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[bookmark: _Hlk113019739][bookmark: _Hlk113020355]Abstract: Considering the global drive to net-zero carbon emissions in the near future, the need to find clean sources of energy has never been more important. It is estimated that globally there are tens of thousands of depleted and abandoned oil fields that may be adapted to produce green energy. These may be re-cycled with the help of air injection, either from the production of hydrogen, as a direct result of oxidation of oil, or the exploitation of the inherent increase in heat flow and pressure via enhanced geothermal systems. In the past, the use of in-situ combustion (ISC) and high-pressure air injection (HPAI) have experienced many failures, largely due to poor project design and inappropriate reservoir selection. Here, we review data from field applications, experimental studies, and numerical modelling to define the roles of sub-surface sedimentology and petrophysics, structural geology, geomechanics, mineralogy, diagenesis, and petroleum geology on the success of ISC and HPAI. We show how current knowledge can help mitigate project failure via improved project design and initial reservoir selection. Improvements to the design and implementation of ISC and HPAI projects promise to allow the utilisation of the many abandoned oil fields, to produce green energy with the added benefit of the cost-effective, and materials and energy efficient, re-use of existing oil field infrastructure. We conclude that integration of field data, laboratory experiments and numerical modelling methods previously studied can be used to help develop ISC and minimize risk of failure.
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1. Introduction
In-situ combustion (ISC), also referred to as fire-flooding, is a thermal Enhanced Oil Recovery (EOR) technique that has been used since the early 1920s [1] and has been employed with varying degrees of success [2–8]. During ISC, air, or oxygen-enriched air, is injected into the oil-bearing reservoir, and the mixture is ignited to begin combustion [5,9,10]. The complexity of ISC projects varies greatly depending on the target reservoir. In its most simple form, a volume of oil within a reservoir, near an injector well, is ignited creating the combustion front, which is then propagated through the reservoir via air injection, driving oil towards a production well (Figure 1) [11]. Ignition can be achieved by a variety of mechanisms or processes including auto-ignition, gas burners, electrical heaters, and chemical reactions [12–16]. The combustion front drives fluids towards the production well, using a combination of gas, steam and water drive, caused by the increase in reservoir temperature and pressure [5,9]. ISC can either be forward or reverse. During forward combustion, the front propagates in the same direction as air injection; during reverse the front propagates in the opposing direction to the air injection [5,17–19]. Reverse combustion is rarely used and will not be discussed further. ISC can further be classified as dry or wet. Dry combustion relies solely on injection of air, or enriched air, into the reservoir whereas wet combustion utilises simultaneous water and air injection [20–24]. As ISC proceeds, different zones begin to form across the reservoir: these zones are the burned zone, the combustion front, the cracking zone, the vaporisation zone, the steam plateau, the water bank, the oil bank and the undisturbed reservoir (Figures 1 and 2) [2].
[image: ]
[bookmark: _Hlk112841063]Figure 1. Schematic diagram of the in-situ combustion process in an oil reservoir, showing the different zones from left to right; burned zone, combustion front, coking zone, cracking zone, steam plateau, water bank, oil bank and undisturbed reservoir, adapted from [2,9].
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[bookmark: _Hlk112841075]Figure 2. Schematic diagram showing numerically modelled graph showing the water, oil and gas saturation along with the temperature profiles in the different zones created between injector and producer during dry forward in-situ combustion, adapted from [2,9].
[bookmark: _Hlk109916038][bookmark: _Hlk108520627][bookmark: _Hlk113020476]In-situ combustion, where temperatures typically exceed 450 °C, is generally used for recovery and upgrading of heavy oils (those with an API gravity < 22°, equivalent to a density of 921.8 kg/m3, and viscosity > 100 centipoise, equivalent to 0.1 Pa·s) [25], although lighter oils have been targeted with the same technique [26]. The ISC method is typically referred to as ‘high pressure air injection’ (HPAI) when lighter oils are targeted; in this case the temperature reaches 150 to 300 °C and so low temperature oxidation reactions drive the process [26–33]. Projects that have been classed as HPAI include Buffalo [34], Medicine Pole Hills [28], North Ward-Estes [35], Pennel, Cedar Hills and Little Beaver [36].
Current reasons for implementing ISC include (i) increasing reservoir productivity (EOR) by forcing oil or gas towards a production well [10,28,36–39]; (ii) in-situ upgrading (ISU) of heavy oils, that would otherwise be highly impure and viscous, by cracking of oil in the reservoir into purer, less viscous fractions negating the need for energy intensive processes further down the production chain [40–47]; and (iii) production of energy by geothermal means [48–51]. It has been suggested that ISC can be used to produce green energy, either from the generation of hydrogen in the reservoir directly from the oil [43,52,53], or from the exploitation of the inherently elevated heat flow resulting from ISC via enhanced geothermal systems [48,50,54,55].
[bookmark: _Hlk113021795]Published work on ISC can be categorised in terms of: field applications [29,37,56–59], experimental studies [19,60–63] and modelling studies [38,64–66]. Design and implementation are essential to the realisation of an ISC project, with well location, air injection requirements and reservoir choice playing critical roles in that success [4,67]. There are several factors which must be understood to achieve maximum efficiency of an ISC project; these include the geology of the reservoir [68], the chemistry of the oil within the reservoir [7], and the configuration of the injection and production wells [69].
There has been decrease in interest in ISC since the 1970’s, likely a consequence of the large number of early failures during field tests (55% of projects under taken in the USA between 1960 and 1990 failed [68]). The majority of these failures have been retrospectively attributed to inappropriate reservoir selection [59,67]. The most successful ongoing ISC projects have been running since the 1970s and have involved careful consideration of all these factors with integration of field data, lab data, and models [59,70]. The following review aims to systematically address the following questions:
How and why is ISC currently used?
What is the role of laboratory experiments in the process workflow?
Where are current projects taking place and how successful are they?
How is numerical modelling used in conjunction with experimental work in the project design process?
What are the roles of sub-surface geology and oil chemistry in project success?
How can current knowledge be used to develop ISC as a clean energy source?
2. What Is In-Situ Combustion?
The process of ISC has been implemented with varying degrees of success since the 1920s [67,71], most commonly as a thermal enhanced oil recovery (EOR) technique [10,36,37].Some applications have used ISC as a primary oil recovery method [72]. To initiate ISC, a portion of the oil in the reservoir is ignited, causing it to crack and deposit fuel, commonly referred to as coke [5,10]. In the context of ISC, the term coke, defined as the product of partial oxidation of oil with low H/C ratio, is routinely used to describe the fuel that drives the combustion process [73]. Together with the air injected into the reservoir, this fuel creates a combustion front that is able to self-propagate through the reservoir as a function of reactions occurring in the reservoir, ahead of the combustion front. These sets of reactions (Reactions 1–3) are: Low Temperature Oxidation (reservoir temperature to 300 °C; LTO), Medium Temperature Oxidation (300 to 350 °C; MTO), and High Temperature Oxidation (350 to >525 °C; HTO) (Figure 4) [74–79].
During LTO reactions (Reaction 1), crude oil oxidises without generating carbon oxides. Products of LTO reactions include alcohols, aldehydes, ketones, carboxylic acids and hydroperoxides. LTO reactions also increase the asphaltene content of the oil in the reservoir [80], leading to elevated viscosity and density, reducing production rates. During MTO reactions (Reaction 2), fuel (coke) deposition reactions also occur following LTO reactions as temperatures increase. Distillation and pyrolysis produce hydrogen gas and coke, which is left behind as more volatile fractions (hydrocarbon gases), are vapourised [7,8]. HTO reactions (Reaction 3) burn the deposited fuel (coke) in the presence of oxygen and produce carbon oxides, this is known as the combustion front, which is the highest temperature zone [76,81]. LTO, MTO, and HTO reactions can happen simultaneously across the reservoir as a result of the different temperature zones created ahead of the combustion front (Figure 3). In the initial phase of combustion, LTO and HTO reactions occur at different distances from the injection well. In the later phases of combustion, heat conduction ahead of the combustion front is reduced due to low velocity of the combustion front, resulting in LTO and HTO reactions occurring at almost the same location. Careful consideration and design of injection and production well locations can mitigate this effect and maintain high oil recovery over the life of the project. Larger lateral well spacing (see Section 5.3) typically leads to higher oil recovery per well but commensurate with slower combustion front advancement and production rate [82].
[image: ]
Figure 3. Schematic diagram showing the reaction zones across the reservoir between the post and pre-burn zones. The low temperature oxidation (LTO) reactions occur furthest from the combustion front between the reservoir temperature and 300 °C, medium temperature oxidation (MTO), or fuel deposition (FD) occurs between 300 and 350 °C and at the combustion front the fuel is burnt during high temperature oxidation (HTO), resulting in temperatures in excess of 350 °C [3,83].
	LTO (reservoir temperatures to 300 °C): oil + oxygen → aldehydes + ketones + carboxylic acids + hydroperoxides + coke + water
	(1)

	MTO (300 to 350 °C): oil + oxygen → coke + hydrogen
	(2)

	HTO (>350 °C): coke + oxygen → short-chain HCs + CO + CO2
	(3)


Due to the highly complex suite of chemical reactions occurring during LTO, ISC reactions can be subdivided into temperature ranges, characterised by a dominant reaction (Reactions 4 to 7) to reflect the importance of these reactions in the sustainability of the combustion process [83].
	50 to 150 °C: heavy oil + oxygen → aldehydes + coke + water + CO + CO2
	(4)

	150 to 200 °C: aldehydes + oxygen → alcohols + ketones + water
	(5)

	200 to 250 °C: aldehydes + ketones + oxygen → hydroperoxides + carboxylic acids + water
	(6)

	250 to 300 °C: alcohols + aldehydes + oxygen → hydroperoxides + ketones + water
	(7)


Although LTO reactions are vital for successful ISC projects, creating too many by-products can increase the viscosity of the oil and coincidentally reduce the oil recovery factor, this is especially problematic during HPAI into reservoirs with light oils. Models using reactions 4 to 7 show that, between 300 and 350 °C (Reaction 2), the dominant product is fuel (coke) as the other products, such as aldehydes, ketones, etc., are used up in preceding reactions or vapourised, leaving behind the less volatile fuel (coke) for the HTO reactions (Reaction 3). In light oil reservoirs (API gravity > 36°, equivalent to a density of 845 kg/m3) LTO reactions (Reaction 1) dominate the process and temperatures may not reach those required for fuel (coke) deposition and, consequently, HTO reactions (Reaction 3) will not occur [84]. Low temperature oxidation reactions may result in an increase in viscosity due to an increase in asphaltene content, which are resistant to break down at low temperatures [85]. A secondary problem reported for light oil reservoir ISC projects is whether injected oxygen will react sufficiently with the oil during LTO, to remove it from the injected air, and thus prevent unwanted, and potentially dangerous, oxygen breakthrough at the production well [80,86].
3. Current Reasons for Using In-Situ Combustion (ISC)
There are three common reasons to implement ISC projects: enhanced oil recovery (EOR), in-situ upgrading (ISU) of heavy and ultra-heavy oils (Figure 4), and producing geothermal energy (Figure 5) from heat created during ISC. Enhanced oil recovery seeks to increase the productivity of a field by increasing the oil recovery factor above that which could be achieved by primary and secondary (pressure support by gas or water injection) recovery methods [10]. In-situ upgrading is effectively a useful side effect of ISC that cracks heavy oils into more usable fractions in the reservoir (Figure 4), bypassing the need for large refining facilities [42]. It has also been proposed that geothermal energy can be created from the hot fluids expelled as a result of the ISC process [48]. It also may be possible to utilise the pressure created at the well head by the thermally enhanced recovery of oil for other purposes.
[image: ]
Figure 4. Process of conventional upgrading of heavy oils versus in-situ upgrading, ISU allows for less pollution released in to the atmosphere, and no extra source of hydrogen is required for hydrodesulphurisation, with sulphur and other polluting gases left behind.
[image: ]
[bookmark: _Hlk112841021]Figure 5. Schematic diagram showing the proposed retrofitting of a heat exchanger between injector and producer to take advantage of the elevated temperatures in the combustion zone during the ISC process, illustrated by the temperature trace superimposed over the ISC zones adapted from [48].
3.1. Enhanced Oil Recovery
Due to the current demands for oil and gas, and the decrease in viable discoveries, EOR is seen as a vital means to maximise hydrocarbon production of available reserves [10,28,36,37]. Many techniques have been employed in EOR including: steam injection, cyclic steam stimulation, CO2 injection, gas injection, chemical flooding, as well as ISC [5,6,8,67,87,88]. ISC offers several advantages over other methods, including lower water and natural gas requirements, a smaller surface footprint, higher pressures, and greater oil displacement [33,38], as well as the ability to simultaneously achieve upgrading [42,89].
In some reservoirs, for example Alberta tar sands [90], hydrocarbons cannot flow towards production wells, because the viscosity is too high; some tar sands have hydrocarbons in excess of 1 million centipoise [45]. Thermal EOR techniques have been employed to heat such reservoirs, reducing hydrocarbon viscosity, and thus allowing it to flow [5]. Elevated temperatures also crack the tarry hydrocarbons into lighter fractions, increasing the mobility of the fluid oil as well as depositing fuel (coke) for the advancing combustion front [10]. The increase in mobility ultimately leads to increased recovery factors for the reservoir.
Combustion tube experiments, using scaled physical models with variable parameters, suggested recovery factors of up to 75% for ISC, although this figure varies as a function of the thickness of the sand pack, with some tests showing recovery factors as low as 21% [39]. The large range of recovery factors highlights the importance of knowing the geometry of the reservoir prior to project design. Data from the Buffalo Field, South Dakota, which is the oldest operating high-pressure air injection project currently operating show, although only 10.2% of the oil originally in place had been recovered at the time of publication (2008), only 14% of the reservoir volume had been swept by ISC. Production performance statistics [29,37] show a second peak in oil production after air injection initially began in the 1980s, which demonstrates that if a larger fraction of the reservoir was injected with air then more oil would be recovered.
In light oil reservoirs (HPAI), an important aspect of the project is to ensure all oxygen is removed from the injected air, by oxidation reactions between the air and oil, to prevent dangerous co-production of volatile oil and oxygen. In heavy oil reservoirs, oxygen consuming reactions are highly effective [86]. In light oil reservoirs, combustion reactions (as opposed to oil-decomposition reactions) may not be sustainable; in this case LTO cracking reactions are likely to be more important than combustion and a flue gas sweep is mostly responsible for oil displacement, where gases formed as a result of cracking and combustion, cause movement of oil [26,28,37,86,91].
3.2. In-Situ Upgrading
Heavy oil, tar sand, oil sand, and bitumen typically have high viscosities (>100 centipoise, 0.1 Pa·s). Such hydrocarbons can also contain high levels of impurities such as asphaltenes, resins and sulphur [8]. Such oils, if extracted in their natural state, need to be transported to cracking and pyrolysis facilities to upgrade them to more usable fractions that have lower viscosity and fewer impurities. Conventional industrial upgrading methods for heavy oils are energy-intensive processes that generate large volumes of acid gas (i.e., rich in H2S and CO2), consume large volumes of water and hydrogen, and which lead to carbon emissions [44]. Conventional upgrading practises increase the environmental footprint of an already environmentally-costly process (Figure 4). In-situ (i.e., sub-surface) upgrading of heavy oils during ISC mitigates this increased environmental impact and reduces industrial costs associated with the conventional upgrading process [40,42,46,47]. ISC is useful for upgrading heavy oils as products of the reactions that drive ISC, including water and hydrogen are generated in-situ, and are key to the upgrading process [44,80,92].
To assess the feasibility of catalyst-aided ISC on upgrading oil in a reservoir, combustion tube experiments were undertaken using Llancanelo oil from the Llancanelo field, Argentina [42]. These experiments revealed that an increase in API gravity at 25 °C from 15 to 24 °C (density decrease from 966 to 910 kg/m3), as well as decreases in viscosity, and sulphur, nitrogen, and asphaltene concentration, may occur during ISU.
3.3. Geothermal Energy Production
[bookmark: _Hlk112833560]It was suggested in 2009 that abandoned, or near end-of-life, oil and gas fields could be utilised to generate geothermal energy [55]. It has been estimated globally that there are tens of thousands of abandoned oil fields that are no longer considered economically viable, yet still contain considerable oil reserves which could be exploited for geothermal energy [48]. The concept is to use existing oil field wells to inject and retrieve a secondary fluid from the subsurface, taking advantage of the increased temperature as a result of the natural geothermal gradient (Figure 5). Up to 50% of the cost of a geothermal energy project is drilling the well, and so repurposing oilfield infrastructure may be cost-effective for geothermal energy generation [93]. It has been claimed that, depending on reservoir temperature, approximately 2 to 3 MW of electricity may be produced from a typical abandoned well in the South Texas region [55]. To enhance the temperature of the geothermal system, it has been proposed that ISC could be used to increase the temperature of abandoned oil and gas reservoirs to over 600 °C, to enhance the energy recovery using geothermal energy technology [94]. It was suggested that this process produces CO2 [51], but modelling effects of well distance, perforation position, and reservoir permeability on CO2 production suggested that some scenarios can achieve zero CO2 production. It has been proposed that the use of ISC to increase reservoir temperature, and therefore power output, with an average power output of 8 MW predicted [48,50]. However, this estimate was based on eight years of air injection [48]. Although, the added benefit of significant additional oil recovery from ISC projects may allow geothermal energy costs to be offset, possibly at the expense of the project becoming non-carbon neutral [48].


4. Sources of Information on ISC
Field studies, experiments, and computer (numerical) modelling simulations have all been used, separately and jointly, to assess the processes involved in, and feasibility of, ISC projects. Combustion tube models require upscaling to field scales, and computer models must be fed with accurate field-based and experimentally-derived information to achieve optimum results. The most successful ISC projects integrate data from field studies, experiments and models [59,95,96].
[bookmark: _Toc89082912][bookmark: _Toc89255907]4.1. Field Application and Case Studies
While the concept of ISC was first patented in the USA in the 1920s [1], it was not implemented on a commercial scale until the 1930s, in the former Soviet Union, and the 1950s in the USA [4]. In the USA, 226 ISC projects were undertaken between 1960 and 1990, with 55% of those projects being deemed a failure, and just 21% judged to be economical successes [68]. Between 1970 and 1995, 19 commercial ISC projects were undertaken, followed by a decline to just four active projects in 2007 [4]. As of 2018, the World Energy Outlook report showed that, of 78 active thermal EOR projects, just 8 are ISC projects (Table 1), and all of them are in the USA [97]. The decrease in interest in ISC is likely to be a consequence of the large number of early failures during field tests although most of the failures have been retrospectively attributed to inappropriate reservoir selection [59,67].
[bookmark: _Toc89082913][bookmark: _Toc89255908]4.1.1. Midway-Sunset Field
[bookmark: _Hlk112840989]A successful pilot ISC project, reported in 1972, was carried out in the Midway-Sunset field, California, USA, following a relatively unsuccessful steam EOR program [56]. It was shown that less than 15% of the oil originally in place (OOIP) had been recovered following steam injection. Coupled with poor results from laboratory steam tests, a different approach was required. In 1972, the steam injectors were switched to air injectors and ISC testing began. After three and a half years in operation the pilot tests indicated that 80% of the OOIP had been recovered in the pilot area. Following the success of these pilots, in 1980 it was proposed that the project should be expanded, with the addition of seven new injector-producer patterns, increasing recovery from 27 to 65%. In 1996 the ISC project was discontinued [98].
[bookmark: _Toc89082914][bookmark: _Toc89255909]4.1.2. Bellevue Oil Field
The longest running and most successful ISC project is the Bellevue Oil Field, Louisiana, USA [4,59]. The field was discovered in the 1920s and has undergone several different EOR cycles. Air injection began in 1970 [4] and still continues to this day [59]. Since the field’s discovery, primary production methods accounted for less than 15% OOIP recovered. It was demonstrated that ISC led to recovery of 60% of the OOIP has now been recovered [59]. It has also been shown that ISC utilised 98% of available oxygen, and left no residual hydrocarbons in swept intervals [70]. The success of the Bellevue Oil Field ISC project has been attributed to the use of combustion tube experiments to calculate the correct air-fuel ratios, which was instrumental in knowing the correct amount of air needed to allow sustained combustion and production.
[bookmark: _Toc89082915][bookmark: _Toc89255910]4.1.3. Medicine Pole Hills Field
The Medicine Pole Hills Field, North Dakota, USA, has been running since 1987 [27], and was listed as an on-going project in 2018 [97]. It differs from many ISC and HPAI projects due to the light oil (39° API, 829 kg/m3), carbonate reservoir geology, low permeability and high initial reservoir temperature (110 °C) [27,84,99]. Medicine Pole Hills highlights the versatility of HPAI and ISC in increasing the economic output of a range of different reservoirs. C tube experiments were utilised to study the combustion characteristics of the oil. These data were used to design the compressor facility and estimate the burned volume, which were highlighted as key aspects accounting for the success of this ISC project [27].
[bookmark: _Toc89255911]4.1.4. Other Fields
Despite showing strong potential as a candidate field for ISC, the Hospah Field, New Mexico, USA, was not deemed a success. After initial tests, it was found that only 45% of the oil production target was reached, while 35% more air volume than initially calculated, was injected. Negative performance results led to the project being judged to be uneconomical and it was consequently shut down. The lack of oil recovery from this reservoir was attributed to injected air preferentially migrating through the transition and upper water zones, rather than the overlying oil zone, due to low permeability and high viscosity crude in the oil zone. As a result, the oil was not sufficiently burned to sustain a stable combustion front [100]. Highlighting the importance of fully understanding the characteristics of the reservoir before initiating an ISC project.
The Fry ISC tests in Illinois, USA, that began in 1961, showed how an in-depth analysis of the geology of the reservoir can lead to a successful project [101,102]. Before combustion was attempted, extensive analysis on closely spaced continuous cores from the area was undertaken, with the goal of determining the distribution of rock types, the porosity and permeability relationship, the origin of the reservoir, and what affect the reservoir rocks might have on the ISC process [103]. Understanding how geology affected fluid flow and production behaviour during this test was considered essential to the operation of what was concluded to be an economic success [102,104].
Although there is much interest in ISC in Canada [105,106] and China [107–109], all active ISC projects seem to be in the USA (Table 1). According to the World Energy Outlook [97], there are eight ongoing ISC thermal EOR projects. As well as Bellevue and Medicine Pole Hills, there are also projects at West Cedar Hills and Cedar Hills North, North Dakota [28,36], Buffalo Field, South Dakota [29,34,36,99], Pennel Phase 1, Pennel Phase 2 and Little Beaver, Montana [36].
Table 1. Table of reservoir and oil properties from reported in-situ combustion (ISC) and high-pressure air injection (HPAI) projects in the literature. Reported properties are rock type, maximum depth, maximum thickness, porosity, permeability, reservoir temperature, oil gravity, oil viscosity and oil recovery as a percent of oil originally in place. All active projects are shaded grey as listed by the IEA International Energy Agency [110].
	Field
	Country
	Rock
	Depth (m)
	Thickness (m)
	Porosity (%)
	Permeability (mD)
	Temperature (°C)
	Oil Gravity (°API)
	Viscosity (cp)
	Recovery (%)
	Reference

	Athabasca
	Canada
	Sand
	-
	100
	35
	3000–4000
	18
	5
	1,000,000
	43
	[90]

	Azraq Basin
	Jordan
	Mixed
	1112
	-
	18
	1000
	40
	17
	1000
	69
	[111]

	Balaria
	Romania
	Sand
	85
	15
	30
	500
	48
	19
	120
	40
	[112]

	Balol
	India
	Sand
	1049
	6.5
	28
	8000–15,000
	70
	15
	300
	45
	[113,114]

	Bellevue
	USA
	Sand
	104
	21
	32
	700
	24
	19
	676
	60
	[59]

	Buffalo
	USA
	Carbonate
	2591
	5
	15 - 20
	10
	102
	32
	2
	18
	[29]

	Buffalo
	USA
	Carbonate
	2576
	3
	15–28
	18–25
	102
	27
	2
	15
	[36]

	Cado Pine Island
	USA
	Sand
	305
	-
	37
	603
	32
	21
	112
	-
	[115]

	Capa Maddison
	USA
	Carbonate
	2560
	6
	11
	1
	108
	41
	0.28
	-
	[36]

	Cedar Hills
	USA
	Carbonate
	3048
	8
	5–25
	1–30
	110
	38
	0.48
	15
	[36]

	Charco Redondo
	USA
	Sand
	61
	-
	30–35
	2500
	23
	18
	90
	-
	[116]

	Countess
	Canada
	Sand
	1080
	8
	23
	800–2000
	
	28
	5.8
	9
	[117]

	Driza
	Albania
	Sand
	450
	95
	25
	-
	-
	11
	9000
	-
	[118]

	Esperson Dome
	USA
	Sand
	814
	24
	31
	200–6300
	52
	21
	90
	60
	[119]

	Eyehill
	USA
	Sand
	747
	30
	34
	6000
	29
	14
	2750
	5
	[96]

	Forest Hill
	USA
	Sand
	1463
	4.6
	27
	626
	85
	10
	1002
	-
	[120]

	Fosterton
	Canada
	Sand
	945
	8.4
	28
	958
	135
	24
	15.6
	33
	[121]

	Glass Bluff
	USA
	Carbonate
	2896
	4
	10–20
	18
	106
	43
	0.33
	-
	[36]

	Glen Hummel
	USA
	Sand
	741
	3
	36
	1000
	45
	22
	74
	56
	[122]

	Gloriana
	USA
	Sand
	488
	1
	35
	1000
	44
	21
	112
	58
	[122]

	Government Wells
	USA
	Sand
	707
	18
	32
	800
	49
	22
	10
	-
	[123]

	Holt Sand Unit
	USA
	Sand
	-
	12
	20
	131
	29
	32
	14
	-
	[124]

	Horse Creek
	USA
	Carbonate
	2781
	14
	8–20
	1–97
	104
	32
	1
	-
	[36]

	Kinsella-B
	Canada
	Sand
	-
	5
	30
	200
	27
	20
	90
	1
	[125]

	Liaohe Field
	China
	Sand
	1300
	6.7
	25
	781
	-
	18
	2000
	-
	[126]

	Little Beaver
	USA
	Dolomite
	1615
	12
	9–20
	1–10
	89
	33
	3
	12
	[36]

	Lower Hospah
	USA
	Sand
	495
	9
	27
	1100
	27
	26
	55
	33
	[100]

	Medicine Pole Hills
	USA
	Carbonate
	2896
	4
	18
	1–30
	116
	39
	0.48
	93
	[27]

	Midway Sunset
	USA
	Sand
	457
	-
	32
	1500–4000
	54
	12
	1630
	73
	[56]

	Morgan
	Canada
	Sand
	579
	9
	31
	2000
	21
	11
	1800
	10
	[127]

	Pennel
	USA
	Dolomite
	1661
	18
	9–20
	1–10
	93
	31
	1
	-
	[36]

	Pontotoc
	USA
	Sand
	-
	5
	27
	7680
	19
	18
	5000
	51
	[95]

	Santhal
	India
	Sand
	1000
	15
	28
	3000–5000
	70
	18
	200
	-
	[4]

	Silverdale South
	Canada
	Sand
	564
	5.5
	24
	487
	28
	14
	4420
	25.5
	[128]

	South Belridge
	USA
	Sand
	-
	12
	36
	8000
	31
	13
	2700
	71
	[129]

	Suplacu de Barcau
	Romania
	Sand
	200
	10
	32
	1700
	18
	26
	2000
	85
	[130]

	Trix-Liz
	USA
	Sand
	1113
	3
	28
	500
	59
	24
	138
	60
	[122]

	Utah Tar Sand
	USA
	Sand
	107
	4
	31
	85
	11
	14
	100,000
	-
	[131]

	Videle Field
	Romania
	Sand
	850
	10
	30
	300–1500
	55
	19
	66
	40
	[112]

	Wabasca
	Canada
	Sand
	427
	7
	30
	3000
	15
	14
	10,000
	20
	[132]

	West Heidellberg
	USA
	Sand
	3475
	19
	14
	85
	105
	18
	6
	22
	[133]

	Wolf Lake
	Canada
	Sand
	450
	34
	31
	-
	15
	12
	100,000
	-
	[134]


4.2. Laboratory Experiments
There are two ways to test ISC, via laboratory testing and then through field application. The most efficient way to test ISC is via laboratory-based experiments, due to the high costs associated with field tests. The successful Bellevue and Medicine Pole Hills ISC projects were developed on the basis of data collected from combustion tube experiments [27,59]. Following experiments, numerical models were created using the new experimental data, ultimately leading to successful field application [59]. Combustion tubes typically fail to replicate near-adiabatic (i.e., where heat neither enters nor leaves the system) conditions in reservoirs; they are also on a far smaller scale than a reservoir such that careful consideration needs to be given to the upscaling of data generated [135–138]. Laboratory combustion tube experiments can be operated far more rapidly and cheaply than a field test, but care must be taken with interpretation [18,61]. Design and operation of combustion tubes has not been standardised, widely varying different dimensions and operating conditions have thus unfortunately been employed resulting in data that cannot easily be compared [61].
[bookmark: _Toc89255913]4.2.1. Combustion Tube Experiments
Combustion tube experiments typically consist of a thin-walled stainless steel tube that is packed with reservoir material, which may be loose sand of various compositions, crushed rock, or whole rock cores. The prepared sample is then saturated with crude oil and the steel tube is then surrounded by a pressure jacket (Figure 6) [18,61,139]. The oil-saturated reservoir material is ignited to simulate the behaviour of oil in a reservoir during ISC. Loss of heat must be countered, by either insulating the tube or by using electrical heaters around the tube, to simulate the near-adiabatic conditions of a large reservoir. While neither insulation or heaters can truly simulate the real reservoir conditions, it has been suggested that the use of heaters may unintentionally influence the movement of the combustion front and alter the results of the experiment [139].
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Figure 6. A simplified general setup diagram of combustion tube apparatus, with either rock or sand pack saturated with oil held in an insulated jacket, sometimes equipped with extra heating coils to replicate the near-adiabatic conditions found within a reservoir, varying amounts of oxygen and nitrogen are injected to propagate the combustion front through the tube, gases are analysed at the end to give compositional data of the oil.
Combustion experiments were used to assess the factors that influence fuel (coke) availability and air requirements during ISC; these are critical aspects that have led to successful and economical ISC field projects [27,59,60]. These combustion experiments compared porous media samples from drill-cores, outcrops, and unconsolidated sand, with 12 different crude oils (with API gravity between 10 ° and 36°, density of 1000 to 845 kg/m3) [60], leading to the conclusion that the key controls on fuel (coke) availability are the bulk ratio of hydrogen to carbon (the H/C ratio), API gravity (oil density, also related to oil maturity [140,141]), and oil saturation. Fuel availability decreased with increasing H/C ratio and API gravity, and increased with increasing oil saturation. These combustion experiments also showed that LTO reactions had the greatest effect on fuel (coke) availability, which is important as the combustion front needs this fuel to propagate through a reservoir [60]. Knowing the correct mix of air and available fuel is key to a viable ISC project [142–144].
Combustion tube experiments are versatile and have been used to assess an array of different aspects of ISC projects. They have been used to assess the effect of fracture orientation, and their influence on the success of ISC (see Section 5.1.3) [63]. Combustion tube experiments were used to assess the differences between normal air versus enriched air, and how it affects the air requirements and efficiency of ISC [145,146],revealing that while oxygen enriched air increases the temperature and velocity of the combustion front, it also leads to a risk of early oxygen breakthrough. Other studies have focused on the ability of clay minerals in the reservoir to catalyse combustion reactions during ISC (see Section 5.1.2) [147,148]. Perhaps the most useful application of combustion tube experiments has been to assess the suitability of the type of oil found within the reservoir, which has a direct impact on fuel (coke) deposition, air requirements, temperature, pressure and products, and, ultimately control the success of sustained combustion front propagation [77,99,144,149].
4.2.2. Other Analytical Approaches Adopted during Experiments
Other experimental analyses that have been employed are thermogravimetric analysis (TGA), and differential scanning calorimetry (DSC) to examine the thermal behaviour of different oils, and to provide data on several parameters such as: minimum front temperature, heat value of crude oil, amount of coke deposited, and the average H/C ratio during combustion [92,150,151]. Accelerating rate calorimetry (ARC) has also been used to investigate the mechanisms of both LTO and HTO reactions and assess the suitability of a reservoir for air injection-based EOR (Figure 7 and Table 2) [152].
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Figure 7. Cross plot of oil gravity versus temperature for experimental data from literature (Table 2), with light, medium heavy and extra heavy oil divisions and low temperature oxidation (LTO), medium temperature oxidation (MTO) and high temperature oxidation (HTO) zones marked on. Data are coloured by experimental method, Thermogravimetry (TG), Differential Scanning Calorimetry (DSC), Accelerated Rate Calorimetry (ARC) and Combustion Tube (CT). Combustion tube data show a correlation between oil gravity and temperature, with higher temperatures seen in lower API oils, Thermogravimetry shows a weak correlation but less temperature difference across the range. CT experiments take reservoir material in to account, so give a more accurate representation of field application.
Table 2. Table of reported experimental data of combustion properties of different oils from the literature with oil gravity, temperature reached and experimental method used. Thermogravimetry (TG), Differential Scanning Calorimetry (DSC), Accelerated Rate Calorimetry (ARC) and Combustion Tube (CT).
	Oil
	API
	Temperature
	Technique
	Reference

	Adryaman
	26.6
	548
	CT
	[153]

	Athabasca Bitumen
	8.5
	550
	TG/DSC
	[154]

	Athabasca Bitumen
	8
	480
	ARC
	[155]

	Australian light
	38.8
	255
	CT
	[26]

	Bati Kozluca
	12.4
	542
	CT
	[153]

	Bati Raman Crude
	11.6
	615
	RTO
	[156]

	Bati Raman Crude
	14.95
	560
	TG/DTG
	[157]

	Camurlu
	10.3
	569
	CT
	[153]

	Clair
	19.8
	485
	ARC
	[155]

	Clair
	19.8
	600
	CT
	[26]

	Countess-B
	28
	606
	CT
	[149]

	Crude oil
	20.8
	529
	CT
	[158]

	Crude oil 1
	26.7
	585
	TG/DTG
	[159]

	Crude oil 2
	18.7
	575
	TG/DTG
	[159]

	Crude oil 3
	12.9
	565
	TG/DTG
	[159]

	Fosterton oil
	20.5
	550
	TGA
	[151]

	Garzan
	26.12
	557
	TG/DTG
	[157]

	Heavy
	20
	658
	DSC
	[160]

	Heavy 1
	13
	386
	CT
	[161]

	Iola
	19.8
	477
	TG/DSC
	[150]

	Liahoe
	18
	508
	CT
	[162]

	Light 1
	32
	374
	CT
	[161]

	Light oil D
	42.7
	450
	TG/DSC
	[154]

	Medium 1
	21
	374
	CT
	[161]

	Medium 2
	23
	442
	CT
	[161]

	Medium oil E
	27.9
	530
	TG/DSC
	[154]

	Middle east
	29
	280
	ARC
	[163]

	Neilburg oil
	15.8
	519
	TG/DTG
	[164]

	North American oil A
	25
	245
	ARC
	[163]

	North American oil B
	35
	380
	ARC
	[163]

	North American oil C
	27
	300
	ARC
	[163]

	Raman
	18.7
	550
	CT
	[153]

	Tahe Heavy
	22
	556
	TG/DSC
	[165]

	Wolf lake
	10.3
	480
	ARC
	[155]


4.3. Modelling
[bookmark: _Hlk113366462]A reservoir simulation model consists of a geological model, representing the bulk solid volume of the reservoir itself, and a fluid model, which represents the fluid volume (oil, gas, and water) held within the reservoir (Figures 8 and 9) [166]. Production and injection wells are added to the models to allow for dynamic simulation of the processes, this particularly important for ISC simulation. Well perforations are represented in modelling to allow flow of air in the desired layers of the model [167]. In the case of ISC, a thermal cracking reaction model is also required to describe the liquid and gas phase compositional changes [168]. Computer-based modelling and simulation has recently become popular due to developments in software and hardware; the use of modelling is aimed at trying to increase recovery factors for EOR projects [166]. ISC models tend to require high resolution (and thus slow) simulations in order to capture the attributes of the thin combustion zone [169].
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Figure 8. Grain scale diagram to show how the modelling software quantifies bulk volume (VB), rock volume (VR), fluid volume (VF), residual coat (VS), gas (VG), water (VW) and void volume (VV) for use in the equations.
A simulation model is typically built from several smaller models, increasing in scale. Rock models represent small-scale elements, such as grain type, porosity, permeability, and oil saturation. These are assembled into facies models which represent larger scale elements, such as laminations, beds, and stratigraphic members. Facies models are assembled into geological models, or geo-models, which represent larger, regional-scale elements, such as formations, groups, and supergroups. These geological volumes are then defined by a cell array with each cell defined by mechanical, chemical, and hydrological properties, that control the behaviour of the model [166,170]. The complexity of a model is controlled by the size and number of cells that make up the model, which is dependent on the size of the reservoir being modelled [166].
[bookmark: _Hlk113368517]Computer modelling has routinely been used to assess different types of EOR mechanisms and to estimate the change (increase) in recovery factor. Typically, ISC is initially modelled due to the complexity and high costs associated with a field test [136,171]. The accuracy of such models is dependent on the quality of data put into them (Figure 10). Petrophysical, geological, geochemical, rock thermal and pressure-temperature (P-T) properties all have an influence on the output of the model. These three types of properties can be input from a relevant analogue reservoir, or from laboratory experimental data to assess the viability of ISC, or a range of different petrophysical, geological and geochemical properties can be tested to assess their impact on the success of an ISC project [170]. Thermodynamic and kinetic behaviour of crude oils are key aspects that controls the success of a project, thermodynamic and kinetic data can be derived from combustion tube experiments, but must be upscaled to reservoir-scale models (Figure 10) [38,172,173].
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Figure 9. Chart to show the constituent parts of the model, separated into the static and dynamic elements of the model and what data are used to populate the different parts of the model and where those data come from.
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Figure 10. Complete workflow from lab experiments to field wide operation of in-situ combustion, this workflow allows for the best results in ISC operation.
During ISC, the combustion front is only a few centimetres thick, yet it is the most important zone during the overall ISC process [174]. When viewed on a reservoir scale, this thin, dynamic combustion zone only accounts for a tiny fraction of the model potentially representing a problem in a large-scale model. Experimentally-based models of ISC, were developed using adaptive mesh refinement (AMR) to address this problem [175]. The AMR approach increases the precision of selected parts of a model by amalgamating grid blocks away from areas of interest, i.e., the burned reservoir zones, and increasing grid resolution at the areas of interest, i.e., the combustion front. Such a modelling approach has been shown to reduce the number of cells and computational time of standard 1D models by a factor between 3 and 5, with results closely matching those of experimental studies [175].
Models have a wide array of applications for assessing controls on the success of an ISC project. Models have been used to assess the effect of reservoir thickness and heterogeneity (see Section 5.1.3) [66,176], kinetic behaviour of crude oils (see Section 5.2) [177–179] and well configurations (see Section 5.3) [171,180].
4.3.1. Reaction Models
There are many different reaction models that have been employed to simulate the combustion process, with varying numbers of components and reactions (Table 3). As crude oils are complex mixtures of a large number of different compounds they are hard to characterise and complex and time-consuming to model [181]. A major part of the total computing time required is related to solving primary equations, therefore it is important to minimise these while still capturing the key molecular variables [182]. Relatively simple ISC reaction models, with fewer components and reactions can produce good results compared to more complex models [183]. Pseudo-components lump together properties of similar components to reduce the number of components. Pseudo-components help simplify the number of reactants and products involved in ISC reaction modelling [181,184]. Pseudo-components are generated from boiling point and flash point data from an oil; the most important properties of pseudo-components are molecular weight, vapour heat capacity, liquid heat capacity, liquid density, critical pressure and critical temperature [184].
One of the earliest published reaction models to focus primarily on ISC is the Crookston model [185]; commonly used in commercial simulators as it is a versatile and accurate while also being relatively simple [174]. The model uses heavy oil, light oil, carbon dioxide, coke, water, and inert gas (Table 3) as its reactants. The model only accounts for coke deposition by the cracking of heavy oil and does not consider the role of LTO seen in other reaction schemes [177,186], and therefore may underestimate the amount of fuel and therefore the rate and temperature output of HTO reactions.
There is a simplified reaction model based on a small number of groups of molecules with different degrees of complexity (different numbers of carbon atom), thus reducing the computing time required [182] (Table 3). This method employed oil, instead of coke, combustion as the fuel for heat generation in the model. It is less computationally demanding than the Crookston model [185], as it requires less primary equations to be solved [182]. Both these models were developed for light oil ISC simulation, and do not adequately predict the behaviour of oils outside of their intended temperature range [179]. It has been suggested that the majority of ISC reaction models, such as with the Crookston and Coats models, attribute fuel (coke) deposition to the process of thermal cracking and neglect the role of LTO reactions [179].
There are reaction models that were developed specifically for ultra-heavy bitumen ISC simulation, which emphasised the importance of LTO reactions in the deposition of fuel (coke); three thermal cracking reactions and two LTO reactions were proposed [177] (Table 3). There was further expansion on this thermal cracking model, incorporating solid and liquid fractions of coke, asphaltenes, heavy oil and light oil, and gas components hydrogen, ethane, methane, carbon monoxide, carbon dioxide, hydrogen sulphide and C3–C6 hydrocarbons (Table 3). The expanded set of reactions described the compositional changes reported during thermal cracking of Athabasca bitumen to coke, leading to a comprehensive understanding of the gases produced during thermal cracking [168].
[bookmark: _Hlk109645603]The importance of the saturate, aromatic, resin and asphaltene (SARA) fractions to the combustion process is well established [157,159,160,187], however little information is available on the effect of SARA fractions on combustion modelling. To address this a comparison of a SARA kinetic model with a pseudo-kinetic model comprising of six components; heavy oil, medium oil, light oil, two condensate gases and coke was undertaken [23] (Table 3). Although the SARA kinetic model produced improved matches with experimental data compared to the pseudo-kinetic model, the use of the SARA model could not be justified due to the great complexity of undertaking the experiments [23].
Table 3. Table to show different reaction schemes used for modelling of in-situ combustion.
	Model
	Reactions

	Crookston, et al. [185]
	

	
	

	
	

	
	

	Coats [182]
	

	
	

	
	

	Belgrave, et al. [177]
	

	
	

	
	

	
	

	
	

	Belgrave, et al. [168]
	

	
	

	
	

	Akin, et al. [23]
	

	
	

	
	

	
	

	
	

	
	

	
	

	Akin, et al. [23]
	

	
	

	
	

	Sequera, et al. [188]
	

	
	

	
	

	
	

	Zhu [174]
	

	
	

	
	

	Zhu [174]
	

	
	

	Lovett, et al. [175]
	

	
	

	
	

	
	

	
	

	
	

	Mercado and Trevisan [189]
	

	
	

	
	

	
	

	Rojas, et al. [186]
	

	
	

	
	


During ISC, LTO reactions dominate below 300 °C and increase the density and viscosity of remaining oil and depositing coke which is needed as fuel for subsequent HTO reactions. Most numerical models only include cracking and HTO reactions. An in depth study of the importance of LTO led to improved representation of the chemical nature and liquid phase oxidation in heavy oils, and an increase in the understanding of LTO reactions and their role in fuel (coke) deposition from the combustion of ultra-heavy oils such as Athabasca Bitumen [188]. Saturates in Athabasca bitumen do not combust at lower temperatures, whereas aromatics and resins undergo combustion in the presence of intermediate products, producing asphaltenes, which in turn deposit fuel (coke) [188].
A pseudokinetic model was proposed to improve the representation of the combustion zone and fuel consumption in field-scale simulations [189]. The pseudo-kinetic models are based on average reservoir properties taken to larger scales, and is not inherent to the underlying reaction [190]. The activation energy of cracking reactions and coke deposition was expressed as an Arrhenius-style function, where the reaction rates are dependent on the temperature, in this model, derived from average geo-cellular grid-block temperatures. This approach makes each reaction start-time and the rate of reaction temperature-dependent, thus allowing the model to realistically simulate oil cracking and coke formation processes (Table 3) during reservoir scale simulations [189].
Generally thermal reservoir simulations use Arrhenius kinetics with cell-averaged temperature and reactant concentrations, there is a method based on a non-Arrhenius upscaling approach that employed a simplified reaction model (Table 3) and a sub-grid scale model. The model employed centimetre-scale grid blocks to better capture the complexity of the narrow reaction front within a reservoir scale simulation. Much like other model reaction schemes, the initial components react to form transient intermediate components. in this model, two generations of coke are used, both of which ultimately combust with oxygen. When upscaling and going to a non-Arrhenius based method, just two reactions are employed, one before combustion when fuel (coke) deposition occurs, and one during combustion. Using this approach, it was found that ISC simulations were significantly faster, while maintaining consistency between fine scale models and upscaled coarser grid models [174].
Another way to mitigate the problem of scale difference between the reaction zone and the rest of the reservoir is adaptive mesh refinement (AMR), by using a fine scale grid at the combustion front and a coarse grid elsewhere [175]. A reaction scheme was specifically created (Table 3) to model the behaviour of a sample oil, derived from ramped temperature oxidation experiments and matched with combustion tube experiments with the same oil, to ensure reaction kinetics in fine scale grid match that of the experiments. The use of experimentally-matched data and AMR may be a useful tool for upscaling simulations to reservoir scale while remaining computationally efficient [175].
A simplification of a six-step reaction scheme [177] to a three-step reaction scheme (Table 3) [186], can still reproduce the ignition, temperature profiles, combustion velocity, and fluid production observed in more complex reaction models, while improving the models capability to be upscaled to reservoir scale. However, the six-step reaction scheme [177] used three oxidation and three thermal cracking reactions in contrast to this three-step scheme [186] which used two LTO reactions and one HTO reaction (Table 3). It was reported that this simplified reaction scheme matched combustion tube results and seemed to be applicable to numerical simulations and up-scaling to reservoir scale, while being less time intensive [186].
5. Design and Implementation of In-Situ Combustion Projects
There are several factors that need to be carefully considered and understood when designing an ISC project. The main factors that influence ISC projects include geological factors, the type of oil, and the well configuration.


5.1. Geology of the Reservoir
A range of geological properties of the host reservoir can impact the design and implementation of ISC projects including; petrophysical and geomechanical properties [191], mineralogy [143], overall reservoir and bed thickness [66,192], geometric arrangement of reservoirs and their internal beds [193], and heterogeneities such as layered systems, channelised systems or fractured systems [135,194,195].
5.1.1. Porosity and Permeability
Porosity and permeability are key properties that control reservoir quality, oil volume, and fluid flow, and, as such, must be characterised during the appraisal stage of oil field development [196]. ISC has been successful in reservoirs with a range of reservoir qualities (Table 1). For example the Medicine Pole Hills reservoir, with 93% recovery, contains 18% porosity and 30 mD permeability [27], while the South Belridge Field has higher porosity (36%) and permeability (8000 mD) [129] but achieved lower (71%) recovery. On the other hand, not all ISC projects with good reservoir quality (high porosity and permeability) have been economically successful; for example, the Eyehill Cummings Field with a high (6000 mD) permeability only reached around 5% recovery post-ignition [96]. The overall porosity and permeability of a reservoir can be misleading, it has been reported that permeability anisotropy, such as the presence of high permeability streaks, may act as a thief zone and channel oxygen away from the fire front, resulting in failure of ISC projects [197,198].
Porosity and permeability, coupled with crude oil density and viscosity, also influence fuel (coke) deposition during ISC. It was demonstrated that increasing permeability and porosity led to a decrease in fuel (coke) deposition [191]. In an oil sample of 36 °API (842 kg/m3) and 21 cp viscosity, there was an increase in fuel deposition with increasing permeability up to 25 percent porosity followed by a decrease in deposition with permeability after, this highlights the importance of proper understanding of the reservoir and oil characteristics, as the effects are connected, and therefore different for each different reservoir and oil combination.
[bookmark: _Toc89255929]5.1.2. Mineralogy
Sandstone reservoirs are the most common targets for ISC projects [197]. Almost all sandstone reservoirs contain some fraction of clay minerals. Fine-grained clay minerals are typically detrimental to reservoir quality (i.e., reducing porosity and permeability by occluding pore space) but have been found to be beneficial in some cases, where they occur as thin layers tightly adhered to sand grains, for example inhibition of quartz cementation through chlorite grain coating [199–201]. It has been reported that specific clay minerals may catalyse the ISC process [147,202,203], whereas some mineral alterations may act to destroy permeability [204].
Clay Mineral Catalysis
Variable clay mineralogy and sand contents were tested in combustion tube experiments to measure the influence of clay mineral fraction on fuel (coke) formation during ISC [75]. Some clay minerals reduced the activation energy of the oxidation reactions and increased fuel (coke) deposition. Higher temperature experiments led to greater influences of the clay minerals on reaction rates due to the high surface area of clay minerals, and their catalytic effect during oxidation of fuel (coke) [205]. Clay minerals have also been found to alter the combustion characteristics of crude oil by reacting with surface asphaltenes present in the crude oil and increasing the surface area of deposited fuel (coke), creating a larger reaction surface for combustion [147].
Thermogravimetry was used to assess the impact of different clay minerals on the activation energy of LTO and HTO reactions [203]. Mica shows a strong catalytic effect on the combustion of heavy oil by lowering the temperature ranges for both LTO and HTO reactions. The presence of a mixture of clinoclore and talc had a strong inhibition effect on cracking reactions, resulting in their presence yielding a larger amount of fuel (coke) while reducing the efficiency of combustion. Not all clay minerals catalyse the combustion reactions in the same manner. The effect of montmorillonite catalysis on the thermal conversion of low asphaltene heavy oils was assessed, revealing that montmorillonite has no effect in the lower temperature ranges but did have an affect over 400 °C [202]. The catalytic effect of clay minerals on ISC has been reported in several studies [147,202,203,206], but it has been demonstrated that the affect varies greatly depending on the type of oil [207].
Mineral Alterations
The physical properties of clay minerals can influence ISC. In reservoirs with high concentrations of kaolinite, combustion reactions between 25 and 300 °C may cause permeability-loss as kaolinite becomes mobile and gathers in, and therefore blocks, pore throats [204]. In combustion reaction at higher temperature ranges, the breakdown of kaolinite to smectite (Reactions 8 and 9) followed by smectite swelling, can also lead permeability reduction [204].
	illite + kaolinite + quartz → smectite + water
	(8)

	kaolinite + quartz → smectite + water
	(9)


A range of mineral alterations are plausible, in reservoirs used for ISC, as a function of maximum temperature (Figure 11) [41,208–210]. Possible mineral reactions that may occur during ISC can be constrained by examining cases of naturally occurring combustion metamorphism, which is the process by which mineralogical changes are induced in rocks as a result of spontaneous subsurface combustion, with maximum temperatures of up to 1600 °C [211–214]. Such cases have been observed in the Orcutt Oil Field, California, USA [209], the Alberta Oil Sands, Canada [215], the Santa Maria Oil District, California, USA [216], and other locations including Israel, Jordan, Russia, Iran, India, and Australia [212]. Although mineral alterations on the initial mineralogy of reservoir, by using field analogues and laboratory experiments, it is possible to define common mineral reactions at the range of temperatures relevant to ISC. Typical mineral alterations that occur in laboratory experiments and observed from combustion metamorphism sites include devolatilization reactions of clay minerals and carbonates (Reactions 10 to 14) [215]:
	350 to 400 °C: chlorite → brucite
	(10)

	525 to 550 °C: decomposition of kaolinite
	(11)

	550 to 600 °C: decomposition of dolomite
	(12)

	600 to 700 °C: irreversible collapse of smectite, decomposition of chlorite
	(13)

	>700 °C: decomposition of smectite and illite
	(14)
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Figure 11. Representation of mineral and chemical (oil-related) alterations and in which oxidation zones they occur, the majority of chemical (oil) alterations occur during LTO (low temperature oxidation) whereas mineral alterations tend to happen in the HTO (high temperature oxidation) region. MTO represents medium temperature oxidation.
Carbonate Rocks
There is increasing interest in carbonate reservoirs for ISC. However, during ISC in carbonate reservoirs, constituent carbonate minerals, such as calcite or dolomite, can decompose into alkali earth metal oxides (e.g., CaO) and carbon dioxide which can be detrimental to both the environment, the geomechanical stability of the reservoir [153,194,217], and the risk of plugging (diminishing permeability) [218]. It was noted from combustion tube experiments that excess production of carbon dioxide occurred [153], which was attributed to decomposition of carbonate minerals; in contrast other studies have suggested that temperatures of >600 °C are insufficient to decompose carbonate rocks [194,217]. Notwithstanding possible decarbonation, successful ISC field projects in carbonate formations include Medicine Pole Hills, Cedar Hill, and Pennel (Table 1) [27,36].
5.1.3. Reservoir Geometry and Heterogeneity
Variations in reservoir thickness can influence the success of ISC projects. Thinner reservoirs lead to greater heat loss, resulting in the need for higher air-oil ratios, and lower combustion front temperatures [5,66]. It was proposed that, use of a horizontal production well and altering the air injection rates to ensure a constant air flux, results in a highly economical processes in thinner reservoirs as less air injection is required [66].
Heterogeneity is inherent of sedimentary rocks; heterogeneity can be defined as lateral and vertical variations in porosity and permeability [219,220], from the micrometer to hundreds of meter-scales. Such heterogeneity in reservoir properties can be due to variations in depositional facies, diagenesis, or structural features, or combinations of some or all of these [221]. Such reservoir property heterogeneity affects fluid flow, and thus can impact ISC projects via their effect on the supply of oxygen to the combustion front and flux of reaction products in front of the fire front [176,193,222].
Reservoir heterogeneities reported to have a negative effect on the ISC process include: vertically and laterally variable porosity and permeability (known as random heterogeneity), layered reservoirs and reservoirs with variable shale content [176]. For example, the Hospah Field, New Mexico, USA, contained streaks of low permeability (due to the presence of coal seams) within the reservoir which resulted in restricted air flux and eventual extinction of the fire front, causing the ISC to fail [100]. To address this, a simple two-layer model, with different permeability values, was used to investigate the effect on the combustion front [193]. The model found that permeability heterogeneity acts in two ways on the combustion front, first by reducing the temperature of the front in the higher permeability layer, and second by uncoupling the combustion front across the two layers and, ultimately, leading to extinction of the combustion front [193]. The modelling of the Hospah Field also revealed that the ratio of permeability to reservoir layer thickness plays a key role in whether the combustion front remains coupled across layers of variable permeability. If this ratio is greater than a critical value, then the combustion fronts in each layer may remain coupled and propagate at the same velocity.
Combustion tube experiments were used to test the effect of the scale heterogeneities on the success of ISC, testing small-scale heterogeneities (centimetres), such as fractures within a low permeability matrix and large-scale (meters), such as high permeability channels in a low permeability body [223]. These experiments showed that ISC is resistant to small-scale heterogeneities but may be challenged by large-scale heterogeneities as a result of air bypassing through a high permeability thief zone.
5.1.4. Reservoir Geomechanics
Fractures, both natural and induced, and their relationship to the in-situ stress field, are capable of acting as significant flow pathways in reservoirs [224], and as such could influence the behaviour and thus success of ISC projects by facilitating flow of oxygen to the fire front, and enhancing flow of hydrocarbons to the production well. This structural geology control on fluid flow is a function of the fracture network connectivity, as well as the fracture apertures. Connectivity is a function of fracture orientation, density, and length. Different generations of fractures were induced within a bleached oxidised mudstone reservoir at a temperature up to 1100 °C in the Orcutt Field during natural combustion of crude oil [209]. Natural combustion, such as that seen in Orcutt Field, are a natural analogue for induced fractures in rocks during ISC, although peak temperatures are typically lower than 1100 °C during ISC. Combustion induced fractures may act to increase air flow to the combustion front and improve oil recovery, although orientation of the fractures plays a key role in whether such fractures are beneficial [63,209].
Approximately one third of the world’s heavy oil reserves are present in fractured reservoirs, but many of these reservoirs have not been developed due to their complexity [135]. Although ISC is generally used in complex heavy oil reservoirs, ISC can be highly sensitive to fractures [63]. Combustion tube experiments were used to compare homogeneous sand with small (1 mm) and large (5 mm) fractures in core [135]. In these experiments, small (1 mm) fractures did not present a problem for the combustion front propagation, but large (5 mm) fractures led to problems by limiting diffusive oxygen supply, and thus starving the reaction front [135]. It was shown that increasing air injection rate had little effect on aiding in propagation of the front through fractured samples, but when oxygen-enriched air was injected, the front was able to propagate sufficiently through the fractured sample [135]. Combustion tube experiments were also used to assess the effect of fracture orientation on ISC performance, they reported that fracture orientation has a significant effect on the propagation of the combustion front [63]. Fractures aligned parallel to the direction of air injection facilitated air flow, leading to oxygen breakthrough to the production well; this outcome is detrimental to ISC performance as it represents incomplete combustion and allows dangerous co-production of auto-combustible fluids. Fractures aligned perpendicular to the direction of air injection did not cause this problem.
5.2. Type of Oil
The type of oil within the reservoir is paramount to the success of an ISC project [28,60,180]. There are many ways of classifying oil, e.g., by reference to API gravity (density), viscosity, or chemical composition. Viscosity can vary based on oil composition and as a result of reservoir temperature and pressure [208,225,226]. Many ISC projects target heavy oils (<22° API, or density > 922 kg/m3) in relatively shallow reservoirs, for example Athabasca deposits (300 to 350 m depth); however, there is also significant interest in using ISC to improve the recovery of light and medium oils in deeper reservoirs [15,27–29,32,33,37,75,78]. The peak temperature of the combustion front is dependent on the type of oil (Figure 7) and this temperature ultimately controls the reactions the oil undergoes during combustion (Reactions 1–7).
Combustion tube experiments were undertaken using five different crude oils, with API gravity ranging from 10° to 36° (densities between 845–1000 kg/m3), with the aim of investigating fuel (coke) availability for ongoing HTO reactions [60]. The experiments showed that fuel availability (i.e., coke production) increased as viscosity increased and API gravity decreased (i.e., oil density increased); thus, fuel availability is greater for reservoirs with heavier oil. Fuel (coke) deposition increased with increasing temperature up to 350 °C; at higher temperatures coke starts to be consumed in HTO reactions. Three crude oil samples between 13° and 27° API (976 and 890 kg/m3), were studied to determine the activation energy required for fuel (coke) deposition [227] revealing that lower API gravity oils have a lower activation energy for fuel deposition reactions to commence. Heavy and light oils were compared in combustion tube experiments, and found that light Australian oil (38.8 °API, density of 831 kg/m3) was able to maintain a steady combustion front at 250 °C, compared to Clair medium-heavy oil (19.8° API, density of 935 kg/m3), which reached temperatures > 600 °C [26]. The Clair medium heavy oil, achieved temperatures high enough to result in transient fuel (coke) deposition, which then fed later HTO reactions.
In general, heavier oils present more desirable ISC targets than lighter oils due to their higher fuel (coke) deposition rates and the ability to use up oxygen in HTO reactions [26]. However, ultra-heavy oils, such as Athabasca bitumen (8° API, density of 1014 kg/m3) presents problem associated with downstream mobility, such that the high viscosity oil plug may halt the advancement of the ISC process [228]. The problem posed by high viscosity, in otherwise kinetically favourable oils, may be mitigated by careful consideration of well placement; for example, horizontal producers, or steam pre-heating to decrease viscosity, lead to communication between injection and production wells [228,229].
Heavy oils are typically complex mixtures of a wide range of molecule types and carbon-numbers, resulting in reactions and kinetics that are hard to predict and model. To simplify these, heavy oils are typically described in terms of proportions of pseudo-components (e.g., saturates, aromatics, resins and asphaltenes) known as SARA fractions [147,157,159,188,230–232]. In simplified reaction schemes, pseudo-components may be grouped into heavy oil, medium oil and light oil components [182,185,186,189]. Compositional data from heavy oils must be attained from analytical and experimental methods, which should then be fed into models [182]. The proportion of SARA fractions are closely related to the reactivity of the oil [159,233]. Heavy oils tend to have high concentrations of resins and asphaltenes when compared to lighter oils; resins and asphaltenes dominate mass-loss in oil during HTO reactions. Conversely, lighter oils tend to have high concentrations of saturates and aromatics, which dominate mass loss during LTO reactions [159]. The difference in behaviour results in reactions of saturates and aromatics being more important at lower temperatures, and the reactions of resins and asphaltenes being more important at higher temperatures. If temperatures do not exceed 350 °C, the increased concentrations of resins, asphaltenes and coke deposition, and the resulting increase in viscosity and decrease in permeability, can prevent the success of ISC [188].
Pressure-volume-temperature correlations (PVT models) can be used to simulate oil properties, such as bubble point, gas-oil ratio, viscosity and density, for modelling [234–237]. The PVT approach is not as accurate as experimentally-derived fluid models, but may provide good, relatively easy to obtain data for initial modelling (screening) before expensive combustion tube experiments are carried out on specific oils.
[bookmark: _Toc89082931][bookmark: _Toc89255932]5.3. Well Configuration
The configuration of injection and production wells for an ISC project has a significant impact on the overall success of the process [238]. Well configurations are defined in terms of the spatial patterns of injectors and producers [196]. Optimum well configuration is dependent on the geology of the reservoir and the type of oil [100,222]. Most successful ISC projects tailor the well configuration and well spacing to suit the geology and type of oil in order to achieve maximum efficiency [228]. Direct line drive is the simplest arrangement of wells (Figure 12a), consisting of a line of injectors running parallel to a line of producers [196]. A variation of this arrangement is a staggered line drive (Figure 12d) where there is an offset between the injectors and the producers. Within line arrangements, the wells may either be vertical or horizontal, or combinations of both [238]. Spot patterns of well placements (Figure 12) are also common in oil fields for ISC and are routinely used in modelling as the patterns can be identical and repeated across large areas. Common patterns seen are 5-spot (Figure 12b), inverted 5-spot (Figure 12c), 9-spot (Figure 12e), and inverted 9-spot (Figure 12f) [196].
A range of different patterns of wells in ISC developments, have been compared in terms of their efficiency using different combustion tube experiment designs [239,240]. Combinations of vertical and horizontal well arrangements in experiments (Figure 12g–j) produced oil recovery rates from 45% to 85%. Furthermore, use of horizontal wells was found to produce more upgraded oils. Different combinations of vertical and horizontal producers were modelled using a 5-spot pattern (Figure 12b), leading to the conclusion that vertical producers offer poor sweep efficiency compared to horizontal producers [23].
Toe-to-heel air injection (THAI) using horizontal wells was shown to achieve high recovery rates and generate upgraded oils [241]. During THAI, the combustion front is propagated along the horizontal producer well from its ‘toe’ to its ‘heel’, utilising the effects of steam assisted gravity drainage (SAGD) to collect oil along the length of the producer; this is sometimes referred to as combustion-assisted gravity drainage (CAGD) [242,243]. It was suggested that THAI may be used as a primary production or secondary recovery method [241]. The THAI process typically utilises either a vertical injector, horizontal producer (VIHP) (Figure 12h) or horizontal injector, horizontal producer (HIHP) (Figure 12i) well configuration in a direct line drive pattern (Figure 12a) or a vertical injector, two horizontal producers (VI2HP) in a staggered line drive pattern (Figure 12d,j). There has been much follow up on the THAI concept, including six pilot field tests [40,46,105,173,176,244,245] and numerous papers that focused on numerical simulations [173,176,180,208,246].
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Figure 12. Schematic diagrams showing various well configurations, with arrows indicating injectors, with dotted line showing ¼ spot patterns, commonly used in simulation to reduce time and computing power required (a) Direct line drive configuration (b) Five-spot pattern (c) Nine-spot pattern (d) Staggered line drive (e) inverted five-spot (f) Inverted nine-spot (g) Vertical injector vertical producer (VIVP) (h) Vertical injector horizontal producer (VIHP) (i) horizontal injector horizontal producer (HIHP) (j) Vertical injector two horizontal producers, set in a staggered line drive (VI2HP).
6. Conclusions
By learning from past projects both successful and unsuccessful, ISC and HPAI can be shown to hold enormous potential for reactivating mothballed or highly-depleted oil fields including efficient re-use of existing oil field infrastructure. With cost-efficient re-use of infrastructure such as rigs, pipelines and wells, ISC can also help reduce the cost of setting up projects such as enhanced geothermal systems for water heating and power generation. There is scope for emerging technologies, such as creating subsurface hydrogen production factories, which could operate in a closed loop system and help to de-carbonise the hydrogen production industry. Integration of field studies, experiments and numerical modelling can aid in better ISC reservoir selection, increasing the probability of success of any potential application of the process (Figure 13).
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Figure 13. Complete workflow of ISC project from start to finish based on best practices and economically successful projects from the literature.
[bookmark: _Hlk113367979]Over the past 100 years, ISC and HPAI have been used as a primary, secondary and tertiary production method for both heavy and light oil reservoirs.
Laboratory experiments have provided much useful information on ISC that is invaluable when it comes to designing an ISC project. Air injection rate, air flux and concentration of oxygen are key to the stable propagation of a fire front and can be calculated through experiments. We recommend these experiments as standard practice in design of future projects
Modelling is in important step in the workflow to design an ISC project; however, the output from models is only as good as the data put in. For the most successful and meaningful models, they need data (e.g., on reaction rate and type) derived from laboratory experiments. With laboratory experiments used standard in project design, this ensure the maximum chance of high-quality models.
In-situ combustion projects are perceived to be high-risk due to the numerous previous failures. However, poor understanding or appreciation of the geology of the reservoir is considered to be responsible for the majority of failed field applications. The most significant geological factor that affects the success of ISC is permeability heterogeneity, including both fracture-controlled and matrix-controlled permeability heterogeneity. With detailed field study, relevant laboratory experiments, and high-quality models, required factors such as air injection rate, air flux and oxygen concentration can be calculated to ensure the best chance of success of future projects.
Lessons learned from the study of ISC as an EOR process are applicable to green energy projects. Field data, laboratory experiments and numerical modelling methods can be used to help develop ISC as a tool for clean energy production.
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