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Abstract

An integrated approackasusedin this workto studyhigh-pressure air injection
in oil shalesfor in situ syntheticoil generation during which oxidation, pyrolysis and
hydropyrolysis of oil and organic matter coexishese processeshould be investigated
separately angbintly in order b understandhe mechanisms of synthetic oil generation
and displacement durifggh-pressure air injection in oil shales.

Despitethe abundance of resear@hd field pilots, air injectiomemainsone of the
most complex enhanced oil recovery techniques due to the diffiouttgsignng a field
project and prediatg in situ processs. Besidesextensive laboratory studies should
precedefield implementation Air injection into oil shad has been considered as a
promising methodrom the very beginning ofhe in situ retorting researchhanksto
availablity of air and the possibilt of spontaneousgnition, and therefore,high
temperatureghat enablegeneraing oil and gas from kerogen without costly external
heating. Howevetthis method has not been widely used in oil shdiesto the complex
chemical natureof kerogen,low perneability of shales andimited knowledge of the
oxidation processes in this type of fations

Kerogenbearing rock samples of different degg®f maturity picked from the
Bazhenov Formation were subjected to a series of tests, includinge laboratoy
oxidation, pyrolysisandhydropyrolysisexperiments and combustion tube test.

This study helped to defirtbe processes taking place in the reservoir in different
temperature ranges amdesenta block of chemical reactions for numerical simulation.
New pseudecomponents of organic matter were propofadthe reactions block to
reflect the degree of thermal decomposition and oxidation of ker@gel explainthe
slow propagatiorof the combustion front in oil shal@xidation produced a substantial
amouwnt of supercritical water, such supercritical state being the restigbfreservoir
pressure and high temperature at the combustion front.

The potential of lgh-pressure air injectiofor generating synthetic oil iBazhenov

Formationoil shaleswas evduated by assessirthe degree okerogen conversioand



hydrocarbon vyields during three coexisting processeddation, pyrolysis and
hydropyrolysis.The oxidation of crushed core samples enabled recovering 23.7 wt% of
organic matter that can be pyrodgrinto hydrocarbons, as compared to 79.6 wt% for
pyrolysis. Treating the consolidated samples by hydropyrolysis resulted in a 31 wt%
recovery rate which can be higher if the treatmene is shortened and the generated
hydrocarbons are forced from thergae by pressurdown.

This work has enhanced the knowledge and our understanding of the kerogen
conversion mechanisms atieeir influence on the rock propertieshe findingsobtained
bring into focusthe importance of choosing the right air injection mddr achieving
high hydrocarbons yieldd’he measuremesbf gas compositiorand the properties of
produced oil can serve as benchmarks for monitoring field profaisw experimental
methodologywas designed fdnigh-pressure air injectiotesting in d shales and applied
to a specific reservoir. The methodology is basethe investigation of kerogen thermal
decomposition, oxidation and hydropyrolysis processes that coexist during air injection in
oil shale.Theresultsobtainedprovided directionainsightsinto air injection mechanisms
in oil shalesRecommendationgrere made on how to procetma largescale pilot test
using highpressure air injection in oil shaleSyclic wet combustion was proposed for
optimizing the coking process and synthetioil extraction andreducing the air

requirement.

Keywords: high-pressure air injectionjn situ retorting, enhanced oil recovery,
benchmarks, Bazhenov Formation, oxidation, pyrolysis, hydropyrolysis, chemical
reactions thermomicroscopy, thermal analysoxidation studieshigh-pressure ramped
temperature oxidation, combustioréutest, autoclaves experiments
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Chapter 1.  Introduction

1.1. Background

The esearchon heavyoil combustionbegan as soon as the method started to be
implemented High-pressure air injectior{HPAI) in deep tight, light oil reservoirs
brought into focughe importanceof a gas drive mechanism in oil displacement during
oxidation. Despitethe growing amount of laboratory studies and field pilots, high
pressure air injection is still one of the mosimplexenhanced oil recovergthniques
due to the difficulty indesigring field operations and preding the processeshatoccur
in a reservoir. Moreover, it requiregtensive experimental studies

Oil shale is a tremendous source of fuel, therefeearchingfor a suitable
technology is a priority, especially wheonventional oil reserves decrease. Nowadays,
oil shale is mined using surfaoce underground mining, and oil and gas are generated by
surface retorting. These methods are not environmentally frieadtycompanies are
looking for away to reah kerogerby drilling wells, heaihg the reservoir antbringing
the generated fluids to theurface. Heatinggerogenin situ is calledin situ retorting. Air
injection inoil shales from the start dhiein situ retorting research was one of thesh
promising techniges thanks to availability air and ability to create high temperatures
that can leadio oil and gas generation frokerogen without expensive artificial heating.
However, this technique has not been extensively used in shale formatienso the
complex chemical structureof kerogen,low permeability of oil shales and limited

expertise in the oxidation processes in this type of formations. Low permeability



obstructs air injection and generated fluids production, as well as reduces heat transfer to
the formation. In order to efficiently produce oil from oil shalegressive chemical and
thermal reactionmust beminimized. However, there isotenough datan the processes
thatoccur underground during air injection aheregimesthatcan be reached.

The largestRussian shale formationith 55 billion barrels of oil in places the
Bazhenov Formation (BRJFigure 1). Testing the air injection technology and finding
the right regime cannlock these huge reservésshould be rantioned that field pilot
has already been initiated by RITEK oil compdKpkorev et al., 2014 Howeve, there
are still not enouglexperimental data to evaluate the effectiveness of the field project,
such as synthetic odnd @s benchmarks to monitor tle situ processes. It has been
proved that thelevelopment of thehemical reactions model anide knowledge ofts
kinetics are essential ftine success of thar-injectionbased processé&utierrez et al.,
2011 Gutierrez et al., 209). The classical heavy oil model includes pyrolysosy-
temperature oxidation (LTO) or oxygen addition reactions and highmperature
oxidation (HTO) or bond scission reactiofMoore et al., 1999Gutierrez et al., 2011
In the case obil shales kerogen increases the complexity tbé chemical reactions
scheme. Moreover, oxidation, pyrolysand hydropyrolysis ofnative oil, synthetic oil,

andorganic matter coexist durirthe highpressure air injectiom oil shale.
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2000)

1.1.1 Statement of the problem
Oil shales contain substantih potential resourceshat can be unlocked by

implementingthe high-pressure air injection techniqughe potential of this method for
in situ synthetic oil generation needs to be evaluatérbre is nbenough experimental
work conducted to assess the amioof syntheticshaleoil that can be generated under
reservoir conditions.

It was stated that gas composition, air requirements and fuel requirements

obtained in the lalzorrelatefairly well with those observed in the field for light and



heavy oils, wile gas composition may serve as undergrounthermomete(Gutierrez

et al., 2009 Gutierrez et al., 2008Voore et al.,2002. However, there is no such data
for oil shale projects to monitor thim situ process.It is also crucial to enhance the
knowledge and understanding of the kerogen conversion mechanisnieantfluence
onrock properties.

Multiple reactions, sth as pyrolysis/thermolysis, oxidatioand hydropyrolysis
of original oil, synthetic oil,and kerogen should be investigated in order to establish
which of them prevail in terms of performangeclassical combustion, several dominant
mechanismshatacammpanytheburning are studied. One of thenthe steamdistillation
processHowever, in the case of heavy oigmbustion wateand formation watewill
be in thepresencef steam and hot watdn oil shalesthe temperatures obtained during
air injection andthe high reservoir pressure result in supercritical wapgyearingahead
of the combustion front. That is why this wogtso focuseson pyrolysis with the

presence of supercritical water.

1.1.2 Goal and objectives
Goal to evaluatdhe potential forin situ syntheticoil generation from oil shale by using

high-pressure air injection technique.



Objectives

1. To evaluate and justify thbigh-pressure air injection potential in generating
synthetic oil in oil shales based tive Bazhenov Formation exampby assessing
thedegreeof kerogen conversioand hydrocarbon yields.

2. To develop an experimental methodology for testimgHpressure air injectiom
oil shales based on an investigation theé kerogen thermal decomposition,
oxidation and hydropyrolysi processes that coexist during air injection in oil
shale.

3. To provide benchmarks for monitoring future field operatiaueh agproduced
gas composition and produced oil properties.

4. To developa chemical reaction model amgaction kineticsfor the numeical
simulation of highpressure air injectiom oil shales.

5. To develop recommendatiom® how tomoveon to the largescale pilot test of

oil generation using higpressure air injection in oil shales.

1.1.3 Ouitline of the Thesis
Chapter2 offersa reviewof the previous experimental research/studies conducted

to test oil shale oxidation, pyrolysis and hydropyrolysiscesses andescribes recent
research and field pilots difiein situ retorting methods for synthetic oil generation in oil
shales.

Chapter 3 provides a recommended laboratory plan for oil shale HPAI

investigation describes the laboratory methodology desigf@dthe purpose othis



study and the results of the investigations, namelythermal analysishigh-pressure
ramped temperature oxidatiandcrackingtess, andhydropyrolysis tests in autoclaves.

Chapter 4presentsthe methodologyand resultof the high-pressureaair injection
combustion tube test oil shales

Chapter Slescribes mintegratecapproachto building akinetic model.

Chapger 6 contains a discussion of the findings, conclusipnand

recommendations.



Chapter 2.  Literature Review

2.1. Air injection

2.1.1 Air injection mechanisms
This technology was proposed [8oviet scientistsA.B. Sheinma and KK.

Dubrovayin the early 1930sAir injection isan enhanced oil recovery (EOR) method,
where the air injected into the oil reservinittiates the propagation ttie oxidation zone
through the reservoir that displaces the oil to the production wells. However, a small
fraction of oil is cmsumed as fuel by the combustion front. The main oil displacement
mechanisms of higpressure air injectioHPAI) are enhanced mobility ratio, oil
vaporization, miscible displacement, steam, and flue gas (Wleere et al., 200 It
should be mentioned that these mechanidiffser from the in situ combustion ISC)
displacement mechanisms in heavy oils reservoifer heavy oils, the primary
mechanism for oil displacement is steam and heat generasowell aghe resuling
viscosity reduction. In addition, ISC in heavy oils must be operated intéigperature
oxidationmode.Advantagef HPAI are gooddisplacementfficiency, flue gases, and
hydrocarbon gases displacement capability undarmiscibility pressuretheability of
spontaneous ignitionalmost complete oxygen utilizatioand thepossibility to operate
under high pressure, in other worddove the critical point of water, which leads to
supercritical water extraction beneffisassihi et al. 1996.

To date there has been littleggeement orthe nature of the fuel for combustion.
One opinion is that lovtemperature oxidation reactiomase the source of coke, which

serves as a fudlAlexande, 1962. Another opinion is thathe majority of coke for
7



combustion is generated via cracking reactiddsll another hypothesisis that the
hydrocarbon vaporproduced from oil cracking or liberated due be tvaporization can
serve aduel (Bhattacharya et al., 2016Vallory et al., 2018. Oil shale oxidation adds
complexity to this debate because of the complex nature of kerogen, which snclude
generativeorganic carbon (GOCand norgenerativeorganic carbon (NGOQ)art that

can be consumed asfuel as well. Moreover, it is known from the pyrolysis study that
kerogen decomposition starts at higimperaturegBehar et al., 201)) which leads to
continuousgeneration of hydrocarbons that can undergo cracking to produceandke

oxidation at the same time.

2.1.2 HPAI projects inlow permeability reservoirs
Alfarge et al.(2017)conducteda comprehensive review ofiproved oil recovery

methods in unconventional reservoinsNorth America wherethe authors focuesl on
shale oilrecovery processes @wding thermal methodsThey stated that surfactants
could improve shale oil recovery bghanging the shale rockettability from oil wet to
water wet. However, low imbibition rate, smdipth ofpenetration into the matrix and
high adsorption rate might babstaclesfor implementingsurfactant flooding in this type
of reservoirsand need tde investigatedThe review (Alfarge et al., 201ysuggests that
polymer flooding is not suitable due to timgectivity problems, and polymean plug the
pores. The aithors mention that lkkaline flooding was not studied due to possible
incompatibility between the chemicbnd rock minerals. One of theeststuded EOR
techniquesin shale oil reservoirs is gas injection, especially>G@oding. Carbon

dioxide candissolvein shale oil, swell it and decrea®il viscosity. Also, miscibility



pressure is lower than that of nitrogen and metl{Zzhang, 201% In the authorview
(Alfarge et al., 201) thermal recovery processes are only applicabléeavy oll
reservoirs while shale oil is very lightThat is whythey think thathere is no motivation
for furtherinvestigation However,it shouldbe pointecbut thattherearesomesuccessful
high-pressure air injection field pilois deep lightoil reservoirs withow permeability
(Manrique et al., 2004Gutierrez et al., 2008 Moreover,shale oilreservoirshave some
characteristics in common with the mentioned HPAI field pilot reservoirs, namely: high
reservoir temperature, high reservoir presdorg,0il density and viscosifyandvery low
permeability.

One of themost successfidxampls of HPAI pilots in the deeplight-oil reservoir
is Buffalo field, whichis still running(Gutierrez et al., 2008 Thisreservoiris locatedon
the southeastern sloé the Williston basin in the northwestern part of South Dakota,
USA. A carbonate resvoir with a light (865 871 kgm?®) andhighly undersaturated oil
(saturation pressure 2 MPa)lacated at asignificantdepth (about 560 m)with thin
netpay (about4.5 m), highreservoirtemperature (102), an average porosity of 16%
and a low permeability (about 10D). The reservoir oilviscosityis 2.4 mP&s. The
initial reservoir pressure was 24.82 MRad the average water saturation was 50%. The
depositwas discovereth 1954. By 1963thereservoi pressure begao decline rapidly.
The water infectivity testvas conductedbut it showed a low rate oivell response to
water. In mid1977, the operator initiated feeld pilot to increase oil recovery after
numerous laboratory studies, includiagombustiontubetest Due to the excellent test

results, in September 1978, the fiagt injection fieldpilot block Buffalo Red River unit



(BRRU), waslaunchedon an area 0906 hectares (3.5 section3he field pilot was a
success to@mndthe test areavas increaseth 1980 and 1981. After the successful BRRU
project in June 1983, the southern block, the South Buffalo Red River SBRRU),
was launched on an area 000 hectares (30.5 sections), which in 1985wslba
growthin the productionrateatfter the start of air injectiorLater,in November 1987, the
Western Block, the West Buffalo Red River Unit (WBRRU), was launched.

Figure 2 presentsa structural map of the Red River Formation with development
blocks. Figure 3, Figure 4, andFigure 5 showthe dynamics of oibnd wateiproduction
andair injection, aswell as the number of pdoictionand injection wells. It cabe seen
from the graphshat oil production increasedfter the start of aimjection. Production

data after 2006 have not yeten published
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Figure 2. Red River Formation structure Figure 3. BRRU injection and production
map (Gutierrez et al., 2008) performance (19542006)(Gutierrez et al.,
2008)
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Another example olising air injection in lowpermeabilityoil deposits is the
Coral Creek deposiiGlandt et al., 1999 where the technology has been successfully
usedsince tle mid1980s.The deposivas discoveredh 1954.The poduction history
started with primarydepletion followed by a water flood in 1967. Oil recovery after
waterflooding in a low permeable porous carbonate resewasin the range of 20
35%, dependig onthe well spacing the thickness of the formation and the number of
pore volumesof waterinjected The depth of the reservoir is,652 - 2,743 m. Theoll
densityis 860 kgm?®. The productive layer is dolomite, surrounded by an impermeable
limestone.The success applyingthe method at this field has proved that hgyhssure
air injection (HPAI) can become an effective method of increasing oil recovemater
flooded carbonate reservoir§.able 1 presents theharacteristics of the deep ligbil
reservoirs inthe United Statesvhere HPAlIwas implementeduccessfully.Medicine
Pole Hill (Glandt et al., 199Pand Horse Creek(Manrique et al., 200AHPAI projects

werefairly effectivetoo.
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Table 1. Reservoir properties of deep lightoil reservoirs where HPAI wasimplemented

. Oil Oil Net
Oil Field /Locaton If[%y%cek Pri)s:ssi,ure, 3/0 ’ rr'?D Den[:])th density, | viscosity Tem%eLature, pay,
kg/m? cP m
Hourse Creek (Williston . 3500
Basin)/North Dakota, USA dolomites 4,200 16 | 20 | 2,895.6 865 1.4 92.2 6
Medicine Pole Hills
(Williston Basin)/North | golomites| 2% | 18,9| 15 | 2,895.6| 835 1.0 110 6
Dakota, USA 4,200
Cedar Hills North Unit
(Williston Basin)/North | golomites| 0% | 16 | 6 |25298| 876 2.9 93.3 6
Dakota, USA 4,200
West Cedar Hills Unit/
Montana, USA dolomites 3;52%00 17 | 10 | 2,743.2| 860.2 2 101.7 6
Buffalo (Williston Basin)/
South Dakota, USA dolomites| 3,600 18 10 | 2,575.6| 865.4 2.4 101.7 4.6




It shouldbe notedhat theabovelisted projects are similar in some respects to the
Bazhenov Formation layers:all of them havelarge depth (up to 3800 m), low
permeabiliy (less than one millidargylow oil density and viscosityand high reservoir
temperature( ar o u n d Inlka@&ailed reviewdia and Sheng, 20),7the authors
makearguments for and against the usdlaf air injection technology in oil shalend
comparethe characteristics dhe deposits where this method svauccessfully applieid
thoseof the shale oil dposits in theJnited StatesThe authorgJia and Sheng, 20}7
choosehigh-pressure aiinjection overgas and chemicdOR methodsdue to theair
availability, low costas compared to other gaseby(lrocarbon gase€(;) and the
"bulldozer effect; all of which contributes tosweep efficiencyThe article emphasizes
the difference between classicin situ combustion used as a technology feavy oil
productionandhigh-pressure aimjectionto producelight oil. This differencdiesin the
absence of pteeatingof thebottomhole zone of the well beforexidantinjection In oll
shales, oil reactivity and relatively high reservoir temperature contribute teigation
of oil, which has a favorable effect on the cospbibproduction

Jia and Sheng2017) also list the risks of implementing this technology,
including therisks of explosbn and corrosion of bottthe surface and downhole
equipment. Howevein t h e a ut hcormosod cambeprenentedry properwell
completion. The choe of synthetic lubricants isrucid for preventing explosions in
compressorand wells. However, the creategressuredrop will cause the inflow of

hydrocarbons and unreacted oxygen to the waetl may result inadditional risks and
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uncertainties associated with the creation of dangeronseatrations of oil and oxygen
leading to ignition.

The authors(Jia and Sheng, 20)7provide geological characteristics of the
formation that are favorable feffectiveimplementationincludingthe dippingwhich is
typical for deposits where this method is successfiriplemented Usually the gass
injectedinto the upper part of theeservoirin order to maximize the effect of gravity.
However, the geological continuity anelservoirthicknessalso need to be considered
sufficient amount ofair is needed tomairtain a stable oxidation process. Another
importantparameter is reseswr pressureBy analyzingexperimentadata fromthermal
analysisand combustiontube testsat different pressureshe authorgJia and Sheng,
2017 concludel that the higher the pressure, the more heat is generated during the
oxidation reactionswhich increags the maximum temperatwseof the exothermic
reactions by decreasing the activation energy. When the prassumeeaseda greater
degree of oxygen consumption and a higher concentration of such emitted gases, such as
methane and carbon dioxide, are also obserwddch is suggstive of a gradual
transition to the highemperature oxidation regime. Shale oil deposits, in turn, are
characterized by abnormally high reservoir pressures, which will contribute to higher
temperatures and fasteansitionto an efficient oxidatiomocdke.

Ultra-low formation permeability will adversely affect the injectivity of the well
but a large surface area thfe grains will result in goodil reactivity with oxygen In
addition low reservoirporosity will lead tolarge thermal losses due to theck matrix

heating which will interfere with the formation of a higlemperature combustion front.

14



A high concentration of clays, in turn, has a catalytic effeat@mnbustion lowering the
activation energy. The above arguments point to the high pdteftthe method for
bringing residual and adsorbed hydrocarbon reserviesproduction At the same time,
the technology implies warming up the reservoir to temperatures of thermal
decompositionof kerogen, which will help tdoring solid unconventional hgrocarbon
reservesnto production too

2.1.3 Cuyclic air injection projects

As stated earlier, due to thmv permeability of oil shale, it is worth exploring the
possibility of using cyclic air injectioas an optionAs an example of a successful pilot
projectto test this technologyne can considecyclic treatments of 8 wellgn Patos
Mar i nz a, lardstheauvyail fiefdgGjini et al., 2013. Beforecyclic applicatiam,
in situ combustion hd been appliedt the field for 20 yearsincel973. The purpose of
using cyclic injection was tgolve problems ofandproductionand low oil ratefrom
the wells that were closed fofour years before the pilot project begawith the
r e s e r oileaturated thickness of 511 meters, the estimatezbmbustion front
advanceradiuswas 5- 7 meters. Air injectiorcontinued for 43- 126 days, and the
soakingtime was3 to 6 days, after which oil production frahmewells was resued. The
increase in oil production was observed only for a couple of weeks. The average
production rate for the deposit wasrif/day per well. The increase in production from
0.3 to 1.5 MYday can be considereds a significant improvement. The increase in
production was 650 tons. The sand content iptbeucedorodicts droppedfrom 8% to

0.7 - 2%. Cyclic air injectionhasprovedto bea successful technology feand control
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and oil productionintensification According to the author&Gjini et al., 2013, a pilot
project should beset up lased on the calculation of sufficient heat to increase the
temperature of the formation, which will hetp mobilize oil and generatéuel for
combustion. After the completion of air injection and closure of the well, combustion will
stop as a result ad lack of oxygen, and the generated heat will continue to heat the
formation.

Another example of the successful application tbé cyclic air injection
technology is a pilot project at the Pleito Crdedavyoil field in the United States
(McGee et al., 2001 Within the framework of the tests, 22 treatment cycles were
performedin nine wells, with coke deposition and linetlockage problems encountered
in all thewells. In the Well B-8, the oil production rate increased by 19 times, anailhe
density decreased from 993 to 806 kg/rim the Well B-7, the oil production rate

increased bgeventimes.

2.2. In situ synthetic oil generation from oil shales

The nmethodsof produdng oil from oil shaletypically fall into one of two groups:
underground or surfaceining followed by surfacerocessingand in situ retorting
which implies heating kerogen in place, extracting thegenerated fluidsfrom the
undergroundand transportinthemto the surbce Nowadays, oil companies| over the
world are trying to develop these technologies which use differssghniques to

introduce heain situ. However the oil shalepotential is stillocked
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2.2.1 True in situ retorting process
The reportJohnson et a).2009 noted thain situ kerogen conversioprocesses

could be economically viable only in those strata that have sufficient periiteati
where such permeability is created artificially through hydraulic fracturing of the
formation. In the same pert, the concept of a "tru@ situ process"was mentioned
which does not include the mining. This method involves the creatitracitresin the
target formation, after which ais injected As a result, the deposit ignites atite
combustion front heatthe entire formationwhile synthetic oil formed through this
retorting is displaced alonthe natural and arti€ial fracturesto praduction wells. The
report emphasizes that such a "truein situ process" it is difficult to control the
combustion front and the filtration of synthetic oil, which limits the degree of its
extraction, leaving part of theeservoir unheated and part of @hsynthetic oil
undeveloped. An example of such a proégesshematically showim Figure 6 (Johnson

et al, 2004)

Figure 6. Schematicsof ¢Trueins i t u r et or dhmsgnetply200g).e s s &
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The work of 1975 (Raimondi, 197h presentsthe results of a pilotcoal
combustionprgect in western Kentuckyrigure 7 shows the line separating theked
zonefrom the untouched part of the rock. The composition of the gases released during
combustion is similar to the composition of gases correspgrid combustion in shales.

The work also mentiongransformation of mineralsnanifested bythe rock changing
colorto brown and pink. At the combustion front, there are liquid hydrocarbons that have
not been extracted from the reservoir by the end ofetis highlightingthe prospect of
producing liquid hydrocarbons from coatéamsand the importance of selecting the

desired oxidation regime.
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Figure 7. Crosssection of the core materiabrilled from the zone
after combustion (Raimondi, 197%.
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2.2.2 Thermogas(RITEK Oil Company, Sredne-Nazymskoye feld, Russia)
The only pilot project involving high-pressureair injection or thermogas

technology (Russian terminology) in oil shales is a prajecdredneNazymskoyeoil
field in Russia conducted by RITEK oil comparn(figure 8). This technologys about
integratng thermal and gas EORhrough injecting air and water into the formation
(Bokserman and Kokorev, 2Q13arischev et al., 2007

The area selected for thbermogadfield pilot (Figure 9) had five operational
wells prior to air injection (Wells #219, #401, #3000,#3001 and#3002). All the wells
were vatical, exceptWell #401 which was a horizontalwell, and were natural flowing
wells. However,oil production rates droppesharplyfrom 45 to 5 tons per dag 2007-
2009, while the reservoirpressure dropped from 309 atm €W#219) to 1® atm. In
2009,the recoveryfactor was 3%, whichtestifiedto the low efficiency ofoil depletion

in such a reservoir.

uuuuu

Miscible displacementzone

Figure 8. Thermogastechnologyschematics Figure 9. Field pilot area #1
RITEK (Bokserman and Kokorev, 20).3 around Well #219, Sredre-
Nazymskoye Field (Kokorev et
al., 2014)
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Air injection in the pilotareanear the Il #219in the SrednéNazymskoye field
was started in October 2009 and was carried out in stAgestal of over10 million
ST.n? of air havebeeninjectedinto the reservoir by nowwWater wasinjected mainly
during well testing (Darischev et al., 2017 As thermogaswas appliedthe reservoir
pressure increadeby 100 atm or more, which ltha positive effect on oil productiott
was found that the nitrogen content ofhe associated petroleum gascreased
significantlyduring the thermogas period (from 80% to 80% and highern increase
in the hydrocarbon gas praction volume and Cg&content was also observed in the pilot
area during the thermogaschnologyimplementation.Oil viscosity andoil density

decrease (Figure 10, Figure 11, Figure 12) (Darischev et al.2017).
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Figure 10. Change in oil compogion Figure 11. Associated gas composition
during the air inje ction (Well #3000, during the air injection (Darischev et al.,
January 2009 and January 2010) 2017).

(Darischev et al., 2017

An additional40,000 tons of oil were produced in this arBasides, thénh € [z
drilling in the pilot site was completad 2016 byselectig the coe of the Well#219bis

for the oxidation processe®neinvestigation Well #219bisis located71 mawayfrom
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Well #219. Based on the analysis of the unique core material, the intervals of oxidative
reactionswere establishedor thermogas. These intervaise distinguishedby a change

in the appearance of the rocks towards red coloratieenceof smell and traces of
hydrocarbons. The core of the thermogas intefgalcharacterized byhydrophilic
propertiegFigure 13). Thetotal thickness of the intervalf thermogas was more than 2

m.
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Figure 12. Change in produced oil viscosity  Figure 13. Photo of the core from the
and density during air injection (Darischev et Well #219bisdrilled 70m away from the
al., 2017%. injection well, giving evidence of
oxidation reactionsoccurrence
(Darischev et al., 2017
The secondhermogadest sitewas createdn the area othe Well #3003in the
SredneNazymskoye field. The pilot site consists of six wells: one injection and five
productionwells. The Wells #3008,#3009, 8005,#3007,and#100H are reacting in the
experimental section. The siteapis presentedn Figure 14. The Well #210 has been
shut down
A t ot al ®md$T)oldrivas dhjectednto the formatiorduring the period

of thermogasdn this section. e results confirm theccurrence obxidationreactions

An increase in the nitrogaontentin the associated ga®om 1.5% to 18%wasobserved
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in theWell #3007 in the absence of oxygatong withan ingease in C@content from 7

to 16m?3t per ton of oil An increase in oil production is estimatecsak {t6ns.
Currently, the third thermogas field pilot areabising preparedh the southern

part of the Sredndlazymskoye field. Théentativediagram ofthis areais presentedn

Figure 15.

Figure 14. Field pilot area #2 around Figure 15. Field pilot area #3 around
Well #3003, SredneNazymskoye Field Well #3019, SredneNazymskoye Field
(Darischev et al., 2017 (Darischev et al., 2017

2.2.3 ¢ E It @ ® F techmokdgy (ExxorMobil Corporation )
The Electrofrac technologyigure 16) is designed to heat kerogbearing rock

subsurfaceéby conducting electricity alonthe induced fracturesvhich form a resistive
conductivematerialbecause thegreactuallyfilled with it. As a result, heds transfered
from the induced fracture into the oil shale and continuously converts keirttgeail
and gas which can be produced frtime subsurface to the surface using wemtional
techniquesThis technology has the potential to provieféective oil recovery inthick
and deep reservoirsMoreover,the field pilot has proved thaglectrically conductive
induced fracturesan be formed, they were operated at dow temperatire for several

months(Symington et al., 200INTEK, 2011 Allix et al., 2010.
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2.2.4 In situ Conversion Procesg | C Skell Oil Company)
In situ Conversion Ricess (ICP) utilizes heatems situ to convertoil shale

organic matter (kerogenhto gaseous and liquid hydrocarlsofFigure 17). Electric
heaters steadily heat oil shale beneath the surfaith, the formationtemperature
increasng slowly over time t0350 to 37%4. The poducts of the heatingppliedare
produced from undergund using conventional productitechniquesand contain about
1/3 of gas and 2/3f light oil. Therefore fewer processing stages are needed to obtain
high-quality fuels. Shell is carrying out the Freeze Wall Test in Rio Blanco County in
order to optimie the technology designed to prevegroundwatercontamination.
Moreover, several field pilot testseave demonsated effectiveperformance of théCP

technology(Fowler and Vinegar, 20QINTEK, 2011 Allix et al., 2010.

Toe well ion wells

Surface processing

Overburden

== Oilshale

Hydraulic fracture with
electrically conductive
material Conductive heating and

i rsiol

Figure16. ¢ EIl eét t e Eha Figure 17 In situ Conversion Process
ExxonMobil (INTEK, 2011). (ICP), Shell (INTEK, 2011).

2.2.5 Conduction, Convection and Reflux process; AMSO CCRe
(American Shale Oil

American Shale Oil company (AMSO) is designamgew technology forin situ

oil shale retorting that involves advanced drilling and completion expertise coupled with
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underground shalbeating (Figure 18). Heat is introducednto the formation through
two horizontal wells, where thieeateris placed below the producer. Wells are drilled
close to the oil shale bed base. This technology improves haatetrahrough the oil
shale formation by utilizing thermahicro-fracturing convection and refluxing. As
kerogen converts into gases and light hydrocarbon components, they rise anditreflux.
should be noted thahe produced gases eventually will serag a fuel for alownhole
burner that is used for heating the formation. Moreoveilod retort experiment is under
construction in the Piceance Basin in Rio Blanco County, (8l et al., 2010 INTEK,

2017).

2.2.6 Chevron's Technology for the Recovery and Upgrading of Oil from
Shale CRUSH in situ procesg, Chevron

The Chevron technology for the recovery and upgrading of oil from shale
(CRUSH in dgtu process) utilizes heated carbon dioxide for oil shale kerogen
decomposition(Figure 19). This process requires drilling vertical wells and creating
horizontal fractures thaare induced through higipressure C@injection. In ader D
rubblize the production zonearbon dioxide is then circulated through the fractured
zones. Explosives might be used for further rock rubblization. The produced carbon
dioxide isthensent to the gas genevatfor reheating and recycling.o enhamre the
economics of the process, the heated gases required to continue processing are generated

through combustion of kerogentime depleted zone@NTEK, 201).
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2.2.7 Radio Frequency / Critical Fluid Technology (RF/CF)
According to this technique, radio frequency (RF) energy and supercritical carbon

dioxide are used to heat the reservoir and extract the hydrocdfignse 20). For this
purpose, radio frequencgintennaeare lowered into the oil shale formation. Radio
frequency energy distribution causes uniform heating andrwat@tilization, which
results in themicro-fracturing of the rock and imprament of thehydrocarbons
recovery. Afterward supercritical CQ is injected into the oil shale to separate the
petroleum from the rock and displace the hydrocarbons teeteeant productionwell.

Theproduced C@is reusedfterwards
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transmitter

Figure 20. Raytheon and CF TechnologyPan et al., 201p

2.3. L aboratory and numerical investigations of air injection processesn
oil shales

Numerousexperimentalvorks dealing withoil shale pyrolysigess, supercritical
water SCW) extraction and oxidation were conducted mostly to investigate the
hydrocarbons yieklithat can be obtainetthrough oil shalesurface retortingHowever,
very few studiedooked intothe effectiveness ah situ air injection The findings are
useful for understanding the kerogen conversion mechanismsffatedt stages and
distance from the combustion frontA brief review of the current findings given

below.

2.3.1 Pyrolysisand hydropyrolysis studies
Kobchenko et al. (201lpvestigatedthe oil shale fracturing mechanism during

heating both experimentally and numericalbnddiscovered a&welling perpendicular to
the bedding rightbefore the fracture startedo form. Moreover, petrography studies
showed that thenain fracturing starts in the fingrained clayrich layers with ahigh
amount of kerogen, whereas thermogravimetry analy$SA) coupled with gas

chromatography demonstrated significant mass loss and release of wategn@O
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hydrocar bon gas eThe attors explainedhat thiSis 8 rdsalt of a
scenarioin which organic matter present in thin lenses bedmdransform ataround

3 5 0, &Adhisng an increasein volume andbuild-up of internal pressure. All of these
processes lead to fracturirfgjgure 21 compares théhin section images before and after
the heating andllustrates kerogen conversioriThe nodeling of the fracture formation
revealed that prior to macroscopic fracturing, small low permeability fluid chaanel

formed in the oil shaleR{gure 22).

Figure 21. Comparison ofthin section Figure 22. Comparison of crack formation
images of oil shaléefore and after results from laboratory and numerical
heating (Kobchenko et al., 2011 modeling (Kobchenko et al., 2001
Tiwari et al. (2013)studiedthe change irthe pore structte before and after
pyrolysis. The results showed thalifferent core zones contaidifferent amounts of
kerogen, and as a result, different amounfgoré spacevere created dumg pyrolysis of

oneinch cylindrical coresThe core sections were compared before and after pyrolysis at

different treatment temperaturéche studyshowed that the highehe organic content
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the higher the void spaceformed during heatingThe porositie measuredafter the
treatment by hgh-resolution X-ray micro tomography scanningiere 20 i 25%.
However, the created channelsay not be fully connected. Moreover, the porosity
formed was very uneven and depended on the kerogen distribution in the ropte sa

Figure 23.

Figure 23. Tri-planar image ofthecores a mpl e heated at 5
Estimated porosity is 21%(Tiwari et al., 2013.

Kibodeaux (2014gxaminedthe changes in oikhale permeability, porositgnd
fluid saturations during pyrolysissingananalytical model, laboratory investigaticand
numerical simulation. The results of that study showed that oil shales from different
depths and areas diffstrongly in theirthermal decomposition behavior. The authors
describethe competing processesich as coking and compactjahat occur during the
oil shale pyrolysis and counteract an increase of porosity and permeability caused by
kerogen conversion intgaseous and liquid hydrocarboii$is investigatiorestablished
three easons for compaction during situ heating ofthe oil shale, namely: kerogen

softening, adecreasen fluid pressure and grain loss. Increased porosity resuliisein
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permeable regiordevelopment. Moreover, it wa®und that the permeableegion is
formed at the early stages of finesitu conversion process (ICR¥hich suggests that the
formation may notneedto be preheated Figure 24 illustrates the results from a
numericalsimulation ofthe ICP field pilot for the lowporosity case. Althe plots have a
common xaxis and display a mass history, temperature and pressure chaadeilk
volume history and saturation change during the heatingogeear conversion into
gaseous and liquid hydrocarbons, phrtumen and coke, as well as water vaporization,
were simulated. Pressure decrease with temperature increase and kerogen conversion was
calculated.Figure 25 provides the dataroporosity and permeability measurements of
core samples from two wells in ICP field pildt.can be seen from the graph thia¢
porosity and permeability of the core samplekedfrom the heated zonehotup to 20

- 25% and 110 mD,respectively.
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Figure 24. Simulation of a low porosity samplen situ conversion(Kibodeaux, 20131
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In their work, Lee et al.(2015) present the reswlbbtainedby simulaing theoil
shalein situ upgrading usinghe developed simulatoSix kinetic reactions, four phases
and tencomponents were described in the simulator, which was validagaust the
production data from Shéll$CP field pilot. The aithorsstudiedthe effect of fracture
network permeability on liquid hydrocarbons productiorand showed that lower
permeability @ the fractureresulted in diggeramount of cracked synthetic oil.
Ekincietal.(1991)per f or med hydropyrolysis studies
result of which 72% of kerogewere converted into oil. In additiontfreatmentby
hydropyrolysisyielded more aromatic oil.Yanik et al. (1995presentedhe oil fractions
characterizatiomesultsobtained by oil shale pyrolysis and supercritical water extraction.

The ®-called slow pyrolysis withhe heatingto 550 atarateo f 5 resuliedin a
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low yield of hydrocarbon products which are highly aliphatrd have dow carbon
number. Another test, fast pyrolysis, showed a higher vyield of highly aromatic
hydrocarbons. SCW extraction demonstrated the highest hydrocarbdrhpekeverthe
generated oiis characterized by a high content of asphaltenes and polar compounds. This
study underscoredthe importance ofthe heating rate forthe analysis of kerogen
conversion into oil and gas and proved that SCW does not only cevegenbut also

reacts withbothkerogenandthe products of its decomposition.
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Figure 25. Permeability and porosity measurements idCP field pilot (Kibodeaux,
2014).

Deng et al. (2011)ested supercritical water extraction of hydrocarbons from
Huadian oil shale andvere positive thatSCW has a effect on kerogen thermal
decompositionThe gaschromatography massspectrometry (GOMS) analysisshowed
that SCW extraction resulted in tfiermation of many saturated and unsaturated HC

from C to Gs. The al extracts containedmany hydrocarbonslong with aromatic
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compound derivatives, thiophene, quinoline, cyclic ketones, phenol derivatisleres
and dher heteroatom compounds. In additiamighertreatmentemperature resulted in
the decomposition of more high molecular weight HC. Moreover, ititereasein
temperature and pressure causedncrease in extract yields.

The paperby Khlebnikov et al.(2011) looks at theeffect of hot water (100
250 ) on o i |frondBaghpnowashaensamplethe aithors found that hot
water alteedrock wettability from oil wet to water wet. Hotwatern j ect i on at
1 5 0 causeda permeability decrease due to the clay swellirgproblemthatwas not
observed during hot wate i nj ect i oThis alservaiod Oindicated that
hydropyr ol y sesuied i tclay Ad@p@rsion. In addition, higheeatment
temperature resulted ia higher oil recovery factor.This work demonstratedthat
hydropyrolysis at high temperatures che an effective process to extract generated

hydrocabons ahead dhecombustion front.

2.3.2 Oxidation/air injection studies
Li et al. (2006)performed an experimental work vi@essurized differential

scanning calorimetrfPDSC) that showedhé influence of pressure on the oxidation
behavior of different oil types (light oil, medium odnd heavy oil) and pure aromatic
and saturated hydrocarbons. As a regh#, increase in pressutmostedoil oxidation
whereasa different effect was obsered for light oil and heavy oil. An increase in
pressureresulted in more heabeing releasedrom oxidation reactionsThe aithors
identified the effects ofhe compositionand chemical structure of hydrocarbons on their

oxidation behavior. The chemicatrgcture of hydrocarbonsvas found toplay an
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essentiakole in their oxidation behavior. Was observedhat paraffinsgenerated more
heat in thelow-temperaturerange than in thehigh-temperaturerange. Aromatics
displayed moreintensive exothermic reaons and released more heat in thigh-
temperaturgange than in théow-temperaturaange. Light or mediunoil with higher
paraffin and/orlower asphaltenes content displayed a stronger exothermic activity in the
low-temperaturerange. In contrast, Atls@sca bitumerexhibited a more intensive
exothermic reaction in theigh-temperatureange than in theow-temperatureange

It should be pointed out that is critical to performlab tesing under reservoir
pressure to obtaitme rightcharacteristicef the processekatoccur during air injection.

The gudy performed byKar and Hascakir, 201 ¢ompares the bshale oxidation
and pyrolysisprocessedy means of thermal analysis. At the same time, the authors
conclude that oxidation isiore effectivefor generating synthetic oil from oil shales due
to a lower activation energy of the process, which is more-eftesttive. It is also
indicated in the paper that water and catalysts can further enhance the attractiveness of
the oxidation process.

Theworkby K° k et  ddscribeg a2eitOa&gmbustion tubwith oil shale
samplegicked fromTurkish oil shaleformatonssuch as Seyi t amker , Hi mr
Hat &1l d aeptresulftesify to ahigh potential ofthe HPAI technology for oll
production from oil shales. The following results of oil generatom reported: 4.46
liters of oil per tonfor the Sg i t ° wrenation,F32.22 liters of oil per tofor the
Hi mme t orindtian arfel 18.27 liters of oil per tdort h e H sotmatiordima thig-

case, t he ofnatomischargcterized By the highest content of organic matter.
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The experiment was ca&d out in a combustion tube at a pressure of 0.24; MPathe

ignition temperature set to 250 300A C, whi ch wasintigtiogftiei ci ent
combustion front andnsuringts steadypropagation along the tubléigure 26 shows the

temperature profiles as a result of the combustion front propagatith, peak

temperature of up to 900 . The ®@mbustion front velocity was 0.2333 cm/h in the
experiment wi t h t he Hrigmen2/tillosjrdtes evalved gased or mat i
compositionversustime. It is worth noting the low oxygen concentrationtlad tube

outlet whichis indicaive of a high degree of oxygen consumption in other words,

effective high-temperature oxidation reactions. The only drawback of this experiment is

that the test was not carried out under reservoir conditions.
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Figure 26. Temperature profile alongthe combustiontube (K° k et hal
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As indicated above, the pressure plays a significant role in the course of

combustion reactions. By creating conditions that are as close as possible to the

34



conditions of the reservoir, we obtéime results thatome closest to meetirthe stated
objective.

To date,there is no information in the open sources about field pilots of this
technology inthe oil shale in Turkey. However, several research projects in this direction

were mentioned in thigerature(Abdurrahman, 2016
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Figure 27. Produced gasversustime (K°® k et nal ., 20 (

It is worth notingthatthe oil shalerocks, and especially the Bazhenov shale, have
acomplex mineralogical compdgin. Minerals can have @atalyticand inhibitory effect
on the oxidation, hydropyrolysis and pyrolysis reactidgiro (199) investigates the
effect of various minerals on theyrolysis of kerogen by pyrolytic studies using the
Rock-Eval pyrolysismethod. The author shewa different effect of quartz, calcite, pyrite,

limonite, kaolinite, bentaite and illite on the thermal decomposition of kerogen.

35



Deng et al. (2011investigated the catalytic effect of minerals in oil shale on the
oxidation and pyrolysis of kerogen via Thermogravimétrifouriertransforminfrared
spectroscopy (TGFTIR) technique ased on Huadian oil shale and isolated kerogen
samples. The study revealnincreasein kerogei® thermal decomposition activity and
gases Yyield in the presence thfe mineralmatrix. The aithors show thakerogen
oxidation can be divided into two stagesvith kerogen undergoing thermal oxidative
degradation at the first stage and oxidation of the coke generated during the first stage
occurring at the second stagée results suggest thie mineralsintensify theoxidation
of kerogen while the mineral matrix createsextra porosity during the first stage of
oxidation, which significantly lowers the resistance of oxygen diffusivity to oxidize the
coke. It was found that oxidation of the pyrite in the isolated kerogen arshali
sample starts at nép@470A C .

Kozlowski et al. (2015studied the catalytic effect of clays on ISC performance
and showed that clays change the oil oxidation characteristics. However, different oils
show different combustion performance in the presence of clays, \hiadks tothe

importanceof using reakeservoir rocks in combustion tube tests.

2.3.3 Chemical reactions model of air injection in oil shales/Bazhenov
Formation

To see how effective the method would be for oil shales, one should run
numerical simulation paying specific attentiontke block of diemical reactionsThe
dewelopment of oil fields usingn situ combustion methods leads to intensive phase
transitions of the components of the reservoir systems and to a change in the number,

compositions and properties thfe coexisting phases, which niuse taken into account
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in carrying out experimental work and, in particular, gtng the reaction products
obtained under the fluence of thermal effects on Bfecks. Incorrect description of
chemical reactionmakes the mathematical modeling predictidess reliableHowever,
the block of chemical reactions can be compiled only as a result mtilastage
laboratory study of the cracking and oxidation of an oil sample, separately selected oll
components and kerogen for a particular mineral rock compogihat can act as a
catalyst.

The results of the combush experiment(K°® k et a described2abobe8 a
were used todapt the numerical model of oil shalembustion, which is desced in the
paper (Zheng et al., 2007 The authors note the complexity of building a block of
chemical reactions to describe a complex process such as combustion in oil shales, due to
the parallel flow of several reactions and a large number of pr®dfithese reactions. In
their model, theygnorethe degradation kerogereaction the products of which are oill,
gas and coke. Thermdéstruction of the matrix ignoredtoo when creating a model that
reduces to two reactions:

4 Y [CO
g+ 0. GO

where C is cokevhich, according to the authons, formed as a result élerogen
pyrolysisonly.

In the simulation of the combustion tube experim@dt® k et 3 Ithe , 2008a
simulation results for the temperature profiles and combustion fromlocity fit
experimental datarhe conclusins alsopoint toan expansion of the combustionrit@as

the front edgemoves through théube which is due to the slow cooling of the core
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behind the front. This may also be due to the slow progress of the combustion reactions
of kerogen and alihe products of its thermal destruction, which is not mentioned in the
article. In this paperalong withthe base scenarithe authorstudied the effects of the

mo d edir dngection rate the mo d egerinsability the initial oil saturation, and the
oxygen cogentration in the injected air. As a result,ttfedncludedthat an increase in

air consumption and oxygen concentration leadsiltoecoveryaccelerationThe higher

the flow, the higher the temperatunesached during combustion, in view of the greater
supply of oxygen to the reaction zone in time to maintain combustion. Low permeability
contributes to a longeturationof combustion reactions due to the slow displacement of

oil and, as a consequence, its accumulation at the front. A large initialtwiatsan

results inmore heat generadas a result of reactions. This work is useful for studying the
modeling of the combustion process in shales, but the presented model of reactions does
not reflect the full picture of the process.

The work by Shchekoldin2016 supplements the chemical reaction block with
two additional pseudoomponents characterizing kgen, including ninechemical
reactions withelevenpseudecomponentsHowever, kinetic parameteessenot provided
for these reactionsK e r o g eotecular waightis assumed to be 0.4 kg/molhe
proposed reactions are presented below:

1 Oil + 31.9044 Oxygen ==> 11.1534 JB§
1 Gas + 2.01726 Oxyger== 0.705208 CHxQ
1 CH©Oy + 10.1615 Oxygen ==> 7.94418 Water + 6.7563%L €0.43916 N_CO

1 Oil ==> 2.72517 LightOil + 5.61384 Coke
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1 Oil + 47.8565 Oxygen ==> 28026 Water + 31,8193 GG 206826 N2_CO
1 Light Oil + 14.357 Oxygen ==>89078 Water + 9.58 CQ + 0.620477 N_CO
1 Coke + 1.55534 Oxygen ==> 0.854835 Water + 1.03413#3D0672184 N CO.
1 Kerogen + 33.48 Oxygen ==> 19.125 Water + 25.632 CO
1 SolidOil ==> 3.333333 LightOil
An optional reactionis proposed for kerogenxidation; however,it cannot be
simulated at this point:
t25.61H35.6103S0.24+ O2==> CQ:+H0+SG
The modeling of air injection in shales has been given little attention in the
literature, which points to the complexity of this process and the need for work in this

direction.

2.3.4 Conclusions
According totheliterature review,here is no clear methodology for testing HPAI

in the oil shale and evaluating its effectivenebtoreover, iemical reactions used for
numerical simulation ofir injectionin the oil shale are not deteined ad proved as
sufficient.

There isalack of experimental studiesto air injection in oil shales, especially in
theBazhenov Formation. It is necessary to confirm the air injection theory by conducting
a set ofindividual studies.It should be noted thatccording to my knowledgéhe field
pilot project in the SrednBazynskoyefield was launched without sufficient laboratory
researchand its effectiveness has not beetearly determined yetlt is not well

understood whethethe combustion front is abléo propagate through low permeable
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rock and convert kerogen into valuable produ€tsere are no known synthetic oil and
gas lenchmarkgshat would help t@assess the effectiveness of the method in the field and
monitor the field operations.

Many works wereaimed at examining various methods of oil shale surface
retorting. However, it is necessary theck what is happening in the reservoir and
understandchow this processan be controlledindergroundTo date, extensiveesearch
has been performed ink@rogen pyrolysiswvhich is not the case withil shale oxidation
Moreover, there idack of detailed studiesomparng the influence ofthe coexisting
processessuch as pyrolysis, oxidatioand hydropyrolysis in kerogen conversiornthe
majority of the studes were done under low pressures, which will affect tibgting
results

As was noted irthe literature review sectiongach of theoil shales differs in
mineralogy and kerogen conteartd comingirom different areas and depftias its own
and unique kerogen conversion behavior, which means tate samples fronthe

Bazhenov Brmationoil field of interestmust benvestigated
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Chapter 3.  Laboratory investigation of oil shaleoxidation, pyrolysis, and
hydropyrolysis

3.1. L aboratory plan for HPAI testing in oil shale

According to the literature review arttle gapsidentifiedin the knowledge otfthe
air injection process in oil shale,laboratory investigatiomiming totestair injection is
proposed in this &tion The methodologycanbe divided into two groupgrimary and
complementary studies. The primary experiments are studies that are necessary for
evalating the HPAI potential forin situ synthetic oil generation and combustion
performance, assessing the process characterigi@nd gas analysis and constian
of a numericakimulation modeldetermining thekinetic parameters of oil and kerogen
oxidation and pyrolysisComplementary studies consist of experiments that help to
assess thechange in thereservoir propertiescaused bythe chemical and thermal
exposureand obtain the correlationsetween thechanges in permeability and porosity
and temperature and time of exposure; to evaluatplicitly native and synthetic oil
displacement and kerogen conversiaoto gaseous and liquid hydrocarbons along the
anisotropic low permeable core; to determine the inhibitory/catalytic effect of different
minerals on fuel laydown, kerogen decompositeomd oxidation reactions.

Air injection results inintensive phase transitions witha chang in the
compositions andgroperties of the coexisting phases and increastn@mumber of
componentgGutierrez et al., 2011 That is whydeterminng the chemicalcomposition
of generated products is essential for understanding the nature of the process, especially

for a complex systepsuchasoil shale.
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It should be emphasized th#te Bazhenov Formation (BF3till needsto be
studied thoroughlyespecially in thenodelingof oxidation. In addition, BF represents a
hybrid hydrocarbons system that consists of several types of hydrocarbon resources,
namely free oil, adsorbed oil, resfasphaltenes, and kerogen.

The work of Manuilova et al. (2017presend a model othe Bazhenov shale rock
and fluids Figure 28). And those resources can be unlocked through different recovery
techniquesHoweve, it must be noted that higbressure air injection has tladility to

recover all of them.
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......
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Pore plugged -,
by asphaltenes —'
and resins

Capillary water

Closed Water adsorbed by
pore clay minerals

Free oil
[: Physically bound hydrocarbons and heteroatom compounds
== Clay minerals
ik Carbonaceous-siliceous matrix

- Kerogen

Mobile oil

Figure 28. Bazhenov shale rock and fluids schematic model (modified from
Manuilova et al. (2017)).

The following recommended laboratory plan lists a set of experiments and

recommendations for thorough HPAI testingtle oil shaleand gives sme cautioary
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remarks The recommended integrated approach to invesigahe thermal and

chemical effet on oil shales during air injection includes the following primary studies:

1. Determining the pperties and composition that will besed asthe initial
parameters for laboratory and numerical simulation.

2. Thermogravimetry analysis (TGA) at a minimum hegtrate using nitrogen and
air as purging gases fidentify the temperature intervand determinevhere
nativeoil, synthetic oil,andkerogen react with oxygen (air purge) and where oll
cracking and kerogen thermal decomposition (nitrogen purge) doaerto the
complexity of theoil shale system, it is hard to identify the role of different
fractions in chemical transformation, especially in oxidation proce3sesink
the course of thermal decomposition and oxidation reactions with a certain
fraction, the sequenceof experiments must be conducted on individual oll
fractions, kerogen, extracted cpamda mixture of rock and oil. Tis will help to
estimate temperature intervals of mass losses due to the reactions for individual
fractions or hydrocarbogroups of the hybrid system.

3. Studyng the thermal effects and kinetics of oxidation reactions by pressurized
differential scanning calorimetry (PDSC) at reservoir presamcdetermiring
the kinetic parameters of oxidation processes, the number ofsstdgsr order
and process mechanisnasdtemperatures of the maximum reaction rate. These
studies should be conducted separately for oil fractions, extracted core isolated
kerogen and mixture of oil and rock for quantitative and qualitative evaluation of

the fraction effects. Without this set studiesit is next to impossible to
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understand the nature of heat generation, in other wandderstandwhat
fractions react at what intervals and the kinetics of what reactions are calculated
(Akin et al., 2000Gutierrez et al., 20L1i et al., 206).

Investigatng the thermal transformations by accelerating rate calorimetry (ARC)
to determine the selgnition temperature ohative oil and isolated kerogen,
temperature change and pressure response during the heating in an atnadsphere
air, andthe times corresponding to peak temperatu@&nnimaras and Tiffin,
1995 Bhattacharya et al., 2035

. High-pressure rampetemperature oxidation (HPRTO) amtacking (HPRTC)

study to understand the oil oxidation aribermolysis kerogen thermal
decompositionand oxidation, cracking and oxidation of generated products in
porous media. Thistest simulates reservoir conditions:porous media, oil
saturation, and reservoir pressukéso, this study helps to investigate reactions at
the early stages of air injection. It is recommended to carry out at least two tests:
onein air purge an@nein theinertgas purge. This set of exjppaents is essential

for separating the reactions which occur during HMbore et al., 999 Barzin

et al.,, 2019 Chen et al., 2014Mallory et al., 2018 The more experimentze
doneat different air injection rates and heating schedule, the more data can be
used taunethe chemical reactions modéhen et al., 2014

. Laboratory simulation of pyrolysis, hydropyrolysis and oxidati@actions in
bench reactorsutoclaves to study synthetic oil generation at different

temperatures under reservoir pressuras Will help to determine synthetic oil
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7.

composition as a result of kerogen thermal decomposition at different
temperaturesA closedsystem allowstudyingsecondary cracking reactiorche

data obtainedhelp todescribe a chemical reactions scheme more accurately and to
identify suitable pseudoomponents, eliminating the simplifications. In reservoir
simulation, it is commonly assumed that oil frans reactedhave the same
composition and properties as tlfi@actions generated. However, there is a
continuous change in the fractions compositmmarily when we deal with such
acomplex by nature component as kerogHms set of experimentlsohelps to
construct a matrix of changes in synthetic oil composition with temperature and
time of exposure, which can provide benchmarks for field operations.

A combustion tube test is carried out to evaluate ignition, combustion stability,
and front velocity, evolved gas composition and combustion parameters. It is
known that the amount of carbon dioxide can provide benchmarks for field
operations monitoringMoore et al., 200R The material balance calculation must

be interpreted withcaution because core samples are characterized by
heterogeneity in hydrocarbons and kerogemntent, especially when non
extracted core samples are used for the study. tBalyenerative part of kerogen
can be part of initial hydrocarbons content, witile non-generative part can be

the fuel for combustionTo evaluae the combustion parameseithecore samples
from the reservoir layers of interest should be selected and homogenized. The
higher the heterogeneity of samples, the highererror inthe material balance

calculations. Accurate extraction of separate combustion tube zones must be
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carried out after the test in order to obtain therectmaterial balance results. It
should be stressed again that these data must be analyzed with caution.

. A slim-tube test to estimate flue gasses and hydrocarbon gases efficiency in
displacingnative and synthetic oil. As was stated before, gas drive in HPAI
implementation in light oil reservoirs plays a significant role in oil displacement.

. Geochemical, chemical and petrophysical studies of produced oil samples and
core samples after the exposure. $eattention must b@aid to the pyrolysis
study in orderto determine kerogen conversion mechanisisasurement of
extracted oil properties is crucial for the assessmepossible oil upgrading and

in situ oil generation as a result ah situ retorting. In addition, it allows
identifying possible risks and problems during the field operations, for example,

emulsions forming.

The followingcomplementargtudies can beonsidered

Evaluatng the changesn the rock geomechanical parameters after exp®sn
thecombustiortube. This type of study can be carried out if the consolidated core
samples are placed in tkembustion tube(T). In this case, duplicate samples
are used: one will be investigated as is ané otherwill be tested on the
geomechaical press system after exposuredi.

Estimatng the native and synthetic oil displacement, as well as kerogen
conversion and water formation in consolidated samples usiolgar magnetic

resonanceNMR) relaxometry
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3. Determinng the thermal propertieon chips and cylindrical samples: thermal
conductivity on pressed chips and cylindrical samples; measuring a thermal
coefficient of linear expansion of the rock on cylindrical samples before and after
the combustion tube experiment. These measurementseaessary both for an
implicit evaluation of kerogen conversion and for obtaining correlations of
thermal properties for a correct description of the change in thermal conductivity
in thermalsimulators and evaluation of thermal exposure in the reservaoir.

4. Determinng thecatalytic or inhibiting effects of the mineral matrix on the course
of oil oxidation reactions for a correct assessment of the suitability of a particular
field for the air injection implementatiorBome interesting methodologiefor
such astudy are described i8piro (1991) Yan et al. (2013)Kozlowski et al.
(2015) This research must be done in a sequence in tefriie experimental
scale.Firstly, thermal analysisan be used, such as FFJIR (Yan et al., 20183
Secondly, Rockeval pyrolysis study should be carried dayt adding different
minerals and analyzing the effect on hydrocarbns yield. Thirdly,
autoclavediench reactor experiments a@l tests can help to evaluate the
catalytic effects of minerals on pyrolysis, hydropyrolysiand combustion
performance.

5. Evaluaing thechanges irthe rockwettability as a result of exposure.

6. Identifying the ©anges in the reservoir properties of the rock as a result of

exposure in autoclaves a@I (on crushed core and cylindee)dobtaining the
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necessary correlations. As noted above, permeability stronfjgctsa the
effectiveness of the method.
It should be noted that we should not confine ourselves to the -aleseebed set
of experimental studies. Such a complex and heterogeneous system as oil shale,
especiallytheBazhenov Formation, should be thoroygéiudied.
The following section describabte samplesselectedfor the research and test
design strategy. In the scope of this study, @part of the recommendezkperimental
plan was included. However, this @& essentialstep towards understandinghie air

injection mechanisms in oil shale.

3.2. Samples selectionand tests design strategy

This researchproposesan integrated approach tovestigaing the highpressure
air injection (HPAI) in oil shales based on @vestigationof coexisting processes
separately and together. This approach is essential for better understdneling
mechanisms of synthetic oil generation and displacement during HPAI. Those coexisting
processes are pyrolysis, oxidati@md hydropyrolysis. As was stated previously, ahead
of the combustion frontthe formation water and water generated thi@ combustion
process (combustion wateajein the hot, subcritical and supercritical state depending
on tempeature,current reservoir igssure and gas conteftat iswhy water extaction
at different temperatuse(hydropyrolysis) along with pyrolysis and oxidatisare tested.

Table 2 lists all the experiments conducted with relation ttee samples chosen

and processes tested. As describedable 2, kerogerbearing rocks of the Bazhenov
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Formation with differentdegreesof maturity werestudiedby conducting a series of
laboratory experiments of oxidation, pyrolysasd hydropyrolysis, as well as @T test.

Figure 29 illustratesthetests design strategy and groupofghe experimental studies in

terms of processes tested and experimental scale.

Table 2. Summary of allthe experiments conducted

Oil Field Grade Of. Processes teste Experimentonducted
ID catagenesis
. oxidation STA,PDSC ARC, RTO
Oil Field 1 Protocatagenetid ' SR
substage pyrolysis opensystem pyrolysis (kinetics)
(PG grade) HPAI combustion tube test
hydropyrolysis autoclaves: openystem
Oil Field2 | Mesocatgenesis
substage HPAI combustion tube test
(MC: grade)
o thermal microscopySTA
oxidation
HPRTO
i Ei 1 thermal microscopy
Oil Field 3 | Mesocatagenesi pyrolysis
substage HPRTO
(MCy grade)
hydropyrolysis aubclaves: closedystem
HPAI combustion tube test
oxidation STA
Mesocatagenesi - —
Oil Field 4 substage pyrolysis opensystem pyrolysis (kinetics)
('VlCle'V')C2 hydropyrolysis autoclaves: opemystem
grade
HPAI combustion tube test
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Figure 29. Test design strategy
It should be noted that samples from four oil fieldsref Bazhenov Brmation
were studiedEach sction of Chapter 3 presents ttesultsof testing different samples,

unless spcified otherwiseThe sample®1Ds arevalid for the relevant section only

3.3. Thermal analysis

3.3.1 Samples selectiomnd test design strategy
Forthethermal analysis, seven Bazhenov shale core samples from three oil fields

of interest were chosen, namely: faaamples #1, #2, #3, #4) from Oil Field 4, one
sample #5) from Oil Field 1 and two samples#6, #7) from Oil Field 3. Note that
Sample#5 represents isolated kerogen.

To see a bigger picturef the mechanisms that occur during thermal

decomposition anadxidation of kerogen, different techniques of thermal analysis were
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applied.Table 3 contains datan theselected samples and experimentsch fall into
the following categories:
1 Thermomicroscopy Aalysis: visuallystudyng the kerogen conversion processes
during oxidation and pyrolysis.
1 Simultaneous Thermalralysis (STA): investigatg temperature intervals of mass
losses and thermal effects correspngdo the low-temperature oxidation region
andhigh-temperatur@xidation region.

Table 3. Test design strategy

Oil Field ID Sample ID Experiment conductec
3 6, 7 Thermomicroscopy
4 1,2,3,4 Simultaneous thermal
1 5 (isolatedkerogen) analysis (STA)

Through implementing these analgsene can investigate various aspectshef
process: visual monitoring at mieszale, mass losses, and heat output or energy
consumption. In the following sefections, the experimental methodology is described

in detail.

3.3.2 Thermal microscopy
Carl ZeissAxio Scope Al microscope coupled with a Linkam TS1500 heating

stage was utilized for monitoring transformations in the morphologgand the
microstructure of the BF oil shale samples during ihgawith the heating rate of
10A C/ rimonmroom temperature up 720A Gn the helium and air purge at 100 ml/min

rate. In order to visually studythe organic matter conversion mechanisms during
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oxidation and pyrolysiswo thin oil shale sections with tisezeo f 5 1 5 Wwete mad®
from the Sxmples#6 and#7 (Oil Field 3). Thin sections ofack containclays, dark gray
silicates pyrite, bitumenand kerogen.Two experimentswere performednamely: one
test designed to study therogenconversion mechanism during pyrolysis by purging
helium and the other aimingto study thekerogen conversion mechanism during
oxidation by purging synthetic ai2@ O, and80% N>).

Photo and video reports shing the pore space and mineralsangedynamics
were obtained. As a result, organic matter and mineral matrix conversion during heating
of thethin rock sectionweremonitored Figure 30, Figure 31 andFigure 32 feature the
photos of thethin rock section before and after pyrolysis. It c@seen from the photos
that dark grey areas disappeared during heating, widald beexplained by bitumen

cracking.Thesizesof some voidsverealsomeasuredn the photos.

Figure 30. Sample. Photo before heatng with helium purge
(Bondarenko et al.2017).
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Figure 31. Sample#6. Photo after heatingw t h el m pau(50 @em )
(Bondarenko et al., 2017

Figure 32. Sample#6. Photo afterh e a t i g with hel @ U0 @
(Bondarenko et al., 2017

Figure 33 and Figure 34 displaythe photos of thethin rock section before and
after oxidation In Figure 34, white menerals represent burnt carelred mineraldook

like iron oxidesafter pyrite oxidation
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Figure 33. Sample? Photo before heatlngNl th air pug@mup
(Bondarenko et al., 2017

Figure 34. Sample#7. Photo aftr heatlngwl th air puyg(@om)up
(Bondarenko et al., 2017)

In order to understand therkgen and mineral matrix oxidationechanismthe
photsofanor gani ¢ matt er s p o takerfaldiferehBtemParatuiess di a me

during oxidationwere arrangedinto a sequenceKigure 35) which clearly displgs a
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change in coloin the mineral matrix and release ojases and vapoi.he colorof the
organic mattespotkept growinglighter up to nedy 200A & ,  wednibe dxplained by
the fact that thigemperaturenarksthe end of the first reactions group, ialn can be
low-temperature oxidation reactions. As weolv from the pyrolysis study othe oll
shale, thermal oxidation amtecomposition correspord free oil and bitumen pyrolysis.
The next intensive eetions rangeegisteredaround 2000 530A 4 mi ogdsgond do
high-temperatureoxidation reactions othe generative part of kerogen, whiis non
generative part is still theras well axoke generated from kerogen pyrolysis. It can be
seen from the photos that thermal decomposition and oxidatieraden resulted in the
formation of voids. Reactions at higher temperatuaiteredthe minerals matrix,with
dark gray siliceous minerals transformed imtbite, burnt mineralsbeyond540A 4 . Th e
reason fotthe color change might bfermation of magnetic minerals as a result of pyrite
oxidation. In addion, starting from around 540, c-likek neaterial left in the voids
started to be oxidize@ndachange in colofollowed.

Intensive cra ki ng t hat s Figuret3® & yeh aothdr Sntpdrtant (
effect The med circles mark the organic matter spotshat underwent similar
transformations As was observed before, oxidation caused voids formatiah,tizen
fracture was induced through those voids.

The eperiments described above helped to obtain useful informatiothéor
simulation of oil shale heating in terms of void space transformationkanaen
conversion mechanismh this work, thermomicoscopywas proved to be asefultool

for investigaing organic matter conversion during heatifitnis method allowsletecting

55



temperaturaependentchanges using just one sample. Further investigation using

thermomicroscopygoupled withmineralogyanalyss isstronglyrecommended.

261 0]

440U0C

492UC

270C 83UC

200U0C 14Uc 242U0C

6 00UC

518U0UC

Figure 35. Sample#7 . Si z e organi matter ¢
kerogen conversion over time during heatlngi t a ra t e withfair purge /
up to 600 (Bondarenko et al.2017).

T TS a2 0C
Figure 36. Sample#7. Cracking formation during heating with air purge
(Bondarenko et al., 2017)
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3.3.3 Simultaneous thermal analysis

Simultaneoushermalanalysis (STA)meanssimultaneouly applyingtwo thermal

analysis techniques to the same sample in one apparatus, namely: diffecamiang

calorimetry (DSC) andhermogravimetry analysis (TGAP&trick, 1998. In this study,

Netzsch STA 449 F$etup wasused to determinthes a mp masHchanges and heat

effects.The analysis wascarried outon 30- 50 mgpowderedextracted oil bale samples

ataheating rate of 10 /min from 40 to 720

anair rate ofL00 ml/min

Table 4 reports mass changes and heat effects due to oxidakaure 37

displays he correlationbetweenthe Total Organic Cdyon (TOC) value andhe heat

effect There is dinear relationship betwedhesetwo values which means thahe data

mightbe interpolatedor other samples of the samgede of catagenesiBurther research

is needed.
Table 4. STA results for four samples from QOil Field 4.
Sample TOC, % Heat effect, J/g Mass loss, %
1 16.98 5,350 40.69 ~ 242 262.50 ~
0.77 27.77
40.82 ~ 4 256.50 ~
2 14.12 3,552
0.82 21.02
3 8.51 1695 40.74 ~ 2 241.90 ~
’ ' 0.41 11,08
40. 70 ~ 2 240. 20 ~71
4 8.42 1,632 038 1071
5 Isolated 14008 40.72~21 218.00~64
kerogen 3.24 74.03
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Figure 37. Heating effect and TOCrelationship. Samples 14 from Oil Field 4
(Bondarenko et al., 2017
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Figure 38. DSC curves for four samples from Oil Reld 4 (Bondarenko et al.2017).
Figure 39 andFigure 40 give STA curvedor isolated immature kerogendf@ple
#5, Oil Field 1, PG) andanoil shale sam@ (Sample#3, Oil Feld 4, MG.>). Comparng

the two DSC curvessuggests thathe grade of catagenesis playscertainrole in heat
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effects during oxidation.This difference will be discussed andp&ined in detail in

Chapter 5
o \\. 0 ;s _._,!{__‘ o
Figure 39. STA curves for Sample #5 Figure 40. STA curves for Sample #3
from Oil Field 1 (PCs grade). from Oil Field 4 (MC17 MC2 grade).

3.3.4 Conclusions
In this investigation, the aim was to determine kerogen conversion mechanisms

due to thermal decomposition and oxidation using STA analysis and thermomicroscopy.
As a result, dinear relationshipwas establishettetween TOC and heat effect for oll
shales with the sangrade of catagenesisloreover,the grade of catagenesis might play

an importantrole in theoxidation of organic matterThe mass loss and heat effemte
indicative of the facthatthe Bazhenov shHa organic matter oxidation reamtis occurred

in the temperature rang®m 240to 580A 4 .

Conversion of organic matter due to thermal decomposition and oxidation caused
anincreasen void spaceThe pyrolyzedthin section changedolor to black due to the
coking process.The analysis of video and photos of kerogen conversion in air purge
revealedhe existence of two temperature rangemtEnsiveoxidation reactions, namely
1207 2000 and 572 AQ. Fr act ur i AM@ndused dhrotigh doidat 450
formed due to kerogen oxidation. Moreovarchangein the mineralogyof siliceous

minerals manifested by ahang in color from gey to white was observed at 4@ . Pi nk
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and red magnetic minerals were gexted via oxidation of pyriteThis studyprovedthe
thermomicroscopy thermal analysis methodbe a useful tool for thenvestigationof

organic matter conversion mechanisms.

3.4. Pyrolysis and idation: kinetic studies

3.4.1 Samples selectiomnd test design strategy
The goal ofthis studywas to investigate pyrolysis and oxidation of oil shale

samples with and without oil saturation to improwe wunderstanding of the complex
nature of the reactions and to determthe role of different fractions in the above
mentioned processes.

Three series of testsomposedof differential scanning calorimetry (PDSC),
accelerating rate calorimetry (ARC) amdmped temperature oxidation (RTO) were
proposedor this work PDSC analysis was conducted at 8 MPa, which corresponded to
the running pressure tiecombustion tube test which will be described in Chaptan4.
additioral test was conducted at 14 MR#e highest operating pressure of the

equipment Other experiments, ARC and RTO, were performed at 15 and 14 MPa

respectively which also represent the highest operating pressures. The reason for

selecting the maximum pressures was to get much closer significantly higher
reservoir pressure28 MPa.For this study geochemical properties were measured by
Rock-Eval opensystem pyrolysis method.able 5 summarizeghe objectivesand test

design strategy of thesxperiments.
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Table 5. Test design strategy and materials use@ondarenko et al., 2017

. . Sample | Oil Objectives and parameters to
Experiment| Material . .
ID Field determine
Open .
Powered| 1, 2, 3,4,| 1,3, Geochemical parameters and
system o
: core 5,6,7 4 pyrolysis kinetics
pyrolysis
Ol pre Temperature regions where hea
eneration rates are significant ar
PDSC | saurated| 8 p | generaton g
thekinetic parameter for each
core
Oil pre- Ignition temperatur@andthe
ARC saturated 8 1 temperatureorresponding tthe
core maximum sehlheating rate
Non- Ignition temperature without oil
RTO extracted 8 1 saturation; temperature ranges ov
core which oxygen uptake rates are hig

3.4.2 Kerogen thermal decomposition kinetics

Table 6. Samples selectiofior open-system pyrolysis

Experiment Oil Field ID Sample ID
4 1,2,3,4
Opensystem pyrolysis and kinetic 1 5
3 6,7

In this work, RockEval pyrolysis method was applied to analyze the oil shale
samples Reters, 1986Behar et al., 2001l This methodnvolvesthermal decomposition
of the organic matte(OM) through programmedheating wih and without oxygen to
measue the hydrocarbongield from pyrolysis and carbon dioxidgeld from coke
oxidation In other words,he programmed heatir{ced line inFigure 41) can be divided

into pyrolysis and oxidtion stages, where theyrolysis stagestartsat 90A C
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650A @r higher followed by cooling down to 300A Cand oxidationat up to 756\ Qr
higher This programming can be changed to meet the purpose of the test. lwdhnis a
classical pyrolgis study was implemented.

The pyrolysis study was conducted on 500 mg norextracted powdered oil
shale sampledAccording to the classical methodhetamount of thermallgecomposed
hydrocarbonsn milligrams of HC per gram of rock islesignatedas SOpeakat1 2 O,
and as S1 peak betwe&B0 and 300A Gvhich corresponds tree oil. It is known that
kerogendecompositionstars at around300A C  a n<dat 650 @ , diry prethed
sample. For example, after oxidation or pyrolysesatment it might be necessaryt
investigate this sample at higher temperatures (this method will be shown in further
sections of thiChapter). Thisemperature rage correspondsS® kerogen yield in mg
HC pergram of rock and represents the¢C source potentialTmax is the temperat@
corresponhg to themaximumHC yield at S2 peak and characterig oil shalematurity,
whereas dtal Organic Carbon (TOC) imeasuredrom boththe pyrolysis and oxidation

stages and characterizesneasure of the organic carbon richness of the rock.

Table 7 reportstheresults of RockEval pyrolysisanalysis as well adithological
characteristics of the samplé&sgure 41 - Figure 47 illustrate temperature pyrograms of
the samplesselected The Hack curve indicateshydracarbons yield (SO, S1 and S2).
According tothe geochemical analysiFOC valuesvary from8.42 b 17.42 w6 across
the samples selectednd Tmax variesf r o m C4 2 & A Bdnfdafedko et al., 20)7

The results indicate thaerogenis of Type Ilin all the analyzed samples
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Table 7. Opensystem pyrolysis experimentiata (Bondarenko et al., 2017

Sampl¢ S1 S2 TOC  |Tmax HI Lithological type ggﬂe
mg HC/g mg HC/g| Total Organic i
rock rock Carbon, w¥o

1 6.36 | 56.18 16.98 [446|331 Kerogensiliceous Il

2 6.67 | 44.08 14.12 445|312 Kerogenclay-siliceous Il

3 8.60 | 23.03 8.51 444|270 Kerogensiliceous claystone | |l

4 9.73 | 26.39 8.42 443| 325 Kerogencarbonaceouslayston¢ |l

5 3.96 | 100.20 14.01 424|750 Isolated kerogen Il

6 | 630 | 107.60| 16.98 |433/633|  Dltuminouskerogen I
siliceousclaystone

7 | 6.00 | 117.07| 17.42 |433|672|  Bituminouskerogen I
siliceousclaystone

Sample Temperaturs °C Adjusted
280 501 182 80 579
i ! i i 1

025

FID mgigrams (HC)
o
2 =
o i

)

o
=1
5

=

WFD B Sample Temperature @ IR CO WRCO2

Figure 41. Pyrogram of Sample#1
(Bondarenko et al., 207).
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Figure 42. Pyrogram of Sample#2
(Bondarenko et al., 2017)
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Figure 43. Pyrogram of Sample#3 Figure 44. Pyrogram of Sample#4
(Bondarenko et al., 2017) (Bondarenko et al., 2017)
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Figure 45. Pyrogram of Sample#5 Figure 46. Pyrogram of Sample#6
(Bondarenko et al., 2017) (Bondarenko et al., 2017)
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Figure 47. Pyrogram of Sample#7 (Bondarenko et al., 2017)

Two approaches were applied to genertite kinetic parameters from the
pyrolysis studyresults Firstly, three pyrolyss runs at different heating rategere

conducted, in order tmmeasureHC yield as a function ofime/temperatureThen these
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data were subjectdd the numericaénalysis using software progranthat wasdesigned
to generatekinetic parametersnamely:frequency factor A and activation energy
distribution The describedapproachets them vary freelyBenson, 1976; Braun et al.,
1991).

The alternativeechnique usesianual seing of a reasonable value férto avoid
unsuitablecombinations of A and Histribution, whichis often calculated wheA can
be varied freely This approachwas first proposedby Waples (1996)and then was
applied and tested\(aples et a).2002 Waples et al.2010) Another reason faapplying
this techniqueis thatusing the samevalue of Afor all the analyzedsamplesmakes it
easier to comparthe samples in terms @&, distributions.Waples and Nowaczewski
(2014)recommendedixing the frequencyfactorat 2 1 1* & andderiving the activation
energy distribution witha spacing of 1 kcal/mol&,184 J/mol)after a single pyrolysis
run. They nmade ths conclusionafter analyzing 259o0il shale samples.Figure 48
illustrates the statistics analysif the kinetic data It should be noted that some
researcherslisagree withthe describedapproachand suggesperforming at least three
rampsof an opensystem pyrolysis studgfter testing a number of rurifPeters et al.,

2015.

65



25

20 1

15 A

10 A

Percent of analyses

10 11 12 13 14 15 16 17 18
Log A (s%)

Figure 48. Logs of A factors shown in histogram form for hydrocarbongeneration
kinetics published for 259 source rocks. All these A factors were determined by
allowing both A and Eato vary freely during derivation of kinetic parameters from
raw pyrolysis data (Waples and Nowaczewski, 2014

Kinetic runs were conductedon 30 - 50 mg powderedextracted sampleat
heating rate® f 5, 10 aAiter that,Oadk@inetic parameters werabtained
using theKinetics2015 optimization softwargpecial software for interpiag HAWK
pyrolysis statiordatg. Table 8 lists thekinetic parameters calculated

Table 8. Kinetics data (activation energy and frequency factor).

SamplelD Activation Energy & Jmol Frequency factor A, #8s?
1 237,568 93.337
2 216,648 2.559
3 244,848 3.781
4 245,936 93.337
5 220,622 1.549

Figure 49, Figure 51, Figure 53, Figure 55, and Figure 58 illustrate dscrete
activation energy distributions with 1 kcal/mdike 184 J/mol)spacing between groups

Figure 50, Figure 52, Figure 54, Figure 57, and Figure 59 show discrete activation
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energy distributions witka fixed frequency factoA = ¥ d$'and1 kcal/mole(4,184
J/mol)spacing betweethe groups(Bondarenko et al., 20}.7

It should be pointed out that pyrolysis kinetic parameters andisiibution
should not varya lot, because folsamplesverecollectedfrom almost the same degpith
the same oll fieldDistributions derived witlafixed frequency factashowedconsistency
and displayedthe same Evalue that corresponds to the maximwrganic matter
conversion, 54 kcal/mdR25,936J/mol) (Figure 50, Figure 52, Figure 54, andFigure
57).

In the sampleswith matureorganic matter at MG grade(Samdes#1, #2, #3 and
#4), a part ofHC generabn capability wasutilized, whereaghe remainingkerogenwill
haveEa, distributiondiffering from that ofthe immature materiaFigure 58 andFigure
59 illustrate discrete Ea distribution of isolated kerogewbtained byapplying two
calculating techniquesNotably, the values obtainedare consistent with thosef
Goncharov et al. (2016yho analyzed a lot of Bazhev shale samples from differeat
fields.

The ativation energy distribution can be reproduced in the following form:

Ean

Eq _i _Ean
Rate = A - (E_R_Tl . 51 +e RTE . 52 + -+ e RT 'Sn) (3.1)

where Ais the frequency factor 10" s-1), S is the relative proportion of each grot
of thereacting speciesndEanis theactivation energy for each group of species.
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Figure 49. Ea distribution with a spacing of  Figure 50. Ea distribution with a spacing of
1 kcal/mole (4,184 J/mol)between groups 1 kcal/mole (4,184 J/nol) between groups
andA = 1. Pe7Samplesl and fixedA = ¥3LBample#l
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Figure 51. Ea distribution with a spacing of ~ Figure 52. Ea distribution with a spacing of

1 kcal/mole (4,184 J/mol)between groups 1 kcal/mole (4,184 J/mol)between groups
andA = 4. &382Z%rhple® and fixed A

= 02 $L.Bample#2
(Bondarenko et al., 2017)
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Figure 53. Ea distribution with a spacing of  Figure 54. Ea distribution with a spacing of
1 kcal/mole (4,184 J/mol)between groups 1 kcal/mole (4,184 J/mol)between groups
andA = 8. 3®61SarhpleB and fixedA =

= B4LB8mple#3

(Bondarenko et al., 2017) (Bondarenko et al., 2017)
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Figure 58. Ea distribution with a spacing of _. . . .
1 kcal/mole (4,184 J/mol)between groups Figure 59. Ea distribution with a spacing of
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5 a1 <
andA = 4. 661110 and fixedA = ZdlL.B5ample#5 (isolated
Sample#5 (isolated kerogen)Bondarenko et K d K |
al., 2017) erogen)(Bondarenko et al., 2017)

3.4.3 Pressurized Differential Scanning Calorimetry(PDSC)

Table 9 features theresults ofa Rock-Eval pyrolysis study with lithological

characterizatiof the @ample#8. Shown inFigure 60 is thetemperature pyrogram of a

rocksample.
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Table 9. Opensystem pyrolysis experiment data for Sample.8

TOC,
SO, S1, S2, Total ; ;
Sample| mg HC/g | mg HC/g | mg HC/g| Organic T’ggx’ Depth, HI thhtologlcal
rock rock rock Carbon, m ype
wit%o
8 068 | 068 | 16.89 | 3.01 | 428 | 2631 | 560 ';ﬁircoegoeu”s

FID (mg/grams (HC))

o

o

=
1

o

o

(=]

=
1

o

o

(=2
1

o

o

(]
1

o

o

B
1

o

o

w
1

o

o

N
M

268
1

461
L

375
I

il
L

498
1

701
L

\
s

T
25

Time (min)

WFID W Sample Temperature BIRCO BIRCO2

Figure 60. Pyrogram for Sample#8 (Khakimova et al., 2018
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Bazhermv shale oiland rock(< 0.5 mm)were mixed in a ratio of 1 to 9 by weight

that mimic saturation inthe combustion tube test described in the followiDgapter

NETZSCH DSC 204 HP Phoenifférential scanning calorimetavas used to conduct

experimenton 4 mg sampleat presswes of 8 and 14 MPa withn air flow rate of 60

ml/min from the room temperature up@Q0A CHe at i n g

rates

of

were used in experiments under MPa, whereas onlyl0 and 28 C/ mi n

implementedat a pressure of 14 MPa.

5,

PDSC results revealed three exothermic peaks which repeated the results

obtained in Section 3.3(Figure 61). Moreover, ample#5 and Sxmple#8 represent oil
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shale samplesotiected from the same well @il Field 1 (almostthe same depthlrrom
the @mmparisonof Figure 39 andFigure 61, one can conclude that oxidation reactions of
light oil that was mixed with the samppeevailed in thdow-temperature region. These
reactions caused the growth of the first pescompaedto thekerogen oxidation heat
output curve(Figure 39). The £cond peaknay correspond to oxidation of kerogen and
products of its pyrolsis, which is proved by DSC curve of isolated kerogen. The last
peakmaycorrespond to oxidation ¢fie nongenerativeorganic (NGOC)art of kerogen
and coke generatad the previous oxidationstage (the second peak) Chapter 5this
scenarids testel numerically

NETZSCH Proteus 6.Gool was used for presmoothing DSC curves and
NETZSCH Peak Separation 3 softwdoe breaking down DSC curves into individual
peaks Figure 62).

Table 10 presentghe data derived fronthe analysis of PDSC individual peaks,

namely: onset temperaturesn], peak temperaturespekk,i thermal effects of individual

peaks, pimul ati ve ther mal e fafidepent ,at egitdl,i f $ @ mp |

heating rates b and under two pressures,
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Figure 61. Sample#8. DSC oxidation curves, pressure 8 MPaUpper right corner
curve representsa heating rateof 1  /min (Khakimova et al., 2018
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Figure 62. Sample #8 Example of DSC curve breaklown into individual peaks,
heating rate 10 /min (Khakimova et al., 2018
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Table 10. PDSC individual peaksanalysisresults (Khakimova et al., 2018

b, K/min | Ton 1 A o Tpeak 1 qdj}g Ton 2 A 4 Tpeak 2A 8 H*, /g | Ton 3 A o Tpeak 3A o qdjj’g qdj/g qm, %
P=8MPa
1 1438 | 2176 335.2 i 3126 | 7.0
5 179.6 | 246.1 373.6 518.5 2183 | 108
10 | 2004 | 2592 387.6 521.3 2754 | 112
15 | 2045 | 265.7 395.1 524.2 2054 | 11.3
20 | 2230 | 2682 402.1 526.6 2055 | 10.3
1 | 150.0% | 217.6*| 1658* | 256.2* | 340.8* | 1328* | 4695* | - ~ [ 3126 | 70
5 | 184.4* | 245.4%| 1214* | 3085* | 372.9* | 697* | 469.5¢ | 523.1* | 117* | 2183 | 10.8
10 | 203.0* | 262.3*| 1568* | 321.6* | 38.1* | 721* | 447.3* | 523.0* | 189* | 2754 | 11.2
15 | 201.7* | 267.8*| 1710* | 329.7* | 395.4* | 752* | 442.2* | 524.8* | 229* | 2954 | 11.3
20 | 209.7¢ | 273.4%| 1630* | 339.2* | 402.9* | 698* | 449.7* | 528.3* | 220* | 2955 | 103
P =14 MPa
10 | 191.7 | 259.8 385.9 540.1 2519 | 11.7
20 | 2203 | 2537 378.4 534.6 3649 | 11.3

* Calculated for individual components of DSC curves.

** thethermal effect of the reaction is calculated based on the initial mass of the sample; the linear function was chosselasethe b




The knetic parametersalculatedfor each exothermic peaby three methods,

namely ASTM, OzawaFlynn-Wall andFriedmanare presented in

Table 11. They can be reproduced in Arrhenius form:

Ean

kn — An e RT (3.2)

wherek, is the rate constant of reaction laé ti" peak,An is the frequency factdor the
reaction at the fipeak(s?), Ex is the activation energy for the reactianthe i peak

(J/ mol ), R is t he uni ver santd T ig ¢he absolutr
temperature (K).

Table 11. Kinetic characteristics ofsample oxidation at 8 MPa.

Peak ASTM Friedman* OzawaFlynn-Wall*
number | E, Jmol | logA, st | Es J/mol | logA, st | Ea J/mol | logA, s?
108000N 77,000N 87,000N
1 8.4 5.0 6.1
10,000 7,000 9,000
154,000 N 193000N 171,000N
2 9.9 12.9 11.3
7,000 9,000 9,000
563000N 438000N 383000N
3** 35.5 27.2 24.0
161,000 66,000 71,000

* . The values given correspond to a conversion of 0.5;
** . When processing data for the thpeak, the heating rate of 5riih was not used.

3.4.4 Accelerating Rate Calorimetry (ARC)
NETZSCH ARC 254 ecelerating rate alorimeter wasusedfor this study The

same mixture of oil and rocks thatused in PDSC testaspackedinto a 7 ml stainless
steel spherical containerThis equiprent is able to accurately monitorchanges in

temperature andlso detectfast reactions so that it carswitch into adiabatiadegime
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when neededBhattacharya et al., 2035In this study the "heatwait-search"regime
was applied, wherethe samplewas heted with a 5A Gstep followed by isothermal
regime for 30 minutes.If the temperature inside the containgrew faster than
0.02 /min, the equipment automaticallgwitchedto the adiabatic regime to follow the
exothermic reaction until the séikating ra@ dropped below0.02 /min or until the
temperaturegeachedb00 . If noselfheatingwasdetectedn the samples fa80 minutes,
the system stagtlthe next5SA C  h e a t The pitialsptessyre in the systemas 15
MPa. Figure 63 presentsthe variations of pressure and temperature during the
experiment One can seérom the temperature profilénat the oxidation reaction started
at 105A @ndcontinuedup to383.6A Gor 843 minuteswhile the maximum reaction rate
wasdetectedat 245.8\ CThe esultsindicatel that theoxidation of oitsaturated oil shale
is quite ntensive with the maximum pressure changeate of 2020 bar/min and the
maximum heating rateof 339.8A C/ m\iVhen the seltheating ratewas less than
0.02A C inmthe stepwise heatingvas resumed Another exotheris reaction was

detectecht477 , followed by seHheating up tat92A C .
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Figure 63. Pressure profile purple line) and temperature profile (red line) during
oxidation (Khakimova et al., 2018

3.4.5 Rampedtemperature oxidation experiment(RTO)
Ramped temperature oxidation RTO devioé gonsists ofa flow reactorwith a

pressure monitoring syste(htem 4, Figure 64), a gasflow control system(ltems 13,
Figure 64), a temperature control syste(titem 5, Figure 64) and oxygen and carbon

oxides analyzerdiem 6, Figure 64).

g

-

1

& =

Figure 64. Schematics of RTO setip (Khakimova et al., 2018
The samerushedsample(20 g)not subjected tpre-saturation was placed in the

reactor with the thermocouple rod in the centefor this stdy, 1.50, 1.75, 2.0,
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2 . 2/&in heating rates were applied atl{STyh air flow rate.The smple mass was
limited because of thlimitation of gas analyzers.
Figure 65 showsthe rate of oxygen consumptiaturing heating. Figure 66
illustratesgas molar compositiorversustemperature at the minimum heating rate of
15AC/ mi n. Two r egi on s alewetemperatuce eegioni(LITR) ardl, namel
high-temperature region (HTRWhere oxidabn reactions are dominant in LTHable

12). Two peaks can be identified HTR, proving the concept of three stages.

0.045
0.04
0.035
0.03
0.025
0.02
0.015
0.01
0.005

0
50.00 150.00 250.00 350.00 450.00 550.00 650.00

Temperature (°C)

Figure 65. Sample 8. Rate of oxygen uptake (1.50, 1.75,@#&nd 2.25 / mi n)
(Khakimova et al., 2018

1.50 1.75 2.00 2.25

dV(0,)/dt (I/min)
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Figure 66. Sample#8. Gasmixture compositionversus temperature(1.50 / mi n

(Khakimova et al., 2018

Table 12. Temperature parameters of LTR andHTR (Khakimova et al., 2018

, LTR* HTR**
Heating Poak Poak
rate, Temperature ca Temperature ca
A ¢min . temperature, . temperature,
i nterva i nterva
Aug Au
1.50 225289 255.6 322423 377.1
1.75 224311 276.8 318446 387.0
2.00 224332 293.3 325455 395.3
2.25 234356 308.9 331-478 410.1

*LTR Tlow-temperature region

*HTR 1 hightemperature region

The kinetic parametersor the two peakswere cdculated using three methods

namely ASTM E 69811 (1), ASTM E 69811 (ll) and Ozawdlynn-Wall method The

resultsarepresentedn Table 13.
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Table 13. Kinetic parametersin LTR and HTR (Khakimova et al., 2018

LTR* HTR**
Heating rate, K/min

Ea, J/mol A, st Ea, J/mol A, st

ASTM E 698 () 10,30 0580 6.94 1072 34500N 5 . 8.87

ASTM E 698 (Il) 1390 0480 20.19 10?2 34200N 4 . 8.58

OzawaFlynn-Wall 21, 790 N 1.7910* 39000N 2 . | 3.82*10°

*LTR Tlow-temperature region

*HTR T high-temperature region

3.4.6 Conclusions
In this section the oxidation and pyrolysis kinetics data were measured and

reported By means ofyjeochemicahnalysis thebulk-kinetic parameters were calculated
and two different approachés determinng E, distribution were studiedlhe outcomes
suggest thafixing the frequency factorrather than letting the frequency vary freely
yieldsmore consistent results.

The pessurized differential scanning calorimetry (PDS&udy identified
temperature regions where heat generation rates were signifibenkinetic parameters
were calculatedrbm the data obtainedy means ofthe accelerating rate calorimetry
(ARC) study, the oxidation startingtemperaturewas determinedo be 105 . Two
regions of reactions weridentified, namely: 1053 8 3 . 6 and .4717n bot h
PDSC andARC studies,samplespre-saturated with oil were used. line ramped
temperature oxidation (RTQ}udy,therock sampleused had not been subjectedte-

saturationlt was found fom the experimentghatthe dominantoil and kerogermxidation
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reactions ocur in the low-temperatureregion (LTR) which is indicative of the
spontaneougynition at reservoir conditiondvoreover,the experimentsstablishedhe

negativetemperature gradient region (NTGR).

3.5. Oxidation: High-pressure ramped temperature oxidationfHPRTO)

3.5.1 Samples selectiomnd test design strategy
High-pressure ramped temperature oxida{iBi®?RTO) of nonextractedcrushed

core without oil flood is a unique study that hetpsinderstandadsorbed hydrocarbons
and kerogen oxidation behavior in a pasanedia athe reservoir pressuref 28 MPa.
Core samples fron®@il Field 3 (MC1) wereselected for this study. It must be noted that
the same experiment conditeand core materiarereplicatedin the nitrogen injection
testdescribed in the nexestion. Compang the air and inert gas injection testsne can

determire the mass of hydrocarbons that will be burned undesetiestconditions.

3.5.2 Methodology
HPRTO setup was chosen as the testing tool for the current Sfddgre et al.,

1999 Mallory et al., 2018. The kasic flow schematics is displayedkigure 67. In this
experimentsynthetic air (22.38% £77.62% N) was injected toglown at a flow rate of
15.341(STYh (air flux 40 n¥(STYm?h), while the controllednon-extracted crushed core
(0.1-0.7 mm)heating ratevassetto 4 0 AC/ h . C homsgbaneettora sardples
werepacked inside a ordimensional reactor which walen placedn a highpressure
jacket. Thereactor had a 21.thm diameterand a483 mmlength The porosityof the
core model was 39.9%nd the grainsvolumewas 92 cr The aushed core samples

were not premixed with oil asis usualin similar casesOil was eliminated from the
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study in order tounderstand kerogen and adsorbed HC oxidation behavior, in other
words,as manynative oil oxidationreactions as possibigere excludedrom the study

The flow reactor was set touniform heating along the whole length fromoom
temper at ur eowedoby iSothérAal heatihgauhtil no heat release and oxygen
uptakeoccured Gas composition was measured every 20 min using gas chromatographs
directly connected to the system, while liqusdmpleswere collected into foutraps
according to théeatingschedule The pressurenside the flow reactor was maintained at

28 MPa (reservoir pressure). The annulus pressuré&epdf.3- 0.6 MPa higher than the
reactorpressureln order to sweep out the trapped gagshe reactor was purged with

helium at the sae injection rate.

Top-down injection

é Injection gas system
TC1
Core 4 . .
— Annulus gas manifold
""""" L Y
TC-3 l
Core 3 . s \
TC-4 Y
[ ] Y
Core 2 == Back
* pressure
__________ TC-6
[ ¥
Core 1 [[1e7
. GC and
_________ . wet test
* meter
A 4 b
@ Walland annulus thermocouples TraPS
@ Core thermocouples AA A A A Ao D

Figure 67. Flow schematics of HPRTO setp.
The reactowasdivided into seven heating intervaBeven thermocouples were

inserted radially at uniform intervals into the center of the reactor at the imidp@ach
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of the heating zone sectiottsmonitor the temperatures along the core m{sble 14).
Comparison of the temperatures from these intervals gives accurate data on the
temperature intervals, where sign#éit changes of heat generation or consumption
occur. The emperature intervala/ithin which theliquid samples aredatlectedare of

critical importance The traps witching schedule waset basedon the temperature
intervals of hydrocarbon yields in oil gles, in other words, intervatd SO, S1, and S2
peaks during pyrolysis by Rodkval method (Peters, 198p It is known that the
exothermic peak iasum of the exothermic peaks of hydrocarbon oxidation reactions and
the endothermic peak of thermal decasiion and distillation reactions.

Table 14. Location of thermocouples(TC) along theHPRTO reactor.

Thermocouple Distancebetweerthermocouple

number andproduction end, mm
TC1 445

TC2 388

TC3 331

TC4 274

TC5 217

TC6 160

TC7 103

3.5.3 Results: emperature profiles
Analyzing the temperature profildiistratedin Figure 68 andFigure 69 onecan

see that the adsorbed hydrocarbons and kerogeatin reactions start aboutl 4 0.A C

Interval seven was not subjected to external heating, which explains its lower peak
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temperature. It was don@tentionally for safety reasons. Most of the oxygen
consumption occurs after the exothermic peakha seond zone. It can be noted that

kerogen and the products of its thermal decomposition burn more slowly than oil. This is

evident from the shape of the oxygen consumption canekhe exothermic temperature

peaks that appear after the temperature react®A3D. Thi s may be due t o
the thermal decomposition of kerogen occatsi p t o géreratiAgCa continuous

stream ofnew oxidative pyrolysiproductswhich consume oxygeimom the airinjected

The peak temperaturestainedn each intervabf the reactor arkstedin Table 15.

Table 15. Peakkmaximum temperatures of the reactorintervals.

Interval/zone Peakmaximumte mper at u

1 500

500

502

608

516

2
3
4 549
5
6
7

562

3.5.4 Results: gas analysis
Table 16 containstotal volumes and masses of eges evolved from the reactor.

Figure 68 illustrates a combinedtemperature andCO, CQ, N2 and Q molar
compositionprofile. Figure 69 gives a combined temperatu@nd hydrocarbon gases
molar compositiorprofile. It should be noted that gas composition profiles have been

adjusted to reflect the delay associated withphesage of evolved gases from the reactor
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outlet to the gas chromatograph. This adjustment was based on the helium identification
delay after the start of helium purge. It does not, however, reflect thet tiakes the gas
to travel from the reaction frd to thereactorexit, as this gantity is constantly changing.
According to the calculationGC delay time of 1.47 hourw/as applied. According to
Figure 69, the prevailinghydrocarbon gas produced from the react@swwnethane,
which composition is much lower thélne gases composition
The molar flow rate of nitrogen into the reactor remained essentially constant

during the whole run. Therefore, the observed increase in nitrogen composition shown in
Figure 68 is indicaive of the occurrence of oxygen addition and/or water generating
reactionsduringthe increasd oxygen consumptioperiod The influence of the different
oxidation reactions on nitrogen composition in the prodgeeses is shown below:

C

y +0, ,,— CO No effecton N: concentration

(Solid orlig. 2(g)
Cesoidoriiy T35 o) = CO,, Tends to decrease;oncentration
2H spidorigy T30 o) = HO omonedasii) Tends to increasedtoncentration
C.H ¥ (Solidoriia) +20, ., = C.H.O, i, Tendstoincreaseidtoncentration

According to the resulfor theliquid samplestheincrease in nitrogen conteist
atributed to water generatiot the 23" hour of the experimentgas composition
measurements were interrupted dua technical problemit must be stressed that during

this short period of time no helium was injected into the core model and no gases we
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evolved, whichmeansthat only isothermal heating occurrdd.addition, thermocouple

#6 did not show correct value of temperature due to the technical reasons.

Table 16. Total volumes and masses of evolved gaseslPRTO oxidation test

Parameter \olume, cc Mass, g
CH, 572.29 0.38
C,H, 154.93 0.21
CH, 2.83 0.004
C,Hg 76.35 0.15
C,Hq 15.27 0.029

n-C,H,, 36.16 0.098
n-H,, 33.58 0.116
CcO 416.99 0.52
Co, 29,467.22 58.25
H, 18.44 0.002
H,S 1174.17 1.81

Gas composition, mol%

Co

-  Oxygen

Zone 1

- Zone5

Figure 68. Temperature profiles and gas compositions (CO, C£N2, O2). GC delay

Time, hours

—— Nitrogen
- Zone2

— Zone6

—— Carbon monoxide

— Zone 3

— Zone7

time 1.47 hours.
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Figure 69. Temperature profiles and hydrocarbon gas compositionsGC delay time
1.47 hours.

TheHPRTO analysis is based o @alances isideand ousidethe reactor. It can
be seen from the temperature profilleat thethermal fontis moving much slowein the
first two zones. Starting witthethird zone thefront is moving fastemwith a velocity of
39.8 mm/h. It should be noted that this velocity is low comp#rele front velocity in
heavy oil HPRTO tests.This means thatthe air requiremerg are very high. The
combustion parametemere calculated from the following relationsisigMoore et al.,
1999:

A . . Air flux 23
ir requirement = )
1 Frant velocity (3.3)

23.6445(%]

([co,|+[co])12.011+1.008 H/C])

Reacted O, ! Fuel Ratio = (3.4)
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4[%_['-('{}3]_@_“}:]]

([co,]+[co])

3.5
AAHCR = (3.5)

[[{'(J3]+ [{\Z}E ] ]*x 100

[T

Table 17 provides the results for the apparent atomic H/C ratio (AAHCR),

%), to COx = (3.6)

percentage of reacted oxygen converted to carbon oxides and apparent reacted
oxygen/fuel ratio for thisest.Wh a tinteresting in this tables thatthe air requiremergs
arevery high. Howeverthe combustion parameters calculated from gas composition in
HPRTO tests are different from those obtainedhi@ combustion tube test or ithe
reservoir. These pameters are presented heretfa sake o€omparison with other tests
(Moore et al., 1999 According to the literature reviewprsuch teshas beeronducted
for oil shalesso far Further investigation is needed for testing different oxidation regimes
in such a setip by changing air flux, heating rate and maximum heating ramp
temperature.

Wet combustion is commonly used to reduhe requirement for air and increase
the front velocity. In thecase of oil shalewateris in the supercriticalstate By co
injecting water,jn situ supercritical water generationay be initiated(depending on gas

content)
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Table 17. Combustion parameters

Air requirementm3(ST)/m? reservoir 1,003.5
Apparent atomic H/C ratio 0.95
Apparent reacted oxygen/fuel ratio3(®T)/kg | 7.58
Reacted oxygen converted to carbon oxide§ 81.38

3.5.5 Results: @re analysis
RockEval pyrolysisstudy

RockEval pyrolysis analysis was applied to crushed rock samples taken from
different zones along the length of the reactor to assess the degree of conversion of
kerogen to hydrocarbons as a result of thermal and chemipalure A photo of he
unpacking procedure is shown kigure 70. In total, core samplesfrom for intervals
were unpacked 100 mm in length eachJable 18 presents RocEval pyrolysis results

The pyrolysis study datasuggestthat virtually no kerogen remained in the
samples: one part served as fuel for combustiontlaeotherwas transformed into liquid
and hydrocarbon gasebigure 71 and Figure 72 illustrates pyrograms (SO, S1, S2,

S4CO02) of initial core and unpacked core samples.
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Figure 70. Unpackin the core from the reactor(Bodarenko etal., 2017b

Pyrograms for original and oxidized core
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Figure 71. Pyrogram (hydrocarbon yield) ofinitial core sample and unpacked core
samples (HPRTO air injection test).
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Figure 72. Pyrogram (S4C0O2) ofinitial core sampleand unpacked core samples
with temperature schedule(HPRTO air injection test).
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Table 18. Pyrolysis study resultsHPRTO test: oxidation test)

SO S1 S2 TOC Tmax HI Ol Pl S4C02| S4CO
mg mg mg Total | Maturity, AC| Hydrogen Oxygen Production
Sample HC/g | HC/g | HC/g | Organic Index, Index, Index,
rocks | rocks | rocks | Carbon, S2/TOC*100| S3/TOC*100| S1/S1+S2
wWt%

Original Core| 1.91 | 6.94 | 65.74| 9.63 438 682 1 0.10 99.41 | 12.50
Core 1 0.02 | 0.03 | 0.04 0.18 383 20 105 0.43 1.46 | 2.35
Core 2 0.02 | 0.03 | 0.04 0.17 321 21 69 0.43 1.91 | 2.03
Core 3 0.02 | 0.03 | 0.03 0.23 340 13 63 0.50 1.29 | 351
Core 4 0.03 | 0.04 | 0.05 0.24 328 19 96 0.46 242 | 2.80




Elementalanalysisand mineralogy change

Table 19. Results of éemental analysis of crushed core samples toge and after
exposure (HPRTO test: oxidation test)

Oil Field Temper at Sample N,% | C,% H, % S, %
Oil Field 3 Original core 0.23 | 11.67 | 1.34 4.23
Oil Field 3 500 Core 1 oxidation| 0.00 0.00 0.41 2.75
Oil Field 3 549 Core 2 oxidation| 0.00 0.00 0.18 2.88
Oil Field 3 608 Core 3 oxidation| 0.00 0.00 0.21 3.19
Oil Field 3 562 Core 4 oxidation| 0.00 | 0.00 0.30 3.10

Elemental analysis (HPRTO: oxidation test)
14.00
12.00 mN,% ®C,% H,% ®S,%

10.00

8.00

6.00

Original core

500°C

Core 1 oxidation

549°C

Core 2 oxidation

Core 3 oxidation

608°C

4.00
0.00 |—==

Core 4 oxidation

Figure 73. Results of émental analysis of crushed core samples before and after
exposure (HPRTO test: aidation test).

All the carbon elemestwereoxidized, whichreconfirmsthe conclusion madén

the Rock-Eval pyrolysis study No nitrogenwasidentified inthe elemental analysisNo

pyrite minerals were detectetliring the mineralogy analysis in the adrsamples after

exposure
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3.5.6 Results: al analysis
Based on the analysis of the masses of thedigaheratedrom the 92 crf of

rock as a result of oxidation reactions and reactions of thermal decomposition of kerogen
24.8 g of watetwil emulsion were geerated. The temperature sampling intervals, sample
masses and their description are presentddbie 20, and thephotographs of the traps
aregivenin Figure 74.

Table 20. Description of liquid samples in trapsi oxidation test

Trap number Temperature interval of | Sample weight Sample description
sample ceoll g
No generatiorof
Trapl 20-180 0 hydrocarbons
Trap 2 180- 300 0.5 Water with oil film
Trap 3 300- 500, isothermal at 500 24.1 Waterin-oil emulsion
Trap 4 Hgllum purge and 0.2 Oil traces
epressurizing
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Trap 1

a. Four traps. b. Trap2(180300 )

c. Trap3(300500 ) d. Trap 4 (helium purge and pressure dowi
Figure 74. Photos of traps after the experiment oxidation test.
Stable (hard to break) oMas obtainedh thewater emulsionwhichimpliesa risk
of emulsionbeing produed during field operations. Thellssample was separated from
the water by CHGI extraction.The aiginal oil extract was obtained through toluene
extraction of the original core packed into the HPRTO reactle 21 lists the results

of GC 1 GMS analysis and calculated parameters.
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Figure 75 shows the position of these two extracts samples on Cannon Cassou
diagram(Connan and Cassou, 198QAccording to the work offonnan and Cassou
(1980) pristane to fCi7 and phytane to «ig ratios continuously decrease with
increasing maitration for crude oils that belong to the same family and, in other words,
are of a similar kerogen type. As illustrated Bigure 75 CHCI; extract from the
synthetic oilsample collected during oxidation of nertracted crushed oil shale has
lower values of pristane/@17 and phytaneACis, which is indicative of increased

maturation of oil samples.

Cannon Cassou diagram

PriC17

8 1 Original core
2 Qriginal oil

3
@ 0xidation

Ph/C18

Figure 75. Cannon Cassou diagrani sample after oxidation treatment.
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Table 21.

collectedin trap 3.

G C IMS @sults ofthe original core extract and oil sample

Sample ID

1

2

Sample description

Original core

HPRTGOoxidation (Trap 3)

Sample preparation details

toluene extract

CHClz extract from the
trap 3 (separatiofrom

water)
alkanes 43 39
olefinsand naphthenes 23 9
mong-aromatics 19 33
di-aromatics 12 17
tri-aromatics 4 2
Pr/Ci7 0.57 0.32
Ph/Gs 0.66 0.42
Pr/Ph 1.06 1.01
Ki 0.61 0.36
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3.5.7 Material balance calculation
Table 22. Material balance Air injection test (HPRTO).

Parameter Oil, g Water, g
Trapl1 (200180 ) 0 0
Trap2 (180300 ) 0 0.5
Trap3(306500 , i sothermal|] 241 21.69
Trap 4 (helium purge and depressurizing) 0.2 0
Washing lines with toluene 0.8 0
Oil and water produced, g 3.41 22.19
Hydrocarbons in the system (S0+S1+S2), g 14.79
HC gases produced, g 0.99
CO and CQproduced, g 58.77
H>S produced, g 1.81
H> produces, g 0.002
Percent of hydrocarbons produced
(recovery factor), % 29.75

3.5.8 Conclusions
The percentage ofpotential hydrocarbons produced was9.75 wt%. Gas

composition was determined significant amount of water and carbon dioxide was
generated through this process, whieticates thathe non-generative part of kerogen
was consumed as duel. RockEval pyrolysis study sihwed total kerogen
conversion/oxidationof both generative and negenerative past Synthetic oll
composition and geochemical parameters were obtained. Accordi@gnitmonCassou
diagram synthetic oil collectedvas chamacterized bya high maturity level.Oil was
collectedin emulsia, which impliesa risk of emulsionbeing produed during field

operations.No pyrite minerals were detected during mineralogy analysige core
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samples after exposurk is strongly recormended to further investigaand experiment

with the air flux effect on oil recovery.

3.6. Pyrolysis: High-pressure ramped temperature cracking HPRTC)

3.6.1 Samples selectiomnd test design strategy
Crushed rock samples fro®il Field 3 were chosen for this studywhich

duplicatesthe HPRTO experimemtescribed abovexcept fortheinjection gas

3.6.2 Methodology
To make a correct comparison of the results of the two experiroendsictedn

an atmosphere of air and in a nitrogen atmosphere, the second experimeampiraze

the firstone with the exception of the gas used.

3.6.3 Results: ore analysis
RockEval pyrolysis study
As can be seerrdm Figure 76, Figure 77, and Table 23, almostthe entire

generativeorganic (GOC)part was conveed. Cokelike material that caserve as fuel
for further combustion was generated. It should be noted thabT S2 peakassociated
with this materialshifted to highetemperaturesThe aeabelowthe S4CO2 pealgrew

larger, whichtestifies tothe fuel laydown.
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Pyrograms for original and pyrolized core
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Figure 76. Pyrogram (hydrocarbon yield) of initial core sampleand unpacked core

samples
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Figure 77. Pyrogram (S4CO2) of initial core sampleand unpacked core samples
with temperature schedule

Mineralogy change
No pyrite minerals were detected durittge mineralogy analysisn the core

samples after exposure

98



66

Table 23. Pyrolysis study resultsHPRTC nitrogen injection test).

SO S1 S2 TOC Tmax HI Ol Pl S4C02| S4CO
mg | mg | mg Total | Maturity, AC | Hydrogen Oxygen | Production
Sample HC/g | HC/g | HC/g | Organic Index, Index Index,
rocks| rocks| rocks| Carbon, S2/TOC*100| S3/TOC*100 S1/S1+S2
Wt%

Original Core 1.91]| 6.94|65.74| 9.63 438 682 1 0.10 99.41 | 12.50
Core 1- pyrolysis test| 0.00 | 0.02 | 0.51 | 3.73 640 13 5 0.04 117.38| 10.31
Core 2 - pyrolysis tesf 0.00 | 0.02 | 0.25 3.13 660 8 5 0.06 102.49| 6.38
Core3 - pyrolysis test) 0.00 | 0.01 | 0.33 | 3.54 656 9 4 0.04 114.38| 8.35
Core 4 - pyrolysis test 0.00 | 0.02 | 0.32 | 5.51 651 5 2 0.05 158.27| 26.52




Elementalanalysis
Table 24. Results of éemental analysis of crushed core saptesbefore and after
exposure (HPRTCtest nitrogen injection test).

Oll Field Temper at Sample N,% | C,% | H % | S,%
Oil Field 3 Original core 0.23 | 11.67| 1.34 | 4.23
Oil Field 3 500 Core 1 pyrolysis | 0.21 | 7.21 | 0.39 | 2.43
Oil Field 3 500 Core 2 pyrolysis | 0.21 | 7.18 | 0.34 | 2.42
Oil Field 3 500 Core 3 pyrolysis | 0.21 | 7.25 | 0.35 | 2.44
Oil Field 3 500 Core 4 pyrolysis | 0.20 | 7.05 | 0.31 | 2.40

14.00
12.00 mN, % uC,% H, % S, %

10.00

8.00

6.00

4.00

I 1 01 A1 L]
0.00 = — — = =

Original core Core 1 pyrolysis = Core 2 pyrolysis = Core 3 pyrolysis = Core 4 pyrolysis
500°C 500°C 500°C 500°C
Figure 78. Results of é&emental analysis of crushed core sampldsefore and after
exposure (HPRTCtest: nitrogen injection tes).

o

Fromelemernal analysis one can conclude ttta remainingarbon left can be

usedas fuel for oxidation reactions.
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Table 25. Results of éemental analysis of crushed core samples before and after
exposure (HPRTO tests: oxidation and pyrolyss).

OilField |[Temper a Sample N, % C,% | HH% | S, %
Oil Field 3 | before exposurg Original core 0.23 11.67 | 1.34 | 4.23
Oil Field 3 500 Core 1 oxidationy 0.00 0.00 0.41 | 2.75
Oil Field 3 549 Core 2 oxidationy 0.00 0.00 0.18 | 2.88
Oil Field 3 608 Core 3 oxidatiory 0.00 0.00 0.21 | 3.19
Oil Field 3 56 2 Core 4 oxidationf 0.00 0.00 0.30 | 3.10
Oil Field 3 500 Core 1 pyrolysig 0.21 7.21 0.39 | 243
Oil Field 3 500 Core 2 pyrolysis 0.21 7.18 0.34 | 2.42
Oil Field 3 500 Core 3 pyrolysis 0.21 7.25 0.35 | 2.44
Oil Field 3 500 Core 4 pyrolysis| 0.20 7.05 0.31 | 2.40

3.6.4 Results: al analysis

Trap 1

Trap 3

Trap 4

Figure 79. Photosof traps after the experimenti pyrolysis test(HPRTC).
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Table 26. Description of liquid samples in trapsi pyrolysis test.

Trap Temperature interval of Sample Samole descrintion
number sampl e coall weight g P P
i No generation of
Trapl 20- 180 0 hydrocarbons
No generation of
Trap 2 180- 300 0 hy%rocarbons
Trap 3 300500, isothermal at 500 6.8 Oil
Trap 4 Hg‘llum purge and 0.6 o]]
epressurizing
Lines Washing lines with tmene 2.2 Oil

Table27. G C IMS @sults of the extracts from original core and liquid samples

collected.
o o HPRTC-pyrolysis
Sample description Original core
(Trap 3)
Sample preparation details toluene extract oil from the Trap3
alkanes 43 18
olephinsand naphtenes 23 20
mong-aromatics 19 38
di-aromatics 12 23
tri-aromatics 4 1
Ki 0.61 0.27
PriC7 0.57 0.25
Ph/Gs 0.66 0.28
Pr/Ph 1.06 1.24
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Figure 80. Cannon Cassou diagrani sample after pyrolysis treatment.

3.6.5 Results: gas analysis
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Figure 81. Temperature profiles and gas compositions. G delay time- 1.47 hours
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Table 28. Total volumes and masses @volved gases HPRTC pyrolysis test.

Parameter Volume, cc Mass, g
CH, 1,239.45 0.828
C,Hg 319.634 0.429
C;Hg 177.468 0.356

n-C,H, 78.788 0.031
i-C,Hyo 11.646 0.213
n-d:H,, 76.554 0.265
CO, 269.867 0.533
H, 494.27 0.044
H,S 1,987.59 3.059

It can be seen from the table above ttie# amount of hydrocarbon gases
generated as a result of pyrolysis is greagrcompared t@xidation. This can be
explained bythe hypahesisabout vapoiphase combustiostated inthe papes of the
University of Calgary(Barzin et al., 2010 Mallory et al., 2018 However, further

research is needed to prove this statement.
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3.6.6 Material balance calculation

Table 29. Material balance. Comparison of oxidation (HPRTO) and pyrolysis

(HPRTC) tests.

Oxidation Pyrolysis
Parameter : i
Oil,g | Water, g Oil, g
Trap1 (20018 0 ) 0 0 0
Trap2 (180300 ) 0 0.5 0
Trap3(300500 , i sother m| 241 21.69 6.8
Trap 4 (helium purge and depressurizing) 0.2 0 0.6
Washing lines with toluene 0.8 0 2.2
Oil and water produced, g 3.41 22.19 9.6
Hydrocarbons in the systef80+S1+S2), g 14.79 14.72
HC gases produced, g 0.99 2.12
CO and CQproduced, g 58.77 0.53
H>S produced, g 1.81 3.06
H> produced, g 0.002 0.044
Percent of hydrocarbons produced
(recovery factor), % 29.75 79-62

As compaed to the HPRTO material balace estimation resultground 50% of
potential hydrocarbons were consumedeasa fuel in oxidation, leadingto carbon

oxides and water generation.

3.6.7 Conclusions
As compare to the air injection experimen87.4wt% (29.75 wt% of 79.62 wt%)

of the possiblgjield of hydrocarbons were extractddring the oxidationThis suggests
that the oxidation of kerogen and the products of its reaction led to coking and further

combustion under the given experimental conditions. It is necessary to select the optimal
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flow rate. Since heating in the presence of air started at room temperature, low
temperature oxidation resulted in thedation of an additional part afl, which resulted
in a low displacement coefficienNo unsaturated hydrocarbomgere detectedn the

gases.

3.7. Hydropyrolysis: closedsystemtest

3.7.1 Samples selectiomnd test design strategy
Four crushed rdc samples fromOil Field 3 (MC: grade) were chosen for

hydropyrolysis experiments to represent the Bazhesi@le. The experiments were

conducted tadifferent temperatures of exposuredrder to test the effect of temperature

on the kerogen conversion degree, change in porosity and permealatity, gas

composition and yield=our temperatures were chosen for the investigation, namely: 300,

350, 400and 480AC, where exposure at 300 si mul
representssubr i t i c al water extr acitgisupercriticad Waler and 48
exposure. All these temperatures exist during air injection at a different distance from the
combustion front. The data obtained can be used for evajudie hot and SCW

injection potential in oil shales, where the heating agent is injected from the surface with

down-holepreheating.

3.7.2 Methodology
Closedsystem reactorsF{gure 82) were used to evaluate the effectiveness of

subcritical and supercritical watg)iSCW) extraction.The ®lected coresamples were
crushed and homogenized to the size of2Dfmm and 55 g were collected for each

experimen{Figure 83). A set of xperimentat 300, 350 ,waséddhducteind 4 80 A
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on nonextracted crushed core samples at a pressure of 27Hé&Rtangwas performed
staring from the room temperaturngp to the target temperature withhe@ating rate of
20AC/ h, foll owed lhtyheselsced thneperatadsr 3G howesdeme n t
cumulative volume of evolved gases wasasured by a wet testeter;the gases were
then collected for further analysis. Liquid samples were collect®d graduated
cylinders The crushed core was removed from the reactor auahdried down to
constantweighat 1.05 AC

Kerogen conversion due to thermal exposure was assesdedckyeval open
system pyrolysisnethodwhich was conducted on original samplnd heated sampies
HAWK pyrolysis instrument. Since porosity and permeability cannot be meabyred
conventional methods due to the extremely low permeability and porosity of Bazhenov
oil shale samples, GRI analysis method using CoreLab-300Pmatrk permeameter
wasapplied According to this methodhe matrix permeameter detects the pressure pulse
response in the cell filled with crushed rock sampidterwards thepermeability value
is calculated by analyzing the pressure decay over time. Inr aodedentify gas

compositionthesamples were collected and analyzed in a gas chromatograph.
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Figure 82. Experimental setup for Figure 83. A disintegrated core sample
closedsystem hydropyrolysis testing of Bazhenovolil shale
(Bondarenko et al., 2016 (Bondarenko et al., 2016

3.7.3 Results: @re analysis
An opensystem pyrolysis study using Re&kal pyrolysis method was

performed and two primary parameters, S1 and S2, were measwneki to identifithe

degree of kerogen conversias a result of hydpyrolysis As described earlier, S1 is the
amount ofhydrocarbonghermallyreleasedy the temperature of 380C, wh itHee S?2
amount of hydrocarbons obtained via thermal decomposition oivolatile organic

matter. Therefore, S2 value serves as dication of hydrocarbons yield that the kerogen

has the potential to generate under high temperature and pressure over a long period of
time. To investigate the change in those parametieescore samples were analyzed
before and after exposurdable 30 reports the results of pyrolysis parameters
measurements, whighoint to nearlytotal conversion of free oil (S1 parameter) and

82% decrease in parameter S2 as a result
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