyst 

was discovered to have a better CO conversion but a lower turnover frequency.  

The strong interactions between the hydrogen species and the catalyst was 

unfavourable to hydrogenation of carbon intermediates and is thus considered to 

be the rate determining step.  In contrast, the Ru-promoted catalyst improved 
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cobalt oxide reducibility and an improved turnover frequency.  In this case, the 

hydrogen interactions with the catalyst were significantly weaker than in the 

former case and produced liquid hydrocarbons in the gasoline range.  It was 

concluded that the ZSM-5 catalyst could have a higher activity if further research 

went into weakening hydrogen interactions with the catalyst. 

Schulz (2013) studied the constraints based on iron and cobalt catalysts.  Using 

co-precipitated iron and cobalt catalysts, the study makes use of both fixed bed 

reactors for studying the initial changes of catalyst selectivity and CSTR slurry 

reactors for control of full control of the process parameters.  The product streams 

were analyzed using gas chromatography.  The study revealed the following 

points: 

 The product distribution was proven to be independent of carbon number 

 Although hydrocarbon chain growth is typically a function of the carbon 

number, it was discovered that the CSTR (continuous stirred tank reactors) 

experiment displayed increasing probability of chain growth with time 

whilst desorption of chains was increasingly suppressed on cobalt 

catalysts.  On iron catalysts, the chain growth probability only changed 

during the initial stage of the experiment, with the rest of the experiment 

remaining static.  It was noted that cobalt catalysts are far more sensitive 

to changes in feed concentration. 

 Schulz explicitly states that methanation is undesirable due to methane not 

forming a part of FTS and is considered a ‘waste’ in a sense.  Nickel, 

cobalt and ruthenium catalysts tend to enhance this formation, with the 

feed composition and temperature acting as supporting factors.  In cobalt, 

methane is assumed to form on inactive surface areas.  Iron catalysts 

depend on CO partial pressures for formation. 
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2.3 Air Separation 

2.3.1 Process Description 

 

Air separation is a general term given to the production of pure, or at least 

concentrated, streams of oxygen, nitrogen and argon.  Though many processes 

exist in this regard, both cryogenic and non-cryogenic, both Smith & Klosek 

(2001) and Cornelissen & Hirs (1998) state that cryogenic distillation is the only 

method that can be used for high purities and production rate, thus it is the only 

method that will be considered as part of UCG.  

Air separation units make use of cryogenic distillation with the use of the double-

column distillation process developed by Carl von Linde in the early 1900’s.  

Though many plants may differ from one another with regards to the actual 

process layout in order to meet their specific energy or product requirements, the 

basic principles on which they are based remain the same.  The process described 

below is based on Smith & Klosek, Wilson, Woodward & Erickson (1988) as well 

as Cornilissen & Hirs. 

 

Figure 6: Process Flow for a typical air separation (Smith & Klosek, 1998) 

 

Air is compressed to approximately 6bar via a compressor and inter-stage coolers, 

and then filtered to get rid of dust particles that contaminate the ambient air.  The 
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stream is fed through an after-cooler or spray tower which lowers the temperature 

after the final compression stage.  The air is then fed through the front end 

purification or pre-treatment, known as molecular sieves contains activated 

packing material to absorb water and carbon dioxide that would otherwise freeze 

under the subzero temperatures in the following process stages and block pipes.  

There are usually two molecular sieves located in parallel.  Whilst one is active, 

the other will regenerate its packing to release the absorbed water and carbon 

dioxide by a heated waste nitrogen stream.  Once this is done, the flow will be 

diverted to the newly regenerated molecular sieve and the other will undergo 

regeneration. 

The air stream is then cooled to -172°C in the main heat exchanger, flowing in a 

counter-current manner to the liquid products of nitrogen, oxygen and argon.  

Depending on the design, a fraction of the air feed at this point may be diverted to 

a turbine to recover energy associated with refrigeration and another fraction may 

be condensed and fed to the distillation column (Wilson et al).  The air after the 

heat exchanger is fed to the bottom of the high pressure (HP) column.  Two pure 

nitrogen refluxes are produced – one for the itself and one for the low pressure 

(LP) column, whilst the overhead condenser of the HP column provides the reboil 

duty for the LP column.   

The bottom liquid of the HP column is vaporized to provide the overhead 

condenser duty for the argon column.  The upper part of the LP column is where 

pure nitrogen can be withdrawn, whilst the bottom liquid is fed to the argon 

column to provide pure oxygen and crude argon.  An additional column is 

required to separate pure argon from oxygen. 

 

2.3.2 Environmental Impact 

 

The European Industrial Gases Association (EIGA) has compiled a list of 

environmental concerns in their Environmental Impacts of Air Separation Units 

(IGC Doc 94/11/E, 2011) that is summarized in the table below.  EIGA maintains 

a philosophy of minimizing waste and pollution of any kind and disposing of 
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these in a safe and environmentally conscious way.  These are the main concerns 

affecting ASU operations and production and are by no means an exhaustive list. 

Table 5: EIGA environmental concerns (EIGA, IGC 94/11/E, 2011) 

Concern Risk Mitigation Measure 

Compression energy Indirect impact on 

production and supply 

from power plants and 

the local municipality 

electricity system 

Continuous improvement 

in energy efficiency of 

ASU’s by operating 

procedures, equipment 

design and maintenance 

Oil Oil discharge to the 

environment from 

compressors, hydraulic 

systems and/or 

transformers 

 Installation of a 

bund or pit at each 

compressor and 

transformer to 

collect oil 

 Installation of 

cyclonic or 

electrostatic oil 

demisters 

 Preventative 

maintenance to 

ensure that leaks (if 

any) are caught 

before it becomes a 

hazard 

Volatile organic 

compounds (VOC’s) 

Irritation of human 

eyes, nose and throat, 

massive global warming 

risk depending on which 

gas is released 

 Use refrigerants 

with no ozone 

depleting potential 

and lower global 

warming potential 
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 Identify all points 

where leaks could 

possibly occur and 

ensure that they 

are hermatically 

sealed 

 Design of process 

so that the 

refrigerant and the 

solvent can be used 

reused instead of 

adding fresh feed 

 Avoid excess use of 

refrigerant and 

solvent and review 

safe working 

practices near 

refrigeration area 

Contaminated water 

discharge 

Contaminated water 

may pollute surrounding 

water bodies or areas 

with heavy metals that 

deplete organic matter 

necessary for ecological 

balance as well as 

introducing improper 

temperature gradients 

to the surrounding 

areas 

 Minimize leaks 

through 

preventative 

maintenance of 

cooling towers and 

heat exchangers 

 Reduce controlled 

losses in cooling 

towers by looking 

at bleed losses and 

concentration 

cycles 
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 Use corrosion 

inhibitors to extend 

equipment life 

 Operate cooling 

towers to optimum 

concentration 

cycles to minimize 

chemical loss, 

wastewater 

discharges and 

makeup water 

consumption 

 Use the minimum 

quantity of 

treatment 

chemicals 

 Use local legal 

requirements for 

water discharge in 

terms of 

concentration and 

temperature 

 

 

2.4 Exergy 

2.4.1 Introduction 

 

Since coal is a non-renewable resource, it is imperative that the most be made of 

its thermodynamic capabilities.  Although there is a shift to renewable sources of 

energy, there is also a powerful drive to make coal-related processes more 
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efficient and more productive per unit mass of coal consumed.  The First Law of 

Thermodynamics deals with the conservation of energy throughout its different 

forms.  Though this is useful, it does not give detailed insight into the quality of 

energy studied within the system.  It is more productive to employ the Second 

Law of Thermodynamics with this regard, whereby the exergy or the potential 

work of a system can be determined (Srivastava, 1988; Ghamarian & Cambel, 

1982).  

Exergy is defined as the potential of a resource to do work based on the difference 

between its physical parameters and the dead state considered (Boroumandjazi, 

Rismanchi, & Saidur, 2013; Eftekhari, van der Kooi & Bruining, 2012).  This can 

be with regards to a combination of temperature, pressure or composition.  It is a 

useful analytical and optimization tool as it is possible to derive the maximum 

performance of a considered system under a certain set of conditions as well 

pinpoint possible sources of irreversibility that negate the potential within a 

process.  If this idea is expanded to a chemical process such as UCG, it becomes 

possible to identify which process units ‘consume’ the most exergy and where 

improvements can be made.  Srivastava states that this provision allows for the 

proper design of equipment, which in turn reduces operating and maintenance 

costs. 

In the past, exergy analysis was limited to Eastern Europe, where Srivastava states 

that extensive research on this topic was conducted within the Soviet Union.  Lior, 

Sarmiento-Darkin & Al-Shaqawi (2006) states that the analysis also offers the 

calculation of thermodynamic optima where compromises between the desire to 

accelerate reaction rates and undesirable entropy generation. 

Romero & Linares (2014) take a more global approach to exergy, citing it as an 

important indicator for energy sustainability.  Energy on its own does not offer a 

proper study into the relationship between a thermodynamic system under study 

and its environment due to the irreversibility (entropy) generation that will 

degrade energy.  They define exergy as the difference between energy and these 

irreversibilities, thus making it the energy available for work, though it is not a 

property of the material(s) under consideration – it is the thermodynamic link 
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between the system and its environment.  If this connection is broken, the 

available energy is considered to be chemical potential energy.  The table below 

offers further insight into differentiating between exergy and energy: 

 

Table 6: Difference between energy and exergy (Romero and Linares, 2014) 

Energy Exergy 

Dependant on characteristics of flow 

and independent of environment 

Dependant on characteristics of flow 

and environment 

Refers to motion or ability to induce 

motion 

Work or ability to induce work 

Always conserved in a process due to 

transfer in different forms 

Conserved in a reversible process only 

Value is different from 0 when in 

equilibrium with reference 

environment 

Value is 0 when in equilibrium with 

reference environment 

 

2.4.2 Analysis 

 

Sapali and Raibhole (2013, in their exergy study to be mentioned later on) 

quantify exergy as: 

      
     

        
        

       (14) 

Where: 

    is the total rate of exergy in a stream in J/s 

   
  is the kinetic exergy (associated with speed) of a stream in J/s 

   
  is the potential exergy (associated with altitude) of a stream in J/s 

      
  is the physical exergy (work obtainable from a substance through a 

reversible process) of a stream in J/s 
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  is the chemical exergy (work obtainable from a substance through 

heat transfer and matter exchanges with the environment) of a stream in J/s 

It is important to note that exergy does not ‘balance’ in the same way that energy 

does.  Since exergy can be lost due to entropy production, equation 14 cannot be 

used for balances over mass or energy boundaries and does not condone a simple 

IN equals OUT case. 

Physical exergy, also known as thermo-mechanical exergy, can be defined as: 

     
                            (15) 

Where: 

     is the stream flow rate in kg/s 

      refers to the enthalpy difference of the stream at its current state (T, 

P) and the ‘dead’ or reference state  in J/kg (T0, P0) respectively (Note – 

environmental considerations are in K and Pa for temperature and pressure 

respectively) 

       refers to the entropy difference of the stream at its current state and 

the dead state in J/kg.K 

 

For solids and liquids, the physical exergy can be defined as: 

     
                  

 

  
                (16) 

Where: 

 C is the heat capacity of the solid or liquid in J/kg.K 

    is the specific volume of the solid or liquid at temperature T0 in m3/kg 
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Chemical exergy can be defined as: 

     
                             (17) 

Where: 

    is the molar fraction of the compenent i in the stream 

      is the standard chemical exergy of the stream in J/kg 

 R is the universal gas constant – 8.314J/K.mol 

 

The simple, or overall, exergy efficiency of the process is defined as: 

    
     

    
         (18) 

Where: 

    
   and     

  are the exergies of the streams flowing into and out of a 

particular system boundary in J/s 

The overall exergy represents the amount of workable energy that is conserved 

from all the inputs within the system in relation to that of the outputs.  This ratio 

considers the universal inputs and outputs, regardless of the stream’s intended 

purpose.  A high value for this does not necessarily mean that the system is 

efficient as waste streams could still contain significant work that could be 

utilized elsewhere in the process instead of simply dissipating. 

The fuel exergy efficiency takes individual components or desired components 

and compares them to the exergy of the coal feed: 

   
                      

          
        (19) 

The fuel efficiency, while similar to the overall efficiency, relates the exergy 

conserved from the coal feed to the final desired product.  This ratio is a judge of 

how much of the coal’s initial exergy into the system is conserved in the various 

forms of work taking place, which result in the desired product.  A high value for 
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this means that the coal’s workable energy is mostly conserved throughout the 

process and ends up within the desired product stream. 

 

2.4.3 UCG Exergy Analysis  

 

Eftekhari et al performed an exergy analysis on a UCG plant with simultaneous 

CCS storage.  Using a chemical equilibrium model to analyze the effect of process 

parameters on product composition, three different scenarios were analyzed: ideal 

operations, practical operations (defined from state-of-the-art technologies) and 

zero CO2 emissions, all with the aim of maximizing hydrogen content and 

minimizing carbon dioxide emissions.  The results showed that whilst the UCG 

can recover 52 to 68% of the coal’s chemical exergy in the first two cases, though 

the zero emissions scenario shows a negative recovery, indicating that current 

CCS technology cannot be productively utilized.  Further study is needed once 

new developments occur. 

 

2.4.4 FTS Exergy Analysis 

 

Sohel & Jack (2011) compared a biomass gasification process coupled with FTS 

with a biochemical process that converted a biomass feed to ethanol.  The biomass 

feed selected was sawdust, dried via excess heat from the FTS reaction heat and 

then gasified with air.  The resultant gas was then cooled and then cleaned of ash 

and salts before being compressed, shifted using the WGS reaction and fed to a 

FT reactor.  No mention is made of what kind of catalyst is made use of, though 

the feed composition is given (by weight) as 26% H2, 12% CO, 17% CO2, 44% 

N2 and small amounts of methane.  Approximately 10.19kg/s of biomass is 

converted to 1.54kg/s of diesel fuel and a net electricity production of 4MW, with 

the exergy losses being quantified in the table below: 
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Table 7: Biomass FTS exergy analysis results (adapted from Sohel & Jack, 2011) 

Process unit Exergy loss (%) 

Biomass drying 4.3 

Biomass gasification 34.2 

Syngas cleaning 0.6 

Syngas compression 4.8 

WGS reactor 0.8 

FTS reactor 2.9 

Biofuel separation 2.0 

Heat recovery 14.2 

Power generation 36.2 

 

The overall exergy efficiency was calculated to be 36.4% as opposed to 34.7% of 

the biochemical process.  Both processes experienced heavy losses in the heat 

recovery and power generation sections, and were concluded to be similar in their 

exergetic natures though the FTS process had a high conversion efficiency and 

somewhat minimized the entropy generation, thus accounting for the slightly 

higher efficiency in exergy. 

Iandoli & Kjelstrup (2007) simulated a GTL process that combined syngas 

production, FTS and a product upgrading unit using Pro/II (Aspen/SimSci) 

simulation software, though the latter was not considered as part of the exergy 

analysis.  Natural gas feed is preheated and mixed with steam and oxygen from an 

ASU (also not considered by the study).  The three components were reacted in an 

autothermal reformer at 1300K and is converted to syngas.  The syngas is then 

cooled to separate and condense out water whilst the excess heat is recovered in a 

waste heat reboiler that produces both high pressure (110bar) and low pressure 

(5bar) steam.  The syngas is then fed to a slurry-phase FT reactor that uses cobalt-

based catalyst due to its high selectivity.  The maximum conversion per pass was 

assumed to be 60% and the tailgas is recycled back into the process.  To focus on 

the FT unit of the process, three cases were developed where certain variables 
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were changed to test exergetic efficiency: a reference case based on LTFTS, 

increasing catalyst selectivity by 5% against the reference case and increasing the  

hydrogen conversion to 90% per pass. 

Figure 7 shows the exergy flow of the reference case.  As can be seen, the FT 

recycle stream contains a significant amount of work that would have been wasted 

if it had been vented or discarded.  The FT unit in the reference case shows a 

exergy efficiency of 93% owing to the fact that it is not considered to be adiabatic 

in its modelling and heat produced from the FT reactions must be directly 

recovered to keep the operating temperature constant.  Overall, the losses 

amounted to 20% within the FT unit and the entire GTL process (excluding 

product upgrading and the ASU) was 62%. 
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Figure 7: Grassman diagram of reference case exergy flow (Iandoli & Kjelstrup, 2007 - streams below 15MW are not shown) 
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Figure 8: Exergy Losses for different variability cases (Iandoli & Kjelstrup, 2007) 

 Figure 8 shows the exergy losses from the study according each of the variables 

changed within the reference case, though only the first three are of interest in this 

context as these apply directly to the FT unit.  Iandoli & Kjelstrup concluded that 

increasing the single pass conversion of hydrogen did not make any difference to 

the exergy of the FT unit whilst increasing catalyst selectivity 5% upward of the 

base case only improved the FT unit by 2 to 3%. 

Prins, Ptasinaki & Janssen (2004) performed an exergy analysis study on the 

exergetic optimization of a biomass gasification process integrated with a Fischer-

Tropsch reaction system.  Sawdust is dried to 10% moisture by weight by using 

the residual heat from the FT reactor.  The sawdust is autothermally gasified by 

air at 900°C at atmospheric pressure.  The resulting gas is cooled to 90°C and 

generates steam of 50barg and 20barg to be used in steam cycles for electricity 

production.  The syngas is cleaned by filtration and washed with water before 

being compressed to 25bar and catalytically shifted using a WGS reactor, having 

a composition and 26% hydrogen, 12% carbon monoxide, 17% carbon monoxide, 

44% nitrogen and small amounts of methane.  The FT reactor then converts this to 

liquid hydrocarbons in the ranges of naptha (C5 to C8), diesel (C9 to C12) and 
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wax (C23+).  The tail gas from this process is used to generate electricity by being 

incinerated in a steam turbine. 

It was discovered that the largest exergy losses occur in the biomass gasification 

due to the gasification process decreasing the heating value in the conversion from 

biomass to syngas.  This is unavoidable, though it can be mitigated by optimizing 

the gasification temperature.  Significant exergy losses can occur in the power 

generation section of the process, which can be reduced by improving liquid 

hydrocarbon recovery and using more efficient electrical energy generation 

technology.  Overall, the process had a 36.4% ration exergetic efficiency which is 

increased to 46.2% if recommendations are taken into account. 

 

2.4.5 Air Separation Exergy Analysis  

 

Sapali & Raibhole (2013) simulated a medium oxygen purity ASU in an attempt 

to integrate it with a biomass gasifier that uses a steam and oxygen mixture as the 

gasifying agent.  Using the ASPEN process simulation software, oxygen was 

obtained at a purity of 96.2% from a feed of 850scmh (standard cubic meters per 

hour).  The table below summarizes the rational efficiencies of the ASU 

components: 

Table 8: Rational exergy efficiency of ASU integrated with biomass gasifier (adapted from Sapali & 

Raibhole, 2013) 

Process Unit Rational Efficiency (%) 

Multi-Stage Compressor 64.43 

Booster 63.05 

Sub-cooler 88.19 

Main heat exchanger 56.41 

Expander  50.22 

HP column 50.24 

LP column 54.01 

Biomass gasifier  72 
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It can be seen that the distillation columns, which are essentially the driving force 

behind the ASU operation, ‘destroy’ the most exergy.  

Cornelissen & Hirs (1998) did an exergy analysis on a cryogenic air separation 

unit in order to study the possibilities of fuel saving.  Expanding on equation 20, 

the study defined the exergy used as the sum of the desired component and the 

exergy loss within the system considered.  By simulating the ASU with the 

ASPEN software (see figure below), the plant was divided into five different areas 

and analyzed for the rational efficiency as can be seen from table 9: 

 

Figure 9: ASU Model (Cornelissen & Hirs, 1998) 

Table 9: Exergy efficiency quantification of an ASU (adapted from Cornelissen and Hirs, 1998) 

Unit Exergy Loss (kW) Rational Efficiency (%) 

Air compressor and front-

end purification 

2751 48 

Main heat exchanger 333 86 

Distillation unit 788 46 

Liquefaction unit 4853 25 

Argon purifying unit 85 2 

Total 8810 28 
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 The main air compressor lost about 1708kW, which is caused by the 

compression of 6.2bar.  This ASU uses steam to regenerate the molecular 

sieves by heating purge gas from downstream to 170°C.  The steam 

turbines have a rational efficiency of 0.86, though the exergy is lost as the 

purge gas is vented to the atmosphere after regenerating the molecular 

sieves (225kW from steam at 11bar and 210°C). 

 The main heat exchanger loses exergy based on differences between the 

hot and cold streams and the pressure drops associated with these.  The 

mean temperature difference was calculated to be 4.2K. 

 The distillation column unit loses 62kW in the lower column, 487kW in 

the upper and argon purification columns and 125kW in the throttling 

between the two columns.  Overall, the unit has an exergetic efficiency of 

46%, though Cornelissen and Hirs suggest that this doesn’t give an overall 

view as the energy transformation from mechanical to thermal is not taken 

into account. 

 In total, the overall rational exergy efficiency was calculated to be 0.28.  

The main component of this comes from the physical exergy of the desired 

components.  If the focus is shifted to the chemical exergy, the efficiency 

drops to 0.071. 

Improvements that were recommended in the study were: 

 Increasing the polytropic efficiency of the main air compressor from 0.7 to 

0.85 which will reduce power consumption by 880kW.  This saves the 

steam turbine 139kW.  If the nitrogen compressor in the liquefaction unit 

has its polytropic efficiency increased from 0.75 to 0.85, the steam turbine 

saves a further 108kW.  The rational exergy efficiencies of both 

compressors go up to 0.77. 

 Further savings could be made by changing the operating pressures in the 

distillation columns.  If the lower column operates at slightly below 

atmospheric pressure and the upper column at atmospheric pressure, 

exergy loss is reduced.  If the products could be compressed to 
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environmental pressure, 400kW of exergy could be saved, though this 

causes a 15K temperature difference in the columns which offsets the 

saving and purity of products may be compromised. 

 

 

 

3 Theory 

3.1 Bond Equivalent Diagram  
 

In order to analyze the full effects of the processes to be considered, it is 

necessary to develop the comparative processes that will eventually be considered 

in the exergy analysis.  This will eventually help with the process simulation and 

develop the mass and energy balance and lead to the exergy analysis. 

What follows is a brief description of each of the UCG-related systems that will 

be used.  It is important to note that these are simple process flow diagrams in 

order to get a generic idea of what will be entailed in the simulation.  The process 

complexities will be noted and developed later on. 
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Figure 10: Pure O2 process flow diagram 

 

Figure 10 above represents the process flow diagram that incorporates oxygen 

from an air separation unit into the UCG process.  Gaseous oxygen is sent from 

the ASU to the main UCG process as an oxidant whilst nitrogen and argon are 

produced as by-products that can be kept for storage and sold separately for 

further commercial gain. 

The oxygen is then reacted with the coal bed as part of the gasification process to 

produce syngas with a composition determined from the reactions listed in 

equations 1 to 7.  Once cleaned of impurities, it is combusted to produce steam 

which will drive a turbine to produce electricity.  Though the exergy study will 

assess the effectiveness of the process up until the turbine stage, electricity 

production mainly depends on the calorific value of the syngas and is not the main 

part of this research. 
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Figure 11: Air & FT conversion UCG process flow diagram 

 

Figure 1 above represents the process flow diagram that incorporates air into the 

UCG process with downstream FTS conversion.  Air is compressed and used as 

an oxidant in the gasification process that will produce syngas.  Once cleaned, the 

syngas enters a catalytic FT reactor that converts to liquid hydrocarbons via the 

reactions expressed in equations 8 to 12.  The liquid fuels are then combusted to 

produce steam which will drive a turbine to generate electricity.  As with the pure 

oxygen process, this last step is not the main concern of this research as it is a 

function of calorific value rather than electricity. 

In order to consider how the various systems interact with each other, it is useful 

to consider them on a bond equivalent diagram.  This type of diagram shows the 

bonding capability of each element considered in the system (Pillay, 2013), in this 

case carbon, hydrogen and oxygen as these are the main elements in the UCG 

process.  This process is useful as it not only shows how various systems interact 

with each other, but gives a theoretical insight into complex reaction schemes 

before design and operations can be taken into account 

. 
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Figure 12: Bond equivalent diagram - basic CHO system (Pillay, 2013) 
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Figure 12 represents a basic CHO ternary system with the most basic compounds 

shown.  Each apex of the triangle represents pure carbon, oxygen and hydrogen, 

whilst the gridlines represent the reactions that occur between the elements at a 

particular composition. 

To plot a particular point on the diagram, the molar composition of a compound 

or mixture must be known in terms of the elements considered.  Pillay (2013) 

states that the co-ordinates can be obtained by multiplying the molar fractions by 

the number of valence electrons of each element and dividing it by the overall 

total.  These are represented by the next three equations: 

   
   

            
        (20) 

   
  

            
        (21) 

   
   

            
        (22) 

Whilst bond equivalent diagrams can quantify the aims and what reaction drivers 

of various CHO processes should be, it does not show how to reach the desired 

end goal.  External factors such as production costs, process efficiencies and 

associated expenses & investments must be considered as decision tools. 

3.2 Bond Equivalent Analysis of UCG 
 

In order to fully consider UCG operations, one must first consider what reactions 

occur within the UCG system, a set of reactions must be defined.  The following 

reactions form the basis for the considered reaction scheme as they do not produce 

feed material or consume products: 

       
 

 
              (23) 

                     (24) 

                         (25) 

                            (26) 
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                           (27) 

                             (28) 

Each reaction is classified as either endothermic or exothermic based on the 

whether the heat of the reaction is positive or negative.  Heat of reactions are 

influenced by the temperature and pressure of the system.  In this case, ideal gas 

behaviour is assumed and the influence of system pressure is ignored.  The heat of 

reaction is given by: 

                                       (29) 

        
 

Where: 

 

       is the heat of reaction in kJ 

              is the sum of the product between the stoichiometric 

coefficients of the products and their respective heat of formations in kJ 

                is the sum of the product between the stoichiometric 

coefficients of the reactants and their respective heat of formations in kJ 

 

Table 10 below summarizes the heat of reactions at 1200K: 

Table 10: Enthalpy of reactions at 1200K 

Reaction Enthalpy 

(kJ/mol) 

r1 -110.4 

r2 -394.1 

r3 135 

r4 96.6 

r5 185.6 

r6 12.2 

 

As can be seen, only reaction r1 and r2 is classified as exothermic, whilst the rest 

are endothermic.  When plotted, the reactions produce a polygon referred to as the 

stochiometric region, in which operations are considered to operate as per the 

reaction scheme in relation to the coal feed and oxidant, without excess of either.  

The above information will help in determining the thermally balanced region, an 
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area on the BED (bond equivalent diagram) whereby no excess energy is added or 

lost by the system and is considered to be adiabatic.  In this scenario, the 

exothermic reactions are balanced by the endothermic reactions.  On the BED, 

this region is classified as a quadrant on the BED.  In order to plot this area, ratios 

of the exothermic reactions must be added to reaction x so that the overall heat of 

reaction is zero.  This yields the thermally balanced line without methanation and 

a thermally balanced region or polygon with menathantion, upon which no energy 

is added or lost to a system and is classified as adiabatic, and ideally, most 

operations should occur here for the practicality of not having to add or take out 

energy out of the system. 

Table 11 below represents the thermally balanced reactions and the linear 

combinations of the previously mentioned reactions: 

Table 11: Thermally balanced reactions 

 Reaction 
Linear 

combination 

A                               r1 +0.818r3 

B                                    r2 + 0.64r4 

C                                      r1 + 0.595r5 

D                                         r2 + 0.031r6 

 

If a system operates above the line or region, it is considered to be endothermic 

and needs external energy.  The reverse is true if the system is found below the 

line or region. 

Section 4.1 will better represents the UCG operations (coal and syngas) at the 

Chinchilla, Rocky Mountain and Hoe Creek sites as well as a laboratory 

gasification study. 

3.3 Exergy Analysis 
 

In order to fully compare and determine an optimal UCG process in terms of work 

efficiency, two processes will be simulated in order to compare oxidant choice. 

The first process will be air-blown UCG coupled with downstream traditional 

Fischer-Tropsch synthesis to produce petrol.  The second process will couple an 
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air separation unit to produce oxygen for downstream UCG.  Each of the 

processes was modelled using the ASPEN simulation software, with the exergy 

calculated as per section 2.4.2. 

 

3.3.1 General Assumptions 

 

 The exergy quantification in equation 14, similar to the traditional energy 

balance, is simplified in the calculations to include only the chemical and 

physical exergy terms: 

         
        

         (30) 

 For ease of calculations, the following assumptions were made: 

o Instead of coal, carbon (in graphite form was used) to make the 

UCG reaction scheme easier 

o Air has been simulated to contain 79% nitrogen and 21% oxygen 

only  

o It is assumed that all carbon entering the reactor is used in the 

UCG reaction scheme defined in equations  

o The UCG reaction scheme has  been defined as per equations 35 to 

40 with the following conversions assumed and an empirical coal 

formula replacing the pure carbon and balancing out the rest of the 

equation: 

 R1: 0.412 

 R2: 0.111 

 R3: 0.331 

 R4: 0.095 

 R5: 0.051 

 R6: 0 

o Water vapour is combined with the carbon to simulate a coal 

stream.  The water vapour amount is stochiometric, based on the 
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reactions set above, so the ratios of carbon to water in both 

simulations are the same. 

 It is assumed that no pressure drops occur across the system unless 

specified by a particular piece of equipment. 
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4 Results & Discussion 

4.1 Bond Equivalent Diagram Analysis  
 

The following subsections represent the analysis of historical UCG operations in 

terms of the BED.  As stated previously, the diagram offers insight into complex 

reaction schemes in carbon-hydrogen-oxygen processes and helps determine 

whether an operation is endothermic or exothermic.  Processes can thus be 

optimized by maintaining parameters such that the system neither requires nor 

produces excess energy. 

4.1.1 Hoe Creek 

 

Hoe Creek , Wyoming is the first operation that will be analyzed and interpreted 

using the BED.  Relevant data for calculations involve the coal and product gas 

compositions and a set reaction scheme.   

The following data represents the Hoe Creek system obtained from experiments 

performed and monitored by Thorsness, Hill & Stephens (1977).  The purpose of 

this experiment was to create a commercially viable UCG process by using 

explosives to fracture the coal and increase gas permeability throughout the seam.   

Table 12 below represents the Hoe Creek coal composition: 

Table 12: Ultimate analysis of Hoe Creek coal as recieved (adapted from Thorsness et al, 1977) 

Hoe Creek coal 

Carbon 66.96 

Hydrogen 4.99 

Nitrogen 1.28 

Chlorine 0.08 

Sulphur 0.88 

Ash 9.00 

Oxygen 16.87 

 

By converting the ultimate analysis to mol %, the empirical coal chemical formula 

was found – CH0.45O0.033.  By using the calorific value specified in Thorsness et 
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al, the heat of formation of the coal was found (-94.552kJ/mol).  This will be 

needed later to calculate the heats of reactions. 

The following table represents the UCG product gas from the Hoe Creek 

operations: 

Table 13: Hoe Creek gas composition (mol%, adapted from Thorsness et al, 1977) 

Hoe Creek gas 

Water 30.4 

Nitrogen 38.1 

Hydrogen 11.9 

Carbon monoxide 6.1 

Carbon dioxide 11 

Methane 1.1 

Tar 1.4 

    

The next step of plotting the operations on the BED is to define the reaction 

scheme.  The set of reactions not only show how the different pathways interact 

with each other, but also helps determine whether the system is exothermic or 

endothermic.  The following reaction scheme (which will be used in the 

subsequent analyses of all other operations) is adapted from reactions 23 to 28, 

with the coal empirical formula inserted in place for pure carbon.   

Table 14: Table of balanced reaction scheme for Hoe Creek coal 

 
No. 

 
Reaction 

Heat of 
reaction 
(kJ/mol) 

r1 CH0.45O0.033 + 0.4835O2  CO + 0.225H2 -15.85 

r2 CH0.45O0.033 + 0.9835O2  CO2 + 0.225H2 -299.55 

r3 CH0.45O0.033 + 0.967H2O  CO + 1.192H2 260.52 

r4 CH0.45O0.033 + 1.967H2O  CO2 + 2.192H2 262.62 

r5 CH0.45O0.033 + 0.57H2O  0.397CH4 + 0.603CO 357.24 

r6 CH0.45O0.033 + 0.871H2O  0.548CH4 + 0.452CO2 153.69 

 

As can be seen, R1 and R2 are exothermic, whilst all other reactions are 

endothermic.  In order to find the TBL (thermally balanced line), these reactions 

must be paired and balanced.  R1 & R3 and R2 & R4 are paired up as they 

produce the same products.  For the methanation reactions to be considered, R1 is 
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paired with R5 and R2 with R6.  The balanced reactions and the resulting BED 

can be seen below: 

 

Table 15: Thermally balanced reactions for Hoe Creek coal 

No. Reaction Combination 

A 17.4CH0.45O0.033 + 7.9294O2 + 0.967H2O  17.4CO + 4.882H2 16.4r1 +r3 

B 2.1CH0.45O0.033 + 0.9835O2 + 2.1637H2O  2.1CO2 + 2.6362H2 r2 + 1.1r4 

C 10.9CH0.45O0.033 + 4.78665O2 + 0.57H2O  10.503CO + 2.2275H2 + 
0.397CH4 

9.9r1 + r5 

D 3.5CH0.45O0.033 + 0.9835O2 + 2.1775H2O  2.13CO2 + 0.225H2 + 
1.37CH4 

r2 + 2.5r6 
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Figure 13: BED of Hoe Creek coal and syngas (adapted from Thorsness et al, 1979 - dry basis) 
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Figure 14: Closeup of Hoe Creek thermally balanced region 

The gas was plotted without water and nitrogen so as to compare it to the 

Chinchilla and Rocky Mountain operations, both of which were given without 

moisture content.    

Balanced reaction A lies extremely close to r3, which represents the hydrogen-

carbon monoxide reaction.  This is due to the ratio of C:H:O in the balanced 

reaction, which is similar to that of r3.  The relatively small magnitude of r1’s 

heat of reaction compared to that of r3 is also a contributing factor and is this 

responsible for the high ratio that is needed to add up to A. 

The syngas composition was plotted without moisture.  The point lies under the 

thermally balanced region (which is generated by balancing the methanation 

reactions with the exothermic ones to give a region instead of a line), indicating 

that the process is exothermic overall and thus produces heat.  Since this operation 

used air as oxidant, there is a significant amount of inert nitrogen contained within 

the operation.  Air operations are difficult to operate in the sense that if the air 

flow rate is not properly controlled, the inert nitrogen may cause the coal ignition 

in the seam to slow down and eventually stop.  Of interest, Thorsness et al notes 

that doubling the air flow rate or the noted water influx into the gasification seam 

does not cause a significant change in the product gas composition.  Surprisingly, 

there is a considerable amount of hydrogen contained in the syngas for an air 

operation, which may be attributed to the initial moisture content of the coal 

(29.2% by weight).    
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4.1.2 Chinchilla 

 

Chinchilla coal data was obtained from the Queensland Department of Mines and 

Energy publication of the use of Walloon coals (subbitminous) for power 

generation.  Though analysis for coal was recorded for both as received and dry 

and ash free scenarios, the product gas was only reported in Kačur et al (2014) as 

moisture free.  For this reason, the Chinchilla points are plotted as dry only, as 

seen by the tables below. 

Table 16: Ultimate analysis of Chinchilla coal, dry and ash free (adapted from Queensland Department 

of Mines and Energy, 1999) 

Chinchilla coal 

Carbon 80.2 

Hydrogen 6 

Nitrogen 1.5 

Sulphur 0.7 

Oxygen 11.6 

 

Table 17: Molar composition of syngas from Chinchilla (adapted from Kacur et al 2014) 

Components Chinchilla 
value (%) 

Nitrogen 43 

Hydrogen 22 

Carbon 
monoxide 

7 

Carbon dioxide 19 

Methane 8 

 

Using the same method as Hoe Creek, the chemical formula for Chinchilla’s coal 

is CH0.45O0.054, with the heat of formation being -151.93kJ/mol. 

The following tables represent the reaction set used to define the Chinchilla 

operation and the balanced reactions from the ratio of endothermic to exothermic 

heats of reactions: 
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Table 18: Balanced reaction scheme for Chinchilla coal 

 
No. 

 
Reaction 

Heat of 
reaction 
(kJ/mol) 

r1 CH0.45O0.054 + 0.473O2  CO +0.225H2 41.53 

r2 CH0.45O0.054 + 0.973O2  CO2 + 0.225H2 -242.17 

r3 CH0.45O0.054 + 0.946H2O  CO + 1.171H2 311.90 

r4 CH0.45O0.054 + 1.946H2O  CO2 + 2.171H2 314.00 

r5 CH0.45O0.054 + 0.556H2O  0.39CH4 + 0.61CO 210.61 

r6 CH0.45O0.054 + 0.8605H2O  0.54275CH4 + 0.45725CO2 268.45 

 

Table 19: Thermally balanced reactions for Chinchilla coal 

No. Reaction Combination 

A 1.2CH0.45O0.054 + 0.6676O2  CO + 0.2CO2 + 0.27H2 r1 + 0.25r2 

B 2.3CH0.45O0.054 + 1.2649O2 +0.946H2O  1.3CO2 + CO + 1.4635H2 r3 + 1.3r2 

C 2.3CH0.45O0.054 + 1.946H2O + 1.2649O2  2.3CO2 + 2.4635H2 r4 + 1.3r2 

D 1.87CH0.45O0.054 + 0.556H2O + 0.84651O2  0.39CH4 +0.9CO2 + 
0.61CO + 0.19575H2 

r5 + 0.9r2 

E 1.9CH0.45O0.054 + 0.8757O2 + 0.8605H2O  
1.35725CO2+0.54725CH4+0.2025H2 

r6 + 0.9r2 

 

Compared to Hoe Creek, Chinchilla’s only exothermic reaction is r2.  This is due 

it being the main carbon dioxide production reaction, which is normally an 

extremely exothermic reaction.  When coupled with the rest of the reactions, r2 

produces the reactions seen in table 19.  The following diagram represents the 

BED for the Chinchilla: 

 



63 
 

 

Figure 15: BED of Chinchilla coal and syngas 
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Figure 16: Chinchilla thermally balanced region close-up 

Chinchilla offers an interesting perspective by producing a thermally balanced 

region (in a triangular form) instead of a line, running through reactions A, B and 

C with the methanation reactions D and E lying close to the line.  Unlike Hoe 

Creek, the Chinchilla syngas comes out above the thermally balanced region, 

indicating the operations are endothermic overall.  This indicates that work must 

be added to the system, most likely in the form of heating the air stream before 

sending it underground through the coal seam.  Practically, this would require 

additional energy expenses contained within the operating costs. 

As with Hoe Creek, Chinchilla’s syngas contains a significant amount of nitrogen, 

which could lower the seam temperature and stop the ignition if not carefully 

controlled.  As with Chinchilla, there is a significant amount of hydrogen 

produced, roughly equal to the amount of carbon dioxide.  Both air blown 

operations contain an ideal ratio of hydrogen to carbon monoxide for FTS to 

produce liquid hydrocarbons from the product gas.  Chinchilla contains 

approximately eight times more methane than Hoe Creek, thus making it the 

likely factor as to why the syngas lies above the TBL.  If the thermally balanced 

region is expanded to include the methanation reactions, Chinchilla still lies far 

above it, thus confirming its endothermic status. 
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4.1.3 Rocky Mountain 

 

The Rocky Mountain, like Chinchilla, site uses subbitminous coal for UCG, 

which can easily be seen by the similar composition both on the BED and the 

table below.  The chemical formula for this coal is CH0.41O0.08 and its heat of 

formation is -165.2kJ/mol.  Tables 20 and 21 below detail the coal’s ultimate 

analysis and syngas composition respectively. 

Table 20: Ultimate analysis of Rocky Mountain coal, dry (adapted from National Energy Technology 

Laboratory, 2012) 

Rocky Mountain 
coal 

Carbon 67.45 

Hydrogen 4.56 

Nitrogen 0.96 

Sulphur 0.98 

Chlorine 0.01 

Ash 11.03 

Oxygen 15.01 

 

Table 21: Rocky Mountain syngas molar composition (adapted from Dennis, 2006) 

Rocky Mountain Gas  

Component ELW CRIP 

Hydrogen 32.7 39.6 

Methane 10.1 10.3 

Carbon monoxide 8.2 11.9 

Carbon dioxide 45.7 35.3 

Hydrogen sulphide 0.8 0.6 

Nitrogen 0.5 0.5 

Argon 0.2 0.1 

Higher hydrocarbons 1.8 1.7 

 

The final technical report on the site (Dennis, 2006) tested two technologies, both 

using a combination of steam and oxygen as oxidants.  The report details the dry 

gas composition for extended well linking (ELW) and controlled retracting 

injection point (CRIP) operations.  The ELW site had a steam to oxygen ratio of 

approximately 1.88 (83716:44461 MSCF) and the CRIP site a ratio of 

approximately 2.04 (176904:86650 MSCF).   
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Table 22 and 23 represent the reaction scheme adapted for the Rocky Mountain 

coal and the balanced reactions respectively. 

Table 22: Balanced reactions for Rocky Mountain coal 

 
No. 

 
Reaction 

Heat of 
reaction 
(kJ/mol) 

r1 CH0.41O0.08 + 0.46O2  CO + 0.205H2 54.80 

r2 CH0.41O0.08 + 0.96O2  CO2 + 0.205H2 -228.90 

r3 CH0.41O0.08 + 0.92H2O  CO + 1.125H2 277.27 

r4 CH0.41O0.08 + 1.92H2O  CO2 + 2.125H2 235.29 

r5 CH0.41O0.08 + 0.545H2O  0.375CH4 + 0.625CO 199.92 

r6 CH0.41O0.08 + 0.8575H2O  0.53125CH4 + 0.46875CO2 148.05 

 

Table 23: Thermally balanced reactions for Rocky Mountain coal 

No. Reaction Combination 

A CH0.41O0.08 + 0.55658O2  0.806838CO +        CO2 + 
        H2 

r1 + 0.2r2 

B CH0.41O0.08 +      H2O +        O2        CO +       CO2 + 
     H2 

r3 + 1.2r2 

C CH0.41O0.08 +        H2O +       O2 CO2 +        H2  r4 + 1.02r2 

D CH0.41O0.08 +       O2 +       H2O     CH4+     CO2+ 
     CO +        H2 

r5 + 0.87r2 

E CH0.41O0.08 +       H2O +      O2       CO2 +       H2 + 
      CH4 

r6 + 0.65r2 

       

As with Chinchilla, the only exothermic reaction in the system is R2 at 650K.  

This was balanced with the rest of the reactions to find the TBL for this mine. 

 Figure 17 represents the BED for Rocky Mountain: 
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Figure 17: BED for Rocky Mountain coal and syngas 

 

0 

10 

20 

30 

40 

50 

60 

70 

80 

90 

100 

100 

90 

80 

70 

60 

50 

40 

30 

20 

10 

0 
0 10 20 30 40 50 60 70 80 90 100 

Hydrogen H 

Carbon 

C 

Oxygen 

O 

Carbon 

Monoxid

e 
Carbon 

Dioxide 

Methane Water 

r1 r2 

r3 

r4 

r5 

r6 

Rocky 
Mountain 
coal 

Rocky 
Mountain 
gas (ELW) 
 

Rocky 
Mountain 
gas (CRIP) 
 

A 
B 

C 

D 

E 



68 
 

 

Figure 18: Rocky Mountain thermally balanced region close-up 

Like Chinchilla, Rocky Mountain produces a thermally balanced region in the 

shape of a triangle.  The two distinct syngas production methods present an 

appealing scenario. 

The CRIP method lies above the region, similar to Chinchilla, meaning that this 

particular process is overall endothermic and requires energy input.  The ELW 

method lies within the thermally balanced region, meaning that the process neither 

requires or produces excess energy.  All gaseous products are at the same 

temperature as the reactants, meaning that no unnecessary energy costs will occur.  

If one looks at the composition of the two gas processes, the CRIP method 

contains a higher hydrogen content (in both the elemental gas and methane), thus 

pushing it above TBL boundary.  It can be concluded that a higher energy (heat) 

input is required for more hydrogen to occur in the final gas.  This is an indication 

that there is a cycle performed to increase the seam’s temperature by first using an 

oxygen-rich oxidant followed by gasification. 

When compared to the air blown processes, Rocky Mountain contains the most 

methane and hydrogen in its syngas.  This is expected as UCG operations that use 

oxygen, as a gasifying agent, produce a syngas that has a higher calorific value 

than those that use air.  The significant hydrogen and methane in both Rocky 

Mountain technologies contribute to this.  There is also a higher carbon dioxide 

content in both gases, particularly in ELW.  Oxygen-blown sites produce a higher 

temperature in the coal seam, thus allowing for complete combustion of the 
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carbon content to produce CO2 rather than the partial combustion mechanism to 

produce CO.    

 

4.1.4 Laboratory Gasification Study 

 

A series of laboratory scale experiments performed by Prabu & Jayanti (2012) in 

a study to simulate UCG on high-ash content coals for carbon-neutral power 

generation.  Using coal from a thermal power station in Chennai, India  and acacia 

wood as a comparison, several sets of experiments were done in air and oxygen 

environments to ascertain product composition.  The ultimate analysis of the coal 

and the product gas were reported without moisture. 

Table 24: Ultimate analysis of laboratory in coal (adapted from Prabu & Jayanti, 2012) 

Component  C H O N S 

Coal 2 77.41 6.96 14.99 0.142 0.5 

 

Table 25: Molar syngas composition of UCG experiment (Prabu & Jayanti, 2012) 

Component 
Coal 2 
(air) 

Coal 2 
(oxygen) 

Hydrogen 4.8 9.66 

Carbon 
monoxide 

2.92 29.47 

Oxygen 13.96 15.54 

Methane 4.19 6.84 

Carbon dioxide 14.5 38.48 

Nitrogen 59.63 - 

 

Coal 2 was used in both air and oxygen runs.  The air run was interrupted every 

two hours to record the coal sample’s cavity shape.  The air flow rate used was 

3.5L/min, which accounts for the excess nitrogen and oxygen in the product gas, 

though there is a relatively low amount of carbon dioxide in the feed.  The low 

amount of carbon suggests that not all the carbon was reacted due to the 

interruptive nature of the experiment.   
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Tables 26 and 27 below represent the reaction scheme for the laboratory coal 

(CH0.54O0.07, -180.85kJ/mol) as well as the balanced reactions for the TBL: 

Table 26: Balanced reaction scheme for lab coal 

 
No. 

 
Reaction 

Heat of 
reaction 
(kJ/mol) 

r1 CH0.54O0.07 + 0.465O2  CO + 0.27H2 70.45 

r2 CH0.54O0.07 + 0.965O2  CO2 + 0.27H2 -213.25 

r3 CH0.54O0.07 + 0.93H2O  CO + 1.2H2 336.24 

r4 CH0.54O0.07 + 1.93H2O  CO2 + 2.2H2 338.34 

r5 CH0.54O0.07 + 0.53H2O  0.6CO + 0.4CH4 232.36 

r6 CH0.54O0.07 + 0.83H2O  0.45CO2 + 0.55CH4 202.21 

 

Table 27: Thermally balanced reactions 

No. Reaction Combination 

A 1.3CH0.54O0.07 + 0.7545O2  CO + 0.3CO2 + 0.351H2 r1 + 0.3r2 

B 2.6CH0.54O0.07 + 0.93H2O + 1.544O2  CO + 1.6CO2 + 1.632H2 r3 + 1.6r2 

C 2.6CH0.54O0.07 + 1.93H2O + 1.544O2  2.6CO2 + 2.632H2 r4 + 1.6r2 

D 2.1CH0.54O0.07 + 0.53H2O + 1.0615O2  0.6CO + 1.1CO2 + 0.4CH4 + 
0,297H2 

r5 + 1.1r2 

E 1.9CH0.54O0.07 + 0.8575H2O + 0.8685O2  1.36875CO2 + 
0.53125CH4 + 0.243H2 

r6 + 0.9r2 

 

Figure 19 represents the BED for the laboratory study: 
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Figure 19: BED for lab study coal and syngas 
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Figure 20: Laboratory study thermally balanced region close-up 

As can be noted, the air experiment lies beyond the water-carbon dioxide line due 

to the significant presence of oxygen in the syngas.  This can be attributed to the 

interrupted nature of the experiment and not allowing the entire coal sample to be 

gasified.  As expected, the oxygen experiment lies underneath the thermally 

balanced region/triangle within the stoichiometric region, thus indicating that this 

process is an exothermic one.  

4.1.5 Comparative BED Discussion  

 

When comparing the air blown operations, it can be noted that each of the 

diagrams produce different scenarios: 

 Hoe Creek production lies below its TBL, indicating exothermic 

operations 

 Chinchilla lies above the thermally balanced region, indicating 

endothermic operation 

 The laboratory air study produces gas that does not lie within the 

stochiometric quadrant 

Due to the interrupted nature of the laboratory study it can be considered to be an 

outlier compared to Hoe Creek and Chinchilla.  Both contain a significant amount 
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of nitrogen from using air as an oxidant, which as stated previously, can cause the 

ignition within the coal seam to die off if not controlled carefully.  The following 

tables analyze the CHO component analysis (dry) and the dry gas composition for 

the two seams without nitrogen: 

Table 28: Comparison of Hoe Creek & Chinchilla syngas composition (dry and without nitrogen) 

Components Chinchilla 
Hoe 

Creek 

Hydrogen 39.29 39.53 

Carbon 
monoxide 

12.5 20.27 

Carbon dioxide 33.93 36.54 

Methane 14.29 3.65 

 

As can be seen, the hydrogen and carbon dioxide values are quite similar to each 

other.  What differs is the carbon monoxide and methane content – Hoe Creek 

contains 7.8% more carbon monoxide, whilst Chinchilla contains 10.6% more 

methane.  Though the inclusion of methane formation within the reaction scheme 

allows the TBL to become a region (i.e. it allows for flexible operations as the 

operating range for thermally balanced seams becomes bigger) , the formation of 

excess methane can thus be seen as a hindrance to the optimal thermal operations 

of the UCG seam as it absorbs energy that could be used for balancing 

endothermic reactions. 

The following scenarios are present for the oxygen-blown scenarios: 

 Rocky Mountain CRIP lies above the thermally balanced region, which 

indicates endothermic operations 

 Rocky Mountain ELW lies within the thermally balanced region, 

indicating optimal thermal operations 

 The laboratory study oxygen simulation lies under the thermally balanced 

region, indicating exothermic operations   

The following table compares the above three situation in terms of their dry 

syngas composition: 
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Table 29: Oxygen-blown UCG operations comparison 

Component ELW CRIP 
Laboratory 

Study 

Hydrogen 33.82 40.57 9.66 

Methane 10.44 10.64 6.84 

Carbon monoxide 8.48 12.3 29.47 

Carbon dioxide 47.26 36.48 38.48 

Oxygen 0 0 15.54 

 

One of the noticeable comparisons that can be made is the carbon dioxide 

composition in each of the simulations.  Whilst CRIP and the laboratory study 

contain similar values, the ELW contains approximately 9% more carbon dioxide.  

This is offset by the low carbon monoxide content when compared to the other 

two simulations.   

Rocky Mountain makes use of steam and oxygen as oxidants.  The ELW has a 

steam to oxygen ratio of 1.88, whilst the CRIP has a ratio of 2.04.  One can 

conclude that the higher steam ratio is conducive to producing a higher hydrogen 

and carbon monoxide content while lowering the carbon dioxide amount.  This is 

due to the higher steam content lowering the temperature of the seam, thus 

creating favourable conditions to produce hydrogen and carbon monoxide. 

A significant variation also occurs within the hydrogen content, with the CRIP 

method containing the highest amount.  The laboratory study has the lowest 

amount of hydrogen across the three, though it contains the highest amount of 

carbon monoxide.  The laboratory study is the only study out of the three to 

contain excess oxygen, thus indicating that the syngas production was not 

stochiometric.  This would explain why position of the oxygen-blown syngas 

point on the laboratory BED is almost out of the stochiometric region. 

The oxygen-blown studies, on average when compared to their air-blown 

counterparts, contain more carbon dioxide and less carbon monoxide.  Similar to 

Rocky Mountain’s CRIP run, oxygen-blown UCG runs produce far higher 

temperatures than air-blown simulations, which are conducive to carbon dioxide 

formation due to the higher oxidant content.   
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It can thus be concluded that excessive methane formation within the syngas 

production can prove to push UCG operations out of the thermally balanced 

region and into the endothermic section of the stochiometric quadrant, hence 

causing a deficiency of energy within the process.  Excessive oxidant usage 

within a coal seam can push operations out of the stochiometric region completely 

and is considered a waste for operations.  Optimal UCG seams lies either on a 

thermally balanced line or within a thermally balanced region, though oxidant 

selection and composition of the product gas depends on the desired downstream 

processing.  
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4.2 Exergy Analysis 
 

The previous section covered real-life UCG operations based on their reported 

coal and syngas compositions.  By using the BED method, it is possible to obtain 

a conclusive view of how a particular operation is carried out and where the 

production operates from an energy perspective.  From section 4.1, it is concluded 

that UCG is best carried out under balanced conditions from its reaction scheme 

to avoid an excess of energy or a lack thereof. 

This section covers the exergy analysis.  Exergy represents the ability of the 

system to do work based on its various properties.  If a system or process has the 

ability to retain most of the exergy within its feed, it means that work losses are 

minimized and operations are carried out efficiently.  By using the exergy 

analysis, it is possible to identify key losses across equipment and learn to 

minimize these through changing operating conditions, reaction schemes or 

considering alternative methods of performing the same action. 

There are two options that can be considered for UCG operations: 

 Using cryogenic air separation (distillation) to produce pure oxygen for 

syngas with a high calorific value that can be used for combustion 

 Use air-blown UCG to produce syngas that is then reacted in FTS to 

produce syncrude with a high calorific value that can be used for 

combustion 

This section aims to understand which option is better. 

4.2.1 Air-Blown UCG & FTS 

 

Figure 21: Air UCG-FTS simulation diagram 
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The above figure represents the process of an air-blown UCG system coupled 

with downstream FTS and separation.  The system is divided into three 

specific parts – air compression, UCG reaction and FTS reaction. 

Air is compressed in compressor B1 from ambient conditions (25°C, 1 

atmosphere) to 15 atmospheres via a multistage compressor.  From this, it is 

heated to 1200K in heater B3. 

Carbon and water vapour from stream 5 (already at 1200K) combines with the 

heated air in the UCG reactor B2.  The reaction scheme follows as per above 

and the product stream is then cooled to 220°C in cooler B6. 

The stream is then reacted in the FT reactor B5 according to the traditional FT 

reaction to produce octane.  This product stream is then cooled down to 298K 

in another cooler to liquefy the octane.  The gas byproducts and inerts are 

separated from the liquid stream in separator B7.   

Aside from the general assumptions mentioned earlier, the following process 

specific assumptions were made: 

 The FTS reactor is assumed to operate via the traditional FTS reaction 

scheme 

 Although capable of producing a wide product spectrum, the simulation 

only uses octane to represent the FTS product. 

 Nitrogen is an inert within the system 

 It is assumed that CO has a conversion of 0.955 to produce octane 

The following results were obtained from the simulation. 
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Table 30: Main UCG & FTS simulation results 

Component 
FTS 

product 
stream 

UCG 
product 
stream 

Carbon 0.00 0.00 

Oxygen 0.00 0.00 

Nitrogen 0.61 0.44 

Water 0.00 0.00 

Carbon 
Monoxide 

0.02 0.28 

Carbon Dioxide 0.29 0.07 

Methane 0.01 0.01 

Hydrogen 0.05 0.19 

Octane 0.02 0.00 
 

Using the simulation data obtained (see Appendix B for full simulation data), it 

was possible to calculate the physical exergy using equation 15 for gases and 

equation 16 for solids and liquids.  The enthalpy difference was calculated 

assuming the following equation: 

                             (31) 

Where: 

    is the mass flow of the stream of individual components in the stream in 

kg/s 

    is the heat capacity of the component in J/kg.K – this is assumed to be 

constant  

      is the difference between the stream temperature and the reference 

temperature (298.15K) 

 

The chemical exergy is calculated via equation 17. 

The following data was obtained from the exergy analysis: 
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Table 31: Total exergy results of Air UCG & FTS 

Stream 
Flow 

(kmol/sec) Physical (kW) Chem (kW) Total (kW) 

1 3.095 12.77 412.88 425.65 

2 3.095 34,291.73 412.88 34,704.61 

3 4.02893 31,028.31 19,559.22 50,587.53 

5 3.12 -238,853.45 527,949.56 289,096.12 

6 5.513 108,984.93 164,381.79 273,366.72 

7 3.095 57,801.53 412.88 58,214.41 

9 5.513 43,378.92 164,381.79 207,760.70 

10 3.922472 26,356.85 8,307.86 34,664.71 

11 0.1064576 70.85 400,299.96 400,370.81 

4 3.922472 15,658.92 8,307.86 23,966.78 

8 0.1064576 -7.13 400,299.96 400,292.82 

12 4.02893 28,788.55 19,559.22 48,347.77 

 

Table 32: Equipment exergy analysis 

Equipment 
Balance MW Efficiency 

Compressor 34.28 81.53 

UCG Reactor -73.94 0.79 

FTS Reactor -157.17 0.24 

Heater B3 23.51 1.68 

Cooler B6 -65.61 0.76 

Seperator 384.45 8.60 

Valve B4 -10.70 0.69 

Valve B8 -0.08 1.00 

Cooler B9 -2.24 0.96 

Overall 150.47 1.50 

Fuel effiency 111.20 1.38 

 

The above tables represent the physical and chemical exergy results for the air-

blown UCG coupled with FTS system as well as the exergy lost or gained from 

the system and the overall efficiency. 

The exergy gains/losses are represented by the exergy flow diagram below: 
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Figure 22: Exergy flow diagram of air-blown UCG with downstream FTS 

There is a positive gain of exergy from the compressor input, as can be seen from 

its gain of 34.28MW and its efficiency of 81.53.  This occurs due to work being 

added to the air stream in the form of compression.  The compressor was 

modelled in the default ASPEN efficiency of 0.72.  The benefit of a multistage 

compressor in terms of exergy is that it offers the ability to add work to the system 

without the need for a separate piece of equipment.  Translated to financial 

benefits, this means that this requires a lower capital investment. 

Heater B3 has an exergy gain of 23.51MW and an exergy efficiency of 1.68.  In 

reality, this would be lower, as the simulation does not take the energy required to 

produce and compress steam to act as the heating agent within the exchanger.   

Again, this represents an energy gain, as the stream has work added in the form of 

heat.   This is in comparison to the cooler B6, which takes out work to cool the 

UCG product stream down to base temperature.  Again, the cooling medium 
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production and pressurisation is not taken into account, so the exergy efficiency 

for a realistic scenario would be less than the current 0.76.   

The UCG reactor losses stem mainly from the loss of chemical exergy from the 

carbon stream to the product stream.  This could be attributed to the dispersion of 

carbon molecules to the different gases within the system, i.e. the carbon is stream 

5 reacts to form a variety of gases, though each gas amount is less than the 

original total.  Even so, this reactor manages to maintain 79% of the incoming 

work ability. 

The FTS reactor presents the converse story with the lowest exergy efficiency of 

the system.  The composition change in the conversion of CO and H2 to octane 

and CO2 represents a loss in chemical exergy as well.  The high CO2 content 

coming out of the reactor account for these losses as the component contains a 

lower standard chemical exergy than both CO and H2 as well as a lower heat 

capacity.  For optimization around this process, the conversion of carbon 

monoxide and hydrogen would have to be lower so as not to drastically increase 

the carbon dioxide content.  

The separator represents the biggest gain in exergy as well as efficiency.  Though 

no work is added to the system in terms of heat or compression, the separation 

offers a split in terms of liquid from gas and thus produces a stream with a greater 

liquid phase concentration.  Liquids are more ordered than gas molecules, and 

thus contain more exergy.  The bottom stream is rich in octane, which offers a 

huge gain in terms of the chemical exergy when compared to the other 

components due to the change in composition.  The waste gas stream still offers a 

chance to be used further as its total exergy is comparable to the compressed air in 

stream 2.  Overall, the exergy efficiency and fuel efficiency values represent that 

there is a net gain in workable energy in the system, mainly from compression and 

the lack of pressure drops.  
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4.2.2 Oxygen (ASU) UCG 

 

 

Figure 23: ASU-UCG simulation diagram 

 

The above figure represents the process diagram for the UCG process that utilizes 

oxygen produced from an air separation unit (ASU).  It is divided into four 

distinct areas: air compression, cooling, distillation and UCG reaction. 

Air is compressed from ambient conditions to 5bar via compressor B3.  The 

stream is then cooled to 98.15K in heat exchanger B1 from an outgoing waste 

nitrogen stream.  The cooled stream then goes to the distillation unit, where all 

three columns operate at 5bar.  The bottom streams are oxygen-rich and are sent 

for further refining in the successive columns.  The top streams are nitrogen-rich 

and are mixed together to act as a cooling agent for the air stream in B1, before 

being discarded as waste.  The table below represents the operating conditions for 

each column: 

 

B2

B3

3

4

6

7
B1

1

2

B4

5

8

B6

9

10

B9

13

B12

15B13

16

17 B14

18



83 
 

 

Table 33: Distillation unit summary 

Column 
Number of 

stages 
Reflux ratio Feed Stage 

B2 100 40 25 

B4 100 40 20 

B6 100 45 50 

 

Stream 10 is considered to be the oxygen product stream from the ASU and 

heated to 1200K, and 100% purity.  This is sent into the UCG reactor to produce 

syngas. 

Aside from the general assumptions mentioned earlier, the following process 

specific assumptions were made: 

 The distillation columns were simulated using the Edimister method 

 There is a slight pressure increase of 0.5atm assumed in the heater B4 

 There is a pressure drop of 2atm in the waste mixer B9 

The following results were obtained from the simulation. 

Table 34: Main UCG composition results 

Component  
UCG 

product 
stream 

Carbon 0.00 

Oxygen 0.05 

Nitrogen 0.00 

Water 0.00 

Carbon 
Monoxide 

0.49 

Carbon Dioxide 0.13 

Methane 0.01 

Hydrogen 0.33 

 

 

 

 



84 
 

 

Table 35: Total exergy analysis of oxygen (ASU) UCG simulation 

Stream 
Flow 

(kmol/sec) 
Physical 

(kW) Chem (kW) Total (kW) 

1 10 117,516.22 1,334.26 118,850.48 

2 8.75 -19,854.47 3,370.27 -16,484.20 

3 10 41.26 1,334.26 1,375.51 

4 10 53,762.80 1,334.26 55,097.05 

5 2.5 58,762.29 1,800.00 60,562.29 

6 5 117,560.07 3,600.00 121,160.07 

7 5 120,879.65 878.71 121,758.36 

8 2.5 61,564.98 6,049.60 67,614.58 

9 1.25 30,606.83 1,538.28 32,145.12 

10 1.25 30,907.17 4,937.49 35,844.66 

13 8.75 182,423.74 3,370.27 185,794.00 

15 1.25 30,906.98 4,937.49 35,844.47 

16 5 -169,645.86 850,066.54 680,420.68 

17 5.122307 81,474.72 462,199.21 543,673.92 

18 1.25 16,034.26 4,937.49 20,971.74 

 

Table 36: Equipment exergy analysis 

Equipment MW Efficiency 

Compressor 53.72 40.06 

Main HX -138.52 0.42 

Column B2 124.07 2.04 

Column B4 6.42 1.05 

Column B6 0.38 1.01 

Waste Mixer -28.07 0.87 

Heater -14.87 0.59 

UCG Reactor -157.72 0.78 

Overall -154.61 0.77 

Fuel 
Efficiency -136.75 0.80 

 

As with the air simulation, the compressor has an exergy efficiency greater than 1.  

This is due to the addition of work via compression of the feed air stream.  The 

advantage of a multistage stream compressor is that there is a greater addition of 

work without the need for separate equipment. 
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The subsequent Grassman diagram represents the exergy flows throughout the 

system. 

 

 

Figure 24:Exergy flow Oxygen-blown (ASU) UCG 

Analysis of the main heat exchanger offers insight as to the cooling down of the 

main air stream with waste products.  No change of composition happens over this 

equipment, therefore most of the exergy comes from the physical component.  

The main air stream is not fully liquefied due to its compression.  In reality, the 

exergy efficiency of this equipment would be lower due to pressure drops and an 

increased discharge temperature of the main air stream.  One method to prevent 

such losses would be to ensure insulation around the heat exchanger to prevent 

heat ingress.   

The high efficiency over the waste mixer are expected as there isn’t much 

pressure change across the stream.   
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The distillation train offers particular insight into the chemical changes of the 

system, since most of the changes occur within the composition of the air streams.  

Most of the changes occur across the chemical exergy of the streams, which is 

expected due to the separation of the oxygen from nitrogen.  The oxygen-rich 

streams from the bottom of the columns contain more work than the top streams.  

From a chemical point of view, this is due to oxygen having a higher standard 

chemical exergy (3950kJ/kmol) than nitrogen (720kJ/kmol).  In terms of the 

physical exergy, oxygen is intrinsically heavier than nitrogen and is more stable in 

the liquid form, thus making it capable of more work potential. 

The heater efficiency of 0.59 is surprising in the sense that work is being added to 

the stream in the form of heat, therefore the efficiency should be greater than 1.  A 

possible reason for this is that stream 15 (input stream to the heater) is liquid 

oxygen – much of the heat would go towards vaporizing the liquid and sustaining 

the temperature of the exit gas stream.  

The UCG reactor has an efficiency of 0.78.  Although there is a gain of physical 

exergy, the reactor is unable to preserve nearly half of the coal’s chemical 

potential in stream 16.  This would be a function of the syngas product exiting the 

reactor.  In reality, a higher CO2 content would be present in the product stream, 

thus making the chemical exergy of the system lower. 
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4.2.3 Comparative Simulation Discussion 

 

In terms of the total system, the efficiency of the entire system as well as 

compared to the fuel stream (streams with carbon regarded as the input) only 

would be lower due to several factors: 

 Pressure and temperature drops across the system 

 Losses in steam production or other heating mediums for heaters 

 Losses in cooling water or other coolant mediums in coolers 

 Power generation and consumption thereof 

Of most importance is the overall exergy efficiency of the air simulation (1.5) 

compared to that of the ASU simulation (0.77).   

The air simulation has a higher conservation of the work inputs through its 

processes, mainly due to its lack of pressure drops.  Although the FTS reactor 

does not offer a high exergy efficiency, its addition to the system prevents the 

overall chemical exergy from being lost due to the production of octane, which 

has a standard chemical potential exergy of 5413.1kJ/mol, the highest of any 

component modelled in both systems.  This is somewhat offset by the production 

of carbon dioxide as well, thus contributing to the low efficiency of the reactor. 

The overall fuel efficiency offers insight as to the conservation of the coal stream 

inputs compared to the desired product stream exergy.  Again, the air simulation 

has a higher value (1.38 compared to the ASU’s 0.8). The following table 

compares the UCG product stream exergies of both simulations: 

Table 37: Comparison of UCG product stream exergies 

Simulation Physical Exergy (kW) Chemical Exergy (kW) 

Air 108 984.83 164 381.79 

Oxygen 81 474.72 462 199.21 

 

The air simulation stream contains a higher physical exergy, but is far outranked 

by the oxygen simulation stream’s chemical exergy.  This is due to the high 

content of nitrogen in the air simulation: it accounts for 44% of the air stream, and 
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contains the lowest standard chemical exergy out of all components modelled 

(720kJ/kmol). 

The UCG reactors of both simulations have similar results.  This is expected as 

the reaction scheme used for both simulations is the same. 

The air-blown FTS system offers a particularly exciting proposition when 

compared to the ASU-coupled UCG for several other reasons as well: 

 It offers a lower capital investment and operational expenses.  The main 

expenses would occur within processing and storage of octane and related 

FTS products.  An ASU is usually outsourced to an external gas company 

for construction and operation and presents a higher expense rate, 

depending on the service level agreement with said company, even though 

production rates could be greater. 

 The waste stream still contains a significant amount of CO and hydrogen, 

which can be further combusted to produce energy.  The production of the 

ASU simulation still contains 18% of oxygen, a significant amount when 

compared to the investment required for the actual ASU.  Though the air 

input can be adjusted to lower flows, this would be a waste of the ASU. 

 Whilst the ASU system only produces syngas, octane (along with other 

hydrocarbons produced in FTS) can used processed into vehicle fuel in 

addition to being an energy source. 

 Though the Air-FTS plant is smaller, it offers more benefits in terms of 

less human resources requirement, which reduces the probability of 

serious safety incidents occurring.  A smaller plant also means easier 

control systems and operations, with quicker start-up and shutdown times 

as well as less maintenance required.  It is also easier to add redundancy to 

the plant, e.g. additional compressor in case the main one goes down. 
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4.2.4 Hoe Creek Simulation 

 

In this section, the exergy properties of Hoe Creek, an existing UCG site, was 

studied to compare to the idealized situation mentioned above. As stated 

previously, Hoe Creek was a UCG site using air as an oxidant. 

 

 

Figure 25: Hoe Creek simulation diagram 

 

Though no formal description is given by Thorsness et al, the process has been 

modified from the original air simulation by removing the FTS reactor and adding 

a condenser and water separator at the end of the process.  Once again, carbon is 

assumed to be the feed for simplification of the simulation.  The same reaction 

scheme as the previous simulations with the following conversions of carbon 

applied: 

 R1: 0.326 

 R2: 0.144 

 R3: 0.13 

 R4: 0.2 

 R5: 0.1 

 R6: 0.1 

Air is compressed to 25psia and then heated to 1200K.   The coal stream (stream 

5) contains a 2.5:1 water ratio.  This is due to the high water influx that formed 
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part of the experiment to see the parameter impact as well as the fact that steam 

accounts for 30% of the gas composition and that a considerable quantity of water 

was produced by pumps located at the product well. 

The UCG reactor is also assumed to operate at 1200K, with the same reaction 

scheme as the previous two simulations.  The following tables describe the 

conversions applied as well as the composition of gas obtained from the 

simulation in comparison to Thorsness et al: 

Table 38: Comparison of Hoe Creek syngas composition to simulation 

Component 
UCG gas 

composition 
(simulation) 

UCG gas 
composition 
(Thorsness 

et al) 

Carbon (tar) 0.00 0.014 

Oxygen 0.03 0.00 

Nitrogen 0.33 0.381 

Water 0.35 0.304 

Carbon Monoxide 0.10 0.061 

Carbon Dioxide 0.08 0.11 

Methane 0.02 0.011 

Hydrogen 0.10 0.119 

 

The following exergy results were obtained from the simulation: 

Table 39: Hoe Creek simulation exergy results 

Stream 
Flow 

(kmol/sec) 
Physical 

(kW) 
Chem 
(kW) 

Total 
(kW) 

1 2.142857 8.84 285.91 294.75 

2 2.142857 2,998.32 285.91 3,284.23 

5 3.5 -184,919.20 132,090.99 
-

52,828.21 

6 5.16919 -43,317.75 31,789.33 
-

11,528.41 

7 2.142857 8,247.88 285.91 8,533.79 

3 5.16919 34,160.21 31,789.33 65,949.55 

8 3.365857 -62,500.79 42,994.10 
-

19,506.69 

9 1.803333 -1.19 17,131.66 17,130.48 
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Table 40: Hoe Creek simulation exergy efficiency 

Equipment 
Balance MW Efficiency 

Compressor 2.99 11.14 

UCG Reactor 32.77 0.26 

Heater B3 5.25 2.60 

Cooler B4 77.48 5.72 

Separator B6 -68.33 0.04 

Overall -55.50 0.05 

Fuel effiency 33.32 0.37 

 

As expected, the compressor and heater efficiencies indicate that work is being 

added to the system in the form of compression and heat respectively.   

The UCG reactor has the lowest efficiency of the equipment.  In terms of 

chemical exergy, this is due to the considerable amount of nitrogen in the system, 

accounting for 33% of the UCG product content. When compared to the ideal air-

FTS simulation, there is a high amount of water vapour coming from the reactor 

and lowers the chemical exergy of the system.  Extrapolating from this, this 

means that the reactor at its current reaction conversions cannot contain the 

potential work of the incoming air and carbon streams.  Given the amount of 

carbon monoxide being produced, it would not be useful to install a downstream 

FTS reactor to produce hydrocarbons.   

Surprisingly, there is a gain in exergy across the cooler.  This is due to the water 

condensing out of the gas phase and reversing the vaporization process.  Liquid 

contains the potential to do more work than gas as it has less entropy. 

The Hoe Creek simulation is far worse than the original air simulation, based on 

the overall and fuel exergy efficiencies.  A suggestion to improve the process (if 

the mine was still in operation) would be to adjust the pressures and coal seam 

temperatures (via ignition) to control the composition of the outcoming gas – 

more carbon monoxide and hydrogen would be an added benefit.  Thorsness et al 

also mentions an influx of water done as an experiment to see if gas compositions 

would change.  This is also mentioned cited by Brown as an example of poor 

control by allowing such an influx from nearby water bodies.  Had this been 
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controlled, Hoe Creek would not have contained as much water in its syngas and 

perhaps would have been more effiecient at containing its feed exergy. 

 

4.2.5 Improvements 

 

Improvements on the exergy analysis could be made by transitioning the ideal 

situations to more realistic scenarios.  This would add complexities in terms of 

additional components to consider – coal contains many other components such as 

sulphur, mercury and nitrogen, though these may be modelled as separate 

reactions within the reactor to produce SOx and NOx gases.  If the standard 

chemical exergy can be found for the coal, it is a simple matter of finding the 

standard enthalpy and entropy of the coal, which can be done by modelling an 

ASPEN stream at standard conditions for the exact coal composition. 

In terms of the FTS reactor, kinetics of the system could be studied to produce a 

wider yield of hydrocarbons.  The effect of different catalysts should also be 

considered for yield of products as well as effects of the spectrum of reaction 

rates. Kölbel-Engelhardt should also be considered as an alternative to the 

traditional FTS mechanism for a comparative study. 

Kölbel & Ralek (1984) as well as Larkins & Khan (1989) make reference to the 

Kölbel-Engelhardt synthesis (KES), a reaction mechanism that is similar to FTS 

in that it is able to produce hydrocarbons from a gas feed.  Developed from 

research based on the water-gas shift reaction and its designated role in the overall 

Fischer-Tropsch mechanism, and is useful to develop hydrocarbon products from 

hydrogen-poor or hydrogen-free gas feeds.  Depending on operating conditions, 

the main products are unbranched alphiatic hydrocarbons which may consist of 

olefins whereby the double bond between carbon atoms is located terminally 

(Kölbel & Ralek, 1984).   

KES can be considered a combination of FTS and WGS, with two different sets of 

reactions for paraffins and olefins: 
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                                              (32) 

                                                         (33) 

                                                                (34) 

 

                                            (35) 

                                          (36) 

                                                 (37) 

 

Oxygenates are formed as by-products, with the following reactions representing 

the synthesis of alcohols, organic acids and carbonyl compounds respectively: 

                                                      (38) 

                                                       (39) 

                   

                                                     (40) 

 

Unwanted side reactions that occur include methanation and CO decomposition: 

                                      (41) 

                                    (42) 

Both Kölbel & Ralek and Larkins & Khan state that metals which are typically 

used in FTS; such as iron, cobalt, nickel and ruthenium; may also be used in the 

KES process.  It is important to note that a certain ratio of CO to H2O must be 

maintained to avoid catalyst oxidation from excess steam and carbon deposition 

from excess CO.  Kölbel and Ralek advise that this ratio must correspond to the 

reaction stoichiometry.  They also note that infusing the catalyst with nitrides 

inhibits CO decomposition, whilst alkali salts can be used to suppress 
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methanation.  Copper and silver promote catalyst reduction and enables metal 

formation at lower temperatures to avoid sintering. 

Overall, further study would be required on the individual components of the 

simulation equipment.  For example, compressors consist of electric motors, 

compression stages and aftercoolers (Kotas, 1985).  By taking these as individual 

pieces that make a whole process, a more accurate idea of the exergy flow, losses 

and gains can be obtained. 

Generally, ASU’s are the only means to have a high production rate of oxygen, 

though smaller coal seams may allow for a more varied selection of oxidant 

production.  Smith & Klosek detail an entire range of air separation methods, 

including adsorption methods. 

 

Figure 26: Process flow diagram of air separation via adsorption (Smith & Klosek, 2001) 

 

Air is filtered and compressed in the feed stage before being passed through 

vessels filled with zeolite-based packing.  Zeolite has a property of creating non-

uniform electrical fields in the void spaces of the vessel, which preferentially 

adsorb nitrogen due it being more polarisable than oxygen.  Having more than one 
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vessel in the process mean that supply occurs continuously whilst the other 

vessels regenerate by heating or pressure drops to release their stored waste gas. 
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5 Conclusion 
 

Using the BED method of analysis, UCG operations can be analyzed in terms of 

their input and production.  The air –blown sites studied (Hoe Creek and 

Chinchilla) give valuable insight by their comparison on their respective BED’s.  

Though they contain similar (dry, without nitrogen) compositions of carbon 

dioxide and hydrogen, the higher methane content in Chinchilla causes the overall 

system to be endothermic.  The higher carbon monoxide formation in the Hoe 

Creek site causes its system to be exothermic in contrast. 

The same method of evaluation applied to the oxygen-blown sites yields similar 

information.  The laboratory study considered the excess use of oxidant – it 

pushes operations out of the stochiometric region.  Comparison of Rocky 

Mountain’s ELW and CRIP method show that their differing ratios of steam to 

oxygen produce different results: the CRIP run has a higher steam to oxygen ratio, 

thus lowering the seam temperature to produce a higher carbon monoxide and 

hydrogen content.  On average, the oxygen-blown sites have more carbon dioxide 

than their air-blown counterparts due to higher temperatures in their respective 

seams.  Optimal UCG operations, such as the ELW run, should lie on a thermally 

balanced line or within a thermally balanced region. 

The exergy simulations analyze UCG from a more idealized situation, but it is still 

important for determining how best to make use of the work potential in coal and 

oxidant feed inputs.  The air simulation contains a higher overall exergy 

efficiency, though the oxygen simulation has a higher fuel efficiency.  This is due 

to the constant presence of nitrogen within the air simulation , which heavily 

lowers the chemical exergy of the UCG product stream.  However, latter 

simulation offers other advantages over the oxygen simulation, mainly due to its 

smaller size, easier operations and lower capital investment. 

The Hoe Creek simulation, in comparison to the original air simulation highlights 

the poor operations carried out at the site.  The high water influx and poor carbon 

monoxide content contribute to a highly inefficient system, in terms of both fuel 

and overall efficiencies. 
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Improvements can be made by considering additional coal inputs such as sulphur 

and nitrogen as well as considering alternative methods of air separation and the 

Kölbel-Engelhardt process.  Further study would also be needed on the individual 

components of the equipment to gain a more accurate study.  
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Appendix A: Bond Equivalent Diagram 
 

 
Figure A1: Bond Equivalent Diagram (C-H-O ternary system) 

 

Figure A1 above represents the bond equivalent diagram.  This system is used to 

plot and analyze various mass and concentration systems that contain three main 

components, signified by each of the triangle’s apexes.  In this research, carbon 

(C), hydrogen (H) and oxygen (O) are considered.  The closer a point is to an 

apex, the more of that particular component it contains. 

 

The molar composition ( ) of a particular substance must be known in order to 

find the exact co-ordinates on the bond equivalent diagram.  Each of the three co-

ordinates can be found by multiplying the composition by the number of valence 

electrons for that particular element and dividing it by the sum of products (Pillay, 

2013): 
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Substances such as carbon monoxide, carbon dioxide and methane can be plotted 

by using the ratio of atoms designated by the compound and substituting the 

numerical values into equations A, B and C.  This is illustrated by Table A below: 

 
Table A1: Molar concentration inputs for various CHO substances 

Substance          
Carbon 1 0 0 

Hydrogen 0 1 0 

Oxygen 0 0 1 

Carbon monoxide 1 0 1 

Carbon dioxide 1 0 2 

Methane 1 4 0 

Water 0 2 1 

 

To model a mixture of various compounds, equation D must be applied to each 

component in the system: 

 

                  (A4) 
 

Where: 

    is the number of atoms for a particular element Z in compound Y in the  

mixture 

    is the number of atoms for element Z in compound Y (e.g. oxygen 

atoms in carbon dioxide equals 2) 

    is the amount of compound Y in the mixture (molar) 

 

Once this is done for each compound in terms of C, H and O, the total number of 

atoms can be summed up and the molar compositions for C, H and O can be 

calculated: 
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         (A5) 

 

 

Where: 

    is the molar component of element Z 

   is the total number of atoms in the system 

 

Reactions are essentially modelled in the same way, except the stoichiometric 

coefficients are substituted for the amounts.  Either the reactants or products can 

be modelled as the same number of atoms for each elements are involved in both 

sides of the reaction. 

The following tables represent the data obtained for each of the BED’s in section 

4.1 (compound elements are common to all of them, and will thus only be shown 

in the first table): 

Table A2: Hoe Creek BED data points 

Compound 
Mol % of compound BED Co ordinates 

C H O H O C 

Methane 1 4 0 
0.50 0.00 0.50 

Carbon 
dioxide 

1 0 2 
0.00 0.50 0.50 

Carbon 
Monoxide 

1 0 1 
0.00 0.33 0.67 

Water 0 2 1 
0.50 0.50 0.00 

Hydrogen 0 1 0 
1.00 0.00 0.00 

Carbon 1 0 0 
0.00 0.00 1.00 

Oxygen 0 0 1 
0.00 1.00 0.00 

Hoe Creek r1 0.40816 0.18367 0.40816 
0.07 0.31 0.62 

Hoe Creek r 2 0.28986 0.13043 0.57971 
0.05 0.47 0.47 

Hoe Creek r3 0.2281 0.5438 0.2281 
0.28 0.24 0.48 

Hoe Creek r4 0.13543 0.59372 0.27086 
0.35 0.32 0.32 

Hoe Creek r5 0.31338 0.49765 0.18897 
0.23 0.18 0.59 

Hoe Creek r6 0.24414 0.53516 0.2207 
0.27 0.23 0.50 
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Hoe Creek 
coal 

0.674 0.3039 0.0221 
0.10 0.01 0.89 

Hoe Creek 
syngas 

0.24431 0.37847 0.37722 
0.18 0.36 0.46 

Thermally 
balanced 
point A 

0.23404 0.53193 0.23404 
0.27 0.24 0.48 

Thermally 
balanced 
point B 

0.19677 0.40969 0.39354 
0.21 0.40 0.40 

 

Table A3: Chinchilla BED data points 

Compound 
Mol % of compound BED Co Ordinates 

 
C H O H O C 

 

Chinchilla r1 0.40816 0.18367 0.40816 
0.50 0.00 0.50 

Chinchilla r2 0.28986 0.13043 0.57971 
0.00 0.50 0.50 

Chinchilla r3 0.23031 0.53938 0.23031 
0.00 0.33 0.67 

Chinchilla r4 0.1362 0.59139 0.27241 
0.50 0.50 0.00 

Chinchilla r5 0.31546 0.49211 0.19243 
1.00 0.00 0.00 

Chinchilla r6 0.24477 0.53139 0.22384 
0.00 0.00 1.00 

Chinchilla 
coal 

0.6658 0.2981 0.0361 
0.00 1.00 0.00 

Chinchilla 
syngas 

0.21935 0.49032 0.29032 
0.07 0.31 0.62 

Thermally 
balanced 
point A 

0.38217 0.17197 0.44586 
0.05 0.47 0.47 

Thermally 
balanced 
point B 

0.26056 0.3316 0.40784 
0.28 0.24 0.48 

Thermally 
balanced 
point C 

0.1945 0.4166 0.3889 
0.35 0.32 0.32 

Thermally 
balanced 
point D 

0.2974 0.23699 0.46561 
0.23 0.18 0.59 

Thermally 
balanced 
point E 

0.26404 0.35963 0.37633 
0.27 0.23 0.50 
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Table A4: Rocky Mountain BED data points 

Compound 
Mol % of compound BED Co ordinates 

C H O H O C 

Rocky 
Mountain r1 

0.41494 0.17012 0.41494 
0.50 0.00 0.50 

Rocky 
Mountain r2 

0.29326 0.12023 0.58651 
0.00 0.50 0.50 

Rocky 
Mountain r3 

0.23529 0.52941 0.23529 
0.00 0.33 0.67 

Rocky 
Mountain r4 

0.13793 0.58621 0.27586 
0.50 0.50 0.00 

Rocky 
Mountain r5 

0.32 0.48 0.2 
1.00 0.00 0.00 

Rocky 
Mountain r6 

0.24615 0.52308 0.23077 
0.00 0.00 1.00 

Rocky 
Mountain 
coal 

0.6709 0.2726 0.0565 
0.00 1.00 0.00 

Rocky 
Mountain 
syngas (ELW) 

0.23478 0.39985 0.36537 
0.06 0.31 0.62 

Rocky 
Mountain 
syngas (CRIP) 

0.21813 0.46889 0.31297 
0.05 0.48 0.48 

Thermally 
balanced 
point A 

0.3881 0.15912 0.45278 
0.27 0.24 0.48 

Thermally 
balanced 
point B 

0.2639 0.3277 0.4084 
0.35 0.33 0.33 

Thermally 
balanced 
point C 

0.18857 0.4343 0.37714 
0.22 0.19 0.59 

Thermally 
balanced 
point D 

0.30702 0.3043 0.38868 
0.27 0.23 0.50 

Thermally 
balanced 
point E 

0.26272 0.38139 0.35589 
0.09 0.04 0.87 
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Table A5: Lab coal run (Prabu & Jayanti, 2012) BED data points 

Compound 
Mol % of compound BED Co ordinates 

C H O H O C 

Lab run r1 0.3937 0.2126 0.3937 
0.50 0.00 0.50 

Lab run r2 0.28249 0.15254 0.56497 
0.00 0.50 0.50 

Lab run r3 0.22727 0.54545 0.22727 
0.00 0.33 0.67 

Lab run r4 0.13514 0.59459 0.27027 
0.50 0.50 0.00 

Lab run r5 0.3125 0.5 0.1875 
1.00 0.00 0.00 

Lab run r6 0.2439 0.53659 0.21951 
0.00 0.00 1.00 

Lab coal 0.62112 0.3354 0.04348 
0.00 1.00 0.00 

Lab run 
syngas 
(oxygen run) 

0.28877 0.16586 0.54537 
0.08 0.31 0.61 

Lab run 
syngas (air 
run) 

0.20045 0.2445 0.55505 
0.06 0.47 0.47 

Thermally 
balanced 
point A 

0.36111 0.19444 0.44444 
0.29 0.24 0.48 

Thermally 
balanced 
point B 

0.2583 0.3243 0.4173 
0.35 0.32 0.32 

Thermally 
balanced 
point C 

0.19902 0.40294 0.39804 
0.24 0.18 0.59 

Thermally 
balanced 
point D 

0.29602 0.30928 0.3947 
0.28 0.23 0.50 

Thermally 
balanced 
point E 

0.26212 0.36021 0.37766 
0.12 0.03 0.85 

 
 

The thermally balanced line represents a particular set of conditions in system 

operations whereby the product outlet temperature is equal to the reactant inlet 

temperature by balancing out the endothermic reactions with the exothermic ones.  

Under these conditions, no heat is added or lost to the system and is considered to 

be adiabatic (Pillay, 2013). 
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In order to find the molecular formula for the different coals considered, the ratio 

of carbon to hydrogen to oxygen was taken based on the ultimate analysis.  The 

coal formulas are tabulated in table A7. 

 

In the process simulation, the only area where chemical reactions occur is 

assumed to be the UCG reactor.  Reactions A6 to F are assumed to be the only 

reactions in the system: 
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                   (A6) 
 

                   (A7) 
 

                      (A8) 
 

                       (A9) 

 

                        (A10) 
 

                         (A11) 
 
 

To balance out the reactions, each one must be classified as endothermic (heat of 

reaction greater than zero) or exothermic (heat of reaction less than zero).  For 

this, equation G is used: 

 

                                       (A12) 

 

Where: 

 

       is the heat of reaction in kJ 

              is the sum of the product between the stoichiometric 

coefficients of the products and their respective heat of formations in kJ 

                is the sum of the product between the stoichiometric 

coefficients of the reactants and their respective heat of formations in kJ 

 

For the heat of formations, data from Felder & Rosseau (2005) was given at a 

reference basis of 25°C and 1atm.  This was taken down to a reference 

temperature of 273K and is summarized in table A6: 

 
TableA6: Heats of formation 

Element Heat formation (kJ/mol) 

Carbon 0.00 

Oxygen 0.00 

Hydrogen 0.00 

Water -242.69 

Carbon monoxide -111.25 

Carbon dioxide -394.45 

Methane -75.75 
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To calculate the heat of formation of the coal, it was necessary to calculate the 

complete combustion of the fuel into carbon dioxide and water: 

 

                                          (A13) 
Where: 

 Fuel is the coal considered 

 a, b & c are the stoichiometric coefficients of oxygen, carbon dioxide and 

water respectively.  These are calculated by balancing the above equation 

 HHV is the higher heating value of the coal in kJ/mol 

 

Using equation A12 and the heats of formation in table A6 to solve for the heat of 

formation of the coal, the following heating values and heats of formation: 

 

Table A7: Summary of coal properties 

Coal 
Coal 

Formula 

HHV 

(kJ/mol) 

Source of 

HHV & 

Empirical 

Analysis Data 

Coal Heat of 

Formation 

(kJ/mol) 

Hoe Creek CH0.45O0.033 290.778 
Thorsness et 

al, 1977 
-151.93 

Chinchilla CH0.45O0.054 348.249 

Queensland 

Department of 

Mines & 

Energy, 1999 

-94.552 

Rocky 

Mountain 
CH0.41O0.08 272.705 

National 

Energy 

Technology 

Laboratory, 

2012 

-165.2 

Laboratory 

Study 
CH0.54O0.07 290.412 

Prabu & 

Jayanti, 2012 
-180.85 
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Once the heats of the reactions have been calculated, they can either be classified 

as endothermic or exothermic.  In order to balance the reactions, the endothermic 

reactions must be added to the exothermic reactions based on the ratios of their 

heats of the reactions.  The balanced reactions can be found in section 4.1.  
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Appendix B: Exergy Analysis  

  

In order to calculate the exergy analysis, the simulation data was needed to be 

obtained first.  Simulations were performed as per the descriptions and diagrams 

in section 4.2.   

The following tables represent the data obtained from the ASPEN simulations. 
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Table B1: ASPEN Simulation results for air-FTS simulation 

 
1 2 3 4 5 6 7 8 9 10 11 12 

 
B1 B3 B7   B2 B6 B2   B5 B4 B8   

 
  B1 B5 B4   B2 B3 B8 B6 B7 B7   

Substream: MIXED           

Mole Flow   kmol/sec       

  CARBO-01                 0 0 0 0.00E+00 2 0 0 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 

  OXYGE-01                 0.65 0.65 0.016 1.59E-02 0 0.016 0.65 8.37E-06 1.60E-02 1.59E-02 8.37E-06 1.60E-02 

  NITRO-01                 2.445 2.445 2.445 2.44E+00 0 2.445 2.445 1.02E-03 2.45E+00 2.44E+00 1.02E-03 2.45E+00 

  WATER                    0 0 0.01 7.14E-04 1.12 0.01 0 9.29E-03 1.00E-02 7.14E-04 9.29E-03 1.00E-02 

  CARBO-02                 0 0 0.06993 6.99E-02 0 1.554 0 3.15E-05 1.55E+00 6.99E-02 3.15E-05 6.99E-02 

  CARBO-03                 0 0 1.154035 1.15E+00 0 0.412 0 7.34E-03 4.12E-01 1.15E+00 7.34E-03 1.15E+00 

  METHA-01                 0 0 0.034 3.40E-02 0 0.034 0 3.81E-05 3.40E-02 3.40E-02 3.81E-05 3.40E-02 

  HYDRO-01                 0 0 0.207211 0.207241 0 1.042 0 5.93E-06 1.042 0.207241 5.93E-06 0.207211 

  N-OCT-01                 0 0 0.092754 4.02E-03 0 0 0 0.08873 0 4.02E-03 0.08873 0.092754 

Total Flow  kmol/sec       3.095 3.095 4.02893 3.922472 3.12 5.513 3.095 0.106458 5.513 3.922472 0.106458 4.02893 

Total Flow  kg/sec         89.29217 89.29217 133.4913 122.8351 44.19911 133.4913 89.29217 10.65623 133.4913 122.8351 10.65623 133.4913 

Total Flow  cum/sec        75.71921 12.89708 10.86896 13.40772 7.331304 36.19 20.31708 0.086946 14.87258 4.469241 0.022494 6.412479 

Temperature K              2.98E+02 7.62E+02 4.93E+02 2.98E+02 1.20E+03 1.20E+03 1.20E+03 2.98E+02 4.93E+02 2.98E+02 2.98E+02 2.98E+02 

Pressure    N/sqm          101325 1519880 1519880 506625 1519880 1519880 1519880 506625 1519880 1519880 1519880 1.52E+06 

Vapor Frac                 1 1 1 1 0.357503 1 1 0.058614 1 1 0 0.973577 

Liquid Frac                0 0 0 0 0.642497 0 0 0.941386 0 0 1 0.026423 

Solid Frac                 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 
-
1.18E+08 0.00E+00 0.00E+00 

Enthalpy    J/kmol         2.94E-09 1.40E+07 
-
1.13E+08 

-
1.06E+08 3.43E+08 

-
3.21E+07 2.85E+07 

-
2.61E+08 

-
5.56E+07 

-
1.06E+08 

-
2.61E+08 

-
1.22E+08 

Enthalpy    J/kg           1.02E-10 4.85E+05 
-
3.42E+06 

-
3.46E+06 2.42E+07 

-
1.33E+06 9.86E+05 

-
5.59E+06 

-
2.29E+06 

-
3.46E+06 

-
5.59E+06 

-
3.67E+06 

Enthalpy    Watt           9.11E-09 43313800 -4.6E+08 
-
3.93E+08 1.07E+09 -1.8E+08 88065500 -1.1E+08 

-
3.06E+08 

-
3.93E+08 

-
1.12E+08   

Entropy     J/kmol-K       4273.383 9892.253 -10737.5 -4497.9 205309 57372.25 24843.41 
-
7.30E+05 28184.63 -13632.1 

-
7.30E+05 -32553.8 

Entropy     J/kg-K         148.1218 342.8802 -324.069 -435.303 14492.7 2369.392 861.1096 -5222.56 1163.985 -734.163 -5228.55   

Density     kmol/cum       0.040875 0.239977 0.370682 0.276973 0.425572 0.152335 0.1523349 3.627051 0.370682 0.830918 14.01951   

Density     kg/cum         1.179254 6.923443 12.28188 8.46526 6.02882 3.688623 4.394932 229.9281 8.975663 25.39578 888.7327   

Average MW                 28.85046 28.85046 33.13319 30.56354 14.16638 24.21391 28.85046 63.39258 24.21391 30.56354 63.39258   

Liq Vol 60F cum/sec        0.165761 0.165761 0.225488 0.198891 0.035127 0.294909 0.1657614 0.026597 0.294909 0.198891 0.026597   
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TableB3: ASPEN Simulation results for ASU UCG 

 
1 2 3 4 5 6 7 8 9 10 13 15 16 17 18 

Entering B2   B3 B1 B9 B9 B4 B6 B8 B12 B1 B14 B13   B13 

Exiting B1 B1   B3 B4 B2 B2 B4 B6 B6 B9 B12   B13 B14 

 
LIQUID VAPOR VAPOR VAPOR LIQUID LIQUID LIQUID LIQUID LIQUID LIQUID MIXED LIQUID MIXED VAPOR VAPOR 

Substream: MIXED           

Mole Flow   kmol/sec       

  CARBO-01                 0 0 0 0 0 0 0 0 0 0 0 0 3.21279 0 0 

  CARBO-02                 0 0 0 0 0 0 0 0 0 0 0 0 0 2.496338 0 

  CARBO-03                 0 0 0 0 0 0 0 0 0 0 0 0 0 0.661835 0 

  NITRO-01                 7.9 7.9 7.9 7.9 2.499999 5 2.9 0.400001 0.400001 0 7.9 0 0 0 0 

  OXYGE-01                 2.1 0.850003 2.1 2.1 6.65E-14 1.95E-15 2.1 2.1 0.850003 1.249997 0.850003 1.249997 0 0.231542 1.249997 

  HYDRO-01                 0 0 0 0 0 0 0 0 0 0 0 0 0 1.673864 0 

  WATER                    0 0 0 0 0 0 0 0 0 0 0 0 1.787209 4.11E-03 0 

  METHA-01                 0 0 0 0 0 0 0 0 0 0 0 0 0 0.054617 0 

Total Flow  kmol/sec       10 8.75 10 10 2.5 5 5 2.5 1.25 1.25 8.75 1.25 5 5.122307 1.25 

Total Flow  kg/sec         2.89E+02 2.49E+02 2.89E+02 2.89E+02 7.00E+01 1.40E+02 1.48E+02 7.84E+01 3.84E+01 4.00E+01 2.49E+02 4.00E+01 7.08E+01 1.11E+02 4.00E+01 

Total Flow  cum/sec        1.26E+01 1.00E+03 2.45E+02 8.79E+01 0.09675 0.1935 0.17561 0.079724 0.041343 0.038464 4.44E+01 0.038464 3.52E+01 1.01E+02 2.24E+01 

Temperature K              98.15 475.152 298.15 535.9062 94.17049 94.17049 98.68354 105.434 102.4979 108.9911 70.01223 108.9921 1200 1200 1200 

Pressure    N/sqm          5.07E+05 34473.79 1.01E+05 5.07E+05 5.07E+05 5.07E+05 5.07E+05 5.07E+05 5.07E+05 5.07E+05 34473.79 5.07E+05 5.07E+05 5.07E+05 5.57E+05 

Vapor Frac                 0.775393 1 1 1 0 0 0 0 0 0 0.298946 0 0.356951 1 1 

Liquid Frac                0.224607 0 0 0 1 1 1 1 1 1 0.701054 1 0.643049 0 0 

Solid Frac                 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Enthalpy    J/kmol         

-
7.02E+06 5.19E+06 7.45E-09 7.02E+06 

-
1.08E+07 

-
1.08E+07 

-
1.12E+07 

-
1.15E+07 

-
1.14E+07 

-
1.16E+07 

-
1.09E+07 

-
1.16E+07 3.45E+08 

-
7.54E+07 2.98E+07 

Enthalpy    J/kg           

-
2.43E+05 1.83E+05 2.58E-10 2.43E+05 

-
3.84E+05 

-
3.84E+05 

-
3.77E+05 

-
3.67E+05 

-
3.71E+05 

-
3.62E+05 

-
3.82E+05 

-
3.62E+05 2.43E+07 

-
3.49E+06 9.30E+05 

Enthalpy    Watt           

-
7.02E+07 4.54E+07 7.45E-08 7.02E+07 

-
2.69E+07 

-
5.38E+07 

-
5.60E+07 

-
2.88E+07 

-
1.43E+07 

-
1.45E+07 

-
9.50E+07 

-
1.45E+07 1.72E+09 

-
3.86E+08 3.72E+07 

Entropy     J/kmol-K       -53578 25272.43 4273.205 8187.812 -98234 -98234 -93258.4 -95085.1 -93721.1 -98373.3 -90248.4 -98372.7 2.09E+05 85122.68 30673.36 

Entropy     J/kg-K         -1857.1 889.8546 148.116 283.8024 -3506.67 -3506.67 -3141.36 -3031.94 -3050.47 -3074.28 -3177.69 -3074.26 14769.41 3935.797 958.5785 

Density     kmol/cum       0.795584 8.73E-03 4.09E-02 1.14E-01 25.83982 25.83982 28.47226 31.35838 30.23455 32.49813 0.197216 32.49795 1.42E-01 5.08E-02 5.59E-02 

Density     kg/cum         22.95291 0.247832 1.179251 3.280367 723.8632 723.8632 845.2649 983.4349 928.9111 1039.901 5.601065 1039.895 2.013095 1.098223 1.787329 

Average MW                 28.8504 28.40063 28.8504 28.8504 28.01348 28.01348 29.68731 31.36115 30.7235 31.9988 28.40063 31.9988 14.15718 21.62781 31.9988 

Liq Vol 60F cum/sec        0.535578 0.468631 0.535578 0.535578 0.133895 0.267789 0.267789 0.133895 0.066947 0.066947 0.468631 0.066947 0.056212 0.274194 0.066947 

 

  



N 
 

TableB3: ASPEN Simulation results for Hoe Creek  

 
1 2 5 6 7 

Entering B1 B3 B2 
 

B2 

Exiting 
 

B1 
 

B2 B3 

 
VAPOR VAPOR MIXED VAPOR VAPOR 

Substream: MIXED 

Mole Flow   kmol/sec 

CARBO-01 0 0 1 0 0 

OXYGE-01 0.45 0.45 0 0.143 0.45 

NITRO-01 1.692857 1.692857 0 1.692857 1.692857 

WATER 0 0 2.5 1.803333 0 

CARBO-02 0 0 0 0.522667 0 

CARBO-03 0 0 0 0.394 0 

METHA-01 0 0 0 0.083333 0 

HYDRO-01 0 0 0 0.53 0 

Total Flow  kmol/sec 2.142857 2.142857 3.5 5.16919 2.142857 

Total Flow  kg/sec 61.82227 61.82227 57.0492 118.8715 61.82227 

Total Flow  cum/sec 52.42502 37.79973 101.2801 209.8035 86.97277 

Temperature K 298.15 365.702 673.15 673.15 673.15 

Pressure    N/sqm 1.01E+05 1.72E+05 1.38E+05 1.38E+05 1.38E+05 

Vapor Frac 1 1 0.71293 1 1 

Liquid Frac 0 0 0.28707 0 0 

Solid Frac 0 0 0 0 0 

Enthalpy    J/kmol 7.45E-09 1.97E+06 1.98E+07 
-
1.14E+08 

1.12E+07 

Enthalpy    J/kg 2.58E-10 68452.23 1.21E+06 
-
4.97E+06 

3.89E+05 

Enthalpy    Watt 1.60E-08 4.23E+06 6.92E+07 
-
5.91E+08 

2.40E+07 

Entropy     J/kmol-K 4273.205 5825.686 1.38E+05 29521.79 25970.98 

Entropy     J/kg-K 148.116 201.9274 8479.046 1283.771 900.1948 

Density     kmol/cum 0.040875 0.05669 0.034558 0.024638 0.024638 

Density     kg/cum 1.179251 1.635522 0.563281 0.566585 0.710823 

Average MW 28.8504 28.8504 16.29977 22.99615 28.8504 

Liq Vol 60F cum/sec 0.114767 0.114767 0.05258 0.212818 0.114767 

 



O 
 

Once the data was obtained, the exergy analysis was broken down into distinct 

sections.  The following equation represents the calculation for the entire stream: 

      
     

        
        

       (B1) 

Where: 

    is the total rate of exergy in a stream in J/s 

   
  is the kinetic exergy (associated with speed) of a stream in J/s 

   
  is the potential exergy (associated with altitude) of a stream in J/s 

      
  is the physical exergy (work obtainable from a substance through a 

reversible process) of a stream in J/s 

      
  is the chemical exergy (work obtainable from a substance through 

heat transfer and matter exchanges with the environment) of a stream in J/s 

For the purpose of this calculation, it is assumed that all exergies apart from the 

physical and chemical exergies are negligible.  The following equations define the 

non-zero components of the analysis: 

     
                            (B2) 

Where: 

     is the stream flow rate in kg/s 

      refers to the enthalpy difference of the stream at its current state (T, 

P) and the ‘dead’ or reference state  in J/kg (T0, P0) respectively (Note – 

environmental considerations are in K and Pa for temperature and pressure 

respectively).   

       refers to the entropy difference of the stream at its current state and 

the dead state in J/kg.K 

   and    were calculated by simulating streams with the same composition as 

their simulation counterparts at standard conditions. 



P 
 

For solids and liquids, the physical exergy can be defined as: 

     
                  

 

  
                (B3) 

Where: 

 C is the heat capacity of the solid or liquid in J/kg.K 

    is the specific volume of the solid or liquid at temperature T0 in m3/kg 

 

Chemical exergy can be defined as: 

     
                             (B4) 

Where: 

    is the molar fraction of the compenent i in the stream 

      is the standard chemical exergy of the stream in J/kg 

The simple exergy efficiency of the process is defined as: 

    
     

    
         (B5) 

Where: 

    
   and     

  are the exergies of the streams flowing into and out of a 

particular system boundary in J/s 

 

The fuel exergy efficiency takes individual components or desired components 

and compares them to the exergy used: 

   
                      

                     (B6) 

 

 


