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The content of this deliverable does not reflect the official opinion of the European Union. Responsibility
for the information and views expressed herein lies entirely with the author(s).
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Definitions and acronyms
ARMINES
BGS

Association pour la Recherche et le Developpement des Methodes et
Processus Industriels
British Geological Survey

BZ

Belousov-Zabhotinsky

CA

Citric Acid

CMC

Carboxymethyl Cellulose

Cmc

Critical micelle concentration

CSGI

Consorzio Interuniversitario per lo Sviluppo dei Sistemi a Grande Interfase

CTAB

Cetyltrimethylammonium Bromide

DMADH

10-dimethyl-5-azoniaspirodecane hydroxide

DSC

Differential Scanning Calorimetry

EAB

External Advisory board

EC

European Commission

ERIO

European Research and Innovation Office

FIB-SEM

Focused Ion beam Scanning Electron Microscopy

GA

Geometric Average

Geomecon

Geomecon GMBH

GFZ

Helmholtz-Zentrum Potsdam Deutsches GeoForschungsZentrum

GG

Guar Gum

HB

Halliburton

HEC

Hydroxyethyl Cellulose
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HIPC

Ustav Fyzikalni Chemie J. Heyrovskeho AV CR, v. v. i.

HPC

Hydroxypropyl Cellulose

HPHT

High Pressure, High Temperature

ICPF

Ustav Chemickych Procesu AV CR, v. v. i.

IPB

Industrial Practitioners Board

kMC

kinetic Monte Carlo

LPD

Limiting Pore Diameter

MC

Monte Carlo

MD

Molecular Dynamics

MFM

Multi Fluid Model

MPa

Mega pascal (pressure)

NCSR"D"

National Centre for Scientific Research "Demokritos"

OC

Outcrop

PTx

Pressure – temperature – composition

REC

Reduce Emission Completion

SA

Sodium Alginate

SAFT

Statistical Associating Fluid Theory

SC

Supply Chain

SDA

Structure-Directing Agent

SEM

Scanning Electron Microscopy

SH

Sodium Hyaluronate

SXT

ShaleXenvironmenT European Consortium

Tcf

Trillion cubic feet (for gas reservoir estimates)

TCS

Triaxial Compressive Strength

TGA

Thermogravimetric Analysis

TOC

Total organic carbon, measured in volume percent (%)

UA

Universidad de Alicante

UCL

University College London

UoM

University of Manchester

VES

Viscoelastic Surfactant-based

ZLD

Zero Liquid Discharge
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1. Work Progress by Work Package

WP 1 – Management
Lead beneficiary – UCL

Work Package 1 Management
1-UCL

2-CSGI

3-ARMI

4.UoM

6.UA

7.HIPC

8.ICPF

9.GFZ

10.Geo

11. Halli

TOTAL

10.80

1.50

1.50

1.50

1.50

1.50

1.50

1.50

1.50

1.50

0.50

24.80

M1-M18

9.50

0.30

0.00

0.00

0.00

0.40

0.18

0.75

0.50

0.56

0.00

12.19

M19-M24

2.00

1.00

0.00

0.00

0.50

0.50

0.00

0.20

0.30

0.43

0.00

4.93

DoA

5.NCSRD

TOTAL

11.50

1.30

0.00

0.00

0.50

0.90

0.18

0.95

0.80

0.99

0.00

17.12

% used

106.5%

86.7%

0.0%

0.0%

33.3%

60.0%

12.0%

63.3%

53.3%

66.0%

0.0%

69.0%



Main Activities
 Coordination of the project, decision-making,
teleconferences) and overall communication.
 Monitoring of research activities.
 Reporting tasks.

meetings organisation (kick-off meeting,

The overall project management is proceeding according to the plan as per Annex 1 to the Grant Agreement
with the Management Team which sees the involvement of a European Project Manager (Evghenia Scripnic)
from UCL’s European Research and Innovation Office (ERIO) to carry out the bulk of the management tasks,
with input from the Project Coordinator (Prof. Alberto Striolo) and the Vice Project Coordinator (Dr. Adrian
Jones).


Task 1.1. Financial, contractual and administrative management. (P1, UCL, M1-36)
During the second year of the project, the management team continued to provide financial, contractual
and administrative support to the consortium. Regular teleconferences take place monthly in order to
monitor the activities within each WP. As part of Task 1.1, the 1st interim payment was received by UCL and
distributed amongst partners, based on their claimed costs for the Period 1. All of the deliverables for M13M18 have been submitted with only minor delays.
All the partners actively participate in the project monitoring, decision-making process, reporting, financial
and contractual administration in their respective institutions.



Task 1.2. Governance and decision-making arrangements. (P1, UCL, M1-36)
The project’s governing structure summarised in
Figure 1.
EC – European Commission
MT – Management team
CoP – Council of Partners
WPls – Work Package leaders
IPB – Industrial Practitioners Board

Figure 1: SXT governing structure

EAB – External Advisory board
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During the period M13-M24 all the teams have been involved in the decision-making process.
 Management team ensured overall compliance with the Grant Agreement and running the project
on the daily basis.
 Council of Partners is regularly contacted for the approval of publications. This body was also
involved in the decision-making regarding the potential addition of a new beneficiary or internal
budget transfers.
 Work Package leaders participate in monthly teleconferences that are designed to share progress
with the consortium on a regular basis.
 Industrial Practitioners Board and External Advisory Board joined the consortium for the 2nd
annual meeting, held jointly with the project review meeting at M22. Both boards provided
valuable suggestions for each WP and the coordinator will monitor that the suggestions are applied.


Task 1.3. Formal reporting to the European Commission. (P1, UCL, M1-36)
The Coordinator (UCL) is responsible for the formal reporting to the EC on behalf of the consortium. The
deliverables are regularly uploaded on the Participant’s Portal according to the work plan. The first periodic
report was submitted within the 60 days after the end of the 1st period. From 11th to 14th June 2017 the
annual project meeting was held jointly with the project review meeting. The INEA Project Officer Adas
Pangonis and the External Evaluator Roberto Bencini attended the meeting. The EC evaluator’s comments
were constructive and in line with the comments received from the IPB and EAB. Some additional
clarifications related to the periodic report have been requested by the PO, and after these were addressed
the 1st interim payment has been transferred to the coordinator. Funds have been distributed to all partners
as planned.



Task 1.4. Interim progress monitoring and reporting. (P1, UCL, M1-36)
All partners are responsible to send to the Coordinator Interim reports on a six-month basis. A template for
the interim reports, which includes a technical and a financial part, is prepared and sent to all partners by
UCL. UCL is in charge of collecting the duly filled out templates, requesting further information and
eventually compiling the interim report. Issues, deviations and risks identified at this stage are then
discussed during the WP leaders’ teleconference(s). The Interim reports help to track progress against the
project’s work plan, planning for the upcoming period and apply any corrective actions (where necessary)
in order to minimise deviations from the original schedule. The Interim report also includes information on
major costs, staff effort and publication/dissemination, along with updates on risks and issues.

WP 2 - Shale Core Acquisition and HTHP Handling Capabilities
Lead beneficiary – Halliburton
Work Package 2 Shale Core Acquisition
1-UCL

2-CSGI

3-ARMI

4.UoM

DoA

30.00

3.00

0.00

0.00

0.00

M1-M18

11.60

1.25

0.00

0.00

M19-M24

3.50

1.00

0.00

0.00

TOTAL

15.10

2.25

% used

50.3%

75.0%

PU

0.00
0.0%

0.00
0.0%

5.NCSRD

7.HIPC

8.ICPF

9.GFZ

10.Geo

11. Halli

TOTAL

0.00

0.00

0.00

9.50

0.00

6.00

48.50

0.00

0.00

0.00

0.00

7.00

0.00

0.00

19.85

0.00

0.00

0.00

0.00

2.00

0.00

0.00

6.50

0.00
0.0%

6.UA

0.00
0.0%
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Main Activities
 Sample acquisition, preparation, testing.
 Sampling from field campaign, preparation, characterization.



Task 2.1: Procurement of shale rock samples (P1 and P11, UCL and Halliburton, M1-6, 13-18, 25-30)
WP2 is tasked with gaining access to variable samples for shale gas basins. Halliburton, as the work package
leader, help the interaction with industry clients to discuss access to samples for scientific research from
actively explored shale gas regions. In order to promote industry-academic collaboration and sample
procurement, UCL and Halliburton have developed a standard operating procedure and an example dataset
for characterising shale rocks with high shale gas potential, using state of the art imaging and rock
mechanical characterization techniques.
For the current research projects within SXT, we are focussing on shale rocks from the Bowland Shale basin
in the United Kingdom:
- British Geological Survey (BGS) core store: We have established an effective routine to access shale
rocks from various borehole being stored at the BGS core store. This includes the April 2011 trial well
drilled by Cuadrilla Resources Ltd., which is widely used for shale gas research across Europe. We have
collected a sample set of 56 samples from three boreholes stored at BGS from different depths of
approximately 2500m, 1300m and 30m.



-

Wales core store: UCL has acquired ownership of the British Gas Group core store in Wales which stores
over 5 tonnes of shale rocks from mostly North American shale basins. Access to the core store is
available by advance planning through either Adrian Jones (UCL) or Kevin Taylor (UoM).

-

Bowland Forrest field samples: UCL and GFZ organized and undertook a two-week field season to map
and sample the exposures of the Bowland Shale in central England. We have a large sample set of over
100 kg of samples from the Bowland Shale. The data collected during the field season includes
structural data of natural fractures, which contributes directly to work in WP2, WP3 and WP6.

-

Limited samples from commercial partners have been shared and investigated at UCL. The results are
covered by embargo, but have helped demonstrate the capabilities of the team. These samples have
been used to produce a manuscript, which has been published in the prestigious journal Scientific
Reports [7 (2017) 14838].

Task 2.2. Development of HPHT Laboratory Handling Capabilities (P1 and P11, UCL and Halliburton, M4-27)
Development of high pressure, high temperature (HPHT) laboratory handling capabilities is on-going. UCL
is in direct contact with Halliburton sampling team and their novel technique for collecting samples at depth
and keeping the samples at reservoir pressure conditions (CoreVault technology). The sampling strategy
for the SXT consortium outlined above provides a sample set of stratigraphically identical units from
different depth horizons representing the natural and differential exhumation history of the shale rocks
over geological time (millions of years). The characterization of these samples will provide the baseline
comparison for samples collected from deep boreholes with rapid decompression during exploration and
sampling, and natural exhumation of rocks over geological time-scales. Using the HPHT CoreVault
technology we can expand this database by testing controlled decompression rates and developing
techniques to image and measure fracture mechanics before and after decompression.
This task has been strengthened by the contribution of a highly skilled technician and by closer
collaborations between UCL and Halliburton. The first designs of the instrumentations have been vetted.
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Task 2.3. PTx Analysis of Shale Rock Samples (P1, UCL, M7-33)
The results of a literature review, combined with new data out of SXT are summarised in the D2.1
deliverable submitted in August 2016. We have identified key shale gas basins across Europe and identified
the known pressure-temperature-compositional (PTx) data for targeted gas-potential horizons. We
compare depth estimated with published data and down-hole telemetry data from Halliburton. We are
combining this database with the on-going characterisation of shale rock samples collected.
We have hired a new post-doctoral researcher, whose expertise is in the characterization of the Bowland
shale formation.



Task 2.4. Contextualization of the Sample Rocks (P1, UCL, M7-12, 19-24, 31-36)
The results out of shale rock characterisation and on-going analyses will contribute to the further
understanding of shale samples and the mechanical and compositional controls on shale gas production,
storage and exploitation potential. This activity continues as more information is collected by partners on
the rock samples used by the consortium.
We note that this WP has been slightly delayed because the post-doctoral researcher that was leading the
activities moved on to a different position with industry, after a successful period with SXT. The recruitment
of the new post-doctoral researcher has taken some time, but now the team has been strengthened and it
will be able to deliver as planned.

WP 3 - Advanced Imaging and Geomechanical Characterisation
Lead beneficiary – UoM
Work Package 3 Advanced Imaging
DoA
M1-M18
M19-M24
TOTAL
% used



1-UCL

2-CSGI

3-ARMI

4.UoM

3.00
0.00
0.00
0.00
0.0%

6.00
5.10
0.00
5.10
85.0%

0.00
0.00
0.00
0.00
0.0%

36.00
3.63
7.73
11.36
31.6%

5.NCSRD
0.00
0.00
0.00
0.00
0.0%

6.UA

7.HIPC

8.ICPF

9.GFZ

10.Geo

11. Halli

TOTAL

0.00
0.00
0.00
0.00
0.0%

0.00
0.00
0.00
0.00
0.0%

0.00
0.00
0.00
0.00
0.0%

24.00
12.50
4.00
16.50
68.8%

2.85
0.00
0.83
0.83
29.1%

0.00
0.00
0.00
0.00
0.0%

71.85
21.23
12.56
33.79
47.0%

Main Activities
 Synchrotron imaging collections and analysis of microstructure and porous phases in 3 Bowland
samples at the micro-scale
 Two FIB datasets collections and analysis of pores with porous phases in 1 Bowland samples at the
nano-scale
 Hydraulic fracturing experiments performed in the lab
 Experiment design for in-situ tomography imaging of hydraulic fracturing
 Characterized the mechanical properties and high-pressure response of shale rock samples



Task 3.1. Full traditional characterisation of microstructure, porosity, pore size distribution in shale rock
samples (P4, P9 and P1, UoM, GFZ and UCL, M1-18)
Based on the mineralogy, organic matter content and porosity measurements from progress report 1,
studies on microfacies and microstructure of the Bowland Shale were continued under high resolution SEM
observation. Four micro-texture types were identified: unlaminated quartz-rich mudstone; interlaminated
quartz- and pyrite-rich mudstone; laminated quartz and pyrite-rich mudstone; and weakly-interlaminated
calcite-rich mudstone. Organic matter particles are classified into four types depending on their size, shape
and location: multi-micrometre particles with and without macropores: micrometre-size particles in
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cement and between clay minerals; multi-micrometre layers; and organic matter in large pores. Fractures
are categorized into carbonate-sealed fractures; bitumen-bearing fractures; resin-filled fractures; and
empty fractures. We proposed that during thermal maturation, horizontal bitumen-fractures were formed
by overpressuring, stress relaxation, compaction and erosional offloading, whereas vertical bitumenbearing, resin-filled and empty fractures may have been influenced by weak vertical joints generated during
the previous period of veining. The majority of samples are quartz-rich and high TOC (>2 wt%). Some
samples have low overall TOC but their microstructure shows local cyclicity between organic-rich and
organic-poor laminae. This confirms the presence of narrow (<1 mm) and periodic, qualitatively organicrich deposits in Bowland shale as has been previously suggested in the literature. The low clay content (<20
wt%), the high detrital and cemented quartz content (>50 wt%), and the presence of a complex and multiscale fracture network support the developing interest in the Lower Bowland shale as a potential
hydrocarbon resource. The identification of various microtexture types and their heterogeneities in terms
of mineralogy and structure (fractures, laminae) will aid the selection of specific types of samples 3D multiscale imaging (Task 3.2), and for geomechanical characterisation (Task 3.3).


Task 3.2. Characterisation of 3D structure and pore networks, time dependant permeability, imaging of
flow (P4, P9 and P1, UoM, GFZ and UCL, M6-36)
Characterization of 3D structure and pore networks in shale requires multi-scale imaging. To achieve this
goal, 3D imaging and quantification of porous phase and pores of the Bowland Shale were performed using
X-ray tomography and Focused Ion beam Scanning Electron Microscopy (FIB-SEM) respectively. Pore size,
structure, networks and potential flow paths were analyzed based on the multi-scale 3D images. First of all,
the microstructure, porous phase and pore types were studies in 2D high-resolution Scanning Electron
Microscopy (SEM) at the University of Manchester. Porous phases were then imaged and quantified using
X-ray tomography technique at micro-scale in beamline I13 in Diamond Light source to present the
microstructure and spatial distribution. Pores within different porous phases were imaged and quantified
using FIB-SEM to present the pore sizes, structure and networks. Finally, the existing flow paths in the
samples and the potential hydraulic fractures were discussed for potential flow paths in these samples.
Results show that majority of pores in the selected samples range from tens of nanometer and hundreds
of nanometer in size. No continued pore network is detected at these image resolutions, but potential flow
path may exist below resolution within porous phases. Pores are observed to be associated with two porous
phases, organic matter and minerals. Pores in organic matter have larger sizes, more number and higher
connectivity locally in organic rich areas, while mineral pores have wider distribution in the whole sample.
The spatial distributions of these porous phases were quantified in synchrotron tomography images at the
micro-scale. Organic matter shows more elongated particles shapes, but lower content and lower
connectivity than minerals. Hydraulic fracturing can produce cracks inside samples to provide more
efficient pathways for the oil/gas in shales. Details of the experiments and results are present in deliverable
3.2. The microstructure and pore network imaged and quantified here have provided basis for the
mechanical properties characterization for Task 3.3.



Task 3.3. Characterization of mechanical properties and high pressure of shale rock samples (P4 and P9,
UoM and GFZ, M5-30)
Measured properties such as density, connected porosity and elastic moduli were done to improve the
understanding of the short-term compressive strength, long-term creep behaviour and hydraulic fracturing
in shales, for Posidonia, Alum and Bowland shale formations. The data allow to better understand the
behavior of fractures and fluids within shale rocks, which is important for the assessment of economic
exploitation and environmental footprint of shale gas plays. Connected porosities in selected shale samples
are between 1 and 15%, measured by He-pycnometry. Particularly Posidonia and Alum shale contain
abundant weak phases (organic matter, clays), determined by X-ray diffraction and SEM imaging. Because
a limited amount of Bowland samples from boreholes (PH1 and MHM) were available, additional samples
from an outcrop (OC) were collected. The latter contain slightly more weak phases and more pores than
core samples. To investigate the mechanical behavior of these shale rocks, we performed short-term
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constant strain rate experiments, lasting only few minutes, and long-term constant stress (creep)
experiments with a duration of up to several days. The tests were done on cylindrical specimens (20 x 10
mm) prepared perpendicular to bedding with as – is water content using a Paterson type gas Apparatus
(Paterson, 1970). Constant strain rate experiments were performed at p = 50 MPa, T = 100 °C and ߝሶ= 5 *
10-4 s-1 to simulate P-T conditions at depth. From the resulting stress – strain curves. we determined the
triaxial compressive strength (TCS, represented by peak strength) and the Young’s modulus E (here defined
by the secant between origin and the stress – strain value at 50 % peak strength). Constant stress tests were
conducted at p = 30 – 115 MPa, T = 75 – 150 °C and ߪ = 160 – 450 MPa. Scanning electron microscopy (SEM,
Zeiss Ultra Plus) was used to analyze the microstructure of intact and deformed samples. Deliverable D3.4
reports the results of deformations experiments, which were performed to investigate the influence of
these parameters on the mechanical behavior of shale rocks. The results form the basis for subsequent
fracture permeability measurements.
Mechanical tests with hydraulic pressure were performed in the laboratory and initial results obtained. A
20 cm-long core sample was cut from a well-layered, very fissile Carboniferous shale in northern England.
From thin section observation and X-ray diffraction the rock is dominated by quartz particles and quartzdominated lamellae with a matrix of detrital muscovite and diagenetic clay (kaolinite) and an absence of
carbonate. The hydraulic fracture lies roughly normal to the sedimentary layering, as revealed by the
opening-mode segments. The results of this experiment is present in Deliverable 3.2. A beamtime proposal
for in-situ tomography imaging of hydraulic fracturing experiment Diamond Light source has been
approved. The initial test for this in-situ experiments have been done in the lab to optimize the experiment
conditions. The rig for the experiments has been designed, and will be test during beam shutdown. The
experiments may happen in late 2018- early 2018. The results will be present in Deliverable 3.5.
WP 4 - Modelling of Confined Fluids
Lead beneficiary – ARMINES
Work Package 4 Modelling of Confined Fluids
1-UCL
DoA
M1-M18
M19-M24
TOTAL
% used



3.00
0.00
0.00
0.00
0.0%

2-CSGI
6.00
0.95
2.00
2.95
49.2%

3-ARMI
34.50
7.67
11.50
19.17
55.6%

4.UoM
0.00
0.00
0.00
0.00
0.0%

5.NCSRD
44.00
29.50
19.00
48.50
110.2%

6.UA

7.HIPC

8.ICPF

9.GFZ

10.Geo

11. Halli

TOTAL

0.00
0.00
0.00
0.00
0.0%

0.00
0.00
0.00
0.00
0.0%

22.50
17.05
6.20
23.25
103.3%

0.00
0.00
0.00
0.00
0.0%

0.00
0.00
0.00
0.00
0.0%

0.00
0.00
0.00
0.00
0.0%

110.00
55.17
38.70
93.87
85.3%

Main Activities
 Development of new models of clay structures for molecular dynamics simulations.
 Molecular simulation work for kerogens and clays, preliminary predictions of density for various
structures and transport properties.
 Modelling of organic and inorganic part of shale.
 Modelling of salt solubility in clay pores.
 Molecular simulation of complex fluids in confinement



Task 4.1. Develop accurate models for clays typically found in EU shale formations. (P3, ARMINES, M1-18)
The work was initially slightly delayed by the delayed hiring of a postdoctoral researcher. The work has
started on September 1, 2016 with two postdoctoral researchers. The production simulations for these
models are now running and the first manuscripts have been prepared for publication.
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Muscovite, kaolinite, and quartz are identified as the major components found in the Bowland shale
according to its averaged mineralogical composition provided by WP3. In addition to these minerals,
smectites can also be found, even if in smaller amounts, in other typical shale rocks. At the current stage
new molecular models of muscovite, smectite, kaolinite, and quartz have been developed based on the
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recent experimental and ab initio modeling data, including realistic representation of clay particle edges,
e.g. allowing to more accurately simulate mineral particles of finite size.
Montmorillonite (smectite) and muscovite (illite) are both 2:1 dihoctahedral phyllosilicates. They consist of
an octahedral (O) layer of aluminum oxide (AlO6) sandwiched between two tetrahedral (T) layers of silicon
oxide (SiO4), giving a so-called TOT layer. Both clay minerals always bear a permanent charge which appears
primarily due to Al/Si substitutions in the tetrahedral layers for muscovite (giving a layer charge of -2e) and
both Mg/Al substitutions in the octahedral layers and/or Al/Si substitutions in the tetrahedral layer for
montmorillonite (giving a layer charge of -0.75e). This permanent charge is compensated by cations
adsorption (muscovite), or cations and water adsorption (montmorillonite) on the basal surfaces of both
clays, that are obtained by cutting these clay minerals along the (001) direction:
Muscovite [Si48Al16][Al32]O160(OH)32Ka16 (Musc)

Tetra-charge montmorillonite [Si58Al6][Al32]O160(OH)32Na6 (T-Mont)

Oct.-charge montmorillonite [Si64][Al26Mg6]O160(OH)32Na6 (O-Mont)

Mixed tetr.-oct.-charge montmorillonite [Si62Al2][Al28Mg4]O160(OH)32Na6 (TO-Mont)

Trioctahedral smectite hectorite (Mg5Li)Si8O20(OH)4 (O-Hect)

The molecular structure and properties of such basal (001) surfaces are sufficiently well studied, realistic
reliable models already exist and were taken as a starting point for building the structural models of edge
surfaces. The hectorite smectite model was developed in collaboration with colleagues in the US, and is
used here as a benchmark for comparison with the O-Mont and TO-Mont smectite models, since very
accurate experimental XRD and NMR data are available for the atomic structures and dynamics of confined
fluids in smectite interlayers.
In addition to models of (001) basal surfaces for kaolinite, montmorillonite, muscovite, and quartz, new
moldels of (110) and (010) edge surfaces of these minerals have also been developed and parameterized.


Task 4.2. Develop atomistic models for kerogens (P8, ICPF, and TAMUQ, M1-12)
Completed. These models have been used for a number of studies and the manuscripts are being submitted
for publication.



Task 4.3. Molecular simulation of aqueous systems, including fracturing fluids, salts and compressed gases,
in clays and kerogens. (P5, NCSR “D”, M7-36)
Simulations of different solutions in kaolinite mesopores were conducted. All simulations were performed
using GROMACS package. Kaolinite was chosen because significant amounts of it were found in the
Bowland shale according to the work carried out in other work packages. Kaolinite mesopores are assumed
to be of slit type, and 4 nm wide (close to the low end of the mesopore region). The pore consists of one
siloxane surface and one hydroxylated surface. The systems that have been studied are pure water, a
water/methanol mixture (5% wt), and three water/methanol/NaCl mixtures of different salt concentration,
0.3 M, 0.6 M and 0.9 M. Kaolinite is modelled using CLAYFF, water is described by the SPC/E model, while
for methanol GAFF is used. Three different parameters sets were compared for NaCl. For every system, the
pore is loaded in such a way that the total density at the centre of the pore is equal to that of bulk water (1
g cm-3).
The density distribution of water indicates a tendency of the water molecules to be closer to the
hydorxylated surface while three distinct peaks exist close to both surfaces of the pore. Methanol is
preferably adsorbed by the siloxane surface for both water/methanol and water/methanol/NaCl solutions.
For the water/methanol/NaCl solution, chlorine anions are preferably adsorbed to the hydroxylated
surface, while sodium cations are attracted by the siloxane surface forming the outer adsorption sphere
(methanol forms the inner adsorption sphere). The parameters used for the modelling of NaCl have an
effect to the density distribution of chlorine only, leaving the other distributions unaffected.
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The mass density distribution of water is used in order to define five distinct regions in the pore parallel
with the pore plane. Region 1 is close to the hydroxylated surface with the sharper peak of the water density
distribution at its centre. Region 3 is at the middle of the pore where the density of the solution is that of
the bulk system. Region 2 is between regions 1 and 3, comprising the two other peaks of the water density
distribution, and finally regions 4 and 5 are symmetrical with respect to the pore centre to regions 2 and 1
respectively. The lateral diffusion coefficient along the xy plane (parallel to the pore surfaces) of each
solution component is calculated in each region using the Einstein mean square displacement method. It is
found that each component is moving faster at the centre of the pore. The dynamics are slower close to
the hydroxylated surface (region 1), than the dynamics close to the siloxane surface for every component.
In general, water is moving faster than methanol, which is moving faster than chlorine anions. Sodium
cations are moving slower than the other species. Increase of the NaCl concentration results in a decrease
of the diffusion coefficient of every component. Finally, NaCl parameterization has minor effect to the
various diffusion coefficients.


Task 4.4. Simulate mixed fluids in clays and kerogens (P8, ICPF, and TAMUQ, M13-24)
The behaviour of shale gas type fluid in over-mature type II kerogen was studied systematically in two steps.
Initially the kerogen structures that have been constructed under task 4.2 were loaded with a model shale
gas and its components individually. Subsequently the transport of the gases was studied using classical
Molecular Dynamics (MD). Shale gas was modelled as a mixture of methane, ethane, carbon dioxide and
nitrogen mixture, with a composition of 85%, 7%, 4% and 4% respectively. The temperatures studied were
298.15 K and 398.15 K, while pressure was varied between 1, 100 and 250 atmospheres.
The first step of loading kerogen with the gases was accomplished using the grand canonical Monte Carlo
(GCMC) method. The chemical potential was calculated using the Widom particle insertion method along
Monte Carlo (MC) runs at the isothermal isobaric (NPT) ensemble ensemble for various temperatures and
pressures. This task is performed using Towhee software. Subsequently using this calculated chemical
potential, GCMC simulations are performed using Cassandra software. It is found that at high pressures the
loading of the kerogen (measured in mmol of gas per gram of kerogen) varied linearly with the available
methane accessible space in kerogen. At low pressure, there is only a negligible dependence of the amount
of gas adsorbed and the accessible space. The accessible space has been accurately estimated with a
computer program that has been developed in the group under the activities of task 4.2 and WP06. It is
also found that the composition of the mixed gas under confinement in comparison to the composition of
the bulk system (85:7:4:4) is not the same in all conditions examined. Interestingly, an increase of the
pressure and temperature results in composition much closer to that of the bulk system, while at low
temperature and pressure significant deviations are observed to an average (over time and different
kerogen models) composition of 30%, 51% 19%, 0% for methane, ethane, carbon dioxide and nitrogen
respectively. Nitrogen is in general observed in practically negligible amounts under confinement.
Regarding the study of transport of shale gas across kerogen, MD simulations at the canonical ensemble
(NVT) were conducted. These simulations were focused to the kerogen structures that have the wider
pores, having the potential to allow diffusion. In overall 30 kerogen structures were studied. The
simulations were performed using GROMACS package and were 60 ns long. Subsequently the diffusion
coefficient was calculated based on the mean squared displacement method. A wide range of diffusion
coefficients were calculated, from approximately 0.1 m2 s-1 to 8 m2 s-1 at 298.15 K and 250 atm for example.
Diffusion coefficient is found to be linearly correlated with the limiting pore diameter (LPD). Therefore, a
kerogen structure can be characterised based on its LPD in relation to its potential to allow gas transport.
Interestingly although a structure may comprise porosity with LPD below the radius of a gas, it may allow
diffusion, a finding that suggest that a “gate opening mechanism” must exist. Comparison of diffusion
coefficient of a gas along kerogen and the diffusion coefficient of the same gas when it is part of a mixture
indicates that the presence of other gases has minor effect to its transport.
Adsorption behaviour and pore space accessibility of methane, mixture of methane, ethane, and propane
and carbon dioxide in the porous kerogens were quantified by the grand canonical Monte Carlo and
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molecular dynamics, employing OPLS-AA and EPM2 force-fields for alkanes and carbon dioxide. The
simulations suggested that the adsorbed amount of CO2 was about 30% higher than that of CH4 (in
agreement with the experimental data) due to stronger van der Waals and electrostatic gas–gas and gasadsorbent interactions in the case of the CO2 adsorption. The kerogen structures further showed
preferential adsorption for propane and to a lesser extent for ethane. In the case of CH4 adsorption, we
were able to compare the simulated excess adsorbed amount with the experimental data and find that the
simulation values were within the range of the experimental values. Further by considering a multiscale
kerogen model containing microporosity as well as mesoporosity with pores ranging from 0.4 to 2.7nm,
the simulations indicated preferential adsorption of propane and to a lesser extent ethane in both the
micro and mesoporosity scales.


Task 4.5 - Simulate NORM in clays and kerogens. (P3, ARMINES, M19-36)
New interatomic interaction parameters have been developed for Ra2+ cations as a proxy for NORM, in
addition to available parameters for Sr2+ and Ba2+,. MD simulations of aqueous fluids at the (001)
interfaces of kaolinite, montmorillonite (smectite), and muscovite (illite) are completed and currently being
analyzed. All simulations are performed for salt compositions dominated by NaCl (0.1M) with addition of
0.07M SrCl2, BaCl2, or RaCl2, i.e., for the interfacial fluid system of 1480 H2O molecules, 3 Na+, 7 Cl-, 2
Sr2+ / Ba2+ / Ra2+. Surface adsorption sites for the NORMs studied (Sr2+, Ba2+, Ra2+) are identified based
on the atomic surface density distributions, atomic density profiles, and radial distribution functions for
the ions and H2O. It is found that Sr2+, Ba2+ do not adsorb on the gibbsite surface of kaolinite, even as
outer-sphere surface complexes, while on the siloxane surface of kaolinite Sr2+ is adsorbed on top of the
Si-tetrahedra (one adsorption site). However, on the siloxane surface of kaolinite there are two adsorption
sites for Ba2+ : 1) center of the hexagonal cavity; 2) near the bridging oxygens off the center of the
hexagonal cavity. Once the specific adsorption sites are identified, constrained PMF simulations will be
carried out in months M24-36 for the selected sites to quantify the adsorption free energies of the studied
NORMs at the clays surfaces and the possibility of cation exchange with common ions like Na+, Ca2+.
Similar simulations for the (010) and (110) edge surfaces are also in progress and are expected to be
completed during the period M24-36.
In addition, solutions of strontium chloride (SrCl2) and methanol in water are simulated in kaolinite slit type
pores similar to the pores described in task 4.3. Models for kaolinite, water and methanol are identical to
the ones used for task 4.3, while two parameter sets for strontium chloride are used for comparison
reasons. Three concentrations of SrCl2 0.3 M, 0.7 M and 1.1 M are studied. The pore is loaded in a similar
manner to task 4.3, so that the density at the middle of the pore is that of bulk water (1 g cm-3).
It is found that when the mixture contains SrCl2 instead of NaCl, the density distribution of water presents
a sharper peak close to the hydroxylated surface. Strontium cations are attracted more strongly by the
siloxane surface forming the outer adsorption sphere, with methanol forming the inner sphere. The
chlorine ions are concentrated closer to the hydroxylted surface. Increase of the density affects the density
distribution of Sr2+. The peak close to the siloxane surface becomes sharper, while another peak
progressively appears towards the hydroxylated surface.
The transport of the different mixture components at different regions of the pore is also studied here, in
a way similar to the study of transport of the water/methanol/NaCl mixture. Unlike the previous case when
Sr2+ are present, water diffuses slower in region 4 (the strontium rich region) compared to region 5 which
is closer to the hydroxylated surface. Increase of the SrCl2 concentration decreased the mobility of all
components. Diffusion coefficient of water in regions 2 and 4 is more affected by the increase in density.
Moreover, the choice of model for SrCl2 has minor effect on the calculated diffusion coefficient.
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Task 4.6. Simulate fracturing fluids in clays and kerogens (P8, ICPF, and TAMUQ, M13-36)
To address the high salinity of flow-back water during hydraulic fracturing, we studied the equilibrium
partitioning of NaCl and water between the bulk phase and clay pores. In shale rocks, such a partitioning
can occur between fractures with a bulk-like phase and clay pores. We used an advanced Grand Canonical
Monte Carlo technique based on fractional exchanges of dissolved ions and water molecules. We
considered a typical shale gas reservoir condition, and we represented clay pores by pyrophyllite and Namontmorillonite slits of a width ranging from about 7 to 28Å, covering clay pores from dry clay to clay pores
with a bulk-like layer in the middle of the pore. We employed the Joung-Cheatham model for ions, SPC/E
model for water and CLAYFF for the clay pores. We first determine the chemical potentials for NaCl and
water in the bulk phase using Osmotic Ensemble Monte Carlo simulations. The chemical potentials are then
used in Grand Canonical Monte Carlo to simulate the adsorption of ions and water molecules in the clay
pores, and in turn to predict the salt solubility in confined solutions. Besides the thermodynamic properties,
we evaluate the structure and in-plane diffusion of the adsorbed fluids, and ion conductivities. Our
simulations predicted lower NaCl solubility in the clay pores with respect to the bulk phase. The Na-MMT
with hydrophilic pore walls can adsorb more water than the pyrophyllite with slightly hydrophobic pore
walls. On the other hand, the Na-MMT pores exhibited lower concentrations of adsorbed ions when
compared with the pyrophyllite pores of the same slit width due to presence of compensating sodium ions
on the Na-MMT surface which restrict the pore space for the adsorption of ions. For wide pores with the
bulk-like layer in the middle of slit, i.e., the slit width >17Å, we showed that the ion concentrations can be
expressed as a sum of the contributions from the surface and bulk-like regions. The surface contribution
was determined by the ion concentrations, msurface, and width of the surface region, Hsurface, obtained via
analysis of concentration profiles while the bulk-like contribution was determined by the NaCl
concentration in the bulk phase, mbulk. The atomic density profiles used to investigate the distributions of
the ions and water molecules in the clay pores showed the progressive formation of one-layer (1W), twolayer (2W), and two-layer plus bulk-like layer (2W-BL) water structures when the slit width increased with
the 1W-2W transitions at the slit width of about 13Å and 2W - 2W-BL transitions at the slit width of about
18Å for both the pyrophyllite and Na-MMT.



Task 4.7. Apply equations of state to systems relevant for shale gas production (P5, NCSR “D”, M1-18)
An equation of state of the statistical associating fluid theory (SAFT) family has been extended in a way that
allows the accurate prediction of adsorption in narrow pores. A term was added to the SAFT-VR Mie
equation of state that describes the change of the Helmholtz free energy of a bulk system when it is
confined in a pore. The interaction of the pore walls with the fluid is described with a square well potential.
Although this seems as an oversimplified approximation in practice it is proved to give very accurate results.
Unlike past efforts to develop similar terms based on empirical expressions, the new expression was
developed by replacement of the partition function integral involved with analytical expressions developed
based on the mean value theorem and a large number of MC simulations. The new theory is tested and
compared with the older empirical expression on the adsorption of methane, ethane and propane to
MSC5A carbon molecular sieve at 30315 K. It is found that the older empirical expression allows accurate
predictions only for methane, while the new theoretical framework maintains high accuracy for all the test
cases. The relevant deliverable 4.5 has been submitted.
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WP 5 - Formulation of Hydraulic Fracturing Fluids
Lead beneficiary – CSGI
Work Package 5 Formulation of Fracturing Fluids
DoA
M1-M18
M19-M24
TOTAL
% used



1-UCL

2-CSGI

3-ARMI

4.UoM

2.00
0.00
0.00
0.00
0.0%

37.50
16.60
5.50
22.10
58.9%

0.00
0.00
0.00
0.00
0.0%

0.00

0.00
0.0%

5.NCSRD
0.00
0.00
0.00
0.00
0.0%

6.UA

7.HIPC

3.00
1.50
0.50
2.00
66.7%

0.00
0.00
0.00
0.00
0.0%

8.ICPF

9.GFZ

0.00
0.0%

0.00
0.00
0.00
0.00
0.0%

10.Geo

11. Halli

TOTAL

0.00
0.0%

1.50
0.00
0.00
0.00
0.0%

44.00
18.10
6.00
24.10
54.8%

Main Activities

 Literature search.
 Experiments of surface tension, rheology, infrared spectroscopy, thermal properties, clock reaction,
electrical response, flow rate (preliminary tests).
 Preliminary formulation of frac fluids.
 Study of the characteristics of hydraulic fracturing water, typical compositions, flow and its impact on the
characteristics of flowback and produced water.
 Evaluation of different strategies aimed at reduce the NORM extraction.


Task 5.1. Prepare formulations specific for EU formations (P2, CSGI, M1-6).
We are exploring the suitability of green formulations based on guar gum, sodium alginates and sodium
hyaluronates water dispersions that are meant to be the basis for frac fluids to be used in EU formations.
The dispersions and the pristine pure chemicals have been examined to assess their rheological properties,
thermal behavior and spectral features, in order to control their behavior as frac fluids. The perspective
work includes the addition of different surfactants to the preliminary formulations and the reduction of
gelling agent concentration, in compliance with inputs from other partners. We will test environmentally
friendly surfactants (cationic, anionic and non-ionic surfactants) and green crosslinkers to obtain optimal
viscosities and flowing properties for our formulations.



Task 5.2. Laboratory testing of formulations (P2 and P1, CSGI and UCL, M7-12, 19-24, 31-36)
In order to assess the principal physico-chemical properties of our formulations these laboratory test were
performed: rheology and viscosity measurements (flow curves) also on one month-aged samples,
evaluation of gel responsivity to electrical stimuli, contact angle, thermal characterization (DSC, TGA),
infrared spectroscopy, preliminary evaluation of flow rate (inversion test).
We evaluated the possibility to apply the Belousov-Zabhotinsky (BZ) clock reaction to modify, over the time
of the whole fracking procedure, the viscosity of the fracturing fluid. Through this reaction we can associate
a different viscosity in consequence of the various chemical species present in solution. We were able to
arrest the overall reaction at the end of the first cycle (normally the BZ runs for more and more cycles) and
delaying the start time.
By applying a potential difference of 10 V for 30 minutes, we observe that both Guar Gum and Sodium
Hyaluronate gels exhibit a remarkable decrease in terms of viscosity. After this period the fluid flows more
easily and we are able to separate a liquid part from a gelled one. In the following table average value of
liquid part are listed for the three main category of gelling agents tested. Thus, the application of a voltage
can be an efficient tool to modify the fluid viscosity during different steps of the fracking procedure.

PU

Page 17 of 64

Version 1.0

Deliverable 1.3
Table 1: Average value of liquid part

Gelling Agent
Guar Gum 1%
Sodium Hyaluronate
1%
Sodium Alginate 1 %

Applied Voltage
(V)
10 V
10 V

Experiment
Time
30 min
30 min

Average Recovered Liquid
Part (%)
32 %
54 %

10 V

30 min

19 %

Afterwards, we added to our study a fourth polysaccharide, the Hydroxypropyl Cellulose (HPC). Indeed, the
formulations based on this polysaccharide exhibit promising salt resistant behaviours and interesting
rheological properties. Moreover, in order to reduce the polysaccharide content, we halved the GG, SH and
HPC concentration to 0.5 %. At the same time we studied different strategies attempting to keep the
viscosity around sufficiently high values, despite the polysaccharide reduction.
One of these strategies is based on the addition of green crosslinkers with the purpose of increase the
network stability and reduce the gelling agent content. More specifically, we evaluated the addition of citric
acid as a green crosslinker and the application of a heating treatment that promotes the formation of interchains crosslinking bonds. We applied this crosslinking treatment on five different gelling agents: SH, HPC,
GG, the hydroxyethyl cellulose (HEC) and the carboxymethyl cellulose (CMC). After the mixing, the
formulation is stored in a hove at 30 °C for 24 hours. Subsequently, a second heating treatment 8 hours
long at 80 °C is performed. Unfortunately the only polysaccharide which exhibited an increase in viscosity
was the carboxymethyl cellulose, whereas all the other four polysaccharides showed flat profiles and a
water-like behavior characterized by low values of viscosity. In Figure 2 are shown the flow curve of the
CMC plus citric acid immediately after mixing, after the 30 °C heating procedure, and after the second
heating treatment carried out at 80 °C.

Figure 2: Flow curves of pure CMC and crosslinked CMC, after the heating treatment.

This procedure can strongly affect and modify the rheological properties of the CMC formulation, how it is
possible to see from the graph. The sole addition of citric acid (CA) is indeed not sufficient to change the
rheology of the fluid, which behaves as a Newtonian liquid with a low and constant viscosity value (orange
line). After the first heating treatment the systems appears to be extremely different (green line): it shows
a non-Newtonian profiles, characterized by a sharply raised zero stress viscosity immediately below the
value of 100 Pa s. The curve also presents a considerable purge at relatively low applied stress, meaning
that this formulation requires only a minimum amount of energy to easily flow. By performing the second
heating procedure, for 8 hours at 80 °C (black line), the curve moves towards slightly lower viscosity values
(60 Pa s) but, at the same time, acquires a stronger structure as its possible to see by focusing on the higher
value of critical stress that causes the collapse of the system.
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Besides polysaccharide-based formulations, we investigated the rheological and thermal behavior of two
different Viscoelastic Surfactant-based (VES) formulations, which contain a surfactant as the main
component in combination with an inorganic salt (or a charged molecule). These surfactants that can form
long elongated micellar structures that contribute to the viscoelastic behavior in order to increase fluid
viscosity. As the concentration of surfactant increases in water, micelles start to form. Further increasing
the concentration exceeds the critical micelle concentration (Cmc) for the surfactant in water; these
molecules start interacting with each other. These interactions are based on ionic forces and can be
amplified by adding electrolytes (salts) or other ionic surfactants.
We examined two formulations which differ for the surfactant charge and the nature of counter-ion. The
first one contains cetyltrimethylammonium bromide (CTAB) in combination with sodium salicylate (NaSal),
while for the second system we select sodium oleate (NaOL) combined with potassium chloride (KCl), which
is one of the most effective clay control agent in fracturing fluid formulations. We perform rheological
experiments (flow curves) and DSC measurements on the two formulations by varying the concentration
of the surfactant and the counter-ion in order to understand the interplay between the two components
and its effect on the viscosity and the thermal properties of the overall system.
Moreover, the VES-based formulations are very versatile fluids which allow the incorporation of several
additives within their entangled micellar structure. Starting from the NaOL-KCl formulation, we
implemented the fluid with the addition of Azorubine, a synthetic red dye, approved for use in food, drug
and cosmetics (E122). When irradiated with UV light the Azorubine molecule undergoes a TRANS-CIS
isomerization changing its steric hindrance. Thus, by the addition of Azorubine to the VES formulation it is
possible to modify the entanglement of the micelle and the rheological properties of the fluid with an
external UV stimulus. We performed rheological measurements (Flow Curve, Amplitude Sweep, Frequency
Sweep) and Differential Scanning Calorimetry (DSC) before and after UV irradiation.
While a number of experimental results are discussed in details in Task 5.3, we point out that during the
Annual Meeting, and from recommendations from the assessor, it was recommended to test some of the
new formulations at conditions relevant for sub-surface applications, namely high temperature and
possibly high pressure. We have identified possible ways to accomplish these measurements for some of
the formulations prepared.


Task 5.3. Examination of the effects of different salts on the tested formulations in the first step (P2, CSGI,
M7-18)
The same parameters acquired in Task 5.2 were measured in the presence of high salt contents. More in
detail:
-

Rheology

Figure 3: Influence of specific salts on Guar Gum (top) and Sodium Hyaluronate (bottom) rheologies.
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Rheology experiments showed that the presence of different salts or co-solutes at medium-high
concentration has a remarkable influence on the formulation viscosity. This effect can be observed both in
the case of guar gum and sodium hyaluronate-based formulations.
-

DSC

Figure 4: DSC of pure polysaccharides.

Figure 5: DSC of guar gum plus sodium halides.

Figure 6: DSC of guar gum plus KCl at various concentrations.

Differential Scanning Calorimetry (DSC) experiments demonstrated that the presence of a salt or co-solute
at different concentration modifies the interactions between the polymer chains and the solvent (water),
determining a different behaviour of the formulations. The results obtained for sodium alginate (SA) and
sodium hyaluronate (SH) were similar to guar gum (GG, which are reported in the previous figures), and
they were confirmed by Thermogravimetric Analysis (TGA) measurements.
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Subsequently, we tested the rheological behaviors of the proposed formulations in a high salinity solution,
named “shale water”, which emulates the real operative conditions. From the answers to this environment,
composed by a mix of different salts, we obtain info about the salt tolerance of the various systems and
therefore we move one step closer to their applicability. All the investigated polysaccharide formulations
exhibit a good salt tolerance. More specifically, sodium hyaluronate and guar gum are only marginally
affected by the mix of salts present in the shale water; on the other hand, hydroxypropyl cellulose shows a
stiffening of the network which results in an increased viscosity. With the purpose of further enhancing the
salt tolerance of our formulations, and always looking towards a more complete and functional fluid, we
evaluated the addition of green surfactants/additives effective in enforcing the network and helping to
efficiently carry the proppant. We added once at time and in extremely small content, equal to 0.05 % in
weight, saponin, rhamnolipid and sodium citrate. In detail, we observed that saponin plays a constructive
role in the formation of the polysaccharide network both with GG and HPC, whereas with SH it enhances
the viscosity of the systems only at lower stresses, then the flow curve of the pure hyaluronate and the
profile of SH plus saponin in shale water exhibit a cross-over with increasing the applied stress. Oppositely,
rhamnolipid play against the structure of the formulations that, especially in the cases of GG and SH, move
towards lower values of viscosity. The HPC solution is almost unchanged by the presence of rhamnolipid.
Finally, with addition of sodium citrate that SH viscosity shows a noticeable reduction in terms of viscosity;
guar gum exhibits a marked increment; and HPC reveals a remarkable surge in viscosity profile, with the
zero stress viscosity that passes from 1 Pa s to 70 Pa s. So, sodium citrate results particularly effective in
strengthening the structure of the hydroxylpropyl cellulose formulation.

Figure 7: Rheology of SH, GG and HPC in the presence of salts and (A) saponin, (B) rhamnoilipid and (C) sodium citrate.

-

Electrical Stimulation

The gel responsivity to electrical stimuli was examined also in the presence of different salts and/or cosolutes. The results suggest that in these conditions the recovered liquid part increases and the effect of
the stimulus is amplified by the higher ionic strength, as expected. In order to enhance the responsivity
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towards electrical stimuli, we evaluated the addition of carbon black. The presence of carbon black leads
to a noticeable increase in viscosity that raise accordingly with the carbon black concentration.
Finally, from measurements of conductivity carried out on both the pure SH solutions and the SH plus
carbon black dispersions we obtain the evidence of the enhanced electrical responsivity of the investigated
formulation.

Figure 8: Flow curves of pure SH and SH plus black carbon dispersed in saponin.

Table 2: Electrical Resisntaces and Conductivities of pure Sodium Hyaluronate, Sodium Hyaluronate plus Saponin, and Sodium Hyaluronate
plus Black Carbon dispersed in Saponin.

SAMPLE

-

R ( kΩ ) σ ( mS/m )

SH 0.5 %

1243

0.197

SH 0.5 % + Saponin 2 % + CB 1 %

18,2

0.320

SH 0.5 % + Saponin 2 % + CB 3 %

10,0

0.330

VES-Based formulations

Figure 9: Flow curves on VES systems at different KCl concentrations.
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Figure 10: Flow Curves of VES systems before (continuos lines) and after (dotted lines) the UV irradiation.

The rheology experiments demonstrate that the addition of KCl results in a remarkable increase of the
zero-shear viscosity and in the appearance of shear-thinning effect at high stress values. The presence of
Azorubine induces an impressive enhancement of the formulation strength; after the UV irradiation (254
nm, 8 hours) the viscosity breaks down, confirming the tunable rheological properties of the fluid.
From the DSC measurements we observe that the addition of a salt or Azorubine doesn’t affect the thermal
properties of the formulations.


Task 5.4 - Design additives that limit the extraction of NORM from a formation. (P2, CSGI, M19-30)
We are evaluating different approaches for the limitation of the NORM extracted. We will focus our
attention on non-radioactive isotopes of Sr2+, Ba2+, Ra2+.
1. Downhole Precipitation of NORM:
The II group elements (Mg2+, Ca2+, Sr2+, Ba2+, Ra2+) can form poorly soluble salts with several inorganic
anions (SO42-, CO32- , S2-, Phosphates..) which are present in shale formations. Knowing the P and T
profile inside the borehole, in theory it is possible to selectively precipitates NORM salts.
2. Precipitation of NORM using Zeolites (WP 7): Zeolites can be used to incorporate NORM-precipitating
agents. Controlled release in different conditions and at different times.
3. Magnetic Descaling: Salt precipitation may lead to scale formation. The application of a magnetic
field can alter the crystal growth and stop or reverse the scale build-up. This is a well-known effect
in the case of CaCO3, we will extend the study to other salts.
4. Ion flotation: A separation technology for recovering and removing metal ions from dilute aqueous
solutions based on the association between the ions and a surfactant species. The ion and surfactant
are adsorbed onto the surface of rising bubbles inside the fluid, and are carried into a foam on the
surface which is then removed from the solution.
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WP 6 – Analytical Models and Software
Lead beneficiary – Geomecon
Work Package 6 Analytical Models and Software
DoA
M1-M18
M19-M24
TOTAL
% used



1-UCL

2-CSGI

3-ARMI

4.UoM

10.00
0.08
0.00
0.08
0.8%

0.00
0.00
0.00
0.00
0.0%

0.00
0.00
0.00
0.00
0.0%

0.00
0.00
0.00
0.00
0.0%

5.NCSRD
9.50
13.65
2.00
15.65
164.7%

6.UA
0.00
0.00
0.00
0.00
0.0%

7.HIPC

8.ICPF

9.GFZ

10.Geo

11. Halli

TOTAL

3.00
0.00
0.00
0.00
0.0%

3.00
3.00
1.70
4.70
156.7%

0.00
0.00
0.00
0.00
0.0%

16.00
8.30
1.52
9.82
61.4%

0.00
0.00
0.00
0.00
0.0%

41.50
25.03
5.22
30.25
72.9%

Main Activities
 Development of a coupling between poroelasticity and linear elasticity in roxol
 Research on fracture mechanics characterization as input for simulations
 Development of postprocessing modules for molecular simulation data (calculation of diffusion
coefficients and analysis of void space in materials)



Task 6.1. Incorporate detailed simulation results into transport models (P1, UCL, M13-18, 25-36)
HIPC studied in detail the transport of guest methane molecules in nano-pores filled with water. These
pores were carved out of relevant rocks, including muscovite and calcite. The results show anisotropic
transport in the hydrated calcite pores. New studies are focused on cylindrical pores based on silica, in
which water-propane mixtures are present. The preliminary data are in agreement with neutron scattering
observations from the collaboration partners in USA. NCSRD has produced a number of characterization
data for the diffusion of different fluids in a variety of ideal pore systems.
Currently, we, NCSR”D” have completed the implementation of two modules namely DIFFUSE and VOID.
The DIFFUSE module performs the calculation of the diffusion coefficients of system components in bulk as
well as under confinement. It can also calculate the diffusion coefficients corresponding to parallelepiped
slabs enables the calculation of dynamic properties as a function of the distance from a solid surface when
the system is under confinement (e.g. water in a mixture confined in clay slit pore). The VOID module
performs analysis of the void space in amorphous and crystalline porous materials calculating properties
like porosity, free/accessible space distribution, limiting and maximum pore diameter.
In addition, UCL employed molecular dynamics simulations to study in-plane diffusion of fracturing water
with salt in clay pores at a typical shale gas reservoir condition of a temperature of 365 K and pressure of
275 bar. Clay pores are represented by pyrophyllite and Na-montmorillonite slits of a width ranging from
about 7 to 28 Å, covering clay pores from dry clay to clay pores with a bulk-like layer in the middle of the
pore. The amount of adsorbed water and ions corresponds to partitioning occurring between fractures with
a bulk-like phase and clay pores. The in-plane diffusion of water and ions was described by self-diffusion
coefficients, Dα, calculated from the mean-square displacement via the Einstein equation for interlayer,
two-dimensional, diffusion parallel to the basal surface. Figure 11 presents in-plane diffusion of water and
ions in terms of clay-to-bulk ratios of the self-diffusion coefficients, D / Dbulk.
Further, extensive work was carried out in developing a kinetic Monte Carlo (kMC) transport model. In
previous studies (Phan et al.), implemented molecular dynamic simulations (MD) to study the fluid
transport of methane molecules through hydrated silicon oxide, magnesium oxide and aluminum oxide
nanopores. These MD simulations were detailed, however, they were computationally intensive. To tackle
these limitations, a 1D kMC transport model was developed, which was validated against the results
reported by Phan et al. The kMC model developed quantitively reproduced the results of Phan et al., at
significantly lower computational costs. This allowed to upscale our kMC model to 2 dimensions and at
larger sample scales. This work has been accepted for publication in the Journal of Chemical Physics [JCP
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147 (2017) 134703]. Ongoing development of the kMC model allowed to address Tasks 6.2 to 6.6. A close
collaboration between one of the students from Striolo’s group (Ms Maria Apostolopoulou) with
Halliburton has further developed this model during the summer of 2017. The relevant manuscripts are
being prepared for publication. This will be expanded further in Task 6.4.
It has taken a long time to hire a post-doctoral researcher to be in charge of multi-scale activities at UCL.
The candidate, Dr Lian Cheng, has now been identified and has joined UCL in December 2017. This will allow
us to include theoretical models in the future deliverables.
(a)

(b)

Figure 11: The clay-to-bulk ratios of the self-diffusion coefficients, D / Dbulk, for the water and ions as a function of the slit width,
H, at a temperature of 365 K. (a) pyrophyllite and (b) Na- montmorillonite in equilibrium with the saturated bulk solutions. Key:
circles, water; triangles, Na+ ions; diamonds, Cl- ions; dotted lines, a guide to the eye. The bulk values: DH2O=4.1·10-9 m2/s,
DNa+=2.1·10-9 m2/s, and DCl-=2.56·10-9 m2/s.



Task 6.2. Develop geophysical models for pores in small fragments of shale rocks. (P1, UCL, M1-12, 19-24)
Shale pore networks contain pores associated with both organic and inorganic matters. The methodology
reported by Naraghi et al. was followed and therefore the shale matrix is divided into two constituents: the
inorganic matrix constituent and the organic matter constituent. The inorganic-matter pore size varies
widely, from nanometer to micrometer scale (10 nm– 100 μm), while the organic-matter pore-size
distribution mainly falls within the nanometer scale (10–500 nm). At this stage, it is assumed that the pore
size is the controlling parameter in terms of permeability, assuming that the pore size distribution within
the organic and inorganic components is a normal Gaussian. The characteristics of each distribution (µ and
σ) are obtained by Naraghi et al., and reported in Table 3.
Table 3: Properties of the normal Gaussian distributions.

Property/Region

PU

µ

σ

Organic matter

0.4

0.18

Inorganic matter

1.4

0.44
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The distributions are presented in the following figure and are in good agreement with those reported by
Naraghi et al.

Figure 12: Pore size distribution curves for the inorganic (left panel) and organic (right panel) matter. Both distributions are normal
Gaussians with µ and σ as reported in Table 3.

Separately the organic and the inorganic components were studied. The aim is to create a lattice composed
of voxels (grid-blocks). The dimensions of the 2D lattice are 200 x 200 nm. The voxels are squares with side
of 20 nm. A pore size is assigned in each voxel, based on the distributions shown in Figure 12. A random
number generator is implemented during this process and we follow the Monte Carlo method for the
selection of the pore size. Starting from the first voxel, the process is repeated until a pore size is assigned
to all voxels. The process is identical for both the organic and inorganic matter. However, while working
with the inorganic component, it is common to sample a pore size greater than the voxel size. In this case,
the pore is split into more than one neighbouring voxels. Hence, the maximum pore size that can be found
in each voxel doesn’t exceed the voxel’s physical dimensions.
As a next step, permeability coefficients are assigned to all voxels, based on the pore size assigned during
the Monte Carlo process. As suggested by Naraghi et al., the following Darcy-type equations can be applied
to account for the Klinkenberg effect (gas slippage observed in confined systems).

Where ρ is the gas mass density and η is the gas viscosity. A, B and C constants are calculated by the
following equations:
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where T is the Temperature in Rankin. To calculate the apparent permeability the following equations were
used:

To calculate the KMC rates, rKMC, we follow the equations below:

The flux is calculated as the ratio:

where ΔQ is the number of particles leaving the lattice at Δt and A is the area of the lattice. The permeability
of the lattice is calculated as

Where L is the length of the lattice and ΔP the difference in the pressure at the two sides of the lattice (inlet
& outlet). The ΔP is maintained constant for all the simulations described below. The particles are loaded
on one side of the lattice only (inlet) and the rest of the domain is initially empty.
Error! Reference source not found. summarizes the parameters used for the calculations presented in this
report.
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Table 4: List of parameters used as inputs for the calculations.

Fluid type considered

Methane 16.04 g/mol

Density

75.15 kg/m3

TOC

12%

Df

2

Temperature

300 K

Pressure

10 MPa

Tortuosity

2

While following this methodology aims to stochastically distribute permeability values within the organic
and the inorganic matter. For these calculations 10 systems were considered for each component.


Task 6.3. Develop a geophysical model for the pore network in shale formations (P1 and P10, UCL and
Geomecon, M1-12, 19-24)
Research is done by geomecon in WP3, to obtain some fracture mechanics characterization of shale rocks,
which will be used in creating a model as a basis for further simulations and validations with roxol.
To calculate the matrix permeability UCL used the effective permeability values for the organic and
inorganic components, as calculated via Task 6.2. We assume that the organic matter is distributed within
the inorganic matrix in blocks (patches). As suggested by Naraghi et al., UCL assume that the size of the
organic patches follow the normal Gaussian distribution, shown in Figure 13.

Figure 13: Patch size distribution for the organic matter, Naraghi et al.

By using the distribution of Figure 13 and a TOC value of 12% a Monte Carlo sampling method is used to
distribute the organic matter (position and size) within the inorganic matrix. The lattice considered for these
calculations is 30 x 20 μm. Figure 14 presents some of the systems generated with this process, 11 in total.
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Figure 14: Representation of the systems used for the effective rock permeability calculations. The red colour represents the organic
matter and the light blue the inorganic.



Task 6.4 - Couple convective and forced fluid transport in fractures with pore diffusion. (P1 and P10, UCL
and Geomecon, M13-24, 31-36)
The basic constitutive models were reviewed by geomecon for implementation in a thorough literature
and code research. The extendability of the linear elastic module was examined and secured by refactoring
the existing code base.
In continuation of Task 6.3 more research and discussions of flow and poroelastic models and their
integration in the existing Extended Finite Element code were conducted by geomecon and a theoretical
solution was found. Implementation, validation and testing of the developed model started and will be
continued.
In extension of pure porosity and permeability simulations, a coupling between poroelasticity and linear
elasticity was implemented for the volume elements of the simulation model. A volume element with a
higher pore pressure leads to an increased strain, i.e. an expansion of that element. The X-FEM
shapefunctions in the fracture elements are now computed for both fracture faces. The results were
validated against COMSOL Multiphysics and currently a validation of the coupled simulated solution against
an analytical solution is in progress. The next step is to couple also poroelasticity with linear elasticity on
the fracture faces, an increase of the fluid pressure inside the crack (fluid pumping) will then open the
fracture, which will be validated subsequently.
To investigate the effect of the fracture width in the enhancement of the rock’s permeability UCL
considered a 11 x 10 mm lattice. An induced fracture is placed in the middle of the fracture as shown in
Figure 15. This induced fracture represents a microfracture, which is formed vertically, during the hydraulic
fracturing process. We assume that the fracture’s surfaces are smoothed, a valid assumption for split core
lab tests. To calculate the permeability of the voxels that correspond to the fracture the equation proposed
by Tiab et al.

Is used, where kf is the fracture permeability and w is the fracture width. The matrix permeability value is
calculated in Task 6.3
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Figure 15: An 11 x 10 mm KMC lattice. Each lattice voxel has dimensions 1 x 1 mm. The blue voxels represent the low permeability
rock matrix and the red ones an induced microfracture.

13 fracture width values are defined and we calculate the effective matrix permeability for all the cases
considered. For comparison purposes, the unfractured effective matrix permeability is also included in our
analysis. In Figure 16 we plot the effective matrix permeability measured with the kMC model as a function
of the fracture width. The observation is that the fracture width exponentially affects the permeability
achieved.

Figure 16: Relationship between fracture width and effective permeability achieved.



Task 6.5. Validation against experimental observations. (P1 and P10, UCL and Geomecon, M7-18, 25-30)
Water permeability has been measured in commercial shale samples, and the instrument is being upgraded
to measure argon gas permeability. The data for the commercial sample are very good. We are beginning
to use samples from the Bowland formation (see WP2) for these measurements. The Bowland samples used
so far showed little permeability probably because they were chosen to be adequate for mechanical
measurements (see WP2). These data will be used for validation.
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Here, UCL report the effective matrix permeability calculated by implementing the kMC model and the
methodology described in Tasks 6.2 and 6.3. The input data (Table 3 and Table 4) comes from Naraghi et
al., who derived the properties presented from analysing the Eagle Ford shale formation. Naraghi et al.,
both calculated the rock’s permeability using experimental data (pulse decay method) and the geometric
average method (GA). Our results were comparable with both the experimental data and the results
reported by the GA method.
Figure 17 and Figure 18 show permeability distribution colormaps of some of the systems considered for
the inorganic and the organic matter respectively (Task 6.2). The permeability coefficients used to represent
the organic matter are lower compared to the ones used for the inorganic, as the pore sizes are on average
smaller.

Figure 17: Some of the inorganic lattices considered for the calculation of the effective permeability of the inorganic matter. The
colour plot represents the stochastic distribution of the permeability as expressed in m2.

Figure 18: Some of the organic lattices considered for the calculation of the effective permeability of the inorganic matter. The colour
plot represents the stochastic distribution of the permeability as expressed in m2.

The results obtained from the lattices presented in Figure 17 and Figure 18 are shown in Table 5.
Table 5: Effective inorganic and organic permeability calculations

Configuration

PU

Permeability inorganic (m2)

Permeability organic (m2)

1

5.09E-19

7.80E-20

2

4.70E-19

9.01E-20

3

5.81E-19

6.81E-20

4

6.18E-19

7.32E-20

5

5.64E-19

1.11E-19

6

4.45E-19

5.99E-20

7

4.83E-19

6.67E-20

8

5.56E-19

7.88E-20

9

3.25E-19

7.41E-20

10

4.72E-19

4.46E-20
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In Table 6 we present the average, minimum and maximum effective permeability coefficients, as
calculated for the organic and the inorganic matter.
Table 6: Average, minimum and maximum effective permeability coefficients

Parameter

Mean

Error

Minimum

Maximum

Inorganic matter

5.02E-19 m2 or 0.51 μD 2.52E-20 m2 or 0.03 μD 3.25E-19 m2 or 0.33 μD 6.18E-19 m2 or 0.63 μD

Organic matter

7.44E-20 m2 or 0.08 μD 5.29E-21 m2 or 0.01 μD 4.46E-20 m2 or 0.05 μD 1.11E-19 m2 or 0.11μD

The mean, minimum and maximum values of the effective rock permeability calculated (Task 6.3), are
shown in Table 7.
Table 7: The effective rock permeability with the kMC model.

Mean

Error

Minimum

Maximum

1.20E-19 m2 or 0.122 μD

4.10E-21m2 or 0.04 μD

1.01E-19 m2 or 0.10 μD

1.40E-19 m2 or 0.14 μD

Naraghi et al., calculated from experimental data the permeability to be 1.07E−19 m2 and from the GA
method, the permeability was calculated to be 2.76E-19 m2 (slightly overestimated as they did not account
for crossflow).
Our kMC model correlates well with both experimental and other computational methods.
Also HIPC has synthesized 5 zeolites and zeotypes and performed their detailed characterization by X-ray
powder diffraction, Scanning electron microscopy, Adsorption of argon, methane, ethane and water,
Chemical analysis using ICP-OES, and Molecular modelling. In the future there will be discussions how to
integrate those results into validating the simulations.
Using unit-cell information from Database of Zeolite Structures, supercells of experimentally measured
zeolites were built at HIPC and transport of C1 to C4 alkanes in microporous zeolite ZSM-5/35 were simulated
by non-equilibrium molecular dynamics at 293 K. Mesoporosity in form of a cylindrical pore was introduced
into the microporous zeolite ZSM-5/35 and transport simulations of short alkanes were carried out using
non-equilibrium molecular dynamics at 293 K. The simulations addressed the exact roles played by micro
and mesoporosity scales on the transport behaviour of short alkanes in hierarchical porous engineered
materials.
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Figure 19: (a) Model of microporous zeolite ZSM-5/35. (b) Model of hierarchical porous zeolite ZSM-5/35 with a 4 nm
cylindrical pore. (c) Adsorption isotherms of propane. (d) Collective diffusivity of propane.



Task 6.6. Use the models to predict fluid transport in various EU shale formations. (P1 and P10, UCL and
Geomecon, M25-36)
The current flow implementation uses Darcy’s law in the matrix and the fractures are modelled as fracture
process zones of increased permeability. Initial simulations have been run, delivering promising results. A
pore pressure difference is set up between left and right side of the model and the resulting fluid volume
flow is shown at a distinct time step. On the horizontal fractures the fluid flow is greater than on the vertical
ones, since they lie in the pore pressure diffusion direction. The fluid starts migrating from left to right,
whereas the fractures act as channels for the fluid. Those exemplary simulations were realized in dm to
meter scale.
Current ongoing work is to use SEM images provided and pore size distribution curves (from BET analysis)
for the Bowland formation (UK). Using the methodology described in Tasks 6.2-6.5 we will employ our kMC
model to computationally calculate the rock permeability and compare against already performed
experimental studies on the Bowland formation, as part of the SXT project.
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WP 7 – Engineered Materials
Lead beneficiary – HIPC
Work Package 7 Engineered Materials
1-UCL

2-CSGI

3-ARMI

4.UoM

DoA

3.00

0.00

0.00

0.00

0.00

0.00

36.00

3.00

M1-M18

0.00

0.00

0.00

0.00

0.00

0.00

24.08

M19-M24

0.00

0.00

0.00

0.00

0.00

0.00

TOTAL

0.00

0.00

0.00

0.00

0.00

0.00

% used

0.0%



Main Activities

0.0%

0.0%

0.0%

5.NCSRD

0.0%

6.UA

0.0%

7.HIPC

8.ICPF

9.GFZ

10.Geo

11. Halli

TOTAL

0.00

0.00

0.00

42.00

3.00

0.00

0.00

0.00

27.08

8.00

4.50

0.00

0.00

0.00

12.50

32.08

7.50

0.00

0.00

0.00

39.58

89.1%

250.0%

0.0%

0.0%

0.0%

94.2%

 Synthesis of zeolites and hierarchical materials as per the proposal
 Characterization of prepared porous materials by adsorption, X-ray powder diffraction and microscopy
 Modelling of adsorption and diffusion in zeolites


Task 7.1. Synthesis of zeolites with features representative of shale rocks (P7, HIPC, M1-6)
Completed



Task 7.2 - Synthesis of zeolites with hierarchical pore structure. (P7 and P1, HIPC and UCL, M7-18)
Synmthesis of Mesoporous 10-ring zeolite ZSM-5
Goal: to prepare micro/mesoporous ZSM-5 zeolite with different mesopore volumes by secondary
templating approach.
For this purpose, reaction mixture was prepared in 0.5 L Teflon-lined autoclave at room temperature. In the
typical synthesis, 3.3 g of aluminum nitrate nonahydrate dissolved in 27 g of water is added to the solution
containing 64.6 g of tetraethylorthosilicate and 15 g of ethanol (96 %, Fluka). The solution is stirred for 1.5
h. Then, 58 g of tetrapropylammonium hydroxide (40 %) dissolved in 172 g of water is added and the mixture
is stirred for another 1.5 h. Later on, 38 g (A, B) or 25 g (C, D) of carbon black particles are added to the
reaction mixture. The final mixture is very carefully mechanically stirred for 3 h.
The crystallization is carried out under static conditions at 170 °C for 8 days.
The resulting solid phase is recovered by filtration, extensively washed out with distilled water (1 l) and dried
at 90 °C overnight.
Calcination is carried out in air at 550 °C for 24 h (temperature ramp of 1 °C/min).
Four different samples have been prepared according the described procedure (A - SYN3548, B - SYN3549, C
- SYN3748, D - SYN3749).
All samples were characterized using X-ray powder diffraction (Figure 20), scanning electron microscopy
(Figure 21) and argon adsorption measurements (Table 8, Figure 22).
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Figure 20: XRD patterns of calcined samples.

All X-ray diffraction patterns (Error! Reference source not found.) clearly show that the samples prepared
are pure ZSM-5 zeolites without any presence of other crystalline or amorphous phases.
This is evidenced also from the scanning electron microscopic images (Error! Reference source not found.).
The images show just one type of the crystals with rather corrugated external surface due to originally
presence of carbon black pearls, which were removed by calcination.

A

B

C

D

Figure 21: SEM images of calcined samples.

To characterize the textural properties, argon adsorption isotherms were recorded on Micromeritics
ASAP2020 (Figure 22) and particularly micropore and mesopore volumes were characterized (Table 8).
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Table 8: Textural properties

Sample
SYN3548
SYN3549
SYN3748
SYN3749

BET a
(m2/g)
375
270
266
267

VMI b
(cm3/g)
0.17
0.13
0.13
0.13

VTOT c
(cm3/g)
0.36
0.34
0.27
0.30

VMEe
(cm3/g)
0.19
0.21
0.14
0.17

a

– surface area (BET method, p/p0 = 0.02 – 0.15)
– micropore volume (NLDFT, Ar on oxides at 87 K, cylindrical pores)
c
– total pore volume at p/p0 = 0.99
d
– average pore diameter (NLDFT, Ar on oxides at 87 K, cylindrical pores)
e
– mesopore volume
b

High micropore volumes clearly confirm the high quality of the ZSM-5 zeolites prepared and are in good
agreement with XRD patterns. The micropore volumes are at least 0.13 cm 3/g and the mesopore volumes
are in the range 0.14-0.21 cm3/g.

Figure 22: Argon adsorption isotherms (A) and mesopore size distribution (B). Isotherms were shifted 50 cm3/g with respect to each
other.



Task 7.3. Characterization of the engineered materials (P1 and P7, UCL and HIPC, M4-12, 16-24)
Adsorption isotherms of carbon dioxide were measured on a family of IPC-2, IPC-4, IPC-6, and IPC-7 siliceous
isoreticular zeolites prepared from UTL germanosilicate having the same structure of individual layers but
gradually reduced channel size of 9.5x7.1 (14-ring), 8.5x5.5 (12-ring), 6.6x6.2 (12-ring), 5.4x5.3 (10-ring) and
4.5x3.6 (8-ring) Å. Isosteric adsorption heats of carbon dioxide were determined from adsorption isotherms
measured in the range 273 K – 333 K up to 101 kPa. Obtained dependences of the adsorption heat of CO 2
on the amount adsorbed are more sensitive to the adsorbent structure than single adsorption isotherms.
It appears that due to domination of dispersion interactions of carbon dioxide with zeolites under study
isosteric adsorption heat characterizes the structure features of investigated zeolites with a higher
resolution then adsorption isotherms.
Synthesis - UTL zeolite. UTL zeolite was synthesized using 6,10-dimethyl-5-azoniaspirodecane hydroxide
(DMADH) as structure-directing agent (SDA). A gel with the composition of (1-x) SiO2 : x GeO2 : 0.25 DMADH
: 30 H2O was crystallized at 450 K for 6 days under agitation (60 rpm), where x = 0.33 for Ge-rich UTL (Si/Ge
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= 4.2 according to chemical analysis) and x = 0.17 for Ge-poor UTL (Si/Ge = 6.0 according to chemical
analysis), respectively. The obtained solid product was recovered by filtration, washed with distilled water,
and dried overnight at 363 K. To remove the SDA, the as-synthesized zeolite was calcined in a stream of air
at 820 K for 6 h with a temperature ramp of 1 K.min−1.
IPC-2 zeolite (OKO). IPC-2 zeolite was synthesized. Calcined Ge-rich UTL was hydrolyzed in 0.1 M HCl with
the w/w ratio of 1/200 at 298 K overnight to produce IPC-1P layered precursor. The product was isolated
by centrifugation, washed with water, and dried at ambient temperature. 1 g of IPC-1P was added to 10 ml
of 1 M HNO3 solution containing 0.2 g of diethoxydimethylsilane Si(OCH2CH3)2(CH3)2. The mixture was
heated at 175 °C for 16 h in autoclave. The solid product was separated by filtration, thoroughly washed
with water, dried at 333 K and calcined as above.
IPC-4 zeolite (PCR). IPC-4 was prepared. Calcined Ge-rich UTL was hydrolyzed to IPC-1P layered precursor
as above. 1g of IPC-1P was treated with 20 g of neat octylamine at 333 K for 16 h. The solid was isolated by
centrifugation, decantation of the supernatant and drying in an open tube in air at 363 K. The sample was
calcined as above.
IPC-6 was synthesized. Ge-poor UTL zeolite was treated with 1.5 M HCl with the w/w ratio of 1/250 at 368
K for 16 h. The sample was calcined as above.
IPC-7 was synthesized. Ge-poor UTL zeolite was treated with 5 M HCl with the w/w ratio of 1/250 at 368 K
for 16 h. The sample was calcined as above.
The Iso-Therm thermostat (e-Lab Services, Czech Republic) maintaining temperature of the sample with
accuracy of ± 0.01 K was used for the measurement of carbon dioxide adsorption at temperatures from 273
K to 333 K. After argon adsorption measurement, adsorption isotherms of CO2 were subsequently recorded
on the same sample at temperatures 273 K, 293 K, 313 K and 333 K. The exact temperature was determined
using a platinum resistance thermometer. Zeolites were degassed before each measurement at 473 K
(temperature ramp of 1 K min-1) under turbomolecular pump vacuum overnight.
Figure 23 clearly shows substantial differences in the the adsorption isotherms of individual samples of this
isreticular family of zeolites based on the size of the channels. It is even more visible when the adsorption
isotherms were plotted in the logarithmic scal (Figure 24).

Figure 23: Adsorption isotherms of argon at 87 K on UTL and IPC-n zeolites in linear coordinates.
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Figure 24: Adsorption isotherms of argon at 87 K on UTL and IPC-n zeolites in semi-logarithmic coordinates.

The micropore volume decreases with the size of the inter-layer connecting units following the order: UTL
(0.21 cm3/g) > IPC-7 (0.19 cm3/g) > IPC-2 (0.13 cm3/g) > IPC-6 (0.11 cm3/g) > IPC-4 (0.09 cm3/g). The values
of external surface area range from 8.7 m2/g (IPC-4) to 33.1 m2/g (IPC-2).

Figure 25: Isosteric heats of adsorption of carbon dioxide on UTL and IPC-n zeolites.

Assuming ideal gas-phase behavior and a negligible adsorbed phase volume with respect to the gas-phase
volume the isosteric heat of adsorption, qst (Figure 25) can be calculated from the Clausius-Clapeyron
equation. From these results we can conclude that:

PU

1. The siliceous zeolites IPC-7, IPC-2, IPC-6, IPC-4 prepared from germanosilicate UTL zeolite using the ADOR
method present an excellent set of model materials to analyze the effect of micropore structure on
adsorption of carbon dioxide.
2. The application of X-ray diffraction and argon adsorption methods reveals that these zeolites are
characterized by the regular purely microporous structure.
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3. The experimental study of temperature dependence of carbon dioxide adsorption provides detailed
information on the interaction of carbon dioxide with siliceous surface of channels. In accordance with
domination of dispersion interactions of carbon dioxide with zeolites under study, determined isosteric
adsorption heats depend primarily at low surface coverages on the channel width. At higher surface
coverages lateral interactions of CO2 molecules contribute to adsorption heat.
4. Obtained dependences of the adsorption heat of CO2 on the amount adsorbed are more sensitive to the
microporous structure than single adsorption isotherms, i.e. than the dependences of amount adsorbed
on equilibrium pressure. The profiles of adsorption heat facilitate to discriminate channel systems in the
zeolite.


Task 7.4: Characterization of the fluid behaviour and transport through the engineered materials (P1 and
P7, UCL and HIPC, M13-18, 24-36)
Both experimental and computational studies are being conducted on samples provided by WP7. Some of
the experimental results have involved collaborators, external to the SXT project, who agreed to conduct
the experiments free of charge. The experimental data (adsorption isotherms at high P, relevant for
subsurface conditions) are compared to similar datasets obtained on rock samples from WP2. The
manuscript is in preparation. A manuscript regarding the simulation of fluids confined in zeolites has been
prepared by Lisal and co-workers.

WP 8 – Optimization
Lead beneficiary – UA
Work Package 8 Optimization
1-UCL

2-CSGI

3-ARMI

4.UoM

6.UA

7.HIPC

8.ICPF

10.Geo

11. Halli

TOTAL

DoA

3.00

6.00

0.00

0.00

0.00

38.45

0.00

0.00

0.00

0.00

0.50

47.95

M1-M18

0.00

1.30

0.00

0.00

0.00

25.00

0.00

0.00

0.00

0.00

0.00

26.30

M19-M24

0.00

2.00

0.00

0.00

0.00

4.50

0.00

0.00

0.00

0.00

0.00

6.50

TOTAL

0.00

3.30

% used

0.0%

55.0%



Main Activities

0.00
0.0%

0.00
0.0%

5.NCSRD

0.00
0.0%

29.50
76.7%

0.00
0.0%

0.00
0.0%

9.GFZ

0.00
0.0%

0.00
0.0%

0.00

32.80

0.0%

68.4%

 Bibliographic update with main focus on flowback and produced water management in Shale gas.
 Modelling of advanced hyper-salinity desalination systems: Multi-effect evaporation with vapor
recompression and uncertainty in both flow and composition. Membrane based distillation systems
and integration with renewable energy sources, with focus on solar energy.
 Development of a superstructure for shale gas water management that includes the most relevant
aspects for shale gas water management, with a special focus on water reuse and the objective of
approaching Zero Liquid Discharge.


Task 8.1. In depth analysis of state-of-the-art industrial water treatment technologies. (P6, UA, M1-6)
Completed



Task 8.2. Analysis of hybrid multi-technology approaches for water management. (P6, UA, M7-12).
Completed



Task 8.3. Construction of the general superstructure for water management. (P6, UA, M13-18)
The water management problem in shale gas industry is not a new topic and it has been addressed by
different research groups with the focus on different aspects and different time scales. Typically Supply
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chain –SC- (logistic) models can be classified according to the time horizons and time discretization
considered:
Strategic planning models (also referred as Supply Chain models) affect the SC design and configuration
over a relatively long time –between 5 to 10 years – usually divided in time periods like months, quarters
of year.
Tactical Planning (Planning) attempt to use the most optimum use of the various resources including
manufacturing plants, warehouses, suppliers, distribution centres, etc. Extend from some weeks to some
months. Tactical planning models assume that SC topology is given.
Operational planning models (Scheduling models) are related to the detailed scheduling definition,
sequencing, lot sizes, etc. Time discretization ranges from min, h or days.
The strategic planning problem is out of the scope of this project because it requires simultaneously design
the gas and water supply chains. That means that it requires (among other things) the determination of
where locate a given well-pad and when to frack each well. Even though, it allows a high level planning, the
discretization of time is too large (i.e. quarters of year) to take into account the level of detail needed for
practical scheduling of water treatment and reuse. We must also take into account that the economy of all
the shale gas activities are mainly dependent on gas prices and usually all water related activities are
submitted to gas production. In this context, the possibilities for changing the scheduling of fracking
activities is limited and constrained to maintain some gas production levels. For example, the hydraulic
fracking of a given well could eventually be advanced or postponed some weeks to coordinate with other
wells to reuse the flowback water, but the overall gas production should not be considerably modified, (i.e.
all wells planned to be fracked in, say a quarter of year, must effectively be fracked). A comprehensive
model that considers all these aspects was developed by Guerra et al (2016).
We focus on models that include tactical planning and operational decisions that must balance sometimes
contradictory objectives like minimize the freshwater consumption (maximize the flowback / produced
water re-use), minimize total investment and operating costs involved in water management or minimize
the environmental impact.
To that end we have developed a general superstructure (Figure 26) and we are developing models of
different complexity with the following features:


Logistics related to Fresh Water acquisition and transportation. Water availability is one of the critical
points in hydraulic fracking, and of course, the water acquisition and transportation is case dependent. In
general we can differentiate between permanent and temporary water sources. Permanent sources like
lakes, some rivers or sea water do not present any availability constraint, even though it is necessary the
authorization of local authorities. However, they could be far away from the well pads and the transport
cost can be important. Temporary water sources are small rivers, creeks, etc. in which the water availability
is constrained by different factors, like animal life, seasonal constraints due to flowrate or other local water
demands.
The water transport can be done either by tank trucks or by pipes. To use trucks, sometimes it is
necessary to build or adapt roads, in the case of the pipes, temporary pumping stations and pipes
must be installed. In the use of trucks it is also necessary to take into account other aspects like the
local population annoyance due to the truck noise, contamination and roads damage. In general,
transport from permanent sources is done by trucks. The transport from temporary sources depends
on the distance (and may be other factors like ecology disruptions, etc.) Transport operations inside a
well-pad or between close well-pads is done by pipes.
The model takes into account the possibility of different freshwater sources with different
characteristics in terms of maximum availability that can be time dependent.
Fresh water is transported from the different sources to the freshwater impoundment of each well
pad. The model will determine the timing, the amount of water from each source to each well-pad
and the type of transport (trucks or pipes).
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The freshwater is prepared and the hydraulic fracking start. The number of fracking stages, and the
duration of fracking and completion activities it is assumed to be known. At this moment we are considering
that the fracking schedule is known. The next step will be developing a model that coordinate the fracking
schedule with the water management operations subject to the constraints commented above. Once the
gas production starts, the flowback water is also produced. The amount of flowback water, TDS content
etc can be predicted based on geological data, location and previous fracking activities in the area. In a first
stage we assume that these values are known. In future models, we will also introduce uncertainty in these
parameters. However, the particular way in which this will be done depend on the numerical performance
of the models. Time dependency of flowback water is modelled using the following decline function (other
functions or even tabulated data can be used instead):
F0

F =

(1 +

1

Dt)b

Where F0 makes reference to the initial flowback water and D, b are adjustable parameters.

Figure 26: Superstructure for shale gas water management.



The flowback water can then be sent to a centralized water treatment facility or to an onsite water
treatment facility. If the water is sent to an onsite facility then first is sent to a primary treatment (basically
filtration) and to a waste water tank. Even though, in some well-pads open impoundments have been used,
due to safety reasons closed tanks are preferred. From there, the waste water can have different
destinations:
1. Direct reuse: The waste water is mixed (without further treatment) with fresh water to be used in
fracking other wells.
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2. Direct reuse in other well pads: The waste water is sent to other close well-pads to be used in further
fracking activities.
3. The water is sent to secondary (softening) and tertiary (desalination) treatments. The intensity of
treatments depend on the desalination technique used (i.e. membrane technologies for desalination
are much more exigent in terms of pre-treatments than thermally based due to membrane fouling).
4. The treated water can be either sent to reuse in the same site, in other close well pads or sent to other
uses. It is important to remark than, independently of the treatment used the desalinated water has
distillate water quality.


One of the major contributions of the work developed in this project in comparison to other similar, see
for example (Lira-Barragán et al. 2016; Yang et al. 2014; Gao & You 2017a; Gao & You 2017b; J. Gao & You
2015; Jiyao Gao & You 2015b; Jiyao Gao & You 2015a) is that we take into account rigorous and detailed
models for the water treatment both at the level of pre-treatments and desalination. To that end we are
developing surrogate models that can be included in the management based on previous works that
rigorously and explicitly deal with those processes (Carrero-Parreño et al. 2017; Viviani C. Onishi et al. 2017;
Viviani C Onishi et al. 2017)



Explicit constraints on maximum values of some contaminants in freshwater are explicitly taken into
account.



The model is oriented to approach as much as possible to a Zero Liquid Discharge (ZLD) policy. While for
an environmental point of view it has important advantages, from an economic point of view we have at
least two important penalties. The first one is the extra energy needed to get near saturated liquid brines.
The second one is that pre-treatments in particular softening, must ensure that we can operate
desalination systems without problems: scale formation.



Task 8.4. Data collection and compilation. (P6, UA, M7-18)
This task was, in fact, started at the very beginning of the project because we realize that using actual data
allows developing more accurate models. The major difficulty is related with the lack of information of
European formations (there are no too much drilling operations and there are no wells near to economic
exploitation). On the other hand, existing processes for shale gas water treatment are «proprietary» and
there is not open information. Thermodynamic aspects of some processes can be estimated based on mass
and energy balances.
We are going around this problem developing models that can be adapted to different operating conditions
and wells characteristics by simply changing the data as soon as they are available. At the same time we
are using ‘projections or forecasts’ about the characteristics of European formations and additionally we
are developing models that explicitly include uncertainty.



Task 8.5 - Lifetime optimization of water management. (P6, UA, M19-27)
This task is closely related to the task 8.3 in where a superstructure for water management was developed.
Here we will develop different models for water management. At this moment we have developed a
preliminary model that, assuming a fixed schedule, simply try to minimize the fresh water consumption
(maximize the water reuse). Even though, this model could not be realistic from an economic point of view,
it provides an upper bound on the maximum amount of water recycled.
Example:
We have to minimize the fresh water consumption of a company that want to fracture 20 wells distributed
in three well pads. The schedule of the completion phase is presented in Figure 27. Data are from Lira-
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Barragan et al. (2016) The flowback water start to exit from each well pad at the end of the completion
phase. However, the freshwater necessities is assumed to be equally distributed along the weeks in which
the hydraulic fracking is carried out. Figure 28 shows the water and TDS profiles. It has been assumed that
it is the same in all the wells, even though it can easily be modified. A fixed upper bound of 50 kg/m3 to the
TDS in the water used for hydraulic fracking. It was also assumed that each well requires 15850 m 3 of water
to be fracked and that initially a 35% of the water is obtained as flowback water.
If there is not water reuse, we would need 317000 m3 of freshwater. The objective function yields a value
of 177832.6 m3 this is a potential reduction of 43.9 % in freshwater consumption.

Figure 27: Schedule of the completion phase (weeks) for the tree well pads and each individual well.

Figure 28: Flowback water flow after hydraulic fracking (left) and TDS profile (right).

Figure 29 and Figure 30 show volumes and TDS concentrations in freshwater and wastewater tanks with
time.
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Figure 29: Volume of freshwater in the impoundment for each well pad (1-3). (4) Water recycled to each one of the freshwater
tanks (include both inter and intra well pads water reuse)

Figure 30: Volume of waste water in the waste-tanks for each well pad (left). TDS concentration profile in waste tanks (right)
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WP 9 – Risk Assessment
Lead beneficiary – UCL
Work Package 9 Risk Assessment
1-UCL

2-CSGI

3-ARMI

4.UoM

7.HIPC

8.ICPF

10.Geo

11. Halli

TOTAL

12.00

0.00

0.00

0.00

0.00

0.00

0.00

2.00

0.00

4.00

0.00

18.00

M1-M18

5.08

0.00

0.00

0.00

0.00

0.00

0.00

1.00

0.00

0.00

0.00

6.08

M19-M24

3.60

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.50

0.00

4.10

DoA

TOTAL

8.68

% used

72.3%

0.00



Main Activities

0.0%

0.00
0.0%

0.00
0.0%

5.NCSRD

0.00
0.0%

6.UA

0.00
0.0%

0.00
0.0%

1.00
50.0%

9.GFZ

0.00
0.0%

0.50
12.5%

0.00
0.0%

10.18
56.6%

 Modelling of risks associated with induced seismicity
 Modelling of risks associated with a well blowout


Task 9.1. Development of a reliable wellhead blowout model. (P1, UCL, M1-18)
For well blowout modelling, a horizontal pipeline flow model has been adapted for application in vertical
orientation by accounting for gravity. This has involved interacting with NCSRD on properties modelling,
testing and developing the multi fluid model (MFM) and predicting the consequences of release. The onedimensional multiphase outflow model considers heat transfer between the well and the formation, the
geometry of the well, the boundary conditions and initial conditions. The physical property model is being
incorporated into the flow model describing a gas composition comprising 90 mol% CH4, 4.5 mol% C2H6, 3.5
mol% C3H8, 2 mol% C4H10). Jet fires have been modelled using the frustum representation (after
Chamberlain, 1987), using an algorithm that considers the transient release rate and jet expansion, the
dimensions of the jet flame, the flame surface emissive power, the view factors (the geometric relation of
the flame to the heat receiving object) and the heat flux at the receiving object.
Consequence modelling has required significant development given that at upon a full bore rupture, a fire
ball of finite duration followed by a jet fire is expected. The fuel mixture released at the moment of full bore
rupture is simply too rich to sustain a jet fire.



Task 9.2 - Application of the well blowout model to a case study. (P1, UCL, M18-30)
Literature has been reviewed including reports from ARUP for Cuadrilla sites near Blackpool to develop the
case study accounting for all the details of the formation, nature of the site location and the geometry of
the well. A composite fire ball/jet fire model has since been developed and is being currently tested to
produce thermal radiation contours in the vicinity of the failed well based on the above case study.



Task 9.3. Develop a methodology for quantifying the likelihood of natural and induced seismic activity due
to hydraulic fracturing. (P1, UCL, M1-18)
The methodology for quantifying the likelihood of natural and induced seismic activity due to hydraulic
fracturing comprises linked hydrological and geomechanical models. The hydrological model provides a
prediction of the transient pore pressure variation as a function of distance from the injection point. The
hydrological model has been set up in a 1D spherical coordinate system which has been extended to 2D
based on rotational symmetry and could similarly be extended to 3D. A diffusional process of relaxation of
pore pressure perturbation (p) has been adopted in the model. For the case of injection into a
homogeneous, poroelastic medium in spherical geometry with azimuthal and poloidal symmetry, the
diffusion equation is:

PU

Page 46 of 64

Version 1.0

Deliverable 1.3
߲ ߲ ܦ ଶ ߲
=  ൬ݎ
൰൨
߲ݎ ݐଶ ߲ݎ
߲ݎ

Where r is the distance from the injection source (m) and D is the hydraulic diffusivity (m2/s). An analytical
solution of the diffusion equation for a time-dependent source function representing a linearly increasing
pressure source has been derived by Dinske [9.1] for the injection period:
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and another solution for describing the shut in period:

,
where t0 represents the shut-in time. Source terms are given by ݍ ൌ Ͷߨܽܦand ݍ ൌ Ͷߨܽܦ௧, where
p0 is the initial injection pressure (Pa), pt is the pressure gradient (Pa/s) and a0 is the effective source radius
(m). The diffusion equation is also solved using a numerical approach through the application of an explicit
forward differencing scheme in a 1D physical domain of 800 m length and with nodes equally spaced at 1
m intervals. An injection pressure at the centre of the sphere with a0 = 3 m uses one of two pressure profiles
as denoted in Figure 31. As illustrated in Figure 31, the injection pressure profiles can either be applied in
the numerical model as a linearly increasing source function that starts from an initial pressure and is then
followed by a shut-in period (for comparison with the analytical solution) or as a user specified profile in
tabular form that may take the form of an experimentally determined injection pressure.

Figure 31: Approximated and experimental injection pressure profiles.

At the beginning of the calculation (t=0) the initial condition in the reservoir nodes is set = 0 Pa. The shutin time is denoted at t = 400,000 seconds; after this time no pressure source is applied and the pressure at
the injection point is calculated from a natural boundary condition denoted by:
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By numerically solving the hydrological model we obtain a solution as a function of both time and distance
from the injection point. A comparison of calculated pressure profiles as a function of distance for different
simulation times and as a function of simulation time for different distance from the injection point using
the analytical and numerical approaches is illustrated in Figure 32 the comparison shows satisfactory
agreement.

Figure 32: (left) Pore pressure profiles from numerically solving the diffusion equation (open circles) and from the analytical solution
(solid lines) as a function of distance to source point. (right) Pore pressure profiles as a function of time. Injection stop time is at
400,000 seconds.

Synthetic seismicity is generated using a simple geomechanical model which assesses the impact of pore
pressure perturbation on spatial stochastic distribution of pre-existing cracks. In the procedure, each crack
randomly assigned a critical stress parameter between 2 limits, with the lower limit Cmin = 9600 Pa and the
upper limit Cmax= 0.15 MPa, in the present example. A pre-existing crack concentration = 2.44 × 10 -4 m-3 has
been used in the simulations. This concentration leads to a population of 127,856 cracks representing the
number in a sphere of 500 m radius. Once the pore pressure at each crack’s spatial location exceeds its
critical stress parameter, a seismic event is recorded. Only one seismic event can be recorded – once it is
activated, no further events can occur. The output from the calculation is illustrated in Figure 33 in terms
of r-t plot which shows the timing and distance from the injection location of the recorded events. The
calculation is able to replicate the qualitative behaviour observed in experimental r-t plots obtained from
field studies. From the data shown in the r-t plot, a histogram representing the seismicity rate, defined as
the number of events per hour, can be generated. The seismicity rate generally increases as the pore
pressure in the reservoir increases. In some locations in the reservoir, the pore can still increase for some
time after the shut-in. After a certain period post shut-in, the seismicity rate starts to decay.
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Figure 33: (left) Pore pressure profiles from numerically solving the diffusion equation (open circles) and from the analytical solution
(solid lines) as a function of distance to source point. (right) Pore pressure profiles as a function of time. Injection stop time is at
400,000 seconds.

Work is ongoing, to ameliorate the geomechanical model by taking into consideration fault orientation and
sub-surface stress fields, which will lead to an estimation of the propensity to slip for a given fault in the
visicinity of an injection well and the seismic event magnitude.


Task 9.4 - Apply the methodology developed in Task 9.3 to case studies. (P1, UCL, M18-30)
A detailed literature review of several case histories of anthropogenic induced / triggered seismicity has
been carried out. These include cases of induced seismicity from hydraulic fracturing in UK, Canada and
China, from Enhanced Geothermal System in Basel, Switzerland and from waste-water injection in
Oklahoma. Initial work has been conducted on the Basel Enhanced Geothermal System induced seismic
event using the experimental injection pressure profile depicted in Figure 31.
References for WP9
[Fig.31] Dinske, C. PhD Thesis, University of Berlin, 2013.

WP 10 – Life Cycle Assessment
Lead beneficiary – UCL
Work Package 10 Life Cycle Assessment
DoA

1-UCL

2-CSGI

3-ARMI

4.UoM

5.NCSRD

6.UA

7.HIPC

8.ICPF

9.GFZ

10.Geo

11. Halli

TOTAL

10.00

0.00

0.00

0.00

0.00

6.00

0.00

0.00

0.00

0.00

0.50

16.50

M1-M18

0.94

0.00

0.00

0.00

0.00

0.25

0.00

0.00

0.00

0.00

0.00

1.19

M19-M24

6.00

0.00

0.00

0.00

0.00

1.00

0.00

0.00

0.00

0.00

0.00

7.00

TOTAL

6.94

% used

69.4%

0.00



Main Activities

0.0%

0.00
0.0%

0.00
0.0%

0.00
0.0%

1.25
20.8%

0.00
0.0%

0.00
0.0%

0.00
0.0%

0.00
0.0%

0.00

8.19

0.0%

49.6%

 Literature review
 Collection of inventory data
 Compiling a parametric excel spreadsheet which gives the inventory mass and energy balance for m3
of shale gas produced
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 Development of the environmental model in GaBi Sustainability software (Thinkstep)
 Hot spot analysis of shale gas production in the UK for the global warming potential; acidification
potential; fresh water aquatic eco-toxicity potential.


Task 10.1 - To build a detailed model of the process of gas production from shale formations and conduct
a ‘hot spot’ analysis. (P1, UCL, M15-20)
We have performed a literature review on the shale gas production process and compiled the inventory
data in an excel spreadsheet. The spreadsheet is parametric in EUR, fraction of flowback, fraction of
flowback fluids recycled or treated in industrial process, and amount of emissions. We have built the shale
gas model in Gabi software (Thinkstep) using the data compiled in the spreadsheet and we have calculated
the impacts of shale gas production in the UK (chosen as base case). The hot spot analysis has identified
the activities that cause the most significant environmental impacts. The impacts categories analysed show
that the environmental impact of shale gas extraction and conventional gas extraction are of the same
order of magnitude.



Task 10.2 - Establish and develop a robust comparative analysis. (P1, UCL, M21-26)
The key objective of deliverable 10.1 is to compare the environmental burdens of electricity production
from shale gas vs electricity production from conventional and renewable sources. For the comparative
scenarios the electricity is produced from:
 coal,
 bio-methane obtained from centrally separated waste,
 bio-substitute natural gas (Bio-SNG) obtained from advanced gasification and plasma technology,
 bio-methane obtained from source separated waste,
 nuclear power plants
The functional unit of this deliverable is the production of 1 kWh of electricity using the sources described
in the objectives. The overall system boundary of the deliverable is shown in Figure 34. Results are
representative of the EU case although data considered in the LCA models are UK-specific as this country
was chosen as the base case for the study. First the environmental burdens of gas production from shale,
Bio-SNG and bio-methane were computed and then the electricity production from the produced gas in
power plants was considered. More information on the modelling assumption are reported in the
deliverable report.

Figure 34: System boundary.
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The Figures below show the environmental burdens of the technologies compared according to the
production of 1 kWh of electricity (as per functional unit). In Figure 35, the impact of the technologies
analysed on water contamination is quantified. Electricity production from coal shows the highest burden
(2.88*10-1 kg of DCB equivalent, compared to the 2.59*10-3 kg of DCB equivalent for electricity production
via anaerobic digestion of source separated waste). The freshwater aquatic ecotoxicity of electricity
production from coal is almost entirely due to the cleaning of the flue gas after combustion (and the
associated emissions) and the disposal of the residue from the cooling tower.

Figure 35: Fresh water aquatic ecotoxicity potential.

Figure 36 shows that the global warming potential of all the technologies producing electricity from
renewable sources is higher than that of fossil energies. This is due to the lower energy efficiency of these
technologies when compared with the high energy density of fossil fuels - coal and gas. The nuclear energy
shows a negligible global warming potential as no direct CO2 emissions are involved with the production of
electricity in nuclear plants.

Figure 36: Global warming potential.
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More environmental impacts are analysed in the deliverable report.
Overall, shale gas consistently showed lower environmental impacts than the other technologies
analysed, especially coal.


Task 10.3 – Conduct a sensitivity analysis. (P1, UCL, M27-30)
The key objective of deliverable 10.2 is to conduct a sensitivity analysis on the environmental impact of
shale gas production (quantified in D.10.1) by analysing a variation in the following parameters of the life
cycle assessment model:
 Estimate Ultimate recovery (EUR)
 Fraction of flowback (Flowback fluids/ fracturing fluids injected)
 Fraction of the flowback fluids recycled
 Fraction of flowback disposed industrial treatment
 Potential completion emissions
 Potential workover emissions
The functional unit of this work is the delivery of 1 MJ LHV of natural gas to the final consumer at low
pressure (<7 bar and >0.75 mbar gauge).
The overall system boundary of the deliverable is shown in Figure 37. Results are representative of the EU
case although data considered in the LCA models are UK-specific as this country was chosen as the base
case for the study. More information on the modelling approach is available in the D10.1 and D10.2 reports.

Figure 37: System boundary for shale gas. Yellow boxes represent the hydraulic fracturing process, grey boxes identify the
conventional processes and the blue boxes refer to the activities of the background system.

The sensitivity analysis explores 8 scenarios (S.)
S.0 (base scenario). Emissions are assumed to be captured and gathered into the pipeline. 50% of the
flowback is disposed through industrial treatment while the remaining amount is recycled for further
fracturing jobs. The estimate ultimate recovery is 85 million m3 (DECC, 2013; Stamford and Azapagic, 2014).
Scenario 1-2 investigate an increase/decrease of 20% in EUR. This is associated with an increase/decrease
in re-fracturing jobs performed over the well’s life. For the base case 3 fracturing jobs are considered and
these are scaled linearly with the increase/decrease in EUR.
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Scenarios 3-4 explore different flowback fractions. All the assumptions are the same as in the base scenario
except for the flowback fraction that is increased and decreased by 60% compared to the base scenario.
In scenario 5, 100% of the flowback is disposed through industrial treatment whereas in scenario 6, 100%
of flowback is recycled for further fracturing jobs.
Scenarios 7-8 explore a 20% increase/decrease in the potential amount of completion/workover emissions
due to the hydraulic fracturing process. The potential emissions are assumed to be captured and gathered
into the pipelines as in the based scenario.
Figure 38 shows the global warming potential result. The EUR is the parameter that mostly influence the
environmental impact of shale gas. An increase in EUR determines a decrease in the environmental impact
because, for the same usage of production material and energy, more gas is delivered to the consumer and
hence, the environmental impact per unit of gas decreases. All other environmental burdens analysed show
the same trend in the results.
An increase in potential workover and completion emissions of 20% cause an increase in the global
warming potential of only 0.2% (S.7 of Figure 38). This is due to the use of reduce emission completion
(REC) which avoid the flaring or direct release of methane into the atmosphere. However, it should also be
highlighted that the analysis does not include the production and assembly of reduce emission completion
(REC) devices as no inventory was available. If the latter were included in the assessment, the GWP may
show a different trend in the results.
Furthermore, it is worth noticing that the increase/decrease in number of fracturing jobs associated to the
increase/decrease in EUR does not affect the environmental impact of shale gas production and
distribution.

Figure 38: Sensitivity analysis of shale gas production. Global warming potential.

The sensitivity analysis has overall shown that the LCA model is robust as a variation of the input
parameters has a reducing effect on the environmental results for all characterisation factors analysed.
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WP 11 – Suggestions for Policy Formulation
Lead beneficiary – UCL
Work Package 11 Policy Formulation
DoA

1-UCL

2-CSGI

3-ARMI

4.UoM

5.NCSRD

6.UA

7.HIPC

8.ICPF

9.GFZ

10.Geo

11. Halli

TOTAL

10.00

2.00

1.00

0.00

2.00

2.00

0.50

2.00

0.00

0.00

0.00

19.50

M1-M18

0.00

0.00

0.00

0.00

0.00

0.00

0.00

1.00

0.00

0.00

0.00

1.00

M19-M24

5.00

0.00

0.00

0.00

0.00

0.30

0.00

0.00

0.00

0.00

0.00

5.30

TOTAL

5.00

0.00

0.00

0.00

0.00

0.30

0.00

1.00

0.00

0.00

0.00

6.30

% used

50.0%

0.0%

0.0%

0.0%

15.0%

0.0%

50.0%



Main Activities







0.0%

0.0%

0.0%

0.0%

32.3%

Literature review
Desktop legislation review (EU, UK, Poland) and review of policy papers
Review of Project reports (M4ShaleGas)
Review results of public opinion polls, and other mechanisms by which the public express their
opinion (petitions to the European Parliament, Eurobarometer, complaints to the European
Ombudsman, etc)

Task 11.1. Quantify the success, or lack of success, of existing regulatory frameworks that address
environmental impacts and natural resources management in the context of unconventional gas
development. (P1, UCL, M19-24)
We note that this report is not a deliverable. The research was largely completed and preliminary results
advised in the previous progress report. Further research has been undertaken as part of the research for
Deliverables 11.2 and 11.3.



Task 11.2. Identify the issues for governments/regulatory authorities and the shale gas industry that need
to be addressed to optimise community acceptance. (P1, UCL, M25-30)
Literature and documents review and commencement of work of drafting report by research associate
appointed April 2017.



Task 11.3. Identify the nature and content of a regulatory framework for the successful exploitation of shale
gas, including factors to enable a choice to be made between whether integration (with other legislation)
or a ‘stand-alone’ approach is desirable. (P1, UCL, M31-36)
Literature and documents review and commencement of work of drafting report by research associate
appointed April 2017.
The deliverables associated with WP11 are being prepared. They will be discussed publicly at the upcoming
out-reach event which will be held in Doha, Qatar, in March 2018.

PU

Page 54 of 64

Version 1.0

Deliverable 1.3
WP 12 – Dissemination
Lead beneficiary – NCSR"D"
Work Package 12 Dissemination
1-UCL

2-CSGI

3-ARMI

4.UoM

DoA

4.00

4.00

2.00

1.38

M1-M18

2.54

1.40

0.00

0.00

5.NCSRD

6.UA

7.HIPC

8.ICPF

9.GFZ

10.Geo

11. Halli

TOTAL

12.00

6.00

4.00

2.00

1.00

0.00

0.00

36.38

0.00

2.50

0.10

1.00

0.00

0.00

0.00

7.54

M19-M24

0.00

0.50

0.00

0.00

0.50

2.00

0.00

0.60

0.00

0.00

0.00

3.60

TOTAL

2.54

1.90

0.00

0.00

0.50

4.50

0.10

1.60

0.00

0.00

0.00

11.14

% used

63.5%

47.5%

0.0%

0.0%

4.2%

75.0%

2.5%

80.0%

0.0%



0.0%

0.0%

30.6%

Main Activities
 Participation in international conferences
 Scientific publications
 Promotion of ShaleXenvironmenT project
 Website update
 Organisation of outreach events disseminating the project’s research and results
See details regarding the Publications and Dissemination activities in the Section 2.
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2. Dissemination & Publications

Dissemination activities
Date
19/12/2016

Place
London, United
Kingdom

23/04/2017 – Vienna, Austria
28/04/2017
18/05/2017 – Bucharest, Romania
21/05/2017
13/06/2017

Florence, Italy

Title of event
Title of the presentation
Shaleology: Forum on Shale Gas 4 presentations by SXT Consortium:
Research
- Geological processes and characterization of the UK
Carboniferous Bowland-Hodder Shale (Kevin Taylor, University
of Manchester)
- Anisotropic permeability behaviour of clay-rich shales (Nils
Backeberg, University College London)
- Cutting edge imaging techniques for shales (Peter Lee,
University of Manchester)
- A comparison of US to EU/UK shale development (Richard Day,
Halliburton)
European Geophysical Union – EGU Poster: Creep of Posidonia and Bowland shale at elevated
2017
pressures and temperatures (Johannes Herrmann, Erik Rybacki,
Hiroki Sone, and Georg Dresen)
European Symposium on Applied Transport of gases confined in kerogen: Diffusion paths,
Thermodynamics – ESAT 2017
diffusion coefficients and permeability (M. Vasileiadis, L.D.
Peristeras, K.D. Papavasileiou, I.G. Economou)
SXT public dissemination event in Presentation of EU and USA shale research
parallel to the consortium meeting
- Alberto Striolo (SXT)
- Paolo Capuano (SHEER)
- Alberto Guadagni (FracRisk)
- David Cole (USEEL, USA)
- Isabelle Daniel (Deep Energy, DCO)
Panel Discussion: Research Needs for the Environmentally
Conscious Development of Geo-Energy Resources
- John Shaw (University of Alberta)
- David Cole (Ohio State University)
- Pickard Trepess (PracPT)
- Chris Edwards (ERC Equipoise)
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50
100
40
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19/06/2017 – Florence, Italy
22/06/2017
19/06/2017 – Florence, Italy
22/06/2017

- Michael Chendorain (ARUP)
- Paul Ashby (Lawrence Berkeley National Laboratory)
16th European Student Colloid Oral presentation: Green viscoelastic surfactant-based 40
Conference in Florence (ESC 2017)
formulations with photoswitchable properties for shale gas
applications (Duccio Tatini)
th
16
European Student Colloid Poster: Alternative Approaches for Shale Gas Fracturing Fluid 40
Conference in Florence (ESC 2017)
Formulations (Filippo Sarri)

21/06/2017 – Athens, Greece
23/06/2017

Scimeeting Europe 2017

17/07/2017 – Granada, Spain
21/07/2017
17/07/2017 – Granada, Spain
21/07/2017

16th International Clay Conference
https://www.16icc.org
16th International Clay Conference
https://www.16icc.org

13/08/2017 – Paris, France
18/08/2017
13/08/2017 – Paris, France
18/08/2017

Goldschmidt – 2017 Conference

13/08/2017 – Paris, France
18/08/2017

Goldschmidt – 2017 Conference

PU

Goldschmidt – 2017 Conference

Characterization of kerogens and prediction of structure and 30
transport properties (M. Vasileiadis, L.D. Peristeras, K.D.
Papavasileiou, I.G. Economou)
A.G.Kalinichev co-organized a 2-day AIPEA School for Young 35
Scientists “Computational modeling in clay mineralogy”
Modeling aqueous solubility of sodium chloride in clays at 50
thermodynamic conditions of hydraulic fracturing by molecular
simulations (Martin Svoboda and Martin Lísal)
A.G.Kalinichev co-organized a Special Session 22A “Multiscale 60
modeling of mineral-fluid interaction”
A.G.Kalinichev presented an invited oral talk “Recent 60
improvements in ClayFF and future challenges for classical
molecular simulations of nanoconfined water in minerals” at
the Special Session 08i “Geochemical Processes in Confined
Media”
Modeling Aqueous Dissolution of Sodium Chloride in Clays at 60
Thermodynamic Conditions of Hydraulic Fracturing by
Molecular Dynamics Simulations (Martin Svoboda and Martin
Lísal)
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Publications
Title of the publication

Author

Desalination of shale gas
flowback water: a rigorous design
approach for zero-liquid
discharge evaporation systems
Shale Gas Flowback Water
Desalination: Single vs Multipleeffect evaporation with Vapor
Recompression Cycle and
Thermal Integration
Optimal Pretreatment System of
Flowback Water from Shale Gas
Production

V.C. Onishi, A. CarreroParreño, J.A. ReyesLabarta, E.S. Fraga, J.A.
Caballero
V.C. Onishi, A. CarreroParreño, J.A. ReyesLabarta, R. Ruiz-Femenia,
R. Salcedo-Díaz, E.S. Fraga,
J.A. Caballero
A. Carrero-Parreño, V.C.
Onishi, R. Salcedo-Díaz, R.
Ruiz-Femenia, E.S. Fraga,
J.A. Caballero, J.A. ReyesLabarta

Molecular simulation of shale gas
adsorption onto overmature type
II model kerogen with control
microporosity
Shale gas: a life-cycle perspective
for UK production
Synchrotron tomographic
quantification of strain and
fracture during simulated
thermal maturation of an
organic-rich shale, UK
Kimmeridge Clay
Process optimization for zeroliquid discharge desalination of
PU

Lukas Michalec, Martin
Lisal
Carla Tagliaferri, Roland
Clift, Paola Lettieri, Chris
Chapman
Fernando Figueroa Pilz,
Patrick J. Dowey, AnneLaure Fauchille, Loic
Courtois, Brian Bay, Lin Ma,
Kevin G. Taylor, Julian
Mecklenburgh, Peter D.
Lee
Viviani C. Onishi, Rubén
Ruiz-Femenia, Raquel
Salcedo-Díaz, Alba Carrero-

Journal

Year of
publication

Relevant
pages

DOI

Journal of Cleaner
Production

2017

1399-1414

10.1016/j.jclepro.2016.10.012

Desalination

2017

230-248

10.1016/j.desal.2016.11.003

Industrial & Engineering
Chemistry Research

2017

4386-4398

10.1021/acs.iecr.6b04016

Molecular Physics

2017

1086-1103

10.1080/00268976.2016.1243739

The International Journal
of Life Cycle Assessment

2016

1-19

10.1007/s11367-016-1207-5

Journal of Geophysical
Research: Solid Earth

2017

2553-2564

10.1002/2016JB013874

Journal of Cleaner
Production

2017

1219-1238

10.1016/j.jclepro.2017.06.243
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shale gas flowback water under
uncertainty
Modeling of Bulk Kerogen
Porosity: Methods for Control
and Characterization
Transport Mechanism of Guest
Methane in Water-Filled
Nanopores
Understanding Shale Gas: Recent
Progress and Remaining
Challenges
A kinetic Monte Carlo approach
to study fluid transport in pore
networks
Creep of Posidonia Shale at
Elevated Pressure and
Temperature
Synchrotron tomographic
quantification of strain and
fracture during simulated
thermal maturation of an
organic-rich shale, UK
Kimmeridge Clay
Adsorption and Diffusion of C1 to
C4 Alkanes in Dual-Porosity
Zeolites by Molecular Simulations
Propane−Water Mixtures
Confined within Cylindrical Silica
Nanopores: Structural and
Dynamical Properties Probed by
Molecular Dynamics
PU

Parreño, Juan A. ReyesLabarta, Eric S. Fraga, José
A. Caballero
Manolis Vasileiadis, Loukas
D. Peristeras, Konstantinos
D. Papavasileiou, Ioannis G.
Economou
Tai Bui, Anh Phan, David R.
Cole, and Alberto Striolo

Energy Fuels

2017

6004– 6018

10.1021/acs.energyfuels.7b00626

15675−15686

10.1021/acs.jpcc.7b02713

The Journal of Physical
Chemistry

2017

Alberto Striolo, David R.
Cole

Energy Fuels

2017

10300−10310

10.1021/acs.energyfuels.7b01023

M. Apostolopoulou, R. Day,
R. Hull, M. Stamatakis, and
A. Striolo
E. Rybacki, J. Herrmann, R.
Wirth, G. Dresen

The Journal of Chemical
Physics

2017

134703

10.1063/1.4985885

Rock Mechanics and
Rock Engineering

2017

-

Fernando Figueroa Pilz,
Patrick J. Dowey, AnneLaure Fauchille, Loic
Courtois, Brian Bay,
Lin Ma, Kevin G. Taylor,
Julian Mecklenburgh, and
Peter D. Lee
E Rezlerová, A. Zukal, J.
Čejka, F. R. Siperstein, J. K.
Brennan, M. Lísal
Tran Thi Bao Le and
Alberto Striolo

Journal of Geophysical
Research: Solid Earth

2017

2553 –2564

10.1002/2016JB013874

Langmuir

2017

11126-11137

10.1021/acs.langmuir.7b01772

Langmuir

2017

11310-11320

10.1021/acs.langmuir.7b03093
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EU and Regulation of Shale
Industry: Where Do We Stand
Now?

Jędrzej Górski, Christine
Trenorden

Oil and Gas Law News,
International Bar
Association

2017

20-25

Specific ion effect on
polysaccharide dispersions

Duccio Tatini, Filippo Sarri,
Piefrancesco Maltoni,
Moira Ambrosi, Emiliano
Carretti, Barry W.
Ninhama, Pierandrea Lo
Nostro
Fauchille, A-L., Ma, L.,
Rutter, E., Chandler, M.,
Taylor, K.G., Lee., P.D.

Carbohydrate Polymers

2017

344-352

10.1016/j.carbpol.2017.05.078

Marine and Petroleum
Geology

2017

1374-1390

10.1016/j.marpetgeo.2017.07.030

Ma, L., Taylor, K.G., Dowey,
P.J., Courtois, L., Gholinia,
A., Lee, P.D.

International Journal of
Coal Geology

2017

100-112

10.1016/j.coal.2017.08.002

Alba Carrero-Parreño,
Viviani C. Onishi, Rubén
Ruiz-Femenia, Raquel
Salcedo-Díaz, José A.
Caballero, Juan A. ReyesLabarta
N.R. Backeberg, F.
Iacoviello, M. Rittner, T.M.
Mitchell, A.P. Jones, R. Day,
J. Wheeler, P.R. Shearing,
P. Vermeesch, A. Striolo

3rd International
Conference on
Desalination using
Membrane technologies.
MEMDES 2017

2017

Scientific Reports 7

2017

An enhanced understanding of
the Basinal Bowland shale in
Lancashire (UK), through
microtextural and mineralogical
observations
Multi-scale 3D characterisation of
porosity and organic matter in
shales with variable TOC content
and thermal maturity: Examples
from the Lublin and Baltic Basins,
Poland and Lithuania
Shale gas flowback water
desalination: multistage
membrane distillation
considering different
configurations and heat
integration
Quantifying the anisotropy and
tortuosity of permeable
pathways in clay-rich mudstones
using models based on X-ray
tomography
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3. Financial Analysis
During the first two years of the project, ShaleXenvironmenT consortium has spent 50 % of the total allocated
budget.

Figure 39: Total Expenditure vs Remaining Budget

Compared to ShaleXenvironmenT’s maximum EU contribution grant amount – €2,999,201.25, the consortium has
spent € 1,508,482.18 (50.3%) in the first 24 months. At the beginning of the project, the Coordinator received the
pre-financing of € 1,349,640.57, and after the 1st periodic report the consortium received 1st interim payment of €
1,029,845.54. The total costs incurred during M1-M24 represent 63% of the funds received from the EC. The chart
below demonstrates the evolution of expenditure during the reporting period with thresholds reached at M6, M12,
M18 and M24.

Figure 40: Cashflow at M24
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Figure 41: Difference between financial planning and actual claim

More than half of the used budget was spent under Personnel costs (65.5%), 14.5% on Other direct costs and 20%
on Indirect costs. No costs were incurred under Subcontracting, Financial support, or Special unit costs.

Claim by cost category: M1-M24

20.00%

14.5%
65.5%

(A)Personnel

(B)Subcontracting

(C)Financ. Support

(D)Other Direct

(E)Indirect

(F) Special unit

Figure 42: Claim by cost category: M1-M24
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The graph below demonstrates the distributions of the staff effort per Work Packages.

Figure 43: Staff effort per Work Package

PU

Page 63 of 64

Version 1.0

Deliverable 1.3

4. Gender Monitoring
The ShaleXenvironmenT consortium has made an effort to maximise the gender equality. However, not all the
Beneficiaries could engage equal number of male and female staff, due to the fact that the core subject of the
ShaleXenvironmenT project is traditionally male-dominated. Nonetheless, the graph below demonstrate that 36 %
of staff are female and 64% of staff are male, which is a good indicator that more women are getting involved in
unconventional activities.

Figure 44: Gender monitoring
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