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Non-Governmental Organization.

NLP
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Operation and Maintenance.
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On-site Pre-treatment.

OT

On-site Treatment.

PES

Polyethersulfone.

PS

Polysulfone.

PVDF
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SAR
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Single Evaporation Effect.

SEN
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State Task Network.

STN-OTOE
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Total Dissolved Solids.
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1. Introduction
As stated in the objectives of the «ShaleXenvironmenT» project, we recognize the need of
clean and efficient energy necessary to continue to improve our standards of living and
sustain our economy, without compromising the environment. The major objective of the
project is to understand whether shale gas has the potential of contributing along this
challenge. To that end, ShaleXenvironmenT has performed a holistic study to quantify all the
relevant aspects in the shale gas extraction with special emphasis on the environmental
footprint of shale gas, in terms of water usage and contamination, induced micro-seismicity,
and gaseous emissions.
In that context, the Work Package 08 (WP08) has studied the most important aspects related
to the water management and utilization in the hydraulic fracturing of shale gas rocks with
the exception of the formulation of hydraulic fracturing fluids that, given its specific
characteristics, has been developed by the group of University of Florence, WP05. It includes
the water acquisition, transport, storage, hydraulic fracking activities, waste water
characterization, water treatments alternatives on-site and off-site, and possible disposal.

1.1 General context
Deliverable 8.1 summarizes the results obtained in the entire project by WP08, which
includes:







Task 8.1, in-depth analysis of state of the art industrial water treatment technologies;
Task 8.2, analysis of hybrid multi-technology approaches for water management;
Task 8.3, construction of the general superstructure for water management;
Task 8.4, data collection and compilation;
Task 8.5, lifetime optimization of water management;
Task 8.6, logistic requirements.

Previous results were partially covered by the milestones 25 “Industrial technologies available
and emerging for treating flowback and produced water” (month 12 of the project) and
milestone 26 “Technologies, models, and optimization for desalination of flowback and
production water” (month 24 of the project). However, we consider that the main results of
the WP08 must be included in a unified report. In this way, an interested reader can have a
holistic perspective of all the results without the necessity of simultaneously working with
different documents.
We have extended the original objectives (tasks) to include the Environmental Analysis of the
related processes (through the Sustainable Profit and the Life Cycle Assessment
methodology), the development of a Graphical User Interface, and the possibility of
cooperation between different companies working relatively close to each other. If this was
the case, then it would be possible to significantly reduce the cost and the global
PU
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environmental impact by sharing resources. For example, not all the companies need to
acquire and store fresh water, but some of them could use impaired water from other
companies. Not all of the companies would need to build an onsite wastewater treatment
facility. If drilling and fracking activities were coordinated, it would be possible to increase the
amount of reused water, thus decreasing the global fresh water requirements, etc. The major
challenge consists in distributing the costs among all the companies in the fairest possible
way: the total cost imputation of a company (or set of companies) should be lower than the
cost of operating alone, therefore all the companies would get a benefit being part of the
‘grand coalition’.

1.2 Deliverable objectives
The global objective of WP08 was to develop an optimization model for the shale gas water
management that takes into account all the aspects relevant to the water usage in the shale
gas extraction. We take simultaneously into account:
a) Economic factors, such as fresh water acquisition, transport, storage, drilling, etc.
b) Environmental impacts, such as fresh water consumption, wastewater recovery (by
using a zero liquid design (ZLD) approach, and
c) Social impacts, like employment, economic effects on the local community, health
and safety, nuisance (noise and traffic), public and media perception, etc.
Additionally, a more detailed analysis of the environmental impacts of the wastewater
treatment in Shale Gas Extraction has been carried out through a generic Life Cycle
Assessment (LCA) and the ReCipe metric. To that end, it was necessary to take into account
the following aspects related to the shale gas water management that were partial objectives
that should be fulfilled before dealing with the global one:

PU



Identification and characteristics of fresh water sources. A particular well pad has
different water necessities for drilling and fracking activities. The amount of water
consumed depends on different factors related to geographical location, geological
characteristics and typically ranges between 19,000 and 26,000 m3 of water used to
complete each well. Forecast of water necessities and regulations related to fresh
water source must be taken into account to effectively minimize costs and
environmental impact related to the acquisition, transport and fresh water storage
before its use.



After drilling and fracking activities, a fraction of the water injected returns to the
surface, as flowback water, typically between 24-40% during the first 2-4 weeks
(although in some cases it can even surpass the 100%) with a fast decline to stabilize
the flows below 1 m3/h (produced water). This water could contain a large number of
contaminants, but the major challenge is the very high salinity (10 – 200 kg/m3 in Total
Dissolved Solids –TDS-). That typically increases with time. A comprehensive
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recompilation of available waste water treatment alternatives that can be installed
on site or in a centralized water facility (CWF) has been an objective of this project.


Detailed modeling of new and the most promising shale gas water treatment
alternatives. We have studied thermal based processes: Multi-effect evaporation with
mechanical vapor recompression (MEE-MVR). Hybrid membrane-thermal based
systems: Membrane Distillation (MD) and integration of forward and reverse osmosis
(FO – RO). The main focus has been on the possibility of developing on-site mobile
units.



Develop a comprehensive management optimization model that takes into account
all the aspects related to the water management in shale gas: water acquisition (from
which source, how much, when…) transport to wellpads, fresh water storage,
wastewater storage, impaired water pre-treatment, reuse in the same wellpad,
transport to other wellpads or disposal sites, on-site treatment, off-site treatment in
a CWF, etc.



Using data from WP10 (Life Cycle Assessment), we performed a Life Cycle Inventory
(LCI) and a Life Cycle Impact Assessment (LCIA) for all the ‘activities’ related to the
water management in Shale Gas. This is extended with some social impacts related to
the shale gas activities.



In a given shale gas play there are typically different companies operating relatively
close to each other. Either water sources are far away, water supplies are scarce or
simply in an effort to reduce fresh water consumption, it could be of interest for
companies to cooperate in some aspects related to the shale water management in
order to decrease the environmental impact and costs. Based on cooperative games
theory, we have extended the water management model to show the benefits, both
economic and environmental, of such cooperation.

2. Methodological approach
In the design of chemical process, in general, there are two major approaches that an
engineer can take to determine the optimal configuration of a process. In the first one the
problem is addressed through hierarchical decisions and short-cut models at various levels:
batch versus continuous, input-output structure of the flowsheet, recycle structure of the
flowsheet, general structure of the separation system etc. If the process becomes
unprofitable as the design proceeds, the search is terminated [1, 2]. While hierarchical
decomposition can address complex problems, it cannot guarantee one to obtain the best
solution because it is a sequential decomposition strategy, and therefore it does not take into
account the interactions between the different levels of decomposition.
PU
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The other alternative is superstructure optimization. In this approach, a systematic
representation is postulated in which all the alternatives of interest are embedded. This
representation is called «superstructure». The problem is then modeled as a Generalized
Disjunctive Programming (GDP) or as a Mixed Integer Non-Linear Problem (MINLP) [3]. The
GDP / MINLP techniques have shown to be powerful in the synthesis of subsystems like heat
exchangers networks [4-6], distillation sequences [7-9], utility systems [10, 11], etc., or
medium size process. However, if the resulting model is linear (with or without integer
variables) then the superstructure optimization can be extended to large-scale models.
In this project, we have used superstructure optimization because it maintains all the
advantages of the rigorous mathematical programming with minor drawbacks. We developed
two kinds of models. The first ones are medium size GDP models reformulated as MINLPs and
include models for wastewater pre-treatment, Multi-effect evaporation with vapor
recompression, and membrane distillation. The second ones are large-scale MINLP or MILP
(Mixed Integer Linear Programming): Multi-period water management problems, and
collaborative water management models. Fortunately, the large-scale MINLP models can be
effectively solved using appropriate convex envelops of the non-linear terms that allow
calculating good initial points for the general problem.
The first step is to develop a representation of the alternatives that will be considered as
candidates for the optimal solution. Yeomans and Grossmann [12] proposed a general
framework for automatically generating superstructures. These authors considered two
extreme representations, the State Task Network STN (see also the work of Sargent [13]) and
SEN (see also Smith and Pantelides [14]). The former is concerned with the selection of tasks,
leaving the equipment assignment to a second stage. In the latter the equipment is selected,
leaving the selection of tasks to a second stage. In the models developed in this project, there
is a one to one correspondence between the tasks and the equipment in which each task will
be carried out (One Task – One Equipment (STN-OTOE) according to the Yeomans and
Grossmann [12] classification).
The second step corresponds to the modeling of the chosen representation as a mathematical
programming problem. Since there will be conditional tasks or equipment that might be
selected or not in the final flowsheet, it is necessary to use a discrete mathematical
programming model. The use of disjunctive programming (Balas, 1979 [15]) is of particular
interest since process synthesis problems naturally lead to models where the solution space
is disjoint, and there is a strong logic on the connectivity among the different tasks (Raman &
Grossmann [16-18]).
In order to use GDP to model the STN representation, it is necessary to identify the conditional
constraints from among those that must hold for all synthesis alternatives. The conditional
constraints will be represented with disjunctions and assigned a Boolean variable that
represents its existence (if the Boolean variable takes a value of ‘true’). In general mixers and
splitters can be considered conditional tasks. However, if the equations that are applied to
PU
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the mixer and splitter are only mass and energy balances, these constraints do not involve
any type of discrete decision or discrete variable assignment for them to be valid. For this
reason they are considered permanent.
In order to formulate the GDP model, the following sets and variables must be defined. Let
t  T define the set of tasks in the superstructure, where T  T P  TC and TP is the set of

permanent tasks (valid for all design alternatives) and TC is the set of conditional tasks that
may be selected. Let s  S define the set of states (streams in the superstructure). Let It =
[s| s is an input state of task t], and Ot =[s’ |s’ is an output state of task t]. The variables zt, xs
and dj represent the operating variables in the tasks, the flow and state variables
interconnecting the states, and the design variables for the equipment, respectively. The
function gt (zt, xs, xs´) represents the equations (mass balances, energy balances, etc.) and
constraints corresponding to task t. Finally, f(dj, zt) represents the cost function in terms of
the design and control variables, dj and zt.
The GDP model for STN-OTOE representation is then as follows,
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Eq. (1) represents the objective function in terms of costs incurred by the selection of a task
with its equipment, and variable costs associated with flows through the different states. Eq.
(2) represents the mass and energy balances, as well as the design constraints of all the tasks
that are permanent throughout the flowsheet. In Eq. (3), the selection of a conditional task is
represented by a Boolean variable. When the value of the variable is true (Yt) the task is
selected. When the conditional task is not selected (Yt = False), it is assumed for ease of
notation that all the corresponding variables are set to zero. Eq. (4) represents the logic
relations between Boolean variables.
To solve the GDP problem there are two options. The most direct approach consists of
reformulating the problem into a MINLP. To that end, there are basically two alternatives: the
big-M and the convex hull reformulations [3]. Each of them with its advantages and
drawbacks. However as a general rule for an STN-OTOE model formulated as a GDP problem
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the hull reformulation should be used always for linear and non-linear but convex constraints.
In the case of non-convex constraints both the big-M and hull reformulations render nonconvex terms and selecting one of the methods is case dependent.
A comprehensive overview of MINLP reformulation of GDP models can be found in the work
by Trespalacios and Grossmann [3].
To fully exploit the logic structure underlying the GDP representation of the problem, we
follow a logic-based approach, in particular, the Logic-based Outer Approximation (OA)
algorithm [19]. The Logic-based OA shares the main idea of the traditional OA for MINLP,
which is to solve iteratively a MILP master problem, which gives a lower bound of the solution
(zLB), and an NLP sub-problem, which provides an upper bound (zUB). The NLP sub-problem is
derived from the GDP representation of the problem by fixing the values of the Boolean
variables (i.e., given a flowsheet configuration). The key difference of the logic approach
versus the OA is that in the logic-based OA algorithm only the constraints that belong to the
selected equipment or stream (i.e., its associate Boolean variable) are imposed. This leads to
a substantial reduction in the size of the NLP sub-problem compared to the direct application
of the traditional OA method over the MINLP reformulation of the GDP problem. From the
initial GDP representation of the problem, we build the linear GDP master problem that
contains the linearizations of the objective function, common constraints and disjunctive
constraints inside the terms whose corresponding Boolean variable Yt is True —linearizations
of temporally inactive terms (Yt is False) are simply discarded (note that this property
constitutes again a major difference to the standard OA method).
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3. Summary of activities and research findings
As mentioned above, the first tasks of WP08 consisted of performing an in-depth analysis of
state of the art industrial water treatment technologies to later develop new, or optimize
actual, alternatives to finally develop tools that can be used in any new (or existent) shale gas
facility with special emphasis on the European situation. Shale gas water management cannot
be separated from the rest of shale gas activities, therefore we first presented an overview of
the shale gas industry -with emphasis on the European situation-, and compared it with the
well-established American Shale gas industry. We then followed with the main water
characteristics to take into account an overview of the most important water treatments
available. The design of pretreatments in terms of the water destination. The most promising
alternatives for shale gas water desalination with focus on approaching the zero liquid
discharge has been optimized using a rigorous approach. With all these data it is possible to
develop a detailed management model that was extended with LCA. Finally, we present the
benefits of the eventual collaboration in water management activities of different companies
working in a close area.

3.1. The shale gas industry
Natural gas is increasing its importance in meeting the demands for energy around the world.
In the United States, natural gas provides currently ~ 21% of the fuel source for electricity
production and around 24% of the total energy demand [20]. Mainly due to the «shale gas
revolution» this proportion is expected to increase. The Energy Information Administration
projects that shale gas will account for 46% of United States gas supply by 2035 [21]. Global
demand for natural gas is increasing as well. For example, it is expected that China´s natural
gas demand increases from the actual 4% up to 8% by 2020 [20].
Natural gas extracted from tight shale formations or “shale gas”, has started to play an
important role in meeting the rising global energy demand. This fact is supported by the rapid
progress achieved in recent years in horizontal drilling and hydraulic fracturing technology,
which has enhanced technically and economically the exploration of extensive shale
formations around North America [22-24]. In fact, the current advances in shale gas
production have significantly altered the worldwide energy scenario for any foreseeable
future [25, 26]. However, public attention was first drawn to this issue only in 2007 when the
“US Gas Committee” increased its estimates of unproven US gas reserves by 45%, from 32.7
trillion cubic meters (tcm; 1 tcm = 1012 m3) to 47.4 tcm to allow for shale gas developments
[27]. The fast development of shale gas in the US since 2007 and the consequent increase in
supply has led to a significant drop in the US domestic gas prices. Between 2004 and 2009 the
average natural gas price was $6.68 per thousand cubic feet ($235.9 per thousand cubic
meters). In 2011, according to EIA, the average wellhead price was $3.95 per thousand cubic
feet ($139.49 per thousand cubic meters) and in February 2012 was $2.46 ($86.87 per
thousand cubic meters). In this scenario, future perspectives for gas prices are really uncertain
[28].
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Despite shale basins being present in many countries, only North America (the United States
and Canada) and smaller areas in Argentina, Australia and China are currently producing shale
gas on a commercial scale. Overall, the EIA estimated there are over 200 tcm of technically
recoverable shale gas resources globally (including wet gas which may be produced alongside
oil). However, significant uncertainties are noted, due to relatively sparse geological data in
many countries. A list of countries ranked by size of shale gas reserves is shown in Table 1.
Table 1. Countries ranked by estimated shale gas reserves (wet and dry gas)**.

Country

Estimated
TRR (tcm)

a

Status b

Country

Estimated
TRR (tcm)

a

Status b

China

31.57

Production

Colombia

1.56

Exploration

Argentina

22.71

Production

Romania

1.44

On hold

Algeria

20.02

On hold

Chile

1.36

Exploration

Canada

16.23

Production

Indonesia

1.30

Exploration

United States

16.06

Production

Bolivia

1.02

Exploration

Mexico

15.43

Exploration

Denmark

0.91

On hold

Australia

12.37

Production

Netherlands

0.74

Moratorium

South Africa

11.04

On hold

United Kingdom

0.74

On hold

Russia

8.13

On hold

Turkey

0.68

Exploration

Brazil

6.94

Exploration

Tunisia

0.65

Exploration

Venezuela

4.73

Exploration

Bulgaria

0.48

Moratorium

Poland

4.19

Exploration

Germany

0.48

Moratorium

France

3.88

Ban

Morocco

0.34

Exploration

Ukraine

3.62

Exploration

Sweden

0.28

On hold

Libya

3.45

On hold

Spain

0.23

Exploration

Pakistan

2.97

On hold

Jordan

0.20

Exploration

Egypt

2.83

Exploration

Thailand

0.14

On hold

India

2.72

Exploration

Mongolia

0.11

Exploration

Paraguay

2.12

On hold

Uruguay

0.06

Exploration

** Data from EIA 2103 in [10].
a
TRR: estimated (unproven) wet shale gas total recoverable reserves.
b
Current status: “Production” – commercial production of shale gas either for electricity or transmitted
gas use; “Exploration” – ongoing pilot tests or exploration drilling, including test extraction of gas; “On
hold” – no official countrywide ban or moratorium in place or no or very limited active exploration
(e.g., as a result of reassessment of geology, environmental regulations, sociopolitical opinion, or
economics); “Moratorium” or “Ban” implies there is a political or legal instrument.
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If we focus our attention on Europe, different studies suggest there is potential for substantial
amounts of extractable shale gas and oil [29]. In Europe, there is a large history in
conventional gas production with good geological understanding, good infrastructures to
transport gas, technical experience and strong regulatory regimes. In the case of hydraulic
fracturing, Europe has a history of activities to improve the productivity of conventional wells.
For example, Germany has fractured 300 conventional wells since the 1950s [30], The
Netherlands over 200 [31], and the United Kingdom has fractured approximately 200 wells
out of the 2000 drilled to date [32].
Most European countries are now dependent on imports of gas. Germany, for example
currently imports around 90% of the gas demand, and this number is expected to increase
due to the nuclear plants closure in 2011 [30]. Poland is highly dependent on gas from Russia
and the United Kingdom imports approximately half its gas through European pipelines and
as liquefied natural gas (LNG) from Qatar and the Middle East [32]. Remarkable exceptions
are Denmark and the Netherlands, which still have significant conventional production and
reserves and are also strongly investing in renewable energy [33].
There is, therefore, potential for European shale gas to increase energy independence, reduce
gas prices, as well as providing job opportunities and tax benefits, particularly in areas with
high unemployment and depressed economy [32]. Thus, some European countries have
started to introduce incentives to facilitate exploration. For example, the UK has reduced
taxation on shale gas, and the UK and Spain have introduced benefits for local communities,
including a tax of up to 5% of well profits to landowners and communities in Spain [34], and
in the UK a one-off community payment of £100,000 per fractured well [32].
Notwithstanding, in Europe, there has been substantial political and public objection to the
hydraulic fracturing process. Concerns have focused on possible environmental impacts of
the process such as contamination of groundwater, earthquakes, elevated greenhouse gas
emissions, water consumption, and risks due to improper disposal of flowback and produced
water. There have been also doubts about the existing regulatory framework. As a
consequence, some countries have introduced moratoria subject to further research:
Germany and France since 2011, Belgium since 2012, The Netherlands since 2013 and
extended for 5 years in 2015, Scotland and Wales since 2015. It is remarkable that those
moratoria have been introduced contrary to expert’s general opinion who although admit
risks to health, safety and environment also insist that those risks can be managed effectively
by implementing the best operational practices, modifying and developing legislation and
increasing public participation [31, 32, 35].
Several conclusions can be drawn from the previous paragraphs. Public opposition to shale
gas operations is growing, especially in some parts of Europe, and the debate is becoming
increasingly polarized and many times it is not based on scientific evidence. This debate has
coincided with a greater skepticism related to the levels of recoverable shale gas resources in
Europe based on the experiences in Poland, Romania and Sweden. At the same time, some
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concerns have appeared about the real possibility of replicating the experience of the United
States. Stevens [21] presented a comparison of factors for creating the ‘shale gas revolution’
in the USA and the actual situation in Europe, -See Table 2.- Some of the drawbacks showed
in Table 2 are the object of the present project «ShaleXenvironment».
Despite all of its drawbacks, this form of unconventional gas has been considered as an
effective transition, in the short term, from fossil fuels to a future based on more
environmentally friendly renewable energies by the substitution of coal-based energy [36].
Some recent studies have proved that the overall greenhouse gas emissions (GHG) due to
shale gas in energy production over its entire life are around 30-50% lower than those
generated by coal [37-39]. The Intergovernmental Panel on Climate Change (IPCC) has
reported that switching to gas from coal for electricity and heating is responsible for the
recent reductions in GHG emissions in the USA. However, concern is growing among energy
consumers in many countries that the gas could well end up substituting not for (cheap) coal
but for (relatively expensive) renewables, especially if the increase in supply of natural gas
due to shale gas exploitation keeps energy prices low.
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Table 2. Factors creating the ‘shale gas revolution’ in the United States as compared with Europe Conditions.a

Conditions in Europe which could inhibit replication

Conditions in the USA which generated the «Shale Gas Revolution»
Geology
Large shallow, material plays, implying large technically recoverable
resources.

Shale plays are smaller, deeper, less material and with a high clay content,
making fracking more difficult.

Plenty of drill core data available to allow explorers to find the ‘sweet
spots’ on the plays.

Very limited core data, much of which has been ‘lost’.

Regulation
2005 Energy Act explicitly excludes hydraulic fracturing from the
Environmental Protection Agency’s Clean Water Act –

Very strict regulations regarding environmental issues and water.
‘Groundwater protection and waste treatment are stronger than the US in the
UK’ Unconventional hydrocarbons are not even mentioned in the petroleum
regulations. Regulatory uncertainties are slowing down shale gas.

The 1980 Energy Act gave tax credits amounting to 50 cents per million
BTUs. It also introduced the Intangible Drilling Cost Expensing Rule, which
covered (typically) more than 70% of the well development costs, crucial
for small firms with a limited cash flow.

Only Hungary has some small tax credits for unconventional operations.
Otherwise, there are no financial dispensations for unconventional gas.

Property rights make the shale gas the property of the landowner,
creating a financial incentive for private owners to allow the disruptions
associated with shale operations.

Property rights reside with the state and landowners receive no
compensation or reward. Onshore oil and gas operations are not common in
Europe. However, shale gas operations can create significant levels of
employment, which may enhance their attractiveness to local communities.

Pipeline access is based upon ‘common carriage’ so gas producers have
some access to existing pipelines, transforming the economics of shale gas
production.

Pipeline access is based upon ‘third part access’ which means if the pipeline
is full any gas suppliers must build their own pipeline to access markets.

The US is a ‘commodity supply gas market’, i.e. a lot of buyers and sellers
and good price transparency. Gas is easy to sell.

Europe is a ‘project supply market’ with a few buyers and sellers and poor
price transparency. Transaction costs to buy and sell gas are high.
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Table 2. (cont) Factors creating the ‘shale gas revolution’ in the United States as compared with Europe Conditions.

Conditions in the USA which generated the «Shale Gas Revolution»

Conditions in Europe which could inhibit replication
Industry

The industry was dominated by small, entrepreneurial companies.

While there are some small operators, the industry traditionally was
dominated by large players. This could have interesting consequences. For
example, in Poland, where shale gas is seen as the key to ‘liberation’ from
dependence on Russian gas imports (65%), the IOCs dominate and it is
possible that much of the shale gas produced could be exported via the
Russian-controlled pipeline network.

The majority of the work was done by a dynamic, highly competitive
service industry.

The service industry is an American-dominated oligopoly. In July 2010 there
were only 34 lands rigs in all of western Europe. It has been suggested that
drilling a shale gas well in Poland costs three times as much as in the United
States, reflecting the lack of service industry competition. Another estimate
suggests drilling a shale well in Europe costs $6.5–14 million compared to
$4 million on the Marcellus.

The system is used to license large areas for exploration with fairly vague
work program commitments, which is what is needed when dealing with
shale plays.

Licensing acreage traditionally covers relatively small areas with strict work
programs.

Research
In 1982 the US government began extensive funding of R&D by the Gas
Technology Institute into ‘low permeability hydrocarbon bearing
formations’. The results were widely disseminated to the industry.
a

According to the CEO of ExxonMobil, the technology does not translate well
into European geology (Carroll, 2012).

From [21]: P. Stevens, The “Shale Gas Revolution”: Developments and Changes, Chatham House Brief. Pap. (2012) 12.
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3.2. Hydraulic Fracturing Process
As opposed to the extraction of conventional natural gas, which is carried out by means of
vertical wells, the development of shale gas is related to horizontal (or directional) drilling
combined with hydraulic fracturing. Both technologies were developed independently, but
their combination has had a key impact on the development of the shale gas in the USA. The
horizontal drilling had its origins in the 1940s, but it was in the latter 1970s and 1980s when
the first horizontal wells were drilled [36]. Initially, a vertical well is drilled; when the depth
of the formation is reached, it turns in an angle to extend into the layer in which hydrocarbons
are located. The horizontal drilling can be extended thousands of meters. One or more
horizontal sections can be drilled from a single vertical well. Nowadays, multiple wells can be
drilled from a single surface site (pad), and each of them includes horizontal sections. This
arrangement allows the recovery of gas from around 1 km2.
Due to the low permeability of shale formations, horizontal drilling alone is not enough to
produce sufficient natural gas, making hydraulic fracturing necessary [40]. Hydraulic
fracturing is not exclusive to unconventional gas; it has been previously applied in the oil and
gas industry to stimulate the hydrocarbon productions when the production decays.
During hydraulic fracturing, a fluid carrying a proppant, such as sand and other compounds
with different functions, is injected into a well at high pressures to fracture the shale rocks.
This fluid is injected at high flow rates up to 0.3 m3 s-1 and high pressures (480–680 bar) [41].
Hydraulic fracturing is not a continuous process: wells are fractured once after drilling and
this process is carried out in stages (8–10 single fracturing stages per well). Later in the well
lifetime, the process can be repeated for re-stimulation as the production declines [20].
The most common proppant employed is sand, and its mission is to keep the fractures caused
by the fracking process open. Other chemicals usually added to the fracturing fluid include
surfactants, scale inhibitors, pH adjusting agents, corrosion inhibitors and biocides. Table 3
shows a typical composition of a hydraulic fluid together with the main purpose of the
additive. Stringfellow et al. [42] presented a detailed review of the chemicals added to the
hydraulic fluid formulation. In recent years, there has been a continuous effort to substitute
the most hazardous chemicals by less harmful compounds to develop more environmentally
friendly fracturing fluids, this has been successfully carried out by the Florence Group in this
project (WP05). In its deliverables, it is possible to find a comprehensive description of the
new formulations and their behavior.
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Table 3. Volumetric composition and purposes of the typical constituents of hydraulic fracturing fluid.

Constituent**

Composition
(% vol)

Example

Purpose

Water and Sand

99.5

Sand suspension

“Proppant” sand grains hold
micro fractures open.

Acid

0.123

Hydrochloric acid
or Muriatic acid

Dissolves minerals and
initiates crack in rock.

Friction reducer

0.088

Polyacrylamide or
mineral oil

Minimizes friction between
the fluid and the pipe.

Surfactant

0.085

Isopropanol;
Ethanol;
2-butoxyethanol

Increases the viscosity of the
fracture fluid.

Salt

0.06

Potassium
chloride

Creates a brine carrier fluid.

Scale inhibitor

0.043

Ethylene glycol

Prevent scale deposits in
pipes.

pH adjusting agent

0.011

Sodium or
potassium
carbonate

Maintains effectiveness of
chemical additives.

Iron control

0.004

Citric acid;
thioglycolic acid.

Prevent precipitation of
metal oxides.

0.002

n,n-dimethyl
formamide;
isopropanol;
acetaldehyde

Prevents pipe corrosion

Glutaraldehyde

Minimizes growth of
bacteria that produce
corrosive and toxic
byproducts.

Corrosion Inhibitor

Biocide

0.001

**

Recent hydraulic fracturing in the Marcellus Shale has included only three of these constituents: a friction
reducer, a scale inhibitor, and an antimicrobial agent.
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3.3. Fresh water consumption
The challenge with water use is that a large volume of it is required in a short period of time.
On average, about 19,000––26,000 m3 of water is used to complete each well. In many
regions, over most seasons, this demand for water will not account for a significant fraction
of total local water consumption. Elsewhere, however, hydraulic fracturing operations
introduce new water demands on top of historical water use patterns opening the possibility
for water competition, price increases, aquatic biodiversity loss, and accelerated groundwater
and surface water depletion [25].
Table 4 shows typical average usage of water for drilling and Hydraulic fracking operations
for some formations in the USA [43]. (In Europe these data are not available and we will only
have reliable data if some countries decide to go to the production phase).

Table 4. Typical water usage in some USA shale formations.

Water used (average) bbls/well (m3/well)*

Barnett

Fayetteville

Haynesville

Marcellus

Drilling

Fracturing

Total

10,000

70,000

80,000

(1,192)

(8,347)

(9,53)

1,500

70,000

71,500

(179)

(8,347)

(8,526)

25,000

65,000

90,000

(2,981)

(7,751)

(10,732)

2,000

90,000

92,000

(239)

(10,732)

(10,970)

Wells per

MM bbls/year

year

(MM m3/year)

600

250

200

600

48
(5.73)
18
(1.91)
18
(1.91)
55
(6.56)

** 1 barrel (bbl) = 0.1192405 m3

The conventional sources for water used in hydraulic fracturing include surface water, ground
water, treated wastewater, and cooling water. The most common one is surface water such
as lakes or rivers. The issues commonly faced by water acquisition include seasonal variation
in water availability, permitting complexity, and access near the drilling site. For example, in
Pennsylvania, the Susquehanna River Basin Commission has incorporated minimum “stream
pass-by flows” into water withdrawal permits. This rule is meant to ensure that enough water
remains flowing downstream [44]. The problem is really complex especially in the context in
which different water authorities are involved or even different regulations (for example in
Europe different Nations could be involved in the water management of the shale gas
exploitation).
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3.4. Water from hydraulic fracture
3.4.1. Flowback and produced water
Three types of water can be differentiated during the exploration: drilling fluid, flowback
water and production water. The drilling fluid is a heavy, viscous fluid mixture that is used to
carry rock cuttings to the surface and to lubricate and cool the drill bill. This water is typically
managed onsite and recycled during the drilling operation. Flow back water is the water that
returns to the surface, approximately 25-40% of injected water [43]. Typically volumes range
from about 1500 to 4500 m3 [45] per well per week, depending on the type of the well and
the formation. After fracturing operation is completed, flowback water gradually decreases
transitions to production water. Produce water is the water collected during the production
life of the well (after gas emerges). This water is retained in the wells and exposed to the shale
formations for a significant period of time -approx. 20 years - [46].
The rationale for referring to the water as «flowback» or «produced» could be any of the
following [43]:
•

Financial: Water produced during the well completion stage is defined as flowback
and the associated costs are part of the well completion budget. When the well is
considered to be under «gas production» the water is called produced, and the
associated costs are part of the operating budget.

•

Time: Some companies use a time factor, for example, 30 days as the demarcation
between flowback and produced water.

•

Volume: Some producers differentiate based on how much they get back as a
percent of fracturing fluid put down into the well.

As it was mentioned before, the flowback water flow suffers an important change in the first
months. Figure 1 shows how the flowback water decreases sharply in the fifteen first days.
After that, the flow rate remains below 1 m3/h. Produced water has low flows, approximately
the well produces 0.1-0.8 m3/h. At the same time, the composition of this flowback water
gradually changes from being very similar to the injected fracturing fluid to become more
saline and rich in inorganic pollutants present in the shale formation. The origin of this salinity
can be the presence of underground brines within or adjacent to the shale formation or the
salts present in the rock formation: thus, the more time the fluid remains in contact with the
shale, the more solutes are present in the produced water [47, 48]. However, from the
wastewater treatment viewpoint the main challenge is to manage effectively the high
volumes of flowback initially generated, but also the low continuous flow of high salinity brine
produced continuously over time.
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Figure 1. Typical flowback flow rates in the first three months after exploitation. Data from Acharya et al [43].

3.4.2. Water contaminants
3.4.2.1. Total suspended solids (TSS)
Total suspended solids are fine particles with sizes typically lower than 5 m. Part of the TSS
comes from the proppant added to the fracking fluid, usually silica and quartz sand that are
covered after the hydraulic fracturing operations. The other part is formed by particles from
the shale formation formed as a consequence of the fracking operation. The typical TSS
concentration ranges from 300 to 3000 mg/l in the initial flowback water. However, those
values are well dependent. For example, in Poland, the TSS in flowback water appears to be
lower than 168 mg/l. [49]. The TSS tends to decrease with the well exploitation time.
The predominant method deployed onshore for TSS removal is basic sock and/or cartridge
filtration. Typical throughputs are in the 5,000 – 10,000 bpd. Advantages of this method
include simplicity of design and relatively small footprint. Disadvantages of sock and cartridge
filtration are that these systems tend to be labor intensive and that they often require a large
amount of consumables. But systems and labor costs are minimal compared with more
rigorous treatment options. In any case, even though there is not too much information about
TSS recovery, solids are easily removed from flowback/produced water. Therefore, in general,
TSS is not a major issue.
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3.4.2.2. Bacteria
Disinfection can be accomplished by various technologies, for example using ultraviolet light,
ozonization, chlorinated compounds and chemical bactericides. Methods commonly used in
field operations include ozonization and Chlorine dioxide. These two onsite generation
technologies require minimal chemical transportation and provide bacteria-free control,
which is generally preferred by operators.
Usually generated from air, ozone has been shown to accomplish flowback water disinfection
meeting the desired level of 1,000 colony forming units /ml at a concentration as low as 0.3%.
Chlorine dioxide acts on bacterial cell membranes similarly to ozone.
3.4.2.3. Organics (TOC)
The organic compounds (TOC) mainly come from the formulation of the fracturing fluid itself.
See Table 3 for a list of the most common organics in the fracking fluid. These organic
chemicals emerge at the surface with the flowback water at concentrations initially in the
order of mg/l and decrease sharply during the first days after the hydraulic fracturing
operation.
Residual concentrations ranging from 10 to 250 g/l can still be found in produced water even
after 250 days for some organics. These compounds lead to TOC concentrations in flowback
water that can reach values as high as 500 mg/l, COD ranging from 175 to 21,900 mg/l and
BOD5 concentrations between 3 and 2070 mg/l during the first 14 days after the fracturing.
After 20 days of operation, TOC concentrations remain stable at much lower concentrations
(30 - 50 mg/l). This continuous recovery of organics at low concentrations might be due to
residual fracturing fluid and to the background concentrations of organics present in the shale
formation enhanced by the solubilization of organic materials promoted by the hydraulic
fracturing [50].
3.4.2.4. Total Dissolved Solids (TDS)
The main problem associated with the wastewater produced in shale gas extraction is the
high salinity usually found in these liquid effluents, especially in produced water, with TDS
concentration increasing with time after the fracturing operation. In addition, this
concentration usually presents high geographic variability.
Data from flowback and produced waters in the Marcellus Shale in Pennsylvania present
concentrations of TDS ranging from 8000 to 360,000 mg/l with average values usually around
100,000 mg/l [20, 51]. In Europe, a study carried out in Germany reports TDS values in
agreement with those found in the US, reaching a maximum of 180,000 mg/l with average
values around 100,000 mg/l [52]. Limited information is available from Polish wells, but
according to conductivity levels, the concentration range would be four times lower than the
one observed in the Marcellus Shale [49]. In the UK, the maximum TDS concentration reached
in the wastewater from the well fractured by Cuadrilla Resources in the Bowland shale
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formation in Lancashire was 130,000 mg/l. Table 5 shows typical TDS values for different USA
formations and some available European locations.
Chloride is the most important ion in terms of concentration usually accounting for more than
50% of the total dissolved solids. Chloride concentrations around 80,000 mg/l are typically
achieved in wells worldwide and this concentration appears to continuously increase during
the lifetime of the well. Sodium is the second most abundant ion present in flowback and
produced waters: its concentration also increases rapidly from almost negligible values in the
fracturing fluid reaching typical concentrations of approximately 30,000 mg/l.
Table 5. Salinity of the flowback water from various shales expressed in terms of Total Dissolved Solids (TDS).

Shale

Average TDS (mg/l)

Maximum TDS (mg/l)

Fayetteville

13,000

20,000

Woodford

30,000

40,000

Barnett

80,000

> 150,000

Marcellus

120,000

> 280,000

Haynesville

110,000

> 200,000

Lebien(b)

~16,000

~70,000

Lubocino

~17,000

---

Bowland

130,000

---

Germany(a)

100,000

180,000

(a)
(b)

Data on specific location is not available.
Data obtained by correlation.

When TDS concentrations are lower than approximately 40,000 mg/l reverse osmosis (RO) is
used because it is the most economical alternative. A commonly deployed installation for
flowback water desalination uses an integrated three-stage mobile RO system. The first
module provides pretreatment using chemical flocculation, clarification and oil removing. The
second is the softening stage using lime and the third includes micro, ultra or nano-filtration
as well as reverse osmosis [53]. When the TDS exceeds the 40,000 mg/l, it is necessary to use
thermal based technologies. However, the major drawback related to RO is that the water
rejected cannot be larger than approximately 60,000 mg/l and consequently with relatively
low water recovery in comparison with thermal based technologies.
Figure 2 shows the typical profile of flowback water flow and TDS evolution with time.
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14-90 days

Figure 2. Typical profile of water flow and TDS vs time. Based on data from Marcellus Shale.

3.4.2.5. Hardness
Hardness is a description of the concentration of scale-forming ions present in the water. The
most common ions are calcium, magnesium, barium, strontium, aluminum, or manganese.
They are present at variable concentrations and typically up to the order of thousands of
milligrams per liter. Concentrations of these ions are highly variable from one shale play to
another or even between different wells in the same area. For instance, Olsson et al. [52]
report high differences in the calcium, strontium, barium and potassium concentration in
waters from different wells in Lower Saxony (Germany). Total hardness (as CaCO3) usually
ranges from 10,000 to 55,000 mg/l [20].
One of the most common methods deployed in shale gas operations is cold lime softening,
involving the addition of lime [Ca(OH)2] to the water, where it dissociates into Ca2+ and OHthan eventually precipitates as carbonates.
The major contributions to hardness in flowback water are due to Ca and Mg. For example,
Acharya et al [43] reported that nearly 98% of the Total Hardness of the initial flowback (1-14
days) in the Woodford shale was due to Ca and Mg, while this value decreases to ~95% for
later days, and this value could eventually be reduced up to ~91%.
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3.4.2.6. Oil and Grease
Oil and grease may be present in produced water in free emulsified or dissolved form. The
bulk of oil and grease can be removed using hydrocyclones, dissolved air flotation and
specialized media filters containing porous hydrophobic absorptive substances.
3.4.2.7. Naturally Occurring Radioactive Material (NORM)
Produced shale gas water could contain small amounts of radioactive materials found
naturally in shale formations. Some radioactive isotopes found are uranium, thorium, and
radium (Ra-226 and Ra-228). Radium isotopes are most important due to their higher
solubility [54].
The Marcellus Shale in the US, as a Devonian shale, is considered to have high levels of NORMS
with concentrations of Ra-226 reaching 370 Bq/l in the saline brines of the formation. In the
Carboniferous Bowland Shale (UK) the concentration of Ra-226 found in flowback fluids has
ranged from 14 to 90 Bq/l. A study by Almond et al. [54] remarks that these values exceed by
far the concentration of natural local groundwater. However, the same study also concludes
that, even in the worst case scenario for 25 wells drilled in a year in the UK, the exposure level
caused by these NORMs would never exceed the limit o1 mSv/year (allowable annual
exposure in the UK), and that the flux of radioactive material generated per unit of energy
produced is lower for shale gas than for conventional oil and gas, coal-fueled electricity and,
of course, nuclear power. So far, no waste from hydraulic fracturing operations has been
reported to exceed the limits on radioactive materials in the United Kingdom [36].
Table 6 shows typical values of the most common constituents of flowback water in the
Marcellus Shale (Pennsylvania, USA) and two shales in Poland.
Table 7 Shows the concentrations of metals and relevant NORMs in the Bowland shale
formation.
To achieve 80-95% water recovery, it is necessary to generate a solid salt product. For use as
road salt, the solid salt (NaCl) product must pass Toxicity Characteristic Leaching Procedure
(TCLP), which includes the requirement that the TCLP extract of the salt product contains less
than 100 mg barium/L. Although there is currently no radium specification for road salt in
either New York or Pennsylvania, it is assumed that road salt must meet 226Ra specifications
for disposal of solids as nonhazardous solid waste, which is, for example, 25 pCi/gm in
Pennsylvania.
Silva et al. [46] defined three types of produced water based on their barium and radium
concentrations. Each type of produced water requires a different pretreatment process to
enable recovery of a salt product:
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produced waters require neither barium nor radium removal prior to NaCl
crystallization.


Type II produced waters contain a higher barium concentration than [Ba]max and very
low radium activities (<200-1,000 pCi 226Ra/L; upper limit depends on the produced
water barium concentration). Type II produced waters may be economically treated
for barium and radium removal by conventional sulfate precipitation prior to NaCl
crystallization.



Type III produced waters contain a higher barium concentration than [Ba]max and
higher radium activities (>200-1,000 pCi 226Ra/L; lower limit depends on the
produced water barium concentration). According to Silva et al. [46], Type III produced
waters require barium removal using a method other than direct sulfate precipitation
prior to NaCl crystallization to be economically viable.

The key to cost-effective barium and radium removal from Type III produced water is to
generate a barium and radium concentrate that may be disposed of by UIC or any other
adequate procedure. Silva et al. [46] identified two such processes and conducted laboratory
testing and cost analyses for each process:
The first pretreatment process is a modified lime-soda process that completely softens the
produced water. Magnesium, calcium, and strontium are first precipitated to yield a solid
sludge that can be disposed of as nonhazardous waste. This is followed by precipitation of
barium and radium as carbonates. These carbonates are re-dissolved with HCl to yield a
concentrate that can be disposed of by UIC. The materials and disposal cost is estimated to
be $3.5/bbl (~ $29/m3) produced water.
The second process utilizes high surface area MnO2 as an adsorbent for barium and radium.
The MnO2 may be supported on mesoporous silica (as is the case for proprietary materials
made by PNNL) or other supports. Alternatively, the MnO2 may be in the form of activated
MnO2, which may be obtained commercially, or the MnO2 may be prepared in-situ. MnO2 is
regenerated by treatment with dilute HCl. The regeneration process yields a concentrated
solution of barium and radium, which may be disposed. An estimation of the materials and
disposal cost for a re-generable MnO2 adsorbent to be in the range of $1.7 to $2.3 (adsorbent
life 10 and 5 cycles, respectively) per bbl produced water $[14 – 19]/m3.
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Table 6. Some properties of the flowback water from Ledien and Lubicino wells (Poland) and from Marcellus shale (USA) **.

Parameter

Lebien (a)

Lubocino

TSS (mg/l)
168
TDS (mg/l)
pH
5.73 – 7.47
6.0
TOC (mg/l)
11 - 129
1,168
Oil & grease (mg/l)
11,930 – 123,400
Conductivity (S/cm)
Hardness (CaCO3 mg/l)
Sodium
1,685 – 22,596
5,330
Potassium
51 – 536
403
Calcium (mg/l)
318 – 7,568
Magnesium (mg/l)
Barium (mg/l)
5.3 – 217.9
20.6
Strontium (mg/l)
25.8 – 856.9
Iron (mg/l)
2.4 – 23.4
68.14
Manganese (mg/l)
Boron (mg/l)
2.5 – 40.1
4.1
Aluminum (mg/l)
Chloride (mg/l)
3,800 – 48,000
9,833
Bromide (mg/l)
25 - 500
Sulfate (mg/l)
<5 - <150
71.6
Nitrate (mg/l as N)
0.09 – 1.6
NORM (pCi/l)
** Data compiled by Michel & Reczek [49]. (a) [55]; (b) [56]; (d) [57]
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Marcellus (b)
881
48,000
6.85
720
67,000
12,200
363
2,935
104
697
591
<1
<2
105
28,500
19
12.9

Page 32 of 158

Marcellus (d)
At 5 days post frac.
At 14 day post frac.
10.8 – 3,220
17 – 1,150
35,500 – 238, 000
3,000 - 261,000
5.8 – 7.2
4.9 – 6.8
3.7 - 388
1.2 – 509
4.6 - 655
<4.6 – 103
79,500 – 470,000
6,800 – 710,000
5,100 – 55,000
630 – 95,000
10,700 - 65,100
26,900 – 95,500

21.4 – 13,900
345 - 4,830
21.4 – 180
0.881 – 7.04

43.9 – 13,600
163 – 3,580
13.8 – 242
1.76 – 18.6

26,400 – 148,000
185 – 1,190
2.4 – 106
<0.1 – 1.2
Non detected -18,000

1,670 – 181,000
15.8 – 1,600
<10 – 89.3
<0.1 – 0.92

Version 3.0

Deliverable D8.1

Table 7. Concentrations of metals and relevant NORMs in the flowback water from the hydraulic fracture well
in the Bowland shale formation, Lancashire, United Kingdom.

Metal

Units

Iron
Lead
Mercury
Cadmium
Chromium
Zinc
Nickel
Silver
Aluminum
Arsenic
Cobalt
Copper
Vanadium
Radium-226
Actinium-214
Lead-214
Bismuth-214

mg/l
g/l
g/l
g/l
g/l
g/l
g/l
g/l
g/l
g/l
g/l
g/l
g/l
Bq/l
Bq/l
Bq/l
Bq/l

Minimum
concentration
35.8
<2
< 0.01
0.674
0.564
< 50
< 10
<1
<1
<1
<1
< 10
<2
14.0 ± 2.1
1.7 ±0.4
1.4 ± 0.2
0.9 ± 0.2

Maximum
concentration
106.0
179
0.013
<5
40
411
< 50
< 50
< 500
5.1
< 50
< 50
< 50
90 ± 12
12.0 ±2.5
50 ±5.6
41 ±4.6

Data from J.M. Estrada, R. Bhamidimarri (2016) [36].

3.4.3. Flowback and produced water reuse
The most obvious and also the common trend to deal with flowback water is to re-use it in
subsequent hydraulic fracturing operations [51]. This reuse minimizes the wastewater
environmental impact, reduces the treatment costs and the fresh water consumption and
therefore reducing at the same time the transport and storage costs and its environmental
impacts. This strategy was initially implemented in areas where the water is scarce, the access
difficult either by technical reasons or by local regulations or where there are no other
alternatives for disposal. For obvious reasons, this alternative has become the first alternative
to take into account. However, re-using water required improving and re-engineering the
formulations of the hydraulic fracturing fluids.
Around 10 years ago there were controversial opinions about the quality of the water for
fracking operations. For example, according to [58] TDS concentration should not exceed
50,000 – 60, 000 mg/L. And in particular, chloride must be kept under 20,000 – 30,000 mg/L.
And it was also important to control other parameters like TSS that should be under 50 mg/l;
pH between 6 and 8; Fe below 20 mg/l; total hardness below 2500 mg/l; oil and TOC below
25 mg/l and bacteria below 100 per ml. However, the improvement in hydraulic fracturing
formulations allows, right now, reuse water without almost any treatment except some
filtration. Most of these formulations are proprietary of the companies and the information
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is not publicly available. In the ShaleXenvironmenT consortium, WP05 have developed
alternative formulations that have virtually no limits on the TDS and toxic and dangerous
compounds have been substituted by ‘green’ ones. The interested reader could have
comprehensive information in the deliverables D5.1 (Hydraulic fracturing formulations
effective at high salt content and the best formulation prepared in the presence of large
amounts of salt) and D5.2 (A report, along with laboratory scale samples, on the additives to
be used in hydraulic fracturing formulations to reduce the amount of NORM extracted in
flowback and produced water) of this project.
The stricter environmental regulation in Europe makes internal reuse even more attractive as
a management strategy. However, it is worth pointing out that the reuse is only feasible if
there is demand. In other words, while the industry is in expansion phase with new wells
drilled and fracked. Eventually, the fracking activities will become in net wastewater
producers. In this last case disposal or water treatment is mandatory.
The pre-treatment most commonly applied to flowback water is a simple filtration in order to
remove the TSS formed by the proppant and other solids coming from the shale formation.
However, the subsequent reuse of water with significant TDS content will continuously
increase its concentration, eventually leading to operational problems of scaling and reducing
the lifespan of pumping equipment. Alternatively to filtration, surface open impoundments
for sedimentation and degreasing/de-oiling have been used [20, 41]. However, this technique
allows gaseous organic pollutants to escape into the atmosphere. Often, sedimentation and
precipitation processes are needed in order to improve the quality of produced waters for
reuse [20].
In order to reduce the TOC and iron concentration, it could be necessary to add coagulants
and flocculants. The hardness can be removed by chemical precipitation like lime softening
(addition of CaOH2 to precipitate MgOH2 salts) and Na2CO3 for the precipitation of CaCO3.
These methods are able to reduce the hardness to acceptable values for reuse (< 2000 mg/L).
From previous paragraphs, it is clear that whatever the final destination of the water is, a set
of pre-treatments are necessary to ensure that the water fulfils some case-dependent
specifications. It is not obvious what the set of best treatments is. These will depend on the
wastewater physical characteristics and the requirements of the water in its final destination
(reuse, disposal, desalination…). Later in this report we present a discussion on this topic and
a mathematical programming approach to select the best set of technologies in each case.

3.4.4. Flowback and produced water disposal
Flowback water could be disposed by various means including [33]:
Deep well injection: Disposal in Class II saline water injection sites has been the most common
and sometimes the only means of disposal of the high TDS flowback and produced waters in
the USA. This has been especially true in the Barnett shale where such disposal sites are
available locally and the cost of disposal is relatively cheap at $1-$3/bbl ($8.3-$25.1 /m3).
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However, in other shales in the USA there are no Class II sites and it is necessary to transport
long distances the wastewater to be injected. For example, wastewater from Marcellus has
been transported by trucks to Ohio and Indiana at a cost around $4-$19/bbl ($33.5 - 159$/m3)
In Europe, it is not clear whether deep injection will be allowed to dispose of flowback and
produced water. For example, in the UK it is mentioned as an option in reports by the Royal
Academy of Engineering and the British Geological Survey [32, 59], but the Department of
Energy and Climate Change does not mention this alternative as an option [60].
In Germany, deep injection of mining wastewater currently used deep injection, but the
permits within shale gas operations are to be reviewed on a case-by-case basis [52].
In addition, there are concerns related to induced seismicity. For instance, it is known that
deep well injection significantly contributes to the generation of seismic activity, being more
important than hydraulic fracturing itself in terms of potential risks to induce earthquakes
[61]. WP09 in this project has deeply studied the risk associated with seismicity in shale
formations. See for example Deliverable D9.2 (Likelihood of induced seismic / microseismic
activity in shale formations throughout Europe, including a risk assessment)
Surface water discharge. This mode of disposal was used in the Marcellus shale area.
However, in August 2010 surface discharge from Oil and Gas operations was restricted to be
less than 500 ppm in TDX (among other specific constituents such as chlorides, sulfates,
barium and strontium) in response to concerns about increasing total dissolved solids (TDS)
concentrations in the receiving waters. In 2008, TDS concentrations in the Monongahela River
rose to 900 mg/L, almost double the established water quality standard of 500 mg/L [51, 62].
The increase has been partly attributed to shale gas produced water disposal at municipal
wastewater treatment facilities, which are not equipped to remove dissolved solids. The high
TDS concentration resulted in guidance from the Pennsylvania Department of Environmental
Protection advising municipal wastewater treatment facilities discharging to the river to limit
produced water volumes to 1% of the facility daily influent volume.
Land farm use. This was used until recently in the Fayetteville shale in Arkansas, but there are
restrictions to such use [63]. Waters cannot be land applied when the ground is saturated,
frozen, or if precipitation is imminent. In order for water to be applied to the surface under
land application permits, it must have a chloride concentration of Land farm use less than
5,000 mg/L and comply with Sodium Adsorption Ratio (SAR) specifications. If chloride content
is less than 1,500 mg/L, water can also be utilized on roads for dust suppression.
Evaporation ponds use the natural water cycle driven by solar energy to evaporate water.
Depending on the produced water quality, the ponds may be lined to prevent concurrent
subsurface infiltration of the water. If the evaporation pond is constructed solely for
evaporative loss (no infiltration), the ponds are generally designed to maximize the surface
area allowing for increased evaporation rates. Once the water has evaporated, the salt sludge
is either left in place or removed and hauled offsite for disposal. This disposal method can be
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expensive due to the large surface area required and the associated land and impermeable
liner costs [64]. Regulatory requirements, ecological impacts, and possible concentration of
trace elements to toxic levels may determine the design, construction, and operation of
evaporation ponds.
Evaporation ponds can be a viable option in relatively warm, dry climates with high
evaporation rates, level terrain, and low land costs. They are typically economical and
employed only for smaller concentrate flows. Evaporation rates can be enhanced by spraying
the water through nozzles. However, this practice can lead to salt damage to soil and
vegetation due to drifting.
In order to minimize the concentration of TDS in wastewater for disposal or reuse in other
activities different from hydraulic fracking, further treatment is needed beside the above
commented procedures. Here we can differentiate two main ‘activities’: pre-treatment
previous to desalination (if this is necessary) and desalination technologies.
However, before going to the pre-treatment and desalination alternatives it is of interest to
do an overview of the industrial available technologies and the main companies involved in
shale gas wastewater treatment because they are the state of the art of practical applications
and the starting point for improvements.

3.5. Industrial Available Technologies for the Shale Gas Wastewater
Treatment
In this section, we review available water treatment technologies that allow us to identify
which is the industrial state of the art and identify a starting point for further improvements.
Selecting a suitable water treatment technology in shale gas industry is complex and dynamic
because it depends on a large number of interrelated parameters such as location, water
quality and quantity, costs, and treatment technology capabilities. This review provides
information on various actives water treatment companies. Thermal treatments or
membrane processes coupled with selected pre-treatments to reduce common constituents
that perpetuate scaling, corrosion, and equipment fouling, are the most applicable
technologies. Pre-treatment technologies (i.e., carbon filter, flocculation, ion exchange, etc.)
are often packaged together with a vendor specific desalination technology.

3.5.1. Thermal Treatments
From an economic point of view, the state of the art in seawater desalination is reverse
osmosis (RO). However, reverse osmosis is constrained to TDS lower than ~40,000 – 45,000
mg/L. For higher salinities, it is necessary to use thermal desalination. Thermal desalination
has been widely used in seawater desalination; however, there are important differences. In
seawater desalination the objective is to obtain fresh water, but in shale gas the wastewater
is a byproduct and therefore the objective is to remove, or treat the water for different reuses
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(internal reuse, irrigation, disposal …) reducing as much as possible the liquid waste. In
seawater desalination, the rejected water must have low salinity (lower than 50,000 mg/L –
60,000 mg/L) and usually it is returned back to the sea. In the case of produced water, the
objective is to be as close as possible to Zero Liquid Discharge. In seawater desalination, it is
possible to use a large excess of water, for example, for cooling purposes and reject it directly
to the sea, but in shale gas the water is scarce. In consequence, even though some thermal
technologies have been adapted to the shale gas wastewater treatment, the adaptation is not
straightforward. Another major problem is that actual ZLD systems designs are the
intellectual property of the supplier and generally not available from scientific journals,
textbooks or the internet, and patents provide no more than a general description without
relevant details.
The ZLD design alternatives, in general, and the thermal treatments, in particular, will be later
extended in this report. However, a brief overview is of interest because most companies’
technology relies on these systems.
The shale gas industry utilizes distillation/evaporation processes as Thermal Vapor
Recompression (TVR) and Mechanical Vapor Recompression (MVR). Thermal treatment gets
distillate using heat, separating high salt content water to steam, which is condensed into
clean water. The difference between these two technologies is the way to increase the
pressure and temperature applied. In TVR, the temperature and pressure increase using jet
ejectors and in MVR, mechanical compressors are used. The process also produces a lowervolume of brine stream.
In TVR, an additional source of High Pressure (HP) or Medium Pressure (MP) steam is needed.
The pressure lost in the distillation effects (if more than one) must be low in order to allow
for pressure recovery in the steam ejector. In general, this alternative is not economically
feasible in the management of wastewater from shale gas mainly due to the necessity of an
extra source of fresh water to generate the steam to the ejector.
Instead, MVR removes the necessity of steam as a hot utility (except, maybe for starting up
operations) and substitutes it by electricity or a diesel engine to move the steam compressor.
In general, MVR is more economic that multi-effect distillation: the installation cost of the
compression station and the electricity consumption are lower than steam cost generation,
and at the same time solves the problem of the extra fresh water to generate the utility steam.
Typically, in an MVR system, the feed stream to be desalinated is preheated by two plate heat
exchangers using the heat provided by the distillate and brine streams leaving the system.
The feed is then pumped to an evaporator-condenser, where it is mixed with the brine
accumulating at the sump of the evaporator. Some of this slurry is bled from the system to
remove accumulated dissolved solids. A recirculation pump conveys the remainder of the
slurry to a nozzle distribution system, which evenly spreads the slurry over a bundle of heat
transfer tubes to form a continuous falling film. Evaporating water is suctioned by the vapor
compressor, which discharges superheated steam to the heat transfer tubes. As it passes
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through the heat transfer tubes in the evaporator-condenser, the superheated steam
condenses, providing the enthalpy of vaporization for the slurry trickling down the outer
surfaces of the tube bundle [65-67].
Another thermal process that has proved to be competitive is Membrane Distillation.
Membrane Distillation (MD) is a thermally-driven separation process, in which only vapor
molecules transfer through a microporous hydrophobic membrane. The driving force in the
MD process is the vapor pressure difference induced by the temperature difference across
the hydrophobic membrane [68]. Some studies have focused on four main configurations:
direct contact, air gap, sweeping gas, and vacuum MD. These configurations differ primarily
in the way the vapor pressure gradient is maintained and the condensation method for the
vapor permeate [68, 69].
In direct contact MD, ions, colloids, and macromolecules are non-volatile, and hence, they are
retained in the feed, yielding pure water as the permeate product. Because the l the vapor
pressure increase with temperature, conducting MD at a higher feed solution temperature
will result in a larger driving force and will generate exponentially greater vapor fluxes,
improving productivity.
Water flux rates in MD are only slightly sensitive to the feed salinity [68]. For example, a study
found that increasing the TDS concentration of the feed from 35 000 to 75 000 mg/L reduces
the resultant permeate flux by only 5% [70]. This feature makes MD particularly suited to
desalinate high-salinity sources, such as produced waters, without incurring substantial
productivity penalties. Almost complete salt rejection has consistently been reported in the
literature, even for very high salinity feeds [71-73].
In spite of the advantages of MD to desalinate flowback or produced water, there are also
some challenges. Small organic compounds and dissolved gases with similar or higher vapor
pressures than water are transferred across the membrane causing contamination in the
permeate stream. Surfactants and other components, like alcohols, reduce the liquid surface
tension and cause wetting of the membrane pores [51, 68, 73]. Fouling due to scaling and
biological fouling can also reduce the process productivity. Therefore, in MD some pretreatment specially to remove components that induce membrane wetting, and posttreatment, as well as periodic maintenance, is necessary.
Two more thermal processes could have industrial interest. Evaporation (it will be
commented latter with the INTEVRASTM technology) and the continuous evaporationcondensation that will be commented in relation with AltelaRainTM technology.
Several companies offer thermal treatment processes for the treatment of flowback and
produced waters. Some of them are 212 Resources, Aqua-Pure, Aquatech, INTEVRAS, GE
Water & Processes Tech., Total Separation Solutions, AltelaRain and AGV Technologies.
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3.5.1.1. 212 Resources
212 Resources (http://www.212resources.com) [74, 75] uses patented [76, 77] vapor
compression flash evaporation system -Basically a MVR system-. 212 Resources solves the
fouling/scaling operational concern through a minimum-fouling, minimum-scaling, highvelocity evaporation system. The Vacuum system (Figure 3) operates with three loops: the
first loop preheats the feed against the exiting clean water discharge (recovers “sensible
heat”); the second loop circulates the preheated wastewater from a holding vessel to heat
exchanger and back into the vessel; and the third loop is where steam is evacuated with a
steam pump and condenses into clean water. During the process, 100% of the latent heat of
vaporization is recovered. The system is able to get Zero Liquid Discharge (ZLD). The 212
Resources system uses a different technique of heat transfer, allowing to handle higher TDS
(110,000 mg/L) than Aqua-Pure (TDS 80,000 mg/L).
Table 8 shows some of the technical characteristics of the 212 Resources system.

Steam blower

Recirculation loop
Clean water
discharge
Primary
heat exchanger
and condenser

optional
Steam stripper
for VOC removal

Feed
tank

Figure 3. 212 Resources vapor compression flash evaporation technology process diagram. Adapted from [74].
Table 8. Technical evaluation of the 212 Resources water treatment system.

Criteria

Description

Feed water quality
Feed capability
Product water quality
Recovery
Energy consumption

TDS<110000 mg/L
2500-300000 bbl per day
High quality, TDS in the range of 10-100mg/L
90-95%
30 kWh/kgal of product water**
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Pretreatment
Applicability in produced
water treatment
Costs

Description
Settling and filtration to remove suspended solids and organic
matters
Excellent technology for produced water with high TDS. More
applicable to centralized system and large flow rate
$3.0-$5.0 Bbl**

** 1 Bbl = 119.24 liters = 0.11924 m3 ; 1gal = 3.78541 liters
Data from references [64, 75]

3.5.1.2. AquatechTM
Aquatech [78] is a water purification company focused on desalination, water reuse, and zero
liquid discharge. The company has designed a Mobile Water Treatment family, the MoSuite®,
to optimize the water treatment process for flowback and produce water at the well pad. The
family consists of a specific mobile process unit (MoTreat®, MoMix®, MoPress®, and MoVap®)
to recycle and reuse water without the need for costly trucking to off-site facilities.


MoVap® unit is designed to reduce the volume of high total dissolved solids (TDS) to
produce water to recycle and reuse, minimizing down-hole scaling and producing
ultra-clean water. It is based on MVR technology.



MoTreat® unit is designed to remove suspended solids (TSS) and manage hardness,
bacteria and select precipitation of metals.



MoPress® utilizes a sludge thickener and sludge plate and frame filter press. The
thickener settles the sludge increasing its concentration and the filter press dewaters
the sludge.



Momix® simplifies retention time to mix in pretreatment chemicals. It is divided up
into three chambers each with a heavy-duty mixer where soda ash and sodium sulfate
are added.

The only free available technical data from Aquatech are that it is able to deal with a feed
flow that ranges from 43,000 to 72,000 gpd (162.8 – 272.5 m3/day) depending on the TDS
concentration, and that the water is obtained with a total TDS lower than 500 mg/l. [64, 78].
There is not enough data to evaluate Aquatech MVR technology. However, it is expected to
be similar to the GE MVR technology.
3.5.1.3. INTEVRAS
The company INTEVRAS is an industrial wastewater treatment company focusing on
wastewater reduction, crystallization, and freshwater extraction. INTEVRAS utilizes their
EVaporative Reduction And Solidification (EVRASTM) [79] system to treat water in the Barnett
Shale and is scheduled to be tested in the Marcellus Shale.
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EVRAS technology employs an evaporative process similar to a cooling tower. It utilizes lowgrade waste heat to concentrate and/or crystallize large volume wastewater streams. The
EVRAS system has three main components: a conventional heat exchanger, a direct contact
floating bead (DCFB) heat exchanger, and the crystallizing undulating film air contacting
chamber. The conventional heat exchanger uses a waste heat source to warm a coolant which
then warms the system’s heat transfer liquid (HTL). The HTL is then pumped to the DCFB heat
exchanger where it comes in direct contact with the produced water. After the heat transfer
has taken place the HTL is recycled back to the conventional waste heat exchanger and the
produced water is now warm enough to enter the final chamber where it will be sprayed over
sheets of plastic that gently undulate. This increases the surface area to which the water is
exposed and causes increased evaporation [80]. Figure 4 shows a scheme of the EVRASTM
process, and Table 9 gives some technical characteristics.

Figure 4. Scheme of the EVRAS process. Adapted from [80].
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Table 9. Technical Evaluation of the EVRASTM evaporative system.

Criteria

Description

Feed water quality

Operate with saturated feed waters at TDS level of 310000 mg/L
1,200 Bbls of fresh water can be evaporated out of 3,000 Bbls of
saltwater
No product water
*
*
Settling and filtration to remove suspended solids and organic
matters
The technology has ZLD of high salinity produced water. May not
be cost effective for low water flow.
*

Feed capability
Product water quality
Recovery
Energy consumption
Pretreatment
Applicability in produced
water treatment
Costs

** 1 Bbl = 119.24 liters = 0.11924 m3 ; 1 gal = 3.78541 liters
Data from [64, 80]

3.5.1.4. Suez Water Technologies & Solutions
GE Water & Process Technologies is a company that offers membrane and thermal
evaporation processes [81] (In 2017 SUEZ acquired GE Water, now it is called Suez Water
Technologies and Solutions). In 2010 GE developed a mobile evaporation system to treat low
quality fracking wastewaters in the Marcellus Basin for reuse. GE’s mobile evaporator is used
for all unconventional gas and hydraulic fracking water applications in regions of the world
where shale gas can be found, including North America, Europe, China, and Indonesia.
In the MVR process, produced water raises its temperature to a boiling point. Feed enters in
the evaporator, where it mixes with re-circulating brine slurry. The slurry is pumped to the
top of heat transfer tubes. The brine flows down the tubes evaporating a small portion and
the rest falls into the sump to be re-circulated. The vapor travels down the tubes to the vapor
compressor. Compressed vapor flows to the outside of the heat transfer tubes, where the
latent heat is transferred to the cooler brine slurry, condensing as distilled water. The distillate
is pumped through the heat exchanger giving up sensible heat to the incoming wastewater.
GE also offers membrane technologies that can be used to treat higher quality hydraulic
fracking waters (TDS < ~ 34,000 mg/L) for reuse. Figure 5 and Figure 6 show a scheme of the
GE MVR and crystallization processes respectively, and Table 10 some of the technical
characteristics.
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Figure 5. Scheme of the MVR (Brine Concentrator) in the Suez Water Process Technologies process [82].

Figure 6. Scheme of the crystallizer in the GE Water Process Technologies process [82].
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Table 10. Technical evaluation of the GE Water Process Technologies MVR-crystallizer system.

Criteria

Description

Feed water quality
Feed capability
Product water quality

TDS<100000 mg/L
50gpm
High product water quality
125,000 mg/L, approximately 50%– 60%; up to 95%
depending on TDS concentrations
30 kWh/kgal of distillate
Minimal pretreatment such as de-oiling, pH adjustment and
deaeration
Excellent technology for produced water with high TDS.
Better application to centralized system and large flow rate.
*

Recovery
Energy consumption
Pretreatment
Applicability in produced
water treatment
Costs
1 gal = 3.78541 liters
Data from [64, 82]

3.5.1.5. Total Separation Solutions
Total Separation Solution has developed a new PYROSTM system for heating and evaporation
of produced water. The system was used in the Haynesville Shale and processes more than
10,000 bbls of fracking water per day.
The PYROS system uses cross-flow filtration modules to remove suspended solids from
produced water and fracking flowback waters. Cross-flow filtration using sintered metal tubes
allows the continuous operation without replacing filters. The PYROS is a modular and small
system that allows it to be installed at the point of source of produced water to eliminate
excessive trucking costs [64].
The main part of the technology of the PYROS system is ShockWave Power Reactor (SPR). The
Fluid passes into a SPR reactor. The specific geometry of the holes in the cylinder, clearance
between the cylinder, and the housing and rotational speed create pressure differences
within the liquid where cavitation bubbles form and collapse. These collapsing microscopic
bubbles generate shock waves that are used to heat, concentrate, and mix the fluid. The result
is the conversion of mechanical energy into heat energy. In the SPR reactor, there are no heat
transfer surfaces; therefore, scaling is not a problem. Additionally, there is an ultrasonic
cleaning effect that occurs on the metal surfaces inside the SPR as the shockwaves are
generated within narrow clearances. This cleaning effect, in conjunction with a negative
temperature difference between metal and liquid, results in scale-free heating. Table 11
provides some technical data for the PYROS technology.
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Table 11. Technical data of the PYROS system.

Criteria

Description

Feed water quality
Feed capability
Product water quality

Not sensitive. It is expected to treat high TDS water
*
High product water quality
6.8% water recovery (through steam) and 93.2% as
concentrate
33 gallons of diesel per hour
Include chemical precipitation, settling and filtration to
remove iron and manganese, suspended solids and organic
matter

Recovery
Energy consumption
Pretreatment
Applicability in produced
water treatment
Costs

Applicable to a high salinity produced water
*

1 gal = 3.78541 liters

3.5.1.6. AltelaRainTM
The AltelaRain patented process [83-85] reduces the content of TDS using a low-pressure,
low-temperature countercurrent-flow evaporation/condensation process (Figure 7).
Individual AltelaRain 750 ® units process about 750 barrels per day (bpd), but units can be
deployed in parallel when treating larger volumes of water. It concentrated incoming water
to 20% or less of the original volume delivered and at the same time returns 55% of the
original volume back as the clean distilled water.
Feed water is evaporated by heated air, and freshwater is condensed on the opposite side of
a heat transfer wall. The wall divides the module into two compartments, one for evaporation
and one for dew formation. The energy needed for evaporation is partially supplied by the
recovered energy released during condensation. Heat sources can be combustible fuel, solar,
or low-grade heat from various sources. Using waste heat or low-grade heat can reduce O&M
costs significantly, thereby making it a very attractive desalination technology. The tower unit
is built of thin plastic films (polypropylene) to avoid corrosion and to minimize equipment
costs. Tower construction is relatively inexpensive because the towers operate at
atmospheric pressure.
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Figure 7. Scheme of the continuous evaporation condensation AltelaRainTM process. Adapted from
(AltelaRain).

3.5.1.7. AGV Technologies
AGV Technologies developed a new Wiped Film Rotating Disk (WFRD) system for produced
water treatment. The WFRD is a vapor-compression distillation technology that can also
operate in the Multi-Effect Distillation mode if thermal energy is available. It uses rotating
disk as a heat transfer surfaces. Superheated vapor condenses inside on the surface. A lowtemperature difference across this disk allows heat to flow from the condensing liquid to the
evaporating fluid, driving evaporation and recycling of the latent heat of evaporation. This
evaporated vapor passes to the next effect and condenses, providing the energy to evaporate
more feed water. It is designed to improve heat transfer efficiency and reduce scaling and
fouling. Figure 8 shows a schematic flow diagram for a five-effect WFRD unit operating. AGV
technologies, Inc. is developing the PW- 600, the first commercial AGV product. The PW-600
system is designed to process 600 barrels of produced water per day. While the initial PW600 units are electrically powered, models will be available that use renewable energy. Table
12 provides some technical data on the WFRD technology.
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Figure 8. Schematic flow diagram for a five effect WFRD unit operating in the vapor compression mode.

Table 12. Technical evaluation of the WFRD unit technology.

Criteria
Feed water quality
Feed capability
Product water quality
Recovery
Energy consumption
Pretreatment
Applicability in produced
water treatment
Costs

Description
TDS range from 1000-23000 mg/L
2.6 gal per hour
TDS rejection 99%; TOC rejection 70- 86%
Approximately 90%
*
Include chemical precipitation, settling and filtration to
remove iron and manganese, suspended solids and organic
matter
Good candidate to treat high salinity produced water
*

1 gal = 3.78541 liters.
Data from [64]

3.5.2. Reverse Osmosis
Reverse Osmosis (RO) is a process where the contaminants are removed by passing feed
water through a semi-permeable membrane by applying osmotic pressure. When the
membrane has two different concentrations on both sides of the membrane, the solvent will
pass from the less concentrated to the more concentrated solution. This flow generates a
pressure difference, which is referred to as osmotic pressure.
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If these pressures are reversed by applying energy from a pump, pure water is forced from
the more concentrated solution through the membrane into the less concentrated solution.
Common RO membrane materials include asymmetric cellulose acetate or polyamide thin
film composite. New RO technology developed by the Global Petroleum Research Institute
(GPRI) involves placing these materials around hollow fibers smaller than the diameter of
human hair to increase the surface area per cubic feet of volume and subsequently allow for
more efficient filtration.
The main considerations are [86]:
•

RO can treat water TDS concentrations up to 40,000 – 45,000 mg/L.

•

RO treatment produces lower water recovery rates (approximately 40%-65%)
compare to thermal treatment processes with high TDS concentrations.

•

RO is more cost-effective than thermal treatment processes or other membrane
technologies such as EDR because the technology requires less energy to operate. The
capital costs range from approximately $0.8 to $7.0/gpd, or $35 to $295/bpd.

Several companies, as a Veolia, GeoPure, Siemens, MI SWACO and Ecosphere, offer reverse
osmosis to treat flowback and produced waters.
3.5.2.1. Veolia
Veolia has designed a reverse osmosis system combined with a chemical softening process,
which includes ion exchange and filtration treatments. The system is treating produced water
generated from gas exploration activities in the Marcellus Shale. The company also offers zero
liquid discharge water treatment technology.
The Veolia OPUS® [87] technology includes multiple treatment processes that integrate
degasification, chemical softening, media filtration, ion exchange softening, cartridge
filtration and reverse osmosis (RO) technologies (Figure 9). The RO process operates at an
elevated pH, which controls biological, organic and particulate fouling, eliminates scaling due
to silica, and increases the rejection of boron. The pretreatment processes are designed to
reduce the hardness, metals and suspended solids in the feed water, without pH correction.
The pretreated water is then pressurized through an RO system to reduce the TDS, silica,
boron, and organics present in the feed water. Further concentration of the waste and greater
water recovery (95%) can be achieved through the addition of their brine crystallization
system or zero liquid discharge (ZLD). Table 13 gives some technical characteristics of the
Veolia OPUS process.
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Figure 9. OPUS® Process Scheme. From [87].

Currently, there are no full-scale applications for the OPUS system. The OPUS™ was field
tested at a steam-enhanced oil production field in San Ardo, California, USA. Field trials have
demonstrated that this system can treat feed water with TDS levels up to 10,000 mg/L. Veolia
Water Solutions Technologies claims that it could treat streams with TDS levels up to 30,000
mg/L. The treatment process permeate quality is dependent on feed water salinity and
operating conditions. However, Veolia reports greater than 99 percent rejection of TDS and
most multivalent solutes.

Table 13. Technical evaluation of the OPUS Veolia technology.

Criteria
Feed water quality
Feed capability
Product water quality
Recovery
Energy consumption
Pretreatment
Applicability in produced
water treatment
Costs

Description
≤40000 mg/L TDS
10,000 bpd
The system can be adapted by adding and removing unit
processes to meet different product water criteria
50-90%
*
Include all necessary pretreatment
Good treatment provides robust pretreatment to limit foulant
loading on high-pressure membranes
*

1 Bbl = 119.24 liters = 0.11924 m3

3.5.2.2. GeoPure
GeoPure utilizes RO technology with UF pre-treatment that was developed by the Global
Petroleum Research Institute (GPRI). Their RO system has been field tested in the Barnett
Shale and in certain regions of Wyoming.
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The GeoPure treatment process is a combination of pre-treatment, microfiltration, and RO.
The three treatment operate in series to treat produced water compositions and generate
clean water stream that can then be discharged or reused for fracking. This technology was
specifically developed for the desalination of oil and gas produced waters. Depending on the
quality of the feed water, the process implements various pretreatment processes to remove
dispersed oil, suspended solids, or dissolved hydrocarbons. The pretreated water is then
further purified with polymeric microfiltration and RO. To increase RO efficiency, the
microfiltration step filters out suspended solids prior to final RO treatment. Table 14 gives
some technical characteristics of the GeoPure system.

Table 14. Technical characteristics of GeoPure RO technology.

Criteria

Feed water quality

Feed capability
Product water quality
Recovery
Energy consumption
Pretreatment
Applicability in produced
water treatment
Costs

Description
The vendor reports treating water in excess of 50,000 mg/L TDS.
Available field trial reports report treating water with TDS ranging
from 9,700 to 15,000 mg/L. Frac flowback water constituted high
concentrations of barium, dissolved hydrocarbons, and iron.
5,000 bpd
98-99% rejection of TDS
Product water recovery in one field test was reported to be 50%.
60-70% recovery is estimated for feed water of 7,000 and 17,000
ppm chlorides, respectively.
*
*
Good applicability with flexibility to considerer multiple
pretreatment options.
$0.94 Bbl ( based on costs reported for Barnett Shale study)

1 Bbl = 119.24 liters = 0.11924 m3
Data from [86]

3.5.2.3. Siemens
Siemens launched a new suite of products, «FracTreat» that provide comprehensive mobile
water treatment solutions for the Oil & Gas industry, concretely in shale gas applications. The
FracTreat includes mobile continuous precipitation, mobile flotation and a mobile
combination pilot unit [88].
3.5.2.4.MI SWACO
MI SWACO is a designer of drilling fluid systems for drilling performance, fluid systems and
specialty tools for wellbore productivity, production technology to maximize production
rates, and environmental design considerations to manage waste volumes generated during
operations. In August 2010 MI SWACO became part of Schlumberger through Smith
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International [89]. MI SWACO uses treatment technology developed by Texas A&M’s GPRI
Designs and represent Texas A&M’s desalination program commercially for Oil & Gas
upstream applications and is currently involved in a Marcellus Basin treatment program.
Common RO membrane materials include asymmetric cellulose acetate or polyamide thin
film composite. The RO technology developed by GPRI involves placing these materials
around hollow fibers smaller than the diameter of human hair to increase the surface area
per cubic feet of volume and subsequently allow for more efficient filtration. Various
microfiltration processes, to include nanofiltration, are used to increase the RO membranes
efficiency. GPRI’s RO system is equipped to run either single stage or multi-stage membrane
treatments and can be configured either for parallel or series membrane flows.
3.5.2.5. Ecosphere
Ecosphere [90] is a water engineering and services company that offers water treatment
options for shale gas producers: Ozonix EcosFrac is a process that is used to remove bacteria
and reduce scaling and corrosion; Ozonix EcosBrine is a mobile water recycling unit that treats
flowback water for removal of heavy metals, organics and cations; and an optional reverse
osmosis system. Ecosphere has conducted a pilot program with Devon Energy Corporation in
the Barnett Shale, Newfield Exploration Mid-Continent, Inc. in the Woodford Shale and
Southwestern Energy in the Fayetteville Shale.
Initial water treatment steps of the Ozonix process involves placing raw water into storage
tanks to allow solids to settle and then passing the water through a cartage filtration system
to further reduce TSS. Scale inhibitors are then applied to reduce scaling. Then, supersaturated ozonized water is flash mixed with the influent and dual-frequency ultrasonic
transducers initiate the dissolved gas flotation of oils and suspended solids and the conversion
of ozone to hydroxyl radicals. Nano-cavitation bubbles imploded to provide the liquid-gas
interface that is instantaneously heated to approximately 900ºF, which in turn oxidizes all
known organic compounds. Ultrasonic cavitation breaks down larger particles into smaller
particles for faster removal by flotation. The last step is the RO technology to separate brine
from fresh water. Table 15 gives son technical data about Ecosphere technology.
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Table 15. Technical Evaluation of Ecosphere technology.

Criteria
Feed water quality

Feed capability
Product water quality
Recovery

Energy consumption
Pretreatment
Applicability in produced
water treatment
Costs

Description
System was tested with highly challenging feed water. TDS of
14,000 mg/L, presence of dispersed oils, over 1,000 mg/L of total
hardness, and presence of barium.
EcoFracTM, 120 barrels per minute; EcosBrineTM, 300 Bbls per
hour, Ozonix (to include RO), 100 gpm.
98-99% rejection of TDS
Pilot study reports purified water recovery approaching 75%.
Vendor claims a 1% waste stream for disposal, with the rest of
the solution being retained for reuse as frac water.
The energy consumption is estimated at 52 kWh/kgal (2.2
kWh/bbl)
Pretreatment is already integrated into the system
Treatment limits organic and hard salt loading on high-pressure
membranes
EcosFrac™ (pre-treatment) : $0.60 to $0.75 per bbl; EcosBrine™ :
approximately $2.00 per bbl OzonixTM Process to include RO:
$3.50 - $4.00 per bbl

1 Bbl = 119.24 liters = 0.11924 m3 ; 1gal = 3.78541 liters

3.5.3. Forward Osmosis
In forward osmosis (FO), flux of water through a semi-permeable membrane is due to the
differences in osmotic pressure between the produced water and a highly concentrated
solution (known as draw solution). The draw solution must have a greater osmotic pressure
than the wastewater to be treated [91]. The forward osmosis processes require two stages.
In the first one, the water goes through the membrane diluting the draw solution. In the
second stage, this water must be separated from the draw solution recovering at the same
time high-quality water and a re-concentrated draw solution. This second stage is Reverse
Osmosis or a thermal treatment [92].
FO has some advantages: the low-pressure operation of FO makes the membrane less prone
to fouling and reduce the pre-treatment needs, reduces the maintenance needs and improves
the overall lifespan of the membrane.
The critical point, however, is the selection of the draw solution. Ideally, a draw solution must
be inexpensive, highly soluble to avoid scaling problems in the recovery stage and provide
osmotic pressure high enough to create a large flux across the membrane. Among all the draw
solution candidates, it seems that the more suitable are the thermolytic salts, which have the
ability to change phase due to temperature changes, and do not rely on reverse osmosis for
re-concentration.
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3.6. Optimal Pre-Treatment of Flowback Water from Shale Gas Production
As it was commented in previous sections, flowback water can be managed with different
purposes: Internal reuse (using it as fracking fluid in other wells with or without mixing with
fresh water), deep injection in class II formations, evaporation, or reused in other alternatives
like farm irrigation, etc.
Depending on the final destination, water must undergo a different set of treatments that will
depend on the wastewater physicochemical characteristics and on the requirements of the
final destination. The most remarkable characteristic of the flowback compared to other
industrial or gas & oil produced waters is its very high salinity (measured as TDS). This very
high salinity has been the driven force to develop or improve new desalination techniques.
However, previous desalination (if desalination was eventually necessary), the water must
undergo a set of pre-treatments to remove some components (TSS, divalent and trivalent
ions, organics, microorganisms, etc.) and/or to prepare the water for desalination.
In this context, «pre-treatment» can be defined as the set of treatments that flowback water
must undergo before desalination. This definition also includes all of the treatments where
desalination may not, eventually, be necessary.
Unlike desalination, flowback water from hydraulic fracturing can be pre-treated using wellestablished technologies (for example, filtration, coagulation, flocculation, Dissolved Air
Flotation, electrocoagulation, sedimentation, membrane treatments, etc.) However, what it
is not clear and it is case dependent is the answer to the following question: Which is the set
of best pre-treatments and in which order for a given wastewater? And, of course, the answer
depends on the characteristics of the water and on the requirements of the final water
destination.
Even though there are different commercial processes, each one with each own
characteristics, and different paper reviewing the management and water treatment
alternatives with general guidelines, see for example the following references [36, 43, 46, 49,
53, 64, 92], in general, there are no systematic approaches for synthesizing the best set of
alternatives for the pre-treatment and the focus is on the desalination step.
A remarkable exception is the work by Beery et al. [93, 94], in which a systematic study of
alternatives for pre-treatment of seawater desalination using reverse osmosis is carried out.
Therefore, the objective of this section is to address the optimal design of a Water
Pretreatment System (WPS) for flowback water from shale gas production. To deal with this
problem a Multi-stage superstructure including all the alternatives of interest is proposed,
see

Figure 10.
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The objective of the first stage is to remove large particles and mud. It is composed by a
strainer filter. Strainers are simple coarse filters using a perforated plate or wire mesh as the
filter medium. These filters may take the form of a flat disc or a conical basket. It is a simple
and effective method with a small footprint. Disadvantages of this process are the labor
intensive and often required high amounts of consumables.
In the second stage of the superstructure, the flowback water stream can be treated by a
hydrocyclone or it can be led through a bypass. This decision depends on the inlet TSS
composition of the flowback water to be treated in the WPS.
In the hydrocyclone when the feed enters the chamber, a rotation of the slurry inside of the
conical section begins, causing centrifugal forces to accelerate the moment of the particles
towards the outer wall. The heavy particles migrate downward and the small mass particles
migrate toward the center and spiral upward and out through the vortex finder, discharging
through the overflow pipe. This product, which contains the finer particles and the majority
of the water, is termed overflow and should be discharged at or near atmospheric pressure.
The higher mass particles remain in a downward spiral path along the walls of the conical
section and gradually exit through the apex orifice. This product is termed the underflow and
also should be discharged at or near atmospheric pressure. Hydrocyclones have not mobile
parts avoiding corrosion, and they can be used to remove particles until 60 µm [95, 96].
In the third stage, we can select between coagulation/precipitation and electrocoagulation.
Coagulation: Since many of the wastewater foulants (especially the organic ones) are of
colloidal nature in a size range of 0.001 to 1 m, it is often essential to agglomerate them into
large particles which can be more easily removed by the following filtration and possibly
flotation or sedimentation steps. Such an agglomeration is needed in the first place since the
particles mostly possess a negative surface charge, creating a repulsive resistance to the
natural van-der-Waals attraction forces [93]. The particle electrical surface charge is usually a
result of one or more of the following: crystal and structural imperfections, ionization of
surface groups and adsorption of ions and ionic molecules on the particle surface [97]. The
electrically charged particles attract water borne ions which then create what is known as the
electrical double layer The first cations get attached to the colloid surface creating a fixed
charge adsorption layer. They are then surrounded by a second layer of anions and cations,
which are freely moving under the influence of diffusive forces. This potential is often referred
to as the zeta potential. The goal of the coagulation process is therefore to reduce the zeta
potential and to allow the particles to overcome the electrostatic repulsion, bringing them
close enough to a distance in which the Van der Waals attractive forces are more dominant.
The most common coagulants are Fe3+ salts: Either ferric chloride (FeCl3) or ferric sulfate
(Fe2(SO4)3). Ferric sulfate is the less popular of the two due when RO is the desalination
technology due to a concern about the increase in sulfate ion concentration, which could lead
to the precipitation of calcium sulfate on the RO membranes. The coagulation mechanism in
seawater (that can be extended to shale gas flowback water) is dominated by both charge
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neutralization (of the negatively charged particles) and co-precipitation. Coprecipitation/sweep coagulation occurs when iron salts precipitate in the solution, entrapping
suspend bodies with them. The most important species responsible for sweep coagulation is
ferric hydroxide precipitate which is described as being in an amorphous state, Fe(OH) 3.
A pH reduction of the seawater using a strong acid highly increases the effectiveness of ironbased coagulation since it strongly improves the charge neutralization. As a result, a lower
dose of iron is usually needed to coagulate the same amount of particles. It was empirically
found that a pH adjustment to 5-6 before seawater coagulation can lead to >80% removal
efficiency of humic acids [93]. Ferric chloride is typically dosed in the concentration range of
1-10 mg/l depending on wastewater quality, temperature and pH [98]. An intense, short
mixing is often practiced in the process.
Coagulation alone is sometimes not enough to create flocs that are large and stable enough
during the short residence times practiced in desalination plants (typically a few minutes).
Aggregation of the coagulated particles into bigger (>m scale), more robust flocs is often
called for. This could be achieved by either extending the contact times (from a few seconds
to a few minutes) while lowering the turbulence or through the addition of organic polymers.
The molecular weight of the organic polymers used ranges between 104 – 107 g/mol. Typical
polymer doses are lower than the iron coagulant doses, usually < 1mg/l. The reaction of this
coagulant in water are described below:

FeCl3  Ca(HCO3 )2  2Fe(OH)3(s)  3CaCl2  6CO2

(5)

In precipitation processes -fast crystallization processes- the physical or chemical properties
of a solution are modified to the point that the solution becomes oversaturated. Components
such as calcium and magnesium are relatively insoluble. Hydrated lime (Ca(OH)2) is most
commonly used to form calcium carbonate and magnesium hydroxide precipitates. The
chemical reactions of lime softening with hydrated lime are:
CO2  Ca(OH)2  CaCO3(s)  H2O
Ca(HCO3 )2  Ca(OH)2  2CaCO3  2H2O

(6)

Mg(HCO3 )2  2Ca(OH)2  2CaCO3(s)  Mg(OH)2(s)  2H2O

If noncarbonated hardness is to be removed, the lime softening process alone will be
unsuccessful in the removal of calcium and magnesium. In this case, soda ash (Na 2CO3) is
used. The chemical reactions involved in lime-soda processes are the following:
The success of these processes depends on the rapid and thorough dispersion of the
chemicals. The process of dispersing chemicals is known as «rapid mix» or flash mix. In that
case, mechanical mixers are selected because the agitation is independent of flow rate. Rapid
mixers should provide sufficient agitation to disperse the chemicals toughly in the water
stream. Reactions of coagulation chemicals are rapid; softening reactions occur more slowly.
In either case, it is desirable to disperse the chemicals quickly, before the reactions are
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complete. In order to quickly and completely homogenize the coagulant or softening
chemicals, the rapid mixer should be designed to provide a short period of violent agitation,
with the chemicals being added at the point of greatest turbulence.
Electrocoagulation. Electrolysis is a process in which oxidation and reduction reactions take
place when an electric current is applied to an electrolytic solution. Electrocoagulation is
based on dissolution of the electrode material used as an anode. This so-called “sacrificial
anode” produces metal ions, which act as coagulant agents in the aqueous solution in situ
[99-101]. At its basic form, an electrocoagulation system consists of an anode and a cathode
made of metal plates, both submerged in the aqueous solution being treated [102]. The
electrodes are usually made of aluminum, iron, or stainless steel because these metals are
cheap, readily available, proven effective, and non-toxic. Thus they have been adopted as the
main electrode materials used in EC systems.
The most important factors influencing the efficiency of the EC process are the electrode
materials used, applied current density, treatment time, and solution chemistry, including
initial pH and the chemical composition of the aqueous solution being removed. The solution
temperature, type of salt used to raise conductivity, presence of chloride, electrode gap,
passivation of the anode, and water flow rate also have an impact on the removal efficiency
and economic durability of a given EC application. The advantages of EC over conventional
coagulation include economic aspects (relatively low investment, maintenance, energy, and
treatment costs), significantly lower volume of sludge produced, better sludge quality (lower
water content, much larger and more stable flocs), similar or slightly better efficiency,
avoidance of chemical additions, ease of automation, simple equipment and compact size of
EC systems (allowing decentralized treatment), greater functional pH range and pH
neutralization effect [99].
Flocculation process promotes the growth of the floc. To ensure that a maximum amount of
turbidity is removed, mixing conditions and energy input must be properly provided after
rapid mixing, to allow the aggregation of the destabilized particles. It is also important in
precipitation processes. The precipitate initially forms into small particles that cannot readily
be settled or filtered. Mechanical flocculators are selected due to the variable flow rate in the
system. The degree of agitation employed in flocculators is much less than that used for rapid
mixing. The purpose of flocculation is to cause contact, while not creating sufficient
turbulence to break up the floc particles already formed. In this case, detention time of 20 to
60 minutes is common.
The objective of the fourth stage is to remove the particles formed in the previous equipment.
Three different equipments can be used for this purpose: sedimentation, granular filtration
or Dissolved Air Flotation (DAF). Sedimentation is the cheapest option, but its efficiency is
lower than granular filtration. Thus, granular filtration is the most efficient option. However,
the bed can be clogged when there are many particles, decreasing equipment efficiency and
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needing continuous backwashing. Granular filtration is more effective for TSS concentrations
range from 50 to 100 mg/l. DAF is a common method to eliminate oil and suspended solids.
Sedimentation is a physical treatment process that utilizes gravity to separate suspended
solids (TSS) from water (particles size 1-10 m). This process is widely used as the first stage
in surface water treatment and also to remove turbidity-causing particles after coagulation
and flocculation. Rectangular clarifiers may be used following treatment by coagulation and
flocculation or by softening [103].
In the granular media filtration process, particles (particles size 1-10 m) are removed when
they adhere to the filter grains or previously deposited particles. Particles are removed
throughout the entire depth of the filter bed by a process called depth filtration, which gives
the filter a high capacity for solids retention without clogging rapidly. The most common
granular media used are sand and anthracite coal. Rapid filtration operates over a cycle
consisting of two stages: (1) a filtration stage, during which particles accumulate, and (2) a
backwash stage, during which the accumulated material is flushed from the system. The
filtration rate is the flow rate through the filter divided by the area of the filter bed. During
the backwash stage, water flows in the opposite direction to the filtration stage to remove
the particles that have collected in the filter bed. Efficient removal of collected solids is a key
component of filtration systems. The backwashing step typically takes 15 to 30 min. The
purpose of backwashing the filter bed is to remove deposited floc without washing out the
media; therefore, the vertical velocity of the water during the backwash must be greater than
the settling velocity of the floc, but less than the settling velocity of the media [97].
Dissolved Air Flotation (DAF) is a unit operation for the separation of solid and semisolid (floc)
particles (particles size 1-10 m) from a liquid phase. Like other gravity separation processes,
raw water is coagulated and flocculated prior to entering the DAF basin. Flotation works best
at low temperatures. If high temperatures are present, higher pressures are required to
dissolve the gas in the water. Separation is brought about by introducing fine gas (usually air)
bubbles into the liquid phase. The bubbles attach to the particulate matter, and the buoyant
force of the combined particle and gas bubbles is great enough to cause the particle to rise to
the surface. Particles that have a higher density than the liquid can thus be made to rise. The
rising of particles with lower density than the liquid can also be facilitated (e.g., oil suspension
in water). In DAF systems, air is dissolved in the wastewater under pressure of several
atmospheres, followed by a release of the pressure to the atmospheric level. In small pressure
systems, the entire flow may be pressurized by means of a pump to 4 to 5 atm. with
compressed air added at the pump suction. The entire flow is held in a retention tank under
pressure for several minutes to allow time for the air to dissolve. The pressurized flow is then
admitted through a pressure-reducing valve to the flotation tank where the air comes out of
solution in minute bubbles formed throughout the entire volume of liquid. In the larger units,
a portion of the dissolved-air flotation effluent (15 to 120%) is recycled, pressurized, and semisaturated with air. The recycled flow is mixed with the unpressurized feed stream just before
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admission to the flotation tank, with the result that the air comes out of solution in contact
with particulate matter at the entrance of the tank [97].
The next stages are related to desalination. If TDS is over ~ 40,000 mg/l TDS, then we must
use thermal technologies. In this case, if electrocoagulation was selected and depending on
the thermal technology selected, extra softening could be necessary either by ultrafiltration
or lime softening. If the TDS is low enough to use Reverse Osmosis then further pretreatment
could be necessary to avoid membrane damage in particular ultrafiltration or cartridge
filtration.
Ultrafiltration is a low-pressure mechanical separation where the separation principle is
based on size exclusion with particles and colloids bigger than the membrane pores being
rejected (staining). The majority of the membranes are asymmetric polymeric materials, most
commonly made of polyethersulfone (PES), polysulfone (PS) and polyvinylidene fluoride
(PVDF). Membrane modules are available in two basic configurations: pressure-vessels
systems or submerged systems. These systems operate at transmembrane pressures
between about 0.4 and 1 bars. Permeate flux and fouling are affected by the flow regime of
the feed water near the membrane surface. Two filtration strategies, cross-flow filtration and
dead-end filtration, have been developed to influence this flow regime. For water treatment,
the dead-end flow regime is most common in membrane filtration due to surface waters are
fairly dilute so the advantages of cross-flow filtration are less significant [97]. When cross flow
regime is selected, the electrical cost of cross-flow pumping must be into account due to the
operating cost is triple over dead-end operation. Ultrafiltration technology required periodic
back-flushing and occasional chemical cleaning to maintain the membrane fibers. Therefore,
this membrane system must be included automatic and manual valves for backwashing and
unit isolation, a separate supply pump and interconnecting piping for plants with multiple
filter units, storage tanks and chemical feed pumps for membrane cleaning solutions, and
filtered water storage with chlorination capacity.
Cartridge filters are filter elements installed inside a pressure vessel. They are typically a selfsupporting filter element with either a pleated-fabric or string-wound construction. The flow
is from the outside of the cartridge to the inside (dead-end filtration). Cartridges are made to
work by surface or depth filtration, using as a predominant mechanism straining. Filtration
performance can range from 0.5 mm down to 0.1 µm. Cartridge filter can use ceramic or
polypropylene microporous filter with a performance range from 0.5 mm down to 0.1 µm.
Although some cartridge filters are back washable, typically considered to be disposable
media and are discarded when the head loss exceeds the available head. Thus, they are only
suitable for small systems treating relatively high-quality water. Manufacturer’s guidelines
state that these filters have service periods ranging from 5 to 30 days with influent turbidities
of 2NTU or less when the pressure drop typically reaches 0.8-1 bar.
Finally, all the sludge recovered from the different units is sent to a filter press to further
separate solids from water that is recycled back to the initial of pretreatments line.
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A comprehensive description of the optimization model of the pre-treatment design can be
found in the work by Carrero-Parreño et al. [104].
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Figure 10. Superstructure for wastewater pre-treatment.

PU

Page 60 of 158

Version 3.0

Deliverable D8.1

3.6.1. Case Studies
The capabilities of the proposed model are evaluated in the following case studies. Usually,
the flowback water is managed on-site, being recycled to drill other wells reducing the fresh
water consumption and avoiding transportation. However, not always the wastewater can be
directly reused because there are no more wells to drill (at least in a short period of time) we
are in the regimen of gas production and we must deal with produced water or simply
because a simple pretreatment cannot ensure the physicochemical characteristic needed for
internal reuse.
We present three examples comprising different situations. The difference between them is
the target destination: membrane or thermal technology to remove TDS, or internal reuse to
fracture others wells. The objective is to show the versatility of the proposed approach for
different situations.
We analyze the best pre-treatment process for each destination, considering four wastewater
compositions. Therefore, twelve cases are solved to validate the robustness of the proposed
mathematical model for optimizing the pre-treatment process. Figure 11 displays a graphical
representation of case studies.

Superstructure

Constraints
Case I
WR

Well 1

Well 2

Well 3

?

Pretreatment
Equipment?
TAC?

Case II
MT

Qout
cOut ,c

Case III
TT

Well 4

sludge
QOut
Sludge
cout
,c

Figure 11. Graphical representation of the case studies. (WR = Water Reuse, MT = Membrane treatment, TT =
Thermal Treatment).

In all the case studies it was considered a flowback/produced water flowrate of 25 m3/h. Table
16 shows the four different wastewater compositions selected that cover a wide range of
possible water compositions.
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Table 16. Composition data of several flowback waters from Barnett and Appalachian plays.

Parameter
TDS (mg/l)
TSS (mg/l)
TOC (mg/l)
Iron (mg/l)
Calcium (mg/l)
Magnesium (mg/l)
Barium (mg/l)
Oil & Grease
(mg/l)

Well 1
200,006
3,220
200
92
15,200
4,730
98
0

Well 2
54,230
881
89
60
15,680
1,707
112
0

Well 3
110,847
1,530
138
105
6,800
899
127
18

Well 4
9,751
168
38
40
241
49
1
0

Data are obtained from [103]

The specifications on each component for the final water in each case study are shown in
Table 17.

Table 17. Constraints on final water concentration for the three case studies.

Cases
Case I
Case II
Case III

TDS
50
35
*

Limit concentration of component (c), kg m-3
TSS
Ca, Mg, Ba
Fe
0.050
0.350
0.020
0.010
0.250
0.035
*
0.2
*

Oil
0.025
0.0001
0.010

3.6.1.1. Case I. Pre-treatment of flowback water for reuse
In this first case, internal water reuse in other wells is considered as target destination. It has
a special interest from drilling operations for its benefits: reducing fresh water consumption,
environmental impact and transportation costs.
The optimal pre-treatment configuration obtained by the proposed model is the same for the
water composition of wells 1, 2 and 3. Thus, the water initially passes through the strainer
filter and hydrocyclone to remove part of the TSS. Afterward, electrocoagulation is used to
remove scale-forming ions present in the flowback water. Electrocoagulation can be more
expensive than coagulation and flocculation due to advanced equipment required. However,
it needs lower amounts of chemicals. Additionally, it provides active cations without growing
the salinity of the water. Finally, the particles formed are removed by sedimentation to obtain
the required water quality to be reused. Sedimentation is the most usual and economical
technology to remove particles. The Total annualized cost (TAC) obtained for the three studies
are 245.7, 242.5 and 243.6 kUS$ year-1, respectively. The low differences between costs for
each process are caused by their inlet TDS concentration and scaling ions. Furthermore, it is
needed to mix treated water with freshwater to achieve the TDS specification of 50,000 mg/L.
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In scenario 4, the water composition (Well 4) is a representative example for the case that
the concentration of each component is quite low. In this case, the TAC is 48.4 kUS$ year -1,
approximately ~80% lower than the other three studies. This is due to the fact that
coagulation and flocculation processes are selected instead of electrocoagulation, due to the
low presence of scaling material and small suspended particles. Hence, the chemical agents
needed in coagulation and flocculation are less expensive. Figure 12(a) shows the effect of
the water composition on the TAC in different scenarios. Note that the higher expenses are
caused by the presence of scale-forming ions. In addition, the hydrocyclone and the use of
external freshwater source are not necessary for the treatment of the water from well 4. In
all four scenarios, sedimentation is enough to satisfy the water requirements.
3.6.1.2. Case II. Pre-treatment of flowback water for removing TDS by using Membrane
Technologies
The pre-treatment for desalination using reverse osmosis process is the most restrictive since
the performance of RO is very susceptible to some water contaminants [93]. Four different
results are obtained for this case. Firstly, the optimal pre-treatment sequence in the scenario
5 consists of the strainer, electrocoagulation, sedimentation, and ultrafiltration. It is the most
expensive WPS with the TAC equal to 304.0 kUS$ year-1. In scenario 6, sedimentation and
ultrafiltration units are replaced by the hydrocyclone and the granular filtration.
Consequently, the TAC is decreased to 291.5 kUS$ year-1. In scenario 5, it is not possible to
apply the granular filtration because the hydrocyclone is not able to reduce the TSS
concentration to 100 mg/L. Note that the additional cost in the first case is related to the
freshwater used to dilute the TDS until 35000 mg/L. The TDS concentration of Well 1 is
200,000 mg/L, while Well 2 is 54,230 mg/L. For this reason, the scenario 5 needs more
freshwater, raising ~4% the total cost in comparison to Case 6. In the scenario 7, the pretreatment process changes due to the presence of oil in the inlet flow concentration. The
optimal treatment option to remove oil is the dissolved air flotation (DAF). In this case, the
TAC is 249.247 kUS$ year-1, corresponding to 1.56 kUS$ year-1 to the addition of freshwater
needed to decrease the TDS concentration. This configuration is similar to the one obtained
in the scenario 6, but replacing the granular filtration by DAF. Although, DAF is less specific
that granular filtration, it is able to obtain the requirements of the water reducing the TAC of
the process in ~15%. The configuration obtained in the scenario 8 uses again coagulation and
flocculation, as in the Case I (scenario 4), due to the number of components such as calcium
present low concentration. Therefore, few chemical agents are added. Figure 12(b) shows
again that the softening process is the most expensive. For this reason, as the water presents
a small concentration of Ca, Mg and Ba, the TAC decreases significantly resulting in 52.5 kUS$
year-1. In this case, the hydrocyclone and sedimentation units are selected to remove the
formed particles.
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3.6.1.3. Case III: Pre-treatment of flowback water for remove TDS using Thermal
Technologies
In this case study, low concentration of calcium, barium, magnesium and oil (Table 17) are
imposed in the inlet conditions for thermal technologies. The same optimal WPS
configuration is obtained with Well 1 and Well 2 concentrations. Part of the inlet TSS is
removed in the strainer and the hydrocyclone. As in Case I, electrocoagulation and
sedimentation are selected to precipitate and coagulate the particles and to remove the
particles formed, respectively. The TAC in both cases is 243 kUS$ year-1. Hence, the addition
of freshwater is not necessary. In scenario 11, dissolved air flotation is chosen to eliminate oil
and the particles formed in electrocoagulation. Previously, hydrocyclone is also needed to
obtain the adequate composition before electrocoagulation. The TAC increases to 246.7 kUS$
year-1 because DAF technology is more expensive than sedimentation. The optimal solution
for Well 4 (scenario 12) is the same as Case I (scenario 4). Strainer filter, coagulation,
flocculation, and sedimentation are the equipment that forms the pre-treatment process. For
this reason, the same TAC of scenario 4 of 48.4 kUS$ year-1 is also obtained. Figure 12(c) shows
the results obtained for scenarios 9-12. Note that the removal of the water hardness by
means of electrocoagulation or coagulation and flocculation also comprises the largest
budget contribution.
Figure 13 gives a graphical overview of the optimal pre-treatment sequence obtained in each
case study, and Table 18 presents a summary of the main costs and flows involved in each
scenario.

Table 18. Optimal Results obtained for different scenarios.

1
2

TAC
(k$·year-1)
245.69
242.45

Ccap
(k$ year-1)
25.19
25.17

Cop
(k$ year-1)
218.37
217.15

3

243.62

25.17

217.55

0.90

4
5
6
7
8
9
10
11
12

48.40
304.06
291.50
249.25
51.64
243.56
242.32
247.69
48.40

24.46
78.30
73.90
30.13
28.18
25.19
25.17
30.13
24.46

23.94
222.43
217.15
217.56
23.47
218.37
217.15
217.56
23.94

0.00
3.32
0.45
1.56
0.00
0.00
0.00
0.00
0.00

Scenario

PU

CostFresh
Fr
(k$ year-1) (kg/s)
2.13
6.39
0.13
6.32
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Fsludge
(kg/h)
0.61
0.68

FFresh
(kg/h)
21.95
1.36

6.41

0.59

9.29

6.53
6.23
6.32
6.41
0.01
6.39
6.32
6.41
6.53

0.47
0.77
0.68
0.59
6.99
0.61
0.68
0.59
0.47

0.00
34.25
4.66
16.02
0.00
0.00
0.00
0.00
0.00
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(a)

(b)

(c)

Figure 12. Effect of the inlet wastewater composition on the TAC. a) Case I (scenarios 1-4), b) Case II (scenarios 5-8), c) Case III (scenarios 9-12).
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Figure 13. Graphical scheme of the optimal solutions for each one of the twelve scenarios. (sf = strainer
filtration; co = coagulation; fl = flotation; sd = sedimentation; hy = hydrocyclon; ec = electrocoagulation;
fl = flotation).
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3.7. Rigorous optimization of Multi-effect evaporation with mechanical vapor
recompression
Among all the technologies aforementioned for desalination of shale gas wastewater, those
based on thermal treatments (or the hybrid approaches that directly or indirectly include a
thermal treatment) are the unique that are able to treat with the hyper saline water typical
in flowback and production water.
Most of the previous work developed in the optimal design of MEE systems is related to
seawater desalination. The first references in the field date from 1840, with the MEE system
being one of the oldest and most widely used water desalination process around the globe
[105]. Yalil and Söylemez [106] developed a mathematical modeling approach for the design
and simulation of MEE processes, considering forward feed configuration and renewable
energy sources. Gautami and Khanam [107] proposed nonlinear programming (NLP) models
for MEE synthesis and optimization. The optimal design configuration is chosen according to
the steam economy in the process. In the work of Druetta et al. [108], a nonlinear
mathematical model based on energy and mass balances is presented to predict the optimal
MEE performance in terms of energy efficiency. The MEE model is successfully applied to
seawater desalination, and the sensitivity analysis and simulations show good accuracy with
realistic designs. Posteriorly, the model has been extended in Druetta et al. [109] to
determine the equipment capacity and operational conditions by considering the
minimization of process costs as the objective function. Al-Mutaz and Wazeer [110] have
proposed mathematical models to evaluate the performance of distinct configurations of
conventional MEE systems, including forward, backward and parallel/cross feed. More
recently, Al-Mutaz [105] has published a comparative study on different seawater
desalination plants. His work indicates power consumption efficiency as the main feature for
making the MEE process more attractive than the dominant multistage flash (MSF) [111-114]
and reverse osmosis (RO) [115-118] desalination processes.
EI-Dessouky et al. [114, 119] made important contributions in mathematical modeling and
design of MEE systems with/without mechanical (MVR) or thermal vapor recompression
(TVR). Mathematical models for optimizing single-effect evaporation (SEE) systems with
mechanical vapor recompression can be found in several studies in the literature [66, 120127]. Al-Juwayhel [122] developed a comprehensive design model for the design of SEE
including MVR process. The model has posteriorly been expanded by Ettouney [121] for
determining the geometrical characteristics of the evaporator, in addition to the heat transfer
area and power consumption calculations. The optimization of SEE systems with MVR using
mathematical programming has also been studied by Mussati et al., [128] considering several
non-convex constraints. However, in all of the above-mentioned works no considerations
have been made about the treatment of very concentrated feed and achievement of zero
liquid discharge (ZLD) of brine.
ZLD systems have been studied by Thu et al. [129], by considering an advanced multiple-effect
adsorption process. The desalination process is developed to efficiently deal with high-salinity
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feed water, including brine from other seawater desalination plants. Chung et al. [130] have
also investigated ZLD application for the desalination of highly concentrated water by
allowing brine discharge close to NaCl saturation conditions. In their work, an approach based
on finite differences is used to numerically simulate a multistage membrane distillation
process. Although the process can represent an attractive alternative over usual thermal
desalination systems due to scale facility, by analyzing exergetic and energetic process
efficiencies, the authors have concluded that the required specific membrane area will
determine its economic viability.
To surpass the aforementioned limitations, we introduce a new mathematical programming
model for optimizing single and multiple-effect evaporation (SEE/MEE) systems, including
vapor recompression cycle and thermal integration. The SEE/MEE process is conceived for the
treatment of high-salinity flowback water originated during shale gas hydraulic fracturing
process. The main objective of the proposed SEE/MEE system is to produce fresh water and
concentrated saline close to ZLD, considering the outflow brine salinity near to salt saturation
conditions. For this purpose, the multiple-effect superstructure for flowback water
desalination includes as many forced circulation evaporation effects as there are flashing
tanks, placed intermittently. As a result, process energy efficiency is further enhanced by
recuperating the condensate vapor. The evaporation system is designed with a countercurrent flow configuration. Thus, concentrated brine is recovered in the first evaporator
effect, while feed water is added to the last one after preheating. In addition, the vapor
formed by evaporation and condensate flashing is compressed through multistage electricdriven mechanical equipment containing intercoolers. Consequently, the SEE/MEE process
does not require any other external energy source.
The superstructure is mathematically formulated as an NLP model solved using GAMS,
minimizing the total annualized cost of the process. The SEE and MEE optimal configurations
including vapor recompression cycle and heat integration are compared in terms of their
ability to achieve ZLD conditions for the brine concentrate. Sensitivity analysis is performed
to assess the optimal evaporation process configuration and performance under different
flowback water salinities.

3.7.1. Superstructure and Model Overview
The starting point is a high-salinity flowback water stream, with a known supply state (inlet
mass flowrate, salinity, temperature and pressure) and target specification defined by the
brine concentration. Additional equipment (for promoting heat exchange, evaporation,
compression and separation) and energy services (including cooling water and electric power)
are also provided, with their respective costs. The goal is to identify the optimal SEE/MEE
system configuration, considering the vapor recompression cycle and thermal integration, by
minimizing the process total annualized cost. The optimal process configuration should
achieve a high recovery ratio of fresh water produced and brine close to the ZLD condition.
The objective function is composed of the capital cost of investment in equipment and the
operating expenses related to cold utility and electricity.
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It should be highlighted that improving the process cost-effectiveness through the reduction
of brine discharges (i.e., achieving ZLD conditions and consequently, increasing the fresh
water production), allows lessening the environmental impacts associated to energy
consumption and waste disposal. Shale gas exploration/production is a recent technology
that requires further development, particularly in the framework of the flowback water
treatment. To the best of our knowledge, ours is the first work proposing the ZLD approach to
the treatment of the flowback water from shale gas fracking, through an SEE/MEE system
including MVR and thermal integration. The multiple-effect superstructure proposed for the
desalination of shale gas flowback water is showed in Figure 14.
The following equipment is considered in the MEE system with vapor recompression and
thermal integration:

PU

(i)

Shell-and-tube preheater (for the heat exchange between feed water and
condensate).

(ii)

Multiple-effect forced circulation evaporator.

(iii)

Multistage electricity-driven compressor with intercoolers.

(iv)

Flashing tanks.

(v)

Pumps and mixers.
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Figure 14. Multiple-effect evaporation superstructure proposed for the desalination of high salinity flowback
water from shale gas fracking.

The MEE system comprises i evaporation effects intermediately coupled to flashing tanks that
are used to recover condensate vapor, enhancing process energy efficiency. Note that the SEE
system corresponds to a simplification of the MEE process, being composed of a single-effect
forced circulation evaporator without a flash tank. In this case, vapor flashing is not allowed
due to the low amount of recoverable energy from the condensate, which makes unfeasible
the capital cost related to the allocation of such equipment.
In the proposed MEE system, the evaporation effects are numbered according to the direction
of the heat flow (i.e., from 1 to i). The evaporator effect i is composed of the shell containing
droplet separator (to remove water from the saturated vapor), spaces for the saturated vapor
and saline pool, brine spray nozzles and evaporation/condensation tubes. A counter-current
flow configuration is considered such that the vapor from the last evaporation effect and the
condensate vapor from the last flash tank are compressed, through a mechanical piece of
equipment composed by j stages. Thus, the superheated compressed vapor is added in the
first evaporation effect, whereas the feed water (corresponding to the shale gas flowback
water) is inserted in the last one. It should be noted that the vapor recompression process is
cyclic. Thus, the entire amount of vapor formed in the last evaporator effect is routed to the
mechanical vapor compressor together with the flashed off condensate vapor from last flash
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tank —to be superheated to a desired target condition— before being added to the first
evaporation effect.
Under this system configuration, the first evaporation effect should present the highest
temperature and pressure, while the last effect, i, should present the lowest conditions for
these variables. Moreover, the vapor formed in the system follows the direction of dropping
pressure (and temperature). The brine (feed) flows in the opposite direction. The superheated
vapor from compression (for effect 1), as well as the vapor formed in previous effects (for
effects 2 to i), are introduced inside the evaporator tubes. The feed water (i.e., brine from
subsequent stages for effects 1 to i-1; and, shale gas flowback water in effect i) is sprayed on
the tubes in the shell-side to promote evaporation. In this way, the vapor is condensed on the
tube-side by transferring its latent heat to the falling film formed by the sprayed feed.
Observe that in the first effect, the formed falling film outside tubes absorbs the latent heat
from the compressed vapor starting the process of feed (i.e., brine from effect 2) evaporation.
The vapor formed is used to drive effect 2. This process occurs successively until last effect i.
Still in effect 1, sensible heat is responsible for the temperature change in the tube-side,
wherein the condensed vapor changes from the inlet superheated vapor temperature to its
desired outlet condition. Note that the condensate outlet temperature should correspond to
the inlet vapor saturation pressure.
After each evaporation effect, the condensed vapor is sent to flash tanks to reduce its
pressure (and temperature) and, consequently, recover energy. The small amount of flashed
off condensate vapor in an effect i plus the vapor formed by boiling in the previous effect are
added to the tube-side of the subsequent evaporation effect. For this reason, both streams
should be at the same pressure. Before entering the evaporator, the feed water is preheated
taking in advantage the sensible heat from the condensed vapor (i.e., produced fresh water).
The increase in the feed temperature is essential for improving the energy recovery and
maintaining the system productivity in the presence of climatic changes throughout the year.
The SEE/MEE synthesis with MVR and thermal integration is a complex process and we seek
the optimal system configuration corresponding to lower heat transfer area and minimum
services consumption (including thermal utilities and electricity). For this purpose, all flow
properties (i.e., temperature, pressure, specific enthalpy, concentration and flowrate) are
unknown variables needing optimization. Moreover, the elevated number of temperature
constraints to guarantee the optimal equipment functioning, allied to the high non-convexity
and nonlinearity of the cost correlations further increase the complexity of the model.
For the desalination of the shale gas flowback water, it is assumed that the feed water has
been previously treated to remove all contaminants, including chemical additives (such as
flow improvers, acids, surfactants, friction reducers, and corrosion inhibitors), oils, greases
and sand. Water pretreatment technologies can include filtration, chemical and physical
precipitation, sedimentation and flotation. However, the flowback water still contains high
TDS concentration after pretreatment. The objective of the SEE/MEE system is to supply, in
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combination with suitable water pretreatment technologies, high cost-effective recovery of
fresh water for reuse or for safe disposal. The system should operate at low pressure and
temperature to prevent equipment instability and avoid corrosion and fouling problems,
which can be caused by the high salt concentration and the presence of remaining oils and
greases. In addition, the lower operating temperatures allow for reducing process scaling and
thermodynamic losses, allowing for minimal thermal insulation [119, 131].
Due to the use of an electric-driven mechanical compressor, the SEE/MEE system does not
require an external energy source. An energy generator can be used when electricity services
are not available, making the SEE/MEE process suitable for use in remote off-grid locations.
Other advantages of the SEE/MEE system include the consideration of horizontal tube
configuration, in which the falling film formed allows for higher heat transfer coefficients and
lower heat transfer areas [132]. This reduces the capital costs of investment and equipment
size, making the process more compact and therefore more easily transported. Moreover,
the MEE system permits the simple inclusion of additional evaporation effects due to its
modular feature.
The following assumptions are considered to simplify the mathematical formulation:
1)

Steady state operation.

2)

Heat losses in all thermal and mechanical equipment are neglected.

3)

The non-equilibrium allowance (NEA) is neglected.

4)

Pressure drops in all thermal and mechanical equipment are neglected.

5)

Zero salinity for the condensate (product).

6)

Vapor streams from each evaporator effect behave as ideal gases.

7)

All effects of the forced-circulation evaporator are built with nickel (to avoid
corrosion).

8)

The multi-stage compressor is centrifugal (without drivers) built with carbon
steel.

9)

Starter energy required for the multi-stage compressor is neglected.

10)

Effect of surging and choking is disregarded in the multi-stage compressor.

11)

The vapor multi-stage compression is isentropic.

12)

Shell-and-tube preheater and flash tanks are built with carbon steel.

13)

Capital costs of pumps and mixers are negligible.

A comprehensive description of the mathematical model can be found in Onishi et al. [133]
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3.7.2. Case Study
A case study was conducted to verify the accuracy of the proposed mathematical model for
optimizing SEE/MEE systems, considering vapor recompression cycle and thermal integration.
It should be highlighted that the dataset used in this example are based on real data obtained
from important U.S. shale plays such as Marcellus and Barnett [40, 57, 134, 135]. The capacity
of the centralized treatment plant should be 900 m3 day-1 (or 10.42 kg s-1) of shale gas
flowback water. Interestingly, Lira-Barragán et al. [24] report in a recent work that under an
uncertain scenario as the amount of water required to complete each well (i.e., considering a
standard deviation of 10% in the shale plays data), the choice of the aforementioned value
(900 m3 day-1) has 100% probability of guaranteeing that the plant capacity is adequate to
treat the total amount of flowback water. These authors have considered a mean value of 15k
m3 (in a range of 12–18k m3) for the amount of water needed for the hydraulic fracturing of
each well, from which 25% is expected to return to the surface as flowback water during the
first 3 weeks. Additionally, the total number of wells to be treated is divided in fracturing
crews following an annual scheduling capable for answering the hydraulic drilling of 20 wells
per year [24].
Typical salinity average values (measured as total dissolved solids - TDS) for the shale gas
flowback water from the Marcellus play are reported in the literature in a range of 120–157k
ppm [43, 48, 57]. However, as it was remarked in the first part of this report, shale plays can
present very distinct salt concentrations for the flowback water. For this reason, an initial
mean value of 70k ppm (or 70 g kg-1) is considered for the feed salinity in the SEE/MEE system
design. Nevertheless, it should be noted that the model is robust enough to guarantee
optimal solutions for a large range of salinities and flowrates of the flowback water,
underlining the facility for process scaling. Model performance and system sensitivity are
evaluated under higher salinities in the next sections. Table 19 presents the problem data
Additional problem data include the minimum pressure and temperature drop between
evaporator effects equal to 0.1 kPa and 0.1 ºC, respectively. Moreover, the minimum
temperature approach between the outlet vapor and concentrated brine, as well as between
the superheated vapor (i.e., vapor after compression) and condensate (fresh water) in an
evaporator effect is 2°C. The unknown minimum ideal temperature in the evaporation effect
i is considered in a range of 1–100 ºC to avoid operational problems (including rusting and
fouling), while the saturated vapor pressure is restricted to 1–200 kPa. Most importantly,
concentrate discharge salinity is specified to be equal to 300 g kg-1 (very close to a salt
saturation condition of ~350 g kg-1) in order to achieve ZLD operation. In the case study, a
factor of annualized capital cost of 0.16 is considered; this corresponds to a 10% interest rate
over a period of 10 years.
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Table 19. Data for the case study base on shale gas production.

Feed water (shale gas flowback water)
Mass flowrate
Salinity
Temperature
Pressure

37.5 m3 h-1 (10.42 kg s-1)
70 g kg-1
25 ºC
50 kPa

Multistage compressor with intercooling
Type / material

Centrifugal / carbon steel

Isentropic efficiency
Heat capacity ratio
Maximum compression ratio

0.75
1.33
3 per stage

Cooling services temperature

20–25 ºC

Specifications
Brine salinity

300 g kg-1

Cost data
Electricity cost*
Cooling services cost
Factor of annualized capital cost

850.51 US$ (kW year)-1
100 US$ (kW year)-1
0.16 (10% - 10 years)

* Data obtained from Eurostat [136] database for industrial consumers in European Union
(2015-S1).

Several SEE/MEE system configurations were evaluated for their cost-effectiveness in
obtaining concentrated brine at ZLD conditions and fresh water. In all cases, the minimization
of the total annualized cost of the evaporation process was considered to be the objective
function, which is composed of operational expenses and capital cost of investment. Initially,
the system was optimized considering multiple-effect evaporation (MEE) without any
additional equipment. In this case, steam at 120 ºC and 50 kPa provided from an external
source (Cvapor = 418 US$/year kW) is added to the first evaporation effect. The optimization of
the MEE process is carried out by varying the number of evaporation effects. Thus, the
optimal configuration obtained consists of 3 evaporator effects with heat transfer areas (and
heat flow) equal to 204.16 m2 (7086.95 kW), 176.91 m2 (6896.88 kW) and 114.27 m2 (6159.42
kW), respectively. The total annualized cost (TAC) is equal to 3237k US$ year -1, comprising
2579k US$ year-1 related to operating expenses (OPEX) and 658k US$ year-1 to capital cost of
investment (CAPEX). Note that the evaporator with 2 effects presents a TAC equal to 4557k
US$ year-1 ( OPEX = 4043k US$·year-1 and CAPEX 514 kUS$·year-1 ) while the evaporation
equipment with 4 effects has a total cost of 4812k US$ year-1 composed by (OPEX = 2205
kUS$·year-1 and 2607 kUS$·year-1). Therefore, the operating costs related to the consumed
steam in the process are significantly reduced as the number of effects is increased (~36% of
reduction by increasing the effects from 2 to 3) in the evaporator. This result is related to the
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increment in the total heat transfer area that reduces the amount of heat required in the
equipment. Note that, although the operational costs are decreasing with the increase in the
evaporator area, there is a threshold (3rd effect) from that the increment in the capital costs
needed does not compensate such reduction in the amount of energy.
From the base case presented in previous paragraphs, we have systematically studied
different alternatives with the focus on reducing the total cost.
Single Stage Evaporator with single vapor recompression (SSE-SVR). In this situation, the
evaporator heat transfer area (and heat flow) is equal to 782.99 m 2 (20387.27 kW) and the
compressor needed should have a capacity of 1367.97 kW. Figure 15(a) shows the optimal
solution obtained for the major decision variables for the SEE-SVR process. The total
annualized cost for the SEE-SVR process is 2585k US$ year-1, including 1421k US$ year-1 in
capital cost and 1164k US$ year-1 in electricity expenses. Thus, the TAC is 20.2% lower than
the optimal solution obtained for the MEE process with external vapor source.
Two improvements can be directly implemented to the SSE-SVR.
The first one consists of adding a feed condensate pre-heater to promote thermal
integration. In this case, the capital cost of investment in equipment is equal to 1511k US$
year-1, and the operating expenses related to electricity are 1235k US$ year -1. Thus, the total
annualized cost for the SEE-SVR configuration is equal to 2746k US$ year-1, that is a reduction
of around 15.2% in comparison to the MEE using steam as an external heat source. However,
the SEE-SVR system with thermal integration is 6.3% more expensive than the same process
without preheated feed.
The second improvement consists of allowing multiple-stage compression (SEE-MVR). The
optimal process requires a 2-stage compressor with capacities of 327.60 kW and 982.79 kW,
respectively. The multistage compressor demands 380.22 kW of energy related to cooling
services. Figure 15(b) shows the optimal solution obtained for the major decision variables
for the SEE-MVR process. The total annualized cost for the SEE-MVR process is 2576k US$
year-1, comprising 1423k US$ year-1 in capital cost and 1153k US$ year-1 in operational
expenses. Thus, the TAC is 20.4% lower than the optimal solution obtained for the MEE
process with external vapor source. Additionally, the SEE-MVR process is 6.2% more
economical than the SEE-SVR system. Again, the inclusion of a pre-heater did not result in any
economic improvement.
Multiple effect evaporation process with single stage vapor recompression (MEE-SVR). In
this case, the optimal solution is obtained for the MEE-SVR process composed of 2 effects.
Under this configuration, the process demands a single-stage compressor with the capacity
of 820.41 kW. The operating expenses related to the consumption of electricity are equal to
698k US$ year-1, while the capital costs of investment in all process equipment are 1119k US$
year-1. Thus, the total annualized cost of the MEE system with this configuration is 1817k US$
year-1.
PU

Page 75 of 158

Version 3.0

Deliverable D8.1

It should be observed that, contrary to the MEE evaporation process with external steam
source, the TAC is significantly increased as the number of effects is augmented in the
multiple-effect evaporator. For example, if three effects are considered, the TAC increased to
2289k US$ year-1. The increase in the total annualized cost is due to the need for bigger
evaporator heat transfer areas, in which capital costs are significantly augmented when
considering three (~59% more expensive) or more evaporation effects.

Figure 15. Optimal solution obtained for the main decision variables for the single-effect evaporation process
with (a) single-stage (SEE-SVR); and, (b) multistage (SEE-MVR) vapor recompression cycle.

It is possible to take advantage of the existence of multiple effects and introduce flash tanks
to increase the amount of water recovered in each evaporation stage. It is also possible, like
in SEE to consider the inclusion of a feed-condensate pre-heater. In this case, the optimal
configuration is again obtained with 2 effects in the evaporator. However, contrary to the SEE,
the introduction of a pre-heater also yields an economic benefit. Additionally, 2 flashing tanks
—with volumes equal to 1.19 m3 and 2.39 m3, respectively— are used to separate the
distillate vapor, providing a further energy recovery in the MEE-SVR system. Figure 16 shows
the optimal MEE-SVR process configuration obtained for this case study with the values of
the main variables. The total annualized cost of the process with this configuration is 1689k
US$ year-1, composed of 989k US$ year-1 related to capital cost of investment in equipment
and 700k US$ year-1 to operating expenses of electricity consumption.
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It should be highlighted that the MEE-SVR process design with thermal integration is 34.4%
less expensive than the best solution obtained for the single-effect evaporation process (i.e.,
SEE-MVR without thermal integration). In addition, this MEE-SVR configuration (i.e.,
containing flash tanks and preheater) allows for reducing costs in 7.1%, comparing with the
optimal solution obtained for the MEE-SVR without heat integration; and, 47.8% when
compared with the optimal solution found for the MEE process. By analyzing these results, it
is possible to observe that the heat recovery in the MEE-SVR process reduces significantly the
total heat transfer area (~21% of reduction) required in the evaporator, in comparison with
the MEE-SVR without thermal integration. The equipment size reduction is responsible for
the considerable decrease in the capital cost of investment (~12% of reduction) and,
subsequently, in the total annualized cost. Therefore, the thermal integration associated with
the vapor recompression cycle in the MEE-SVR system is essential for enhancing energy
efficiency and, consequently, for reducing process costs.

Figure 16. Optimal solution obtained for the main decision variables for the multiple-effect evaporation
process with single-stage vapor recompression cycle (MEE-SVR) and thermal integration.

Finally, the MEE-MVR process is optimized considering thermal integration by using
intermediate flash tanks and feed-condensate preheater. In this case, the optimal
configuration is again obtained with 2 effects in the evaporator system. The capital cost of
investment in equipment is equal to 1015k US$ year-1, and the operating expenses related to
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the consumption of electricity are 705k US$ year-1. Thus, the total annualized cost for the
MEE-MVR configuration considering heat integration is equal to 1720k US$ year-1.
Table 20 shows the optimal results obtained for the distinct evaporation systems
configurations considered for the optimization of the desalination process.
Therefore, among all process configurations evaluated, the best option for the desalination
of the shale gas flowback water (at 70 g kg-1) is the MEE-SVR including thermal integration. In
this case, the cost of the produced fresh water is 6.70 US$ per cubic meter, presenting an
electric power consumption of 2.78 US$ per cubic meter of fresh water. However, it should be
emphasized that the optimal configuration obtained is strongly dependent on the salinity of
the flowback water to be treated. This dependence is studied in the following section. Lastly,
it is remarked that in all SEE/MEE systems configurations studied, the specification of the
brine salinity (300 g kg-1) close to salt saturation condition allows for obtaining high recovery
ratios of fresh water (0.77 in all cases).
Table 20. Optimal results obtained for the different evaporation systems configurations*.

Steam/Electric

Total

power

annualized

consumed (US$

cost (kUS$

m-3)

year-1)

12.85

10.24

3237.1

10.26

4.62

2584.6

10.90

4.90

2746.0

10.22

4.57

2575.7

10.85

4.84

2734.1

7.21

2.77

1817.3

6.70

2.78

1688.6

7.16

2.73

1804.6

6.83

2.80

1720.3

Fresh water
Process configuration

production cost
(US$ m-3)

MEE with external steam source (MEE)
Single-effect evaporation with singlestage vapor recompression (SEE-SVR)
SEE-SVR including thermal integration
SEE with multistage vapor
recompression (SEE-MVR)
SEE-MVR including thermal integration
Multiple-effect evaporation with singlestage vapor recompression (MEE-SVR)
MEE-SVR including thermal integration
Multiple-effect evaporation with
multistage vapor recompression (MEEMVR)
MEE-MVR including thermal integration

* Results obtained by specifying brine salinity levels near to salt saturation concentration (i.e.,
300 g kg-1). In all cases, this consideration allows recovering concentrated brine at 2.43 kg s-1
and fresh water production ratio at 7.99 kg s-1 (Water recovering ratio: 0.77).
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3.7.3. Sensitivity Analysis
As it was remarked in the previous point, the costs and eventually the optimal solution
depends on the inlet salinity of the flowback water. Therefore, we present a sensitivity
analysis of the SEE/MEE model to assess the influence of the feed water salinity on systems
performance and total process costs. To this end, the best solution found in the design step
for the single and multiple effect systems configurations have been evaluated under salinity
conditions varying from 10 to 220 g kg-1. In all cases, the brine specification remains the same
(i.e., 300 g kg-1) to achieve discharges close to ZLD conditions. It should be remembered that
the consideration of higher salinities implies the need for lower brine concentration since the
system is always designed to achieve the same outlet condition (i.e., brine concentrate near
to salt saturation condition). The results obtained for the SEE-MVR system without thermal
integration present a linear decrease in the total annualized cost of the process, as higher
salinities are considered for the feed water.
Figure 17(a) displays the effect of the flowback water salinity on the SEE-MVR process costs.
The total annualized cost of the system is equal to 3167k US$ year-1 for feed salinity of 10 g
kg-1. Under more elevated concentrations, a significant reduction in the total costs is observed
for this configuration. At feed salinity of 220 g kg-1, the total annualized cost of the process is
1147k US$ year-1. This value represents a diminution of approximately 64% in comparison
with the optimal solution found for the process at lower salinity condition. In this case, the
system configuration exhibits a proportional lessening in both curves for capital costs and
operational expenses. This fact is due to the smaller equipment size (~61% of reduction
between the evaluated extremes points) and the consequent need for lower energy
consumption (~67% of savings in operational expenses). Therefore, the performance of the
system (measured by the total evaporation area and compression capacity) is considerably
affected for the shale gas flowback water salinity. In this case, the evaporator area is reduced
by ~69%, whereas the compression work is decreased by ~66%.
The total costs for the MEE-MVR system with thermal integration for different feed water
salinities are shown in Figure 17(b). In this case, the reduction observed in the total
annualized cost for the salinity extreme conditions (10 and 220 g kg -1) is not as expressive as
in the single-effect process. For the first salinity, the MEE-MVR system presents a total
annualized cost of 1959k US$ year-1, which is composed by 1166k US$ year-1 related to capital
costs and 793k US$ year-1 associated to operational expenses. For the feed water with 220 g
kg-1, the total annualized cost of the system is equal to 1216k US$ year-1. This value constitutes
a decrease of ~38% in the total annualized cost, (~29% in the capital cost and ~51% in the
operational expenses) when both conditions are compared. Concerning the system
performance, the compression work is substantially more affected by the increase in the feed
water salinity over the total evaporation area. Therefore, the compression work is decreased
by ~52% while the evaporator area is reduced by ~29%.
The MEE-SVR process with thermal integration is the last system to be analyzed. The results
obtained for this configuration are displayed in Figure 17(c). In this case, the total annualized
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cost is equal to 1925k US$ year-1 for the treatment of the feed water at 10 g kg-1. The total
annualized cost comprises 1147k US$ year-1 associated to capital costs and 778k US$ year-1
to operational expenses. At feed water salinity of 220 g kg-1, the total annualized cost of the
MEE-SVR process is 1839k US$ year-1. This value represents a reduction of ~5% in comparison
with the optimal solution found for the process at 10 g kg-1. The system with this configuration
presents ~69% of savings in operational expenses. On the other hand, the capital cost of
investment is increased by ~40%. This is due to the significant increase in the total
evaporation area (~93%), whereas the compression work is reduced by ~70%. However, the
MEE-SVR system configuration exhibits an inflection point at the feed water salinity equal to
80 g kg-1. Therefore, the process presents a minimum total annualized cost of 1646k US$ year1 under this condition.
Finally, Figure 17(d) shows the comparison between the total annualized costs obtained for
the processes SEE-MVR, MEE-MVR and MEE-SVR under different feed salinity conditions. In
this figure, it is possible to observe that the MEE-SVR process (with thermal integration)
presents the lower total costs at salinities between 10–100 g kg-1. In this concentration range,
the SEE-MVR (without thermal integration) is the most expensive process for the treatment
of the shale gas flowback water. Between the salinities of 100 to 150 g kg -1, the MEE-MVR
system (with thermal integration) becomes the most economical process to achieve brine
discharges close to ZLD conditions. From salinities higher than 150 g kg-1, the MEE-SVR system
is the less beneficial process. Note that the MEE-SVR system presents the lower compared
total annualized cost for the feed salinity at 70 g kg-1. Interestingly, the SEE-MVR system has
the lower total annualized cost for salinities higher than 180 g kg-1. Observe that the SEE-MVR
process is widely used in the seawater desalination industry, in which there is no need to
achieve ZLD conditions.
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Figure 17. Effect of the flowback water salinity on the process costs of: (a) single-effect evaporation system with multistage vapor recompression cycle (SEE-MVR); (b) multipleeffect evaporation system with multistage vapor recompression cycle (MEE-MVR) and thermal integration; (c) multiple-effect evaporation system with single-stage vapor
recompression cycle (MEE-SVR) and thermal integration; and, (d) comparison between the total annualized costs obtained for the processes SEE-MVR, MEE-MVR and MEE-SVR
under different feed salinity conditions.

PU

Page 81 of 158

Version 3.0

Deliverable D8.1

3.7.4. Rigorous Design of Multiple-Effect Evaporators for hypersaline shale gas
water
In previous sections, we showed the optimal configurations for a Multiple-effect evaporation
system to desalt the hypersaline flowback water in a typical shale gas exploitation. While
previous models allow us to determine which are the best configurations and the optimal
operating conditions, a rigorous design is necessary to determine some details that are very
important to decide if a desalination system can be placed on site, or instead whether it
should be mounted on trucks and what are the space requirements, etc. Therefore, we have
extended results of previous sections to include a rigorous design of MEE evaporators with or
without MVR.
Horizontal-tube falling film evaporators present numerous advantages—including more
compact size and easy operation and maintenance—over other evaporation equipment such
as vertical-tube falling film and forced-circulation. For this reason, the horizontal-tube falling
film evaporators are widely used into SEE/MEE desalination systems, due to their higher heat
transfer coefficients, lower temperature differences and film flowrates, and simpler
construction [137-140]. Other benefits include the facility for dealing with non-condensable
gases, liquid distribution and fouling problems [140, 141].
In this new model, we rigorously calculated the overall heat transfer coefficient as a function
of the individual falling film coefficients (falling boiling film and vapor condensation) and
geometrical characteristics. Moreover, a more precise estimation of the streams physical
properties (viscosity, thermal conductivity, specific heat, density, vaporization latent heat,
saturation pressure and temperature, and specific enthalpy) is considered by their
correlations with temperature and salt concentration. Additionally, the proposed model also
permits the estimation of the principal geometrical features of the evaporation system
(number of tubes, tubes length and shell diameter) and fouling resistance. The mathematical
formulation is simplified by the following assumptions:

PU

(i)

Steady state operation.

(ii)

Thermal losses can be neglected in the mechanical vapor compressor and
feed/distillate preheater.

(iii)

Pressure and temperature drops can be disregarded in the demister.

(iv)

Pressure drop over tube-side can be neglected.

(v)

Non-equilibrium allowance (NEA) can be disregarded in the evaporator system.

(vi)

The vapor produced in the evaporator behaves as an ideal gas.

(vii)

The distillate salinity is equal to zero.

(viii)

The mechanical vapor recompression is an isentropic process.
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(ix)

Starter power to drive the mechanical vapor compressor can be neglected.

(x)

Surging and choking effects can be disregarded in the mechanical vapor
compressor.

(xi)

Capital costs related to mixers and pumps can be neglected in the process.

A comprehensive description of the model can be found in the work by Onishi et al [142], that
is also a contribution to the WP08.
We have studied both SEE-MVR and MEE-MVR configurations. Data for wastewater are the
same as those in previous sections. Design parameters include: shell and tube-side velocities
restricted between 1–3 m s-1 and 2–5 m s-1, respectively; and, fouling resistance inside and
outside the horizontal tubes equal to 1.5·10-3 m2 K kW-1 and 10-3 m2 K kW-1, correspondingly.
Tubes of nickel are used with a thermal conductivity of 0.120 kW (m K)-1. Operational
restrictions to avoid fouling and rusting problems comprise the ideal temperature of
evaporation effects constrained at 1–100 ºC, and the vapor saturation pressure limited
between 1–200 kPa. The minimum temperature and pressure drops between evaporation
effects are 0.1 °C and 0.1 kPa, respectively. Moreover, the minimum temperature approaches
between the superheated vapor and distillate, as well as between brine and vapor, are 2°C.
Additional problem data are given in Table 21.
Table 21. Parameters for the rigorous design of SEE/MEE-MVR systems for the desalination of shale gas
produced water.

Mass flowrate, mIfeed (kg s-1)
Feed water (produced water
from shale gas extraction)

Multiple-effect evaporator
(horizontal-tube falling film)

Temperature, TI feed (ºC)

25

Salt concentration, S Ifeed (g kg-1)

70

External diameter of a single tube, dex (m)

0.0254

Internal diameter of a single tube, din
(BWG14, m)

0.0212

Thermal conductivity of the tube,  tube
(Nickel, kW (m K)-1) 1

0.120

Isentropic efficiency,  (%)
Mechanical compressor
(centrifugal/carbon steel)

Heat capacity ratio, 
Maximum compression ratio, CRmax
Brine salinity, S design (g kg-1)

Process specifications

PU

10.42

75
1.33
3
300

Evaporator temperature range, Ti ideal (ºC)

1–100

Evaporator pressure range, Pi sat (kPa)

1–200
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Shell-side velocity, vis (m s-1)

1–3

Tube-side velocity, vit (m s-1)

2–5

Electricity cost 2, Ce
Cost data

(US$ (kW year)-1)

850.51

Fractional interest rate per year, i

0.1

Amortization period, y

10

The rigorous optimization of the total annualized cost for the SEE-MVR system yields a
horizontal evaporation stage with a heat transfer area (and heat duty) of 659.99 m2 (19780.44
kW). The evaporation effect is composed by a bundle containing 3612 horizontal tubes of 2.29
m of length, which is housed in a shell with 4.05 m of diameter. The total annualized cost of
the process is equal to 2538 kUS$ year-1, comprising 1303 kUS$ year-1 related to capital cost
of investment in equipment and 1235 kUS$ year-1 to operational expenses (electric power
consumption). The water production cost is equal to 10.07 US$ per cubic meter (~0.038 US$
gallon-1) of produced freshwater, of which ~48.3% corresponds to electric power
consumption. Figure 18 shows a scheme of the optimal solution with some relevant data.
Table 22 shows a summary of the geometrical parameters obtained in the optimal solution.

Figure 18. Optimal process configuration obtained for the horizontal falling film SEE-MVR.

The optimal MEE-MVR system configuration is composed of two evaporation effects with
heat transfers areas (and heat duty) of 245.91 m2 (9718.74 kW) and 216.0 m2 (9702.28 kW).
The first evaporation effect contains 1870 horizontal tubes with 1.65 m of length, while the
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second one needs 1715 tubes measuring 1.58 m. To house these tube-bundles, the
evaporator shell diameter should be equal to 2.92 m.
Figure 19 depicts the optimal MEE-MVR system configuration, and Table 22 presents the main
thermodynamic and geometrical results obtained for this case study.
The total annualized cost of the MEE-MVR system is equal to 1651 kUS$ year-1, involving 951
kUS$ year-1 associated to capital cost and 700 kUS$ year-1 to operational expenses. The water
production cost is now equal to 6.55 US$ per cubic meter (~0.025 US$ gallon-1) of produced
freshwater, of which approximately 42% are related to electric power consumption.
One remarkable conclusion is that the MEE-MVR results in a very compact piece of equipment
with limited space requirements that could be mounted in a mobile unit, potentially a perfect
solution for an on-site facility (and of course for a centralized water treatment facility).

Figure 19. Optimal configuration obtained for the horizontal falling film MEE-MVR system.
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Table 22. Optimal thermodynamic and geometrical results obtained for the case studies.

System features

SEE-MVR

Individual falling boiling film coefficient
hffi , kW (m2 ºC)-1

5.89

Prandtl number shell side Pri s

4.98
s
ei

4

MEE-MVR
1st effect

2nd
effect

8.63

7.91

2.89

2.29

5

105

Reynolds number shell side R

5.25·10

Nusselt number shell side Nuis

234.19

327.33

303.17

2

2.34

1.57

9.67

13.50

13.00

1.37

1.55

1.30

Reynolds number tube side R

1.31·105

1.79·105

1.87·105

Nusselt number tube side Nuit

316.55

424.86

414.20

3

5

4.3

Fouling resistance rfi , m2 K kW-1
Overall heat transfer coefficient (clean)
U iclean , kW m-2K-1
Overall heat transfer coefficient (operation)
U i , kW m-2K-1

3e-3

2e-3

2e-3

3.17

4.43

4.17

3.14

4.38

4.13

Number of tubes Nti

3612

1870

1715

Tubes length Li , m

2.29

1.65

1.58

Shell diameter Dsi , m
Logarithmic mean temperature difference
Boiling point elevation BPEi , ºC

4.05
81.87
6.66

2.92
51.14
8.19

2.79
10.87
2.04

Ccapital , kUS$ year-1

1303

951

1235

700

2538

1651

~0.038

~0.025

s
i

-1

Velocity shell side v , m s
Individual heat transfer coefficient for vapor
condensation hci , kW (m2 ºC)-1
Prandtl number tube side Prit
t
ei

t
i

Velocity tube side v , m s

Coperational , kUS$ year

-1

-1

-1

Ctotal , kUS$ year

C freshwater , US$ gallon
* It

PU

-1*
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is considered the US gallon.
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3.7.4.1. Effect of geometrical characteristics on the system performance
The overall heat transfer coefficient is one of the most important parameters in the SEE/MEEMVR system design. This coefficient is strongly dependent on the geometrical features of the
evaporation equipment. In order to evaluate this dependence and the correspondent effect
of the geometrical characteristics on the SEE/MEE-MVR system performance, two different
standard tube external diameters (0.02540 m and 0.01905 m) are considered for
optimization. Thus, both SEE-MVR and MEE-MVR systems are designed considering distinct
tube internal diameters (i.e., distinct standard BWG—Birmingham Wire Gauge—tubes) for
each tube external diameter. The effect of the geometrical features on the SEE-MVR system
performance is analogous to the MEE-MVR process and for this reason; the detailed results
will not be shown here.
Note that the overall heat transfer coefficient is increased as the tube external diameter is
reduced (0.01905 m), and the internal diameter is augmented (higher values for overall clean
and dirty heat transfer coefficients found for BWG 18, or din equal to 0.0166 m). Also, the
individual heat transfer coefficients for vapor condensation (for both effects) are lower as the
tube internal diameter is enlarged in the system. Consequently, the heat transfer areas for
each effect, as well as the specific total heat transfer area decrease as the tube internal
diameter is increased (because the overall clean and dirty heat transfer coefficients are
proportionally augmented with the diminution of the tube internal diameter). Figure 20
depicts the same effect for the MEE-MVR system under consideration of different tube
external diameters.
As a consequence of a smaller heat transfer area, the geometrical parameters related to tubes
length, evaporator shell diameter and number of tubes are also reduced in the system. The
total annualized cost and freshwater production cost will decrease as the heat transfer area
rises (~7% of reduction in the total annualized cost for dext = 0.02540 m, and ~6% for dext =
0.01905 m). Figure 21 shows the variation in the process total annualized cost and freshwater
production cost as a function of the tube internal diameter changes in the SEE/MEE-MVR
systems. However, the operational expenses due to electricity consumption are not affected
by the variation in the geometrical parameters. This is because only capital costs are affected
by the variation of the geometrical characteristics of the SEE/MEE-MVR systems.
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Figure 20. Effect of the overall heat transfer coefficient on the specific heat transfer area of the MEE-MVR
system for different tube external diameters and evaporator steps.

Figure 21. Effect of the tube internal diameter variation on the total annualized cost of the process, and
freshwater production cost for the horizontal falling film MEE-MVR system.
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3.7.5. MEE-MVR under correlated data uncertainty
One of the major drawbacks in the operation of a compressor is related to the flow variation.
At compressor loads lower than the nominal design, the efficiency rapidly decays and, as a
consequence, the energy consumption considerably increases compared to the expected
value for a correctly sized compressor. Eventually, if the flow is too low, the complete
breakdown of steady flow in the compressor occurs (surging). On the other size, at loads
larger than the nominal one the compressor chokes.
In the MEE-MVR design, the electrically driven compressor is the only energy source.
Therefore, process optimization for obtaining a system able to operate in a large range of
feeding scenarios can lead to worst case sizing solutions. In other words, the equipment
should be large enough to deal with extreme feeding conditions. As there is an optimal tradeoff between the equipment size (capital cost) and energy consumption (operational
expenses), it is clearly possible to reduce the equipment capacity by providing an external
energy source. Then, we extended the MEE-MVR model to deal with uncertainty in both the
flow and the inlet salinity of the shale gas water.
The stochastic multi-scenario model includes the modeling equations for the design of all
equipment used in the MEE-MVR system (which encompasses the multiple-effect horizontaltube evaporator, flashing tanks, mechanical vapor compressor and feeding preheater). More
precisely, the modeling formulation comprises equipment sizing equations, mass and energy
balances, constraints on temperature, and temperature and pressure feasibilities. We
emphasize that the latter equations should explicitly consider the effect of the uncertain well
parameters (feed water flowrate and salinity). Without exception, all equipment sizingrelated equations remain unaffected by this source of uncertainty.
The decision variables are classified as scenario-dependent and scenario independent. The
first group includes streams mass flowrates, salinities, temperatures, pressures,
thermodynamic properties, and operational performance variables (e.g., heat requirements
and compression work). On the other hand, the scenario independent variables comprise all
equipment capacities (e.g., heat transfer areas and volumes). A comprehensive description of
the model can be found in Onishi et al. [143]
The uncertain parameters are modeled through a probability multivariate distribution for
which random values (restricted by the distribution boundaries) are generated via Monte
Carlo sampling technique. As result, the uncertain parameters are depicted by a set of
representative scenarios with a known probability of occurrence. We assume the same
probability of occurrence for all feeding scenarios. Note that a given scenario corresponds to
a single sample of the uncertain parameters distribution (assumed as multivariate normal).
These explicit scenarios together with their associated probabilities are used as input data for
solving the optimization multi-scenario model. Basically, our stochastic approach admits the
calculation of all scenario-dependent variables for each value assumed by the random
parameters, allowing constructing the total annualized cost distribution.
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Correlated scenarios are generated from a multivariate normal distribution via a random
number generator algorithm implemented in MATLAB based on the Mersenne twister
algorithm proposed by Matsumoto and Nishimura [144].
Initially, we contrast the optimal solutions obtained from the deterministic and stochastic
approaches for assessing the impact of uncertainty on the MEE-MVR system performance.
Thus, we first solve the deterministic model through the minimization of the process total
annualized cost. In this case, the optimization scenario should correspond to the expected
mean (nominal) values for the well data (i.e., 80 g kg-1 for the flowback water salinity and 8.68
kg s-1 for the flowrate). The deterministic model allows obtaining an optimal system
configuration and corresponding operational conditions. Afterward, equipment capacities
obtained from this method—including evaporator and preheater heat transfers areas,
flashing tanks volumes and compressor capacity—are fixed in the stochastic model to
evaluate the system performance under distinct feeding scenarios.
The optimal MEE-MVR desalination system obtained by the deterministic approach is
composed of two evaporator effects with heat transfers areas equal to 59.46 m2 (7819.12
kW) and 178.36 m2 (7674.59 kW), in addition to a mechanical vapor compressor with a
capacity of 457 kW (=0.85). Furthermore, a feed preheater with a heat transfer area of 71.47
m2 (1469.53 kW), and flashing tanks with volumes of 1.24 m3 and 2.77 m3 are also needed in
the system. With this configuration, the system requires 177.21 kW of additional energy from
the external steam source. The total annualized cost obtained for the deterministic case is
equal to 1055 kUS$ year-1, comprising 463 kUS$ year-1 related to operational expenses (steam
and electricity consumption) and 592 kUS$ year-1 associated with capital investment. It should
be noted that the system operates at ZLD operation (salt concentration in the brine discharge
equal to 300 g kg-1).
Hereafter, we perform the stochastic optimization by fixing the equipment capacities
provided by the deterministic solution. In this case, feed data uncertainty is described via 100
different feeding scenarios generated by a sampling technique. For this purpose, it is assumed
a normal correlated distribution with 10% of standard deviation from the mean values (8.68
kg s-1 and 80 g kg-1). In addition, we consider a correlation matrix factor of -0.8 (which means
that the uncertain parameters are strongly correlated). Observe that the number of scenarios
is chosen as the smallest number of scenarios from which no significant differences are found
between successive optimizations.
The stochastic solution obtained by considering the deterministic configuration presents an
expected total annualized cost equal to 1129 kUS$ year-1. This amount corresponds to an
increment of ~7% in comparison with the deterministic total annualized cost. It is emphasized
that the total process cost is increased due to the adjustment of the operational conditions
needed to enable the operation of the MEE-MVR system in all scenarios. Clearly, the MEEMVR system has the same capital investment than the deterministic solution (592 kUS$ year1). However, the operational expenses are different for each feeding scenario. Although some
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feeding scenarios present lower operating costs, more than 50% of them exhibit higher values
than the one obtained in the deterministic solution.
For allowing comparisons with the deterministic solution, the freshwater production cost is
estimated by considering the operating expenses and capital investment individually for each
scenario. Therefore, energy consumption and respective operating expenses and freshwater
production costs can be prohibitive for some feeding scenarios. This is due to the weak system
performance under feeding conditions that have not been considered during its design task.
For this reason, we stress the importance of the stochastic design to provide all system
flexibility under process parameters variability.

3.8. Membrane Distillation
Membrane distillation is a promising technology that combines the advantages of thermal
based and membrane-based processes. Even though, as far as we know there are no MD
systems operating in actual plants, the technology deserves a comprehensive optimization to
evaluate its potential capabilities.
Regarding membrane distillation optimization for the treatment of shale gas wastewater,
[145] have developed an optimization approach for treating flowback water by using direct
contact membrane distillation (DCMD). Multi-period formulation of the time-based variation
in the flowrate and concentration was made. However, they consider that waste energy is
always available, hence there is no calculation of the energy cost or heat integration within
the process streams. Moreover, in their optimization model, they do not consider process
configuration design. Lokare et al. [146] also evaluate the synergies and potential of DCMD
technology for the treatment of shale gas water utilizing waste heat available from natural
gas extraction. They simulate DCMD in ASPEN Plus and calibrate the model using laboratoryscale experiment. Then, the model is used to design and determine the operating parameters
for a full-scale DCMD system. In a later work, the same authors highlighted the applicability
of DCMD for treating shale gas water by evaluating the economic feasibility. They revealed a
cost of treating produced water of 5.7 US$ per cubic meter and 0.7 US$ per cubic meter when
the waste energy source is available [147] fixing the inlet salinity to 10% weight to volume
fraction and the outlet salinity equal to 30%. Recently, Deshmukh et al. [148] highlighted the
advantages of MD for small-scale desalination applications and emphasized the benefits for
desalinating shale gas water. However, they remark that the viability of MD as an energyefficient treatment remains uncertain. Moreover, they mention the necessity of comparison
techniques to obtain more reliable cost and process optimization.
The target of the MDS is to reduce the shale gas wastewater volume as much as possible by
producing concentrated saline water close to Zero Liquid Discharge (ZLD) - outlet flowrate
water at near saturated conditions – maximizing at the same time the total water recovered
at the minimum cost. This approach represents an environmental breakthrough in freshwater
preservation.
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To this end, a multistage superstructure is proposed (including all potential membrane
configurations in series and interconnections) with the objective of minimizing the total
annualized cost of the process.
The multistage superstructure proposed for treating produced water is shown in Figure 22. It
comprises n possible membrane modules in series and allows the possibility of various recycle
connections. For instance, part of the concentrate obtained in stage two could be recycled in
the same stage or could be sent to the first stage. There is only the possibility of recirculating
the concentrated water to previous stages. On the other hand, if a membrane stage of the
superstructure is not selected, the concentrated stream circulates through a bypass to the
next stage.
Membrane distillation can operate in four configurations: direct contact (DCMD), vacuum
(VMD), air gap (AGMD) and sweeping gas (SGMD). The main difference between these
configurations is the method applied to generate the driving force. In this work, DCMD is the
configuration selected since it is recognized as the most suitable for purification of feed
streams with non-volatile solutes and for small-scale desalination [149].
Figure 23 shows the scheme of a DCMD module including heat recovery. Each membrane
module is composed of the following equipment: shell and tube heat exchanger, heater and
cooler; polytetrafluoroethylene membranes with polypropylene support; centrifugal pumps
and storage tanks. The feed flowrate is heated before entering the membrane cell to induce
the separation of salts and water. The driving force in DCMD is the temperature gradient
across the membrane, that is, the temperature difference between the inlet warm feed
stream and ambient temperature of the permeate stream, which causes a difference of vapor
pressures. To reduce the operational energy cost, a heat exchanger is used to preheat the
inlet water with the hot permeate stream. Additionally, an external cooler is installed to cool
down the recirculated permeate stream to generate a temperature difference across the
membrane. To attain the specified outlet conditions, the concentrated stream leaving the
membrane can also be recycled. Indeed, concentrate recycling is required for high recovery
ratios. The recirculated water of both sides of the membranes is stored in tanks installed in
the feed and permeate loop, respectively. Finally, pumps are placed at the beginning of each
stage and on the feed and permeate loop of each module to drive the recirculated water.
Apart from the selection of the number of stages, the following decision variables are also
calculated for each stage: membrane area; area and heating/cooling utility needed in the
preheater and cooler; heat exchanger area; outlet concentration; recycle ratio; and operating
temperatures.
To simplify the mathematical formulation of the model, we have considered the following
assumptions:
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I.

Steady state operation.

II.

Heat losses in pipes, pumps, heater, and cooler are neglected.
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III.

Pressure drops in all thermal and mechanical equipment are negligible.

IV.

Vaporization takes place on the surface of the membrane.

V.

Flux decrease due to membrane fouling is negligible.

VI.

Water with zero salinity goes through the membrane pores (permeate).

VII.

Pumps and preheaters are made of nickel (to avoid corrosion).

IX.

Capital costs of mixers, splitters, pumps, tanks, and pipes are negligible.
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Figure 22. Multistage Membrane Distillation superstructure for treating produced water from shale gas production.
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Figure 23. Direct Contact Membrane Distillation module with heat recovery.

A comprehensive description of the mathematical model can be found in Carrero-Parreño et
al. [150].

3.8.1. Membrane Distillation Case Studies
Several case studies, based on real produced water data generated from the Marcellus shale
formation, have been performed to evaluate the capabilities of the proposed mathematical
model to optimize MDS applied to close to ZLD desalination of shale gas water.
U.S. Environmental Protection Agency [151] reported that produced water generated per well
in the U.S ranges from 1.71·10-2 kg·s-1 to 4.82·10-2 kg·s-1 while Marcellus shale salinity average
sampling data for 19 sites is 200 g·kg-1.
The present work considers that the MDS has the capacity to treat the produced water
generated by 3 wellpads with 12 wells each [152]. Therefore, the input mass flowrate is equal
to 2 kg·s-1 (7.22 m3·h-1), based on the maximum capacity per well (e.g. 4.82·10-2 kg·s-1 including
15% extra capacity).
The base case study considers Marcellus shale salinity of 200 g·kg-1. Nevertheless, the
produced water from different wells can have significant salinity differences depending on
the shale gas formation. For this reason, sensitivity studies of the system behaviour have been
performed under different salt concentrations ranging from 150 to 250 g·kg-1.
The MDS outlet concentrate salinity has been fixed to 300 g·kg-1 (i.e. close to a salt saturation
condition of 350 g·kg-1) to maximize the water recovery. The membrane permeability used in
this study is 5.6·10-3 kg (m2·Pa·h)-1, determined in a laboratory-scale study by Lokare et al.
[153] using a polytetrafluoroethylene membrane with polypropylene support.
Table 23 summarizes all the input data used in the case studies.
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Additionally, in order to ensure that the system works within its operational limits, the
following variables have been fixed or constrained: 1) the membrane inlet temperature is
restricted between 40 - 90 °C; 2) minimum temperature difference between the shell and
tubes in the heat exchanger is equal to 10 °C; 3) cooler outlet temperature is fixed to 30 °C to
allow sufficient difference of vapor pressure at both sides of the membrane (i.e. membrane
driving force) and 4) the use of water as refrigerant fluid (i.e. other refrigerant fluids have
been discarded due to their higher comparative price [154].
Table 23. Relevant data used in the case study for membrane distillation optimization.

Source
Lira-Barragan et al. [24]
Onishi et al. [133]
Al-Obaidani et al. [70]
Lokare et al. [153]
Onishi et al. [133]
Turton et al. [154]
Al-Obaidani et al. [70]
Al-Obaidani et al. [70]
Song et al. [155]

Feed water
Mass flowrate
Temperature
Membrane parameters
Thickness
Permeability
Output parameters
Outlet Salinity
Cost Data
Cooling water cost
Steam cost
Membrane cost
Pumping cost
Factor of annualized capital
cost
Factor of annualized
membrane capital cost

7.22 m3·h-1 (2 kg·s-1)
20 ºC
0.65 mm
5.6·10 -3 kg (m2·Pa·h)-1
300 g·kg-1
11.2 US$ (kW·year)-1
0.007 US$·kg-1
90 US$ m-2
0.056 US$ m-3
0.13 (5% - 10 year)
0.28 (5% - 4 year)

The resulting optimal MDS configuration for the base case, using Marcellus real shale salinity
of 200 g·kg-1, consists of three MD stages with a total required membrane area of 603 m 2
(225, 221 and 157 m2, respectively). Additionally, a recycle ratio (total recycle flowrate with
respect to the feed flowrate) of 9 allows reaching the outlet salinity specification (i.e. 300 g·kg 1). The optimum configuration and the main process variables (i.e. areas, flows, temperatures,
utilities, etc.) are shown in Figure 24.
The optimal MDS solution achieves a total annualized cost (TAC) of 523 k US$ year-1, including
88 kUS$ year-1 related to capital expenditure and 435 kUS$ year-1 in operational expenses.
Figure 25 shows the fractional contribution of various cost elements for the optimal solution.
As can be observed, TAC major contributor is the heating energy required by the system (~62
%), followed by the pumping costs (~12 %). Since high recycle ratios are needed to reach the
outlet specified salinity and these streams must be reheated before entering the membrane
stage again, the amount of thermal and pumping energy required increases dramatically.
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Figure 24. Optimal solution of the multistage membrane distillation system (MDS) with heat integration obtained for the base case study.

PU

Page 97 of 158

Version 3.0

Deliverable D8.1

Figure 25. Fractional contribution of various cost elements for the optimal solution of the base case study.

Optimal recycle configuration includes direct recycle in stage three while an interstate recycle
between the second and first stages is established, obtaining the lowest overall recycle ratios.
The influence of the number of membrane distillation stages is analyzed to find out the
process cost differences compared to the optimal solution. The results, shown in Figure 26,
highlight that defining fewer stages than those calculated for the optimal solution is less
attractive since a higher TAC is obtained. Although in these configurations (1 or 2 stages) the
capital expenditure decreases, the operating costs rise to a larger extent, thus causing the
increase of the TAC. When fewer membrane stages are used, higher recycle ratios are needed,
consequently, the heating and pumping costs increase. For instance, when considering only
one stage, although the capital cost is lower (58 kUS$ year-1) due to the fewer installed
equipment, the operational cost is 15 % higher than that in the optimal solution (500 kUS$
year-1). On the contrary, the operational savings attained by adding more than three
membranes do not compensate the capital cost increment (e.g., the capital cost is 132 kUS$
year-1 and the operational cost equal to 413.57 kUS$ year-1 considering six membranes in
series).
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Figure 26. Effect of the number of membrane stages in series on the process cost.

3.8.2. Parametric study of the steam cost and water salinity on the MDS
performance
The TAC is significantly affected by steam cost. Some works in literature have considered the
use of inexpensive heat sources such as the waste heat of process facilities or flaring [156159]. That consideration is very attractive for membrane distillation where the separation
occurs below the normal water boiling point.
Taking into account that the steam cost varies significantly depending on the location of the
plant and country, in this section we study the impact of the steam cost on the system
configuration and total process cost. We analyze the base case, which considers low-cost
steam equal to US$ 0.007 kg-1 [70], and the extreme situations, considering a high-cost steam
equal to US$ 0.028 kg-1 [154] and free heating source. In the latter case, the heating cost is
removed from the objective function since the energy is provided from waste heat of shale
gas production.
Figure 27 shows the capital and operation and maintenance (O&M) costs for the optimal
solution of the three considered situations for the steam cost (inlet salinity is maintained
constant at 200 g·kg-1). The TAC of treating produced water is equal to 1546 kUS$ year-1
considering high-energy costs; 523 kUS$ year-1 for the base case (low heating cost); and 174
kUS$ year-1 when energy is provided from waste heat of shale gas production. The operational
expenses take the value of 1345 kUS$ year-1, 435 kUS$ year-1 and 65 kUS$ year-1, respectively,
which means that operational cost savings up to 95% could be obtained depending on the
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heating source. Although clearly the cost savings are affected by the heating cost reduction,
they also arise from the differences in the system configuration. As can be seen in Figure 27,
the capital expenses also decrease as the heating cost is lower, being the system configuration
equal to four, three and two stages, respectively. This is due to the trade-off between the
amount of water recycled and the number of membrane stages. The higher the number of
membrane stages, the lower recycle ratios are needed. Therefore, when the heating cost is
low, it is more cost-effective to preheat high recycle ratios than increase the number of
membranes stages.

Figure 27. Effect of steam cost on the total process cost for the optimal solution of the base case study.

The composition of the produced water is another uncertain parameter for designing MDS. It
depends on the exploitation site and it varies over the well lifetime.
In this section, the analysis of the optimal system configuration and economic performance
of the system under different inlet salinities - ranging from 150 to 250 g·kg-1 – is evaluated.
Note that the outflow brine salinity remains up to 300 g·kg-1 to achieve close to ZLD conditions
and therefore, the maximum water recovery.
Figure 28 shows the effect of the produced water salinity on treated water cost and
desalinated water cost. In this figure, it is possible to observe that the treated water cost
decreases when the inlet salinity increases, changing from 11.54 to 4.42 27 US$ per cubic
meter of inlet water. This reduction in process costs occurs since, as the concentrations of
inlet and outlet streams are more similar, less energy is needed to achieve the outflow stream
near saturation conditions. Note that equipment size and the number of membrane modules
are also reduced for treating feed water with higher TDS contents. For instance, the total
membrane area for the MDS configuration, for the extreme salt concentrations (i.e., inlet
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concentration of 150 g·kg-1 and 250 g·kg-1), decreases from 925 m2 to 295 m2,
correspondingly. Also, in the case of inlet salinity equal to 150 g·kg -1, an optimal solution of
four MD stages is obtained, while only two MD stages are required to achieve the desired
outlet condition with the highest inlet salinity (250 g·kg-1).
It is worth mentioning that, the recovered water production rate is reduced when considering
higher feed water salinities. The water recovered when the inlet salinity is significantly high
(250 g·kg-1), decreases 67% comparing with the water recovered when the inlet salinity is
equal to 150 g·kg-1, thus increasing the amount of brine to be disposed. Hence, although the
cost per cubic meter of inlet water decreases, the same cost expressed in terms of cost per
cubic meter of permeate increases, changing from just over 23 US$ per cubic meter of water
generated in the process to nearly 27 US$ per cubic meter.

Figure 28. Comparative effect of produced water salinity and water recovery on water treatment cost and
freshwater cost of the multistage membrane distillation system.

3.8.3. Membrane distillation feasibility for treating shale gas produced water and
comparison with MEE-MVR systems
Previous sections highlighted the applicability of MDS to desalinate produced water to reach
conditions close to ZLD. Nevertheless, the results indicate that the source of uncertainties
such as the available heat source and inlet salinity conditions impact significantly the
economic feasibility and configuration of MDS.
Without a low-cost steam source or waste heat available, the heating costs associated to
obtain high permeate flux are significantly high. Whereas the steam source is usually known
before deciding the selection of MDS as desalination technology, the reliability of the MDS
design relies on the accuracy of the predicted value for the inlet salinity. On the one hand, if
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the MDS is designed for the worst case of the inlet salinity (lowest forecast value), the system
will always satisfy the imposed specific salinity outlet conditions. However, this design would
require a high initial capital investment that might not be worthwhile if the real value (once
the uncertainty is revealed) of the inlet salinity is significantly higher than the worst-case value
assumed. On the other hand, a design of the MDS considering the mean forecast value
requires a lower capital expenditure than the previous situation. Nevertheless, the specific
outlet salinity may not be attained if the feed concentration is below the mean value.
As commented above, a comparison between the proposed MDS and a conventional thermal
desalination technology used in shale gas operations has been carried out.
Values obtained in this project resulted in an optimal MEE-MVR treatment cost of 3.8 US$ m3
of inlet water for an inlet salinity of 220 g·kg-1 and inlet flowrate of 10.42 kg·s-1. Considering
the effect of the capacity on the equipment cost, the cost increases to 7.1 US$ m -3 with inlet
flowrate of 2 kg·s-1. This cost is significantly lower than the MDS cost computed in the present
work when considering the high heating cost and the same inlet and outlet conditions (19.0
US$ m-3 of inlet water). However, MEE-MVR requires a continuous electrical supply such as
power grid, which could be limited or unavailable in remote shale gas extraction sites. On the
contrary, MD operates using industrial steam that can be easily obtained in shale gas
operations from waste heat recovered from the process or flare facilities. Additionally, the
treating cost of MD using low grade (low heating cost) or waste heat decreases to 6.8 US$ m 3 and 2.8 US$ m-3 of inlet water, respectively. Therefore, comparing MEE-MVR vs MD under
the same inlet and outlet conditions, the optimal cost of MDS using waste heat is 61% lower
than MEE-MVR. These results make MDS very competitive as a technology for desalinating
shale gas produced water.
Besides, it is important to take into consideration that, according to our previous results, the
capital expenditure of MEE-MVR (306 kUS$ year-1) is 72% higher than the capital expenditure
of MDS (85 kUS$ year-1), where non-specialized equipment is necessary such as electricaldriven compressors or flash tanks. The inherent modular nature of MD is advantageous for
produced water treatment since its compactness and mobility make it easy to install small
desalination plants close to remote extraction sites. Moreover, membranes for MDS are
fouling resistant which leads to minimal pretreatment requirements like other thermal
desalination technologies [104, 148].
As shown in previous sections, the shale gas produced water treatment cost is very sensitive
to many factors such as inlet and outlet conditions or heating cost. This fact, coupled with the
lack of standardized methodologies for cost calculations, hinders the economic comparison
between MDS and any other desalination technology applied to this type of high salinity
wastewater, and therefore a careful analysis must be carried out case by case. The models
developed in this project (MEE in all its versions and MD) certainly will help to take this
decision.
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3.9. Other promising technologies for treating shale gas water
As it was remarked in the first part of this report, reverse osmosis is the state of the art in
seawater desalination. It has the drawback that it can only be used for water salinities up to
40 – 45 kg/m3. However, the objective of seawater desalination and shale gas water
treatment is very different. In the first one the objective is to get fresh water at the cheapest
price but the amount of water recovery is usually not too high because the brine is returned
to sea and its concentration cannot be higher than ~55 kg/m3 to avoid local elevations of sea
water salinity that could affect the sea water flora and fauna. Consequently, the fraction of
clean water recovered by cubic meter of inlet seawater is relatively low. On the other hand,
the technical limit of brine concentration is around 70 kg/m3 because the very high osmotic
pressures of hypersaline water (e.g. typical seawater RO requires pressures around 70 atm)
due to the pumping costs and problems with the structural integrity of the membranes. The
objective in shale water treatment is to reduce waste as much as possible (and at the same
time recover water), trying to approach the ZLD philosophy. Therefore, in general, RO would
require a posterior thermal based treatment of the brine generated. Because RO cannot be
used with the hypersaline water (which is typical in flowback or produced water), RO is not
considered further in this report.
Alternatively, the integration of Forward Osmosis (FO) and RO could be an interesting
alternative. In this project, we have studied such a possibility [160]. It is possible to increase
the concentration of brine from RO (remove water from brine) by using the very high salinity
of production water. At the same time, the specific desalination cost of this new flowback
water decreases. This approach, even technically feasible, has two major drawbacks: a) It
requires relatively large amounts of produced water (high salinity) from other wellpads (or
previously drilled wells), which is not always feasible, and b) it continues requiring a posteriori
thermal based treatment to approach the ZLD.
Two additional alternatives are also of interest. The first one is evaporation, (EVRAS
technology is a very good example) which employs an evaporative process similar to a cooling
tower. It utilizes low-grade waste heat to concentrate and/or crystallize large volume
wastewater streams. This is a good and competitive option (even though there is no
information about cost). Its major drawback is that there is no ‘clean’ water recovery, which
is usually perceived as a bad practice by the society especially in scare water regions.
Finally, the continuous countercurrent-flow evaporation/condensation process (e.g.
AltelaRain) is likely to be a feasible and competitive process. In its basic form feed water is
evaporated by heated air, and freshwater is condensed on the opposite side of a heat transfer
wall. The wall divides the module into two compartments, one for evaporation and one for
dew formation. The energy needed for evaporation is partially supplied by the recovered
energy released during condensation. Thermodynamic analysis shows that it is a feasible
alternative even though to approach the ZLD it would need a multistage approach similar to
membrane distillation. The AltelaRain process patents claim that the tower is built of thin
plastic films (polypropylene) to avoid corrosion and to minimize equipment costs and
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operated to atmospheric pressure. However, patents are useless to perform a rigorous
optimization (i.e. evaluation of hydraulic parameters, pressure loss, flow regimes, etc.)
Consequently, it is not possible to estimate the investment costs. (The company did not
answer to our queries asking for information about building details).
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3.9. Sustainable strategic planning for shale gas water management
In Sections 3.1, 3.2 and 3.3 we presented an overview of the shale gas industry, and the water
cycle involved in shale gas exploitation: flowback and production water characteristics (main
contaminants, evolution with the time, etc.). We have also presented above a detailed
description of the main alternatives to deal with flowback and production water as well as an
overview of the state of the art of alternatives for water treatment and a rigorous
optimization of the most promising technologies (MEE-MVR, MD, FO/RO, Evaporation).
However, in order to effectively exploit a shale play, it is crucial to coordinate all the activities
with the objective to maximize the benefits while, at the same time, minimize the
environmental impacts and obtain social approval (i.e., to achieve a state in which shale gas
activities are perceived as a benefit to the society). To identify the conditions at which these
multiple objectives can be achieved, we developed a comprehensive multi-period model that
takes into account all the operational aspects involved in the shale gas water management.
Several works have been reported on the optimization of shale gas water management. Yang
et al. [44] proposed a discrete-time two-stage stochastic mixed-integer linear programming
model to determine -in short-term operations- the optimal fracturing schedule and
transportation, storage, treatment and disposal cost under uncertain availability water. The
model does not account for TDS concentration. They developed an extended model [161]
accounting for TDS to consider long-term decisions for investments in water treatment,
impoundments and pipelines. However, to avoid nonlinearities in their model they used an
approximation by discretizing the TDS concentration. Bartholomew and Mauter [162] used
the Yang et al. model [161] integrating human health and environmental impacts with multiobjective optimization. However, the authors do not consider return operations to the pad,
and fixed the blending ratio a priori. Gao and You [163] proposed a mixed-integer linear
fractional programming model to maximize the profit per unit of freshwater consumption.
The authors include multiple transportation modes and water management options.
Nevertheless, they also do not consider return to pad operations and they fixed the blending
ratio and fracturing schedule a priori. Gao and You [164] also presented a mixed-integer
nonlinear programming problem addressing the life-cycle economic and environmental
optimization of shale gas supply chain network. Guerra et al. [165] presented an optimization
framework that integrates water management and the design and planning of the shale gas
supply chain. In this case, the fracturing schedule and sizing of storage facilities are out of the
scope of the proposed framework. Moreover, they do not consider reusing water directly,
without treatment. Lira-Barragán et al. [24] presented a mathematical model for synthesizing
shale gas water networks accounting uncertainty in water demand for hydraulic fracturing
and flowback water forecast. Lira-Barragán et al. [166] also developed an MILP mathematical
programming formulation accounting for economics by minimizing the cost for the
freshwater, treatment, storage, disposals, and transportation, and minimizing freshwater
usage and wastewater discharge as an environmental objective. However, in both works, the
schedule is fixed in advance, and the wastewater is always treated. Recently, Drouven and
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Grossmann [167] proposed an MILP model to identify the optimal strategies for impaired
water overestimating the cost of friction reducers. The authors consider return to pad
operations and assume that the water-blending ratio is unrestricted. However, the proposed
model does not account for other water management strategies nor the salt concentration
of impaired water.
We focused on overcoming some of the limitations of the prior works. Specifically, we
proposed a mixed-integer nonlinear programming (MINLP) model that considers the TDS
concentration of flowback and impaired water, as well as different water treatment solutions
with: (a) estimation of friction reducers expenses as a function of TDS concentration to
determine if the level of TDS in impaired water is an impediment for reusing it in fracturing
operations; (b) distinction of four water types: impaired, flowback, desalinated and freshwater; and (c) rigorous handling at storage solution by determining the required number of
tanks installed/uninstalled over the time period.
Instead of a simple economical objective, we proposed to maximize the “sustainability profit”
[168] in order to obtain a compromise solution between economic, environmental and social
aspects. The advantage of this metric is that multi-objective optimization can be reduced to
a single-objective since all the indicators are expressed in monetary terms.
In order to develop a practical management model, it is necessary to know the following data
related to the specific process.

PU



A set of shale gas wells belonging to a specific wellpad including water requirements,
fracturing time and crews available to perform the drilling and completion phase.
Forecasts for the profiles for the flowback flowrate, TDS concentration and gas
production curve per well.



The capacity and the maximum number of fracturing tanks. Each storage unit includes
the cost associated to move, demobilize and clean out the tank before removing it
from the location and leasing cost.



The capacity and the maximum number of freshwater tanks available to store the
water required to complete each well.



The capacity and the maximum number of impoundments. Freshwater can also be
stored in freshwater impoundments.



A set of freshwater sources available to supply the water for hydraulic fracturing
operations, the water withdrawal cost and constraints about water availability
(maximum amount of water that can be withdrawn – regulations about minimum
caudal, ecological water reserves, local regulations, etc.)



A set of Class II disposal wells to inject the wastewater and the corresponding cost of
disposal. In general, in this project, we did not take into account this possibility, mainly
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because it is unlikely that this practice will be approved in Europe, but it has been
included by completeness (and it is always possible to fix the variables related water
injection to zero).


A set of treatment technologies to desalinate the flowback water onsite. The
maximum capacity, treatment cost, leasing cost and the cost associated to move,
demobilize and clean out are also given. Previous work in WP08 provided detailed
information or rigorous models to estimate the related cost in different scenarios.



A set of centralized water treatment (CWT) plants and the treatment cost and
maximum capacity of each facility.



Locations of freshwater source, centralized water treatment (CWT), disposal wells and
wellpads.



Transportation costs of freshwater and wastewater via trucks.



The cost of moving rigs, well drilling and completion, shale gas production and friction
reducers.



The forecast of the sales price of shale gas per week for all prospective wells must also
be known.

The problem is to determine: wellpad fracturing start date (fracturing schedule), number of
tanks leased at each time period, flowback destination (reuse (impaired water), treatment
(onsite or offsite) or disposal), also in each time period and type and location of on-site
desalination treatments.
The superstructure proposed for water management in shale gas operations is shown in
Figure 29.
The water management system comprises wellpads p, shale gas wells in each wellpad w,
centralized water treatment technologies (CWT) k, natural freshwater sources f, fracturing
crew c, and disposal wells d.
As commented before, after hydraulic fracturing, a portion of the water (flowback water)
returns to the wellhead. The flowback water is stored onsite in fracturing tanks (FT) before
basic treatment (pre-treatment) in mobile units, or else transported to CWT facility, Class II
disposal, or to a neighboring wellpad. Pre-treatment includes technologies to remove
suspended solids, oil and grease, bacteria and certain ions that can cause the scale to form
on equipment and interfere with fracturing chemical additives [104]. After pre-treatment, the
water can be used directly as a fracturing fluid in the same or neighboring wellpad, or it can
be desalinated in the onsite TDS removal technologies.
Two desalination technologies can be selected such as multi-stage membrane distillation
(MSMD) [169] and multi-effect evaporation with mechanical vapor recompression (MEEPU
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MVR) [133, 142] (note that adding more technologies to the model is straightforward.). We
consider that the outflow brine salinity in the onsite treatment is close to salt saturation
conditions to achieve zero liquid discharge (ZLD) operation, maximizing at the same time the
recovered freshwater. Costs restrict the type of desalination unit that can be used for TDS
removal. The onsite desalinated water can also be used as a fracturing fluid in the same
wellpad, transported to other wellpad, or discharged for other uses. The flowback water can
also be transported and treated in CWT plants. Desalinated water from CWT plants can select
the same routes as the desalinated water in onsite technologies. Natural freshwater is
obtained from an uninterruptible freshwater source. Desalinated water and natural
freshwater are stored in freshwater tanks (FWT) and/or water impoundment.
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FWT: Freshwater tank / FT: Fracturing tank /OP: Onsite pre-treatment /OT: Onsite treatment
Figure 29. General superstructure of shale gas water management operations.
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The following assumptions were made to develop de model:
•

A fixed time horizon is discretized into weeks as a time intervals.

•

The volume of water required to fracture each well is available at the beginning of well
development and includes the water used in drilling, construction and completion.

•

Friction reducers’ costs increase linearly with the concentration of salts.

•

Transportation is only performed by trucks.

A comprehensive description of the model can be found in Carrero-Parreño et al. [170]. Some
specific model characteristics deserve a special remark:
•

The flowback and freshwater are stored in portable leased tanks at each wellpad. This
procedure has two advantages. Firstly, it avoids the construction of a permanent tank
and secondly, it only uses the storage capacity needed in a given time period, thus
reducing costs. For example, when all the wells are in production, and the production
water has stabilized to a low constant value, the storage necessities are much smaller
than they would be just after drilling a well. On the other hand, leased tanks are easily
transported and they can be used in other wellpads.

•

The objective function consists of maximizing the «Sustainable Profit». Sustainable
profit includes economic profit, eco-costs and social profit:
 Economic profit includes revenues from natural gas minus the sum of the
following expenses: drilling and production cost, wastewater disposal cost,
storage tank cost, freshwater cost, friction reducer cost, wastewater and
freshwater transport cost and onsite and offsite treatment cost.
The revenues of shale gas sales are calculated according to the forecast price
in each time period.
Disposal expenses only include the disposal costs, which depend on the place
where the class II disposal well is located.
Fracturing, impaired water and freshwater tanks are typically leased; the cost
is made up of the leasing cost, mobilisation, demobilisation and the cleaning
cost.
The freshwater cost includes the withdrawal cost from the diverse sources.
The friction reducer costs depend on the TDS concentration and the flowrate
used for hydraulic fracturing.
Transportation expenses by truck involve the sum of the following transfers:
(1) from wellpad p to disposal location d, (2) from freshwater source f to
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wellpad p, (3) from wellpad p to offsite treatment k, and (4) from wellpad p to
wellpad pp.
Pretreatment expenses depend on the wastewater destination. Obviously,
requirements to desalinate the water in thermal treatment or membrane
treatments are more restrictive than the requirements to reuse it in fracturing
operations. Onsite TDS removal unit cost includes the desalination cost,
mobilisation, demobilisation, the cleaning cost and the leasing cost.
The CWT cost depends on the cost that the treatment plant imposes for
treating the flowback water from shale gas operations.
The cost of moving crews and rigs will vary, depending if the candidate well is
going to be fractured in the same wellpad or a different one.
 Eco-cost is a robust indicator from cradle-to-cradle LCA calculations in the
circular economy that includes eco-costs of human health, ecosystems,
resource depletion and global warming. The terms are calculated using ecocost coefficients [171]. In our example, the eco-cost term includes natural gas
extraction, freshwater withdrawal, desalination, disposal and transportation.
 Social profit includes social security contributions paid for the employed
people to fracture a well, plus the social transfer by hiring people, minus social
cost [168]. We only take into account the number of jobs on a fracturing crew
and the time that they are working to fracture a specific well. Once the well is
completed, the number of jobs generated by truck drivers or maintenance
team are not considered.

3.9.1. Case Studies
To illustrate the versatility and capacities of the proposed model, we solved some case studies
(summarized in Table 24), 1 based on Marcellus. We used Marcellus data because they are
easily accessible but the model can be adapted to any other shale play (i.e. European Case).
All of the case studies are composed of 20 wells grouped into 3 wellpads, for one year discretized at one week per time period, three Class II disposal wells, four interruptible
sources of freshwater, two CWT plants and one fracturing crew. The difference between
interruptible sources, disposal wells and CWT plants lies in the geographical location. Data of
the problem – cost coefficients and model parameters- are given in
Table 25, Table 26, Table 27 and Table 28. Gross and net salaries paid for each employee are
obtained from the Bureau of Labor Statistics [172]. Our goal is to determine the optimal water
management during the flowback water process. Therefore, we consider the natural gas
production and wastewater generated in the first twelve weeks. Flowback water generation
is the critical period for shale gas water management. In this phase, the coordination between
different contractors is crucial since the water is recovered in a short time period. The inlet
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TDS concentration increase with time ranging from 3,000 to 200,000 ppm. We assume that
50% of the water used to fracture a well, which ranges from 4,800 to 18,600 m3, is recovered
as flowback water.
The optimal fracturing schedule for each case study is shown in Figure 30. All wells are
fractured before time period forty. This allows to treat the flowback water and extract the
natural gas that comes from all wells in the first twelve weeks.
Table 24. Case studies description.

Case study
Case 1

Case 2
Case 3
Case 4

Case 5

Description
All water management options are allowed: reuse the flowback water with
a little treatment, desalinate the water in onsite treatment or CWT, reuse
the desalinated water as a fracturing fluid and disposal in class II disposal
wells.
Disposal in class II disposal wells is the only water management option
allowed.
Wastewater can be sent to onsite desalination treatment or CWT.
The cost of friction reducers is overestimated. Due to uncertainties in the
prices of friction reducers and to determine what could be the effect of
reusing high salinity water we introduce this option to ‘visualize’ the effect
of using high-cost additives.
All water management options, as in Case 1, are allowed. However, return
to pad-operations is not allowed and wells are fractured in order; well 2
cannot be fractured before well 1. To do this, the following constraint is
added:

Table 25. Cost Coefficients.

Parameter
Drilling cost
Production cost

Truck cost
Storage cost
Impoundment cost

Value
270,000
0.014
90 120
0.15
70
3.86

Pretreatment cost

0.8 - 2

$/m3

Desalination cost

6 - 15

$/m3

Demobilize, mobilize and clean out cost
Centralized water treatment
Demobilize, mobilize and clean out cost

2,000
42 - 84
1,500
0.18 0.30

Disposal cost

F Friction reducer cost

PU

Units
$
$/m3

Ref
Gao & You [164]
Gao & You [164]

$/m3

Yang et al. [161]

$/km/m3
$/week/tank
$/m3

$/week
$/m3
$

Yang et al. [161]
*
Yang et al. [44]
Carrero-Parreño et al.
[104]
Carrero Parreño et al.
[169]
Onishi et al. [133]
*
Yang et al. [161]
*

$/m3

*
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1.76 3.5
83,000

Freshwater withdrawal cost
Moving crew cost

$/m3

Yang et al. [44]

$

*

*Provided by a company.
Table 26. Model parameters.

Parameter
Capacity of storage tanks
Concentration of flowback water forecast
Outlet salinity for desalination treatments
Flowback water forecast
Production gas flow forecast
Maximum onsite desalination capacity
Maximum CWT capacity
Upper bound of tanks s installed
Upper bound of impoundments installed
Upper bound of onsite treatment leased
Capacity of an impoundment
Water demand
Time to fracture a well.

Value
60
3,000 - 200,000
300
2,400 – 9,300
2.8 106 – 0.6 106
4,000
16,700
100
3
3
120
4,800 - 18,600
1-5

Units
m3
ppm
g kg-1
m3 week-1
m3 week-1
m3 week-1
m3 week-1
m3
m3 week-1
weeks

Ref
*
EPA [151]
Onishi et al. [133]
EPA [151]
EPA [151]
*
*
*
*
*
*
EPA [151]
EPA [151]

*Provided by a company.

Table 27. Eco-cost coefficients.

Raw material

Eco-cost

Freshwater

0.19 € m

Products

water scarcity

Eco-cost

Desalinated water to discharge

1 € m-3

Desalinated water to reuse

1 € m-3

Interpretation
Water from drilling is treated and
returned to natural resource
Water from drilling is treated and used
for new drilling operations
Disposal
Natural gas extraction

37 € m-3
0.05 € m-3

Disposal water
Natural gas at extraction
Transport
Transport

Interpretation

-3

Eco-cost
-3

0.01 € m km

Interpretation
-1

Truck plus container

All data from Eco-cost Delf University [171].
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Table 28. Social Coefficients.

Parameter

Value

Units

number of new jobs needed to
fracture a well

145

-

Average gross salaries

857

$ week-1

Average net salaries

685

$ week-1

125

$ week-1

Zore et al. [168]

12.5
6.5

$ week-1
$ week-1

Zore et al. [168]
Zore et al. [168]

he average social transfer for
unemployed people
State social transfer
Company’s social charge

Ref
Petroleum Services of
Canada [173]
U.S. Department of
Labor [172]
U.S. Department of
Labor [172]
Tax Policy Center. [174]

Figure 30. Fracturing schedule for all case studies.

The fractured schedule for Cases 2, 3 & 4 is the same since the model maximizes the revenue.
A different schedule with lower revenue would reduce the cost to compensate for the change
in the revenue. This happens in Case 1, the maximization of the water reuse to fracture other
wells compensate to obtain another fracture schedule with lower revenue but lower cost.
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In all cases, the optimal solution shows that the fracturing schedule includes a return to padoperations, except in Case 5 where it is prohibited. Therefore, moving the crew from one
wellpad to another without fracturing all wells that belong to the candidate wellpad is
profitable. Return to pad-operations always must take into consideration the optimal well
fracturing schedule.
The various items of the objective function are shown in Table 29. The negative values of the
objective function mean that the result obtained is not a sustainable or viable solution.
Table 29. Disaggregated result of the objective function: sustainable profit, eco profit, social profit and
economic profit (k$).

Case 1

Case 2

Case 3

Case 4

Case 5

840

-16,325

- 57

709

-1,629

Eco-cost

17,375

22,584

17,599

17,502

17,495

Social-profit

1,421

1,421

1,421

1,421

1,421

Economic-profit

16,909

4,838

16,120

16,789

14,444

Sustainable profit

Case 1 has the highest sustainable profit value equal to $840k where the economic profit,
eco-cost and social profit are equal to $16,909k, $17,375k and $1,421k, respectively. Although
the environmental component has a high negative value, the model can find a compromise
solution between economic, environmental and social criteria. The reuse of the flowback
water to fracture other wells is the selected option for water management. Once all wells
have been fractured, the water management option selected is to desalinate the wastewater
with onsite desalination treatment. Reuse the flowback water to fracture other wells implies
the need to use costly friction reducers. However, we can realize comparing the results
obtained of Case 2&3 vs Case 1 (see Table 30) that reusing the water to fracture other wells
yields large savings in transport, treatment and water withdrawal costs. It is important to
highlight that although 90,580 m3 of impaired water is reused, freshwater is still necessary
(132,720 m3) as the flowback only represents 50% of the water injected into the well. When
the cost of friction reducers is overestimated, the impaired water used as fracturing fluid
decreases by 7.5%. This is because the lower cost obtained if the same amount of water in
Case 1 is reused, does not compensate for the higher revenue achieved with the fracturing
schedule obtained in Case 4.
In Case 1, the producer would spend $167k on tolerant additives while overestimating the
price of friction reducers this cost would rise to $252k. It should be noted that in Case 4 a
compromise solution between economic, environmental and social criteria is also found,
although the sustainable profit decreases 13%. Therefore, if the concentration of TDS
increases over the time due to the use of impaired water as a fracturing fluid, reusing it to
fracture other wells will be the best water management option.
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In the other case studies (Cases 2, 3 & 5), a compromise solution is not found. Therefore, the
sustainable profit is negative, and no wells should be fractured. However, in these cases, we
enforce that all wells must be fractured at the end of the time period in order to compare the
results obtained with the other case studies. The worst scenario studied is Case 2, where the
only water management option available would be to send the wastewater to Class II disposal
wells. The sustainable profit is equal to -$16,325k. Both eco and economic costs to send
flowback water to disposal are too high compared with other water management options.
Therefore, disposal wastewater into Class II disposal wells should be excluded for wells based
on Marcellus play. Case 3, where desalination is the only water management strategy
allowed, has lower economic and eco-impact than disposal, although the sustainable profit
still remains negative equal to -$57k. In this case, part of desalinated water is reused to
fracture others wells. This allows important economic and environmental savings in
transportation and water withdrawal. Finally, it is interesting to mention that in Case 5, where
the fracturing schedule is restricted to be sequential, is the second worst scenario. Although
the wastewater reused (85,152 m3) is close to the impaired water of the first scenario (90,580
m3), the revenue obtained from natural gas decreases 9% compared with the revenue
obtained from Case 1. Hence, the fracturing schedule is highly dependent on the price and
production of the natural gas forecast.
In Table 30, the different costs from the five case studies are reported in detail. Water-related
costs range from 5 to 13% for the different case studies of the revenue of shale gas
production. Regarding economics, the cost of drilling and production represents for Cases 1,
3, 4 & 5 the highest contribution of the total cost. In Case 2, the disposal cost yields the highest
contribution to the total cost ($10,165k), however, it is close to the drilling and production
cost equal to $9,523k. Regarding the environmental criterion, the eco-cost of natural gas
production is equal to $17,375k, which is significantly higher than the others calculated ecocost (see Table 30).
Transportation cost decreases when reusing the wastewater to fracture other wells (Cases 1,
4 & 5 vs. Cases 2 & 3). However, they still represent a high contribution to the final economic
and environmental water cost. Except for Case 2, in which case disposal represent the highest
eco and economic percentage, transportation represents around 45% of the total waterrelated economic cost and around 60-80% of the eco-cost. Other authors include
transportation of freshwater via pipelines to avoid impacts such as road damages, traffic
accidents and CO2 emissions [161, 164]. However, in this work, we analyze the water strategy
with only truck hauling since it provides enough flexibility to guarantee freshwater supply
without the uncertainty of pipelines construction permits.
Despite the concern over the usage of freshwater for well fracturing, economic and
environmental cost of water withdrawal only represents around 15% of the total waterrelated cost. However, it is important to take into consideration that freshwater withdrawal
is an issue in water-scarce areas where the water demand is high. In these areas, producers
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must deal with higher water withdrawal cost, environmental impact and with the competition
to gain water withdrawal permits.
Table 30. Detailed description of costs from the five case studies (k$).

Cost moving crew
Cost drilling and production
Cost friction reducers
Cost freshwater acquisition
Cost disposal
Cost storage
Cost transport
Cost onsite-treatment
Cost CWT
Eco-cost freshwater acquisition
Eco-cost disposal
Eco-cost desalination
Eco-cost natural gas production
Eco-cost transportation

Case 1

Case 2

Case 3

Case 4

Case 5

415
9,523
167
262
0
370
833
243
0
28
0
22
17,375
66

498
9,523
0
472
10,165
457
2,903
0
0
50
4,931
0
17,375
228

498
9,523
0
291
0
666
811
900
47
31
0
129
17,375
64

498
9,523
252
271
0
381
857
293
0
29
0
30
17,375
67

249
9,523
157
269
0
289
784
280
0
30
0
29
17,375
62

3.10. Shale Gas Water Management: Graphical User Interface
We presented above the main characteristics of a comprehensive planning model that takes
into account all the relevant aspect of the shale gas water management extended with EcoCost and social costs. There are some aspects that make the model complex:
The constraints related to the calculation of TDS and other components resulting from mixing
water from different origins introduce ‘bilinear terms’ results in multiplying the flow by its
composition (molar or mass fraction). Those terms are non-linear and non-convex and
consequently they need careful initialization and, in general, we cannot ensure that the
optimal solution is the global one (the best possible) but only a local optimum. The reason for
introducing these constraints was to study the effect of the increase in the cost of friction
reducers with TDS. However, the solution of different case studies showed that, in general,
the contribution of friction reducers to the total cost is not important. Consequently, we do
not introduce too much error by removing those constraints.
On the other hand, in general, it was observed that the reduction in total cost generates a
reduction in the environmental impact. In water-related activities this is due to the reduction
in fresh water consumption by the synchronization of fracking activities in different wells (or
wellpads) that allows increasing the water reuse. Reduction in fresh water consumption
reduces the related transport and treatment costs as well as the associated environmental
impacts. Therefore, instead of using an aggregated impact it is possible to simply minimize
the total annualized costs and evaluate their associate environmental impacts.
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Finally, it is also possible to simplify the leasing of water storage tanks by assuming a single,
or a set of smaller but permanent tanks, without significantly changing the optimal solution.
The resulting problem is a large-scale MILP problem that is efficiently solved in a reasonable
computational time (except maybe in very large scale problems –a large number of wells and
wellpads over a large period of time).
For this simplified version we have developed a Graphical User Interface, «ShaleWater»,
freely available, with the following characteristics:


It has been developed and tested in MatlabTM 2017.



It requires a valid installation of GAMSTM. The demo version (it can be freely
downloaded from the GAMS web page) could be enough, however, the numerical
performance of the free MILP solvers is considerably worse than state of the art
solvers like CPLEX, GUROBI, XPRESS, etc.



It is available only for Windows.

The data are divided into different categories:
Structural data. Make reference to data related to the superstructure. Number of
water sources, number of wellpads, number of wells to be fractured in each wellpad,
number of available centralized water treatment facilities, number of class II disposals.
Operational Data. Make reference to data related to the operation. Include the total
number of time periods to be considered (usually in weeks), the duration of fracking
activities for each wellpad, the forecast for water consumption and the evolution of
flowback water with time for each wellpad. This is provided through the parameters
of a decline curve.
Distances. All distances must be provided: Fresh water source to wellpad; distances
among wellpads; wellpad to CWT facilities; wellpad to disposal sites.
Costs. Cost of all the activities. Acquisition, transport, storage, etc.
All data can be provided either directly in the interface or importing data from an Excel spread
sheet (a template to introduce data in Excel is provided).
Figure 31 shows screen captures of the data interface in «Shale Water».
Once all the data is loaded then it is possible to run the model. A window showing the
evolution of the optimization appears. When the optimization is finished, the main results will
appear in the main window: the optimal schedule in each wellpad, a summary of the main
costs and main results (fresh water usage, water reuse, etc. and the main costs), as well as a
summary of the main problem statistics (number of variables and equations, etc.) and the
solver status. The user can select to visualize different figures related to the evolution of some
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activities (fresh and wastewater consumption or storage, water recycling, etc.) Figure 32
shows a screen capture of the main window after a problem instance was solved.
It is also possible to perform a detailed LCAI of the main environmental impacts related to
water activities (all those activities directly related to the gas are not taken into account).
Finally, it is also possible to get a comprehensive report in HTML format automatically
generated including all data and results.
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Figure 31. Screen captures of the data interface in «Shale Water».
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Figure 32. Screen capture of the main window of «ShaleWater» after problem execution. It shows the main results of the optimization.
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3.11. Life Cycle Assessment (LCA)
Shale gas produced from different wells will have different compositions, depending on the
geological formation. In addition to methane, which is the main component, shale gas
generally includes higher molecular weight hydrocarbons, such as ethane, propane and
butane, and impurities, such as hydrogen sulfide, carbon dioxide, and nitrogen [175]. In order
to obtain the final product, hydrocarbons are processed and purified as Natural Gas Liquids
(NGLs). Based on the concentration of NGLs, shale gas can be classified as dry gas when the
gas contains mainly methane with trace NGLs, or wet gas when the amount of NGLs is
significant enough to require additional separation [176]. Natural gas is generally considered
cleaner than other fossil fuels. However, methane has a global warming potential 25 times
greater than carbon dioxide [177]. Therefore, any leakage of shale gas during the production
or transport may result in significant environmental impacts.
Thus, the main focus of most studies is the estimation of greenhouse gas emissions and the
carbon footprint associated with the production and use of shale gas [38, 177-179].
In addition to concerns about climate change, the production of shale gas is known for its
significant water footprint due to hydraulic fracturing.
Moreover, in the drilling and completion phases of shale gas production as commented all
along this report, a large amount of flowback water and produced water is generated as highly
contaminated water. So the improper handling of the wastewater could pollute the local
water resource and affect the public health [180, 181]. In order to estimate the environmental
impact, some studies have evaluated the greenhouse gas emissions of water and wastewater
management [162, 182-184].
Only a few studies have analyzed different impact indicators in addition to the global warming
potential [185-187].

3.11.1. Life Cycle Assessment Methodology
The most common technique to assess environmental impacts is the Life Cycle Assessment
(LCA) methodology. This technique takes into account environmental aspects and potential
impacts associated with all the stages of a product’s life from cradle to grave (i.e., the supply
of raw materials, the manufacturing of intermediates, and the final product, including
packaging, transportation, distribution, use and disposal of the product) [188]. Moreover, it
helps to identify the most significant environmental activities that should be changed to more
environmentally sustainable options [189].
According to the ISO 14040 and 14044 standards, a Life Cycle Assessment is carried out in
four phases [190, 191]:
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3.

Life Cycle Impact Assessment (LCIA).

4.

Interpretation.

The LCA starts with an explicit statement of the goal and scope of the study that should be
clearly defined and consistent with the intended application. In this phase, the following
technical details are considered:
-

The functional unit, which is the basis to compare different alternatives.

-

The system boundaries.

-

Political and/or technical decisions depending on the study results.

The LCI provides all the information about the environmental inputs and outputs of the
process.
In the LCIA phase, the previous results are classified into different impact categories. Finally,
the results obtained in the previous phases are analyzed during the interpretation phase,
drawing the conclusions and recommendations from the study.
For the impact assessment phase we use, the ReCiPe 2008 methodology [192] by using the
data reported in Ecoinvent database v.3.4. [193] and ReCiPe 2008 characterization factors
[194] (Version 1.11-December 2014). This indicator comprises two sets of impact categories
with associated sets of characterization factors. At the midpoint level, eighteen impact
categories are addressed, and these midpoint categories are converted and aggregated into
three endpoint categories.

3.11.2. Modeling assumptions and system boundaries
The functional unit of this work is the production of 1 m3 of produced gas.
The modeling approach and the system boundary for shale gas are shown in Figure 33. The
entire life cycle of shale gas production has been considered in the modeling approach. This
includes the indirect activities of energy, chemicals and water production and recovery,
wastewater treatment and final disposal of waste material.
WP10 analyzed the entire life cycle of the shale gas production process, which includes the
indirect activities of energy, chemicals and water production and recovery and final disposal
of waste material, and compared the process to traditional energy sources. Results obtained
from Deliverable D10.1 show that the global warming potential (GWP) of shale gas is lower
than the GWP of other energy alternatives. The nuclear energy shows a negligible GWP as no
direct CO2 emissions are involved with the production of electricity in nuclear plants.
A sensitivity analysis was undertaken in Deliverable 10.2, which was based on the
environmental models developed in Deliverable D10.1, but in this case, LCA results were
associated with uncertainties. The sensitivity analysis involved a variation in parameters such
as the amount of gas expected from a well during its entire life (known as Estimated Ultimate
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Recovery (EUR)), the fraction of flowback water, the fraction of the flowback fluids recycled,
or the fraction of flowback disposed for industrial treatment, among others. According to the
results, the EUR is the parameter that influences the most the environmental impact of shale
gas.
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Figure 33. System boundary specific for shale gas. Yellow boxes represent the hydraulic fracturing process, grey boxes identify the conventional processes and the green boxes refer
to the activities of the background system.
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3.11.3. LCAI: Wastewater treatment
Water pre-treatment systems of flowback water from shale gas production can be composed
of several well-established water treatment alternatives [104]. Nowadays, due to the
importance of water conservation, desalination post-treatment is receiving increased
attention to avoid the freshwater usage. Different desalination processes can be used for
removing TDS contents from shale gas flowback water, e.g., membrane and thermal-based
technologies, however, thermal technologies such as multistage flash and multiple-effect
evaporation with/without vapor recompression are economically more efficient than
membrane technologies.
Following the work by Carrero-Parreño et al. [104], the optimal pretreatment superstructure
for case study III is considered (see Figure 34). This case study is taken into account because
it provides the optimal pretreatment solution to then use thermal technology for removing
TDS content. A strainer filter composes the first stage of the pretreatment to remove larger
particles and mud from the flowback water. In the second stage, the electrocoagulation
process removes particles that are difficult to separate by other conventional treatments.
Then, the flocs formed in the previous stage are removed by sedimentation and water passes
through a softening process, where lime is added to remove Mg and carbonates, and soda
ash to precipitate noncarbonates compounds.
In the last stage, TDS content is removed by thermal technology. In particular, Multiple-Effect
Evaporation with Mechanical Vapor Recompression (MEE-MVR) technology is applied. Finally,
sludge produced in the sedimentation tank is sent to a filter press and water produced by
filtration is returned at the beginning of the pretreatment plant to be further treated.

Flowback water
Electrocoagulation

Strainer
filter

Sedimentation
n1

n2

n3

Na2CO3
Ca(OH)2

n4 Softening

n5

Brine
Thermal Treated water
technology

Filter press
n7

Sludge

Figure 34. Optimal structure for water pretreatment system of flowback water from shale gas production.

The optimal MVR design is considered following the work by Onishi et al. [142]. The MEE-MVR
system was found to be the most beneficial process for shale gas produced water desalination
because it is less expensive than the SEE-MVR configuration for the same treated water
recovery and water production rate. The optimal configuration is composed of two
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evaporation effects (see Figure 19). The first evaporation effect contains 1870 horizontal
tubes of nickel with 1.65 m of length, while the second one has 1715 tubes measuring 1.58
m. The evaporator shell is made of chromium steel and should be equal to 2.92 m.
additionally, a mechanical vapor compressor with 823.10 kW and two flash tanks (volume
tank 1 = 1.189 m3, volume tank 2 = 2.387 m3) are used in the process.
The wastewater treatment plant was modeled according to the data reported in Ecoinvent
database 3.4 [195]. The key inventory data are reported in Table 31.
Table 31. Inventory for the wastewater treatment plant.

Parameter
Pretreatment plant
Inlet flow
Electrocoagulation
Tank volume
Material – HDPE
Electricity
Sedimentation
Tank area
Electricity
Steel
HDPE
Concrete
Softening
Tank volume
Number of tanks
Material – Fiberglass
Lime
Soda
Sludge
Inlet flowrate
Outlet flowrate
Area filter press
Electricity
Emissions
Fracturing fluid

Quantity

Units

Source
Carrerro-Parreño et al. [104]

25

m3/h

6.254
35.378
4.251·10-3

m3
kg
kWh/kg flowback water

8.338
8.6·10-3
8.8·10-4
5.8·10-6
1.0·10-5

m2
kWh/kg flowback water
kg/kg flowback water
kg/kg flowback water
m3/kg flowback water

12.498
2
98.164
4.974
14.249

m3

30.435
15.408
0.01
0.918

kg/h
kg/h
m2
kWh/kg sludge

kg
kg/h
kg/h

25 % of the inlet flow

Thermal treatment (MEE-MVR)
Feed water
10.42
Nickel amount
7935.49
Chromium steel amount 3461.07
Electricity
823.10
Brine
2.43
Freshwater
7.99

Onishi et al. [133]
kg/s
kg
kg
kW
kg/s
kg/s

Environmental analysis was made based on LCA with ReCiPe Midpoint (H) and ReCiPe
Endpoint (H,A) method, which allowed analyzing different categories of the environmental
impact.
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Figure 35, Figure 36 and Figure 37 show the environmental impacts of the wastewater
treatment according to the production of 1 m3 of produced gas. As can be seen, human health
has the highest environmental impact due to the brine discharge in the thermal treatment.

LCA (points/m3 produced gas)
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0.0002

0.0001

0.0000
Ecosystem quality

Human health

Resouces

Figure 35. Environmental impacts for the wastewater treatment plant.

Figure 36. Environmental impacts by section for the wastewater treatment plant.
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Figure 37. Environmental impacts by subcategory for the wastewater treatment plant.

The most affected categories by the wastewater treatment process are fossil depletion,
climate change, metal depletion, human toxicity, particulate matter formation and
agricultural occupation.
The environmental impacts for the complete shale gas extraction process are shown in Figure
38, Figure 39 and Figure 40. As can be seen, human health has the highest environmental
impact due to the transport, shale well and horizontal drilling.

LCA (points/m3 produced gas)
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Figure 38. Environmental impacts for the extraction of shale gas.
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Figure 39. Environmental impacts by section for the extraction of shale gas.

LCA (points/m3 produced gas)

As can be seen, wastewater treatment has a low environmental impact compared to other
stages of the shale gas extraction process.
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0.008
0.006
0.004
0.002
0.000

Figure 40. Environmental impacts by subcategory for the extraction of shale gas.
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The most affected categories by the extraction of shale gas process are fossil and metal
depletion, climate change, particulate matter formation and human toxicity.
Figure 41 and Figure 42 show the environmental damage categories of the shale gas process
regarding the contribution of each stage of the process.

Figure 41. Damage categories for the extraction of shale gas.

The global warming potential (GWP), human toxicity potential (HTP), mineral depletion
potential (MDP) and fossil depletion potential (FDP) are the most affected damage categories.
In order to study how the process stages affect the different damage categories, Figure 42
shows the comparison.
As can be seen, transport is the category which has the greatest impact on all damage
categories, followed by the shale well. Fracturing is the stage that has the greatest impact on
the water depletion potential (WDP) due to the large amount of water used during the
fracturing process. Additionally, the thermal treatment also has a high influence on the
agricultural land occupation potential.
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Figure 42. Contribution of different life cycle stages to the impacts from shale gas extraction.

3.12. Social Impacts in Shale Gas
Most of the shale gas studies focused on environmental impacts but, however, few studies
considering social aspects.
The majority of papers that include social impacts have considered issues such as
employment, health and safety, nuisance, public perceptions, impact on local communities,
infrastructure and resources. Most of them are based in the US [196-198] and only one is
focused on the UK [176].

3.12.1. Employment
According to several studies, the development of shale gas might create a noteworthy
number of direct, indirect and induced jobs [197-199]. However, most of the direct jobs are
short-term and are only carried out during the pre-development stage. In addition, the
economic benefits to local communities are restricted because workers are usually foreigners
who stay in the area only temporarily.
3.12.1.1. Direct employment
The total number of jobs created by shale gas clearly depends on the scale of activity. A singlewell pad generates, on average, 20-30 direct jobs [200]. During the extraction of shale gas,
194 jobs are created per well, 40 in pre-development, 134 in pad preparations and 20 in gas
production [201, 202]. Therefore, the development of shale gas in the UK is expected to
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generate between 32,000 and 74,000 direct, indirect and induced jobs [200, 201]. Based on
the US experience, the majority of these are likely to be induced jobs [199].
The average salary in the industry is high, with workers earning 40,000 – 180,000 € [202]. This
high salary along with the creation of jobs can potentially benefit local areas where shale gas
is produced.
The direct employments estimated to be created in the life cycle of shale gas electricity (per
unit of electricity generated) is compared to the other sources of electricity in Figure 43.
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Direct life cycle employment
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Figure 43. Direct employment in the life cycle of different energy options.

As can be seen in Figure 43, shale gas offers the lowest employment, followed by conventional
gas. By contrast, the highest employment is provided by hydroelectric power. In general, fossil
fuels and nuclear energy yield a smaller direct employment than the renewable options,
because renewable energies tend to have a lower generation capacity than fossil fuels, so
they have higher levels of employment per unit of electricity generated.
3.12.1.2. Local employment
The employment created during the extraction, production, and utilization of shale gas could
also contribute to the local economy. Of the 32,000 – 74,000 jobs that are expected to be
created by the exploitation of shale gas, it is estimated that 86 % is available to local residents
throughout the life cycle of shale gas electricity [176].
In some stages, the percentage of local employment might be lower because employees
require specialist labor that is not available locally, such as hydraulic fracturing engineers and
specialized geo-scientists [202]. These specialized functions often require previous
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experience, leading to import that labor from abroad (e.g., from the US), where experienced
workers can be found.
3.12.1.3. Gender equality
Diversification of the workforce is important since employees in the gas sector are
predominantly men [203].
Figure 44 shows the comparison between the percentages of men and women working in the
oil and gas industry. As shown, male dominance is common in the oil and gas industry.
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Figure 44. Percentage of male and female workforce in the oil and gas industry.

3.12.2 Local Communities
In some studies, the impact on local communities has been evaluated considering community
benefits such as charters, benefit agreements and compensation schemes to offset damages
caused by activities related to development. Most authors assert that there is a need for
compensation and insurance schemes against environmental damage caused by shale gas
development [204-206]. This is important since damage to the environment can affect the
livelihoods of residents, such as health problems and property value.
An additional impact on local communities is the increase of migrant workers, what can be
reflected by an increase in housing rental prices [207-209]. However, the influx promotes the
local economy, although this decreases as the gas production matures and the well
productivity declines [209, 210].
3.12.2.1. Direct community investment
This comprises of measured investments in, and donations to, local communities. They are
made by operators across the shale gas electricity supply chain, through various schemes, to
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offset damage caused by activities related to shale gas development. In the UK, these include
the community charter and the shale gas wealth fund [203, 211].
It has been reported that communities affected by shale gas could receive up to 2.5 billion €,
through the combination of the community charter and the shale gas wealth fund [211].
According to the community charter, local communities will receive 110,000 € per well site
and 1 % of revenue from the sales of shale gas produced [211], both of which are considered
to be a direct community investment.
In addition to shale gas, communities close to power plants also benefit 4.5 – 11 million € per
year from investments into sponsored events and other community activities [212]. Thus,
over the whole life cycle of shale gas electricity, the total direct community investment is in
the range of 5 – 12.5 million € per year. This represents 0.73 % – 2.23 % of the total annual
revenue generated by shale gas and power plant operators. This is arguably a small
percentage of their revenue and more could be given back to local communities.

3.12.3. Health and safety
The production of shale gas can constitute a risk to well site workers, as well as people who
live near the wells. However, the oil and gas industry (including shale gas) has a lower accident
rate than other industries such as mining, construction, and agriculture [213, 214]. This is due
to the strict safety regulations and measures implemented to guarantee the safety of workers
at oil and gas sites [215].
3.12.3.1. Worker injuries
In order to know the danger posed by the shale gas industry, the workers’ safety is measured
throughout the supply chain. Workers’ injuries include accidents onsite, such as fatalities,
major injuries and less serious injuries that cause an absence from work of more than three
days.
Figure 45 shows the workers’ injuries of different energy options [176].
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16
14
12
10
8
6
4
2
0

Figure 45. Worker injuries in the life cycle of different energy options.

The life cycles of shale gas and conventional gas electricity are the lowest of all the electricity
options considered, suggesting that they are the safest options from the workforce
perspective.

3.12.4. Nuisance
Studies on nuisance to humans and wildlife include noise and traffic. According to several
studies, noise exposure might have adverse effects on human hearing [216] and might affect
the behavior of animals [217, 218]. On the other hand, the increase in traffic volume is related
to an increase in traffic accidents [219] and large emissions of nitrogen oxides and particulate
matter [220].
3.12.4.1. Noise
The potential impact of noise on local residents during the shale gas production [221] has
been compared to the noise levels of other activities, such as traffic, music and conversation
[221-223].
As shown in Figure 46, the noise levels of shale gas activities are in the range of 75 – 105 dB
at a distance of 15 m from the site [222, 223]. However, a prolonged exposure could have an
adverse effect on hearing [216], although the activities that produce the most of noise are
temporary (hydraulic fracturing).
The distance from a well site will also have a significant impact on the level of noise
experienced. The distance from residential areas to wells might be variable (minimum from
150 m), which could correspond to noise levels of 10 – 45 dB. These noise levels are
comparable to breathing and quiet conversations, so noise generated by shale gas activities
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is unlikely to cause major disruptions or adverse impacts on hearing and general wellbeing at
these distances.
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Figure 46. Noise levels for shale gas activities [green bars] and other common sounds [grey bars].

3.12.4.2. Traffic
The need to bring equipment, materials and people to and from the site produces an increase
in road traffic heading towards well sites.
Estimates suggest that between 2 and 659 truck trips would be needed during the different
shale gas pre-development activities [224]. On average, this translates to 0.36 - 14 truck trips
per day to start a well. These estimations have only been calculated for well site development
and do not include the traffic that would be incurred by wastewater removal from the site.
This is because the volume of wastewater produced is highly variable and, therefore,
transport of wastewater can be affected by water management strategies, such as onsite
storage, treatment and recycling.
The impact on traffic due to the development of shale gas activities would depend on the type
of road. For rural roads, the maximum increase in traffic volume would range from 3 % for
dual carriageways to 12 % for single roadways. For urban roads, truck traffic would increase
congestion by 3 % and 30 % for dual and single-lane carriageways, respectively. In order to
reduce traffic congestion, routes should be selected properly, thus reducing noise, impacts
on air quality and traffic accidents [219].

3.12.5. Public Perception
Public perception has been identified as the main obstacle to the development of shale gas
[225]. Several studies have analyzed public perceptions and how they are influenced. Studies
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reveal that the most influential factor in shale gas activities is the media [226-228]. Other
factors such as demographics, risk perception, area of residence and political opinion also
have a great influence on people’s attitude [229-231]. Gender and education also influence
perceptions [232, 233].
In addition, many people are concerned because people associate shale gas activities with
earthquakes and water contamination. However, many people are not sure if it is a “clean”
energy source or not.
3.12.5.1. Media impact
People’s opinions are influenced by the way shale gas is represented in the media [226-228].
In order to capture this influence, the representation of shale gas in the media by the people
in favor, against and with a neutral position is considered through a ‘media impact index’
(MII), which uses the presence of different stakeholders in the media, assuming that a greater
presence has a greater potential to influence people’s opinions [176].
According to the results (see Figure 47), NGOs have the greatest potential to influence public
opinion about shale gas, while the impact of shale gas operators through social media appears
negligible. This large difference means that people are able to see more messages and
information published by NGOs, thereby persuading how the problems related to shale gas
are framed.
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Figure 47. Media impact index of shale gas.
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3.12.5.2. Public support
Some studies have used surveys to assess what percentage of participants are ‘pro’, ‘unsure’
or ‘anti’ shale gas and other energy resources [234-236]. The average public attitudes towards
different energy options is shown in Figure 48.
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Figure 48. Comparison of public attitudes towards different energy options.

The public support for shale gas is the lowest (together with coal) and the opposition the
second highest (after coal). In addition, the number of people who are unsure about their
opinion of shale gas is also high.

3.12.6. Infrastructures and resources
The infrastructure required for the extraction of shale gas needs the use of materials,
chemicals, equipment and labor [200, 237]. In addition, large amounts of wastewater are
produced. This high salinity must be treated correctly before reusing it or discharging it.
3.12.6.1. Wastewater treatment
In the UK, wastewater produced from hydraulic fracturing must be either treated onsite or in
a wastewater treatment plant before it can be discharged into open water bodies [235]. As
treatment works are constantly in operation, it is important that the volume of wastewater
produced does not cause strain to existing facilities and overload them. Otherwise, this could
cause problems to communities served by these treatment plants, including their temporary
shutdown, discharge of inadequately treated water into the environment and related
nuisance and human health impacts. A further aspect considered is the need to transport
wastewater by tankers from well sites to these facilities, as this would affect communities
living nearby.
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Hydraulic fracturing requires large volumes of water, resulting in large quantities of
wastewater. However, the total volume produced is spread out throughout the well’s
lifespan. In the first two to four weeks after well completion, around 10 % – 40 % of the
injected fluid (871 to 10,000 m3) returns to the surface. Any remaining fluid that returns to
the surface will do so later on. This will also affect the requirements for transport of
wastewater. Thus, the number of truck trips required to transport wastewater to the
treatment facility is expected to be the highest in the first month, as the rate at which water
returns to the surface after the initial period is much lower. Planning transport based on
predicted volumes during set periods of the well’s life can help in managing transporting and
on-site storage for wastewater as well as the load on the water treatment plant.
Another possible problem is that hydraulic fracturing wastewater would be unsuitable for
domestic wastewater plants due to the high concentration of dissolved solids and
concentration in other chemicals.
On-site treatment of wastewater could further mitigate the impact of wastewater transport
on congestion, but would also increase the capital and operating cost of the well.
3.12.6.2. Land use
Conflict over the use of land at sites of special cultural, scientific, recreational and other
interest could have significant implications for shale gas development as such sites are
protected, limiting the area available for drilling. On the other hand, making these sites
available for shale gas exploitation would meet with significant opposition by the public and
organizations that own or manage those sites.
The sites of cultural and scientific importance are:
-

National parks;

-

Special areas of conservation;

-

Specially protected areas;

-

Areas of outstanding natural beauty;

-

UNESCO World Heritage sites;

-

Natura2000 and Ramsar sites;

-

Local nature reserves.

If the shale pay overlaps cities and towns and/or areas of special value such as National parks,
sites of cultural importance and local nature reserves, it is likely that shale gas operators could
experience stronger opposition and resilience from anti-shale gas activists and
conservationists due to the importance of such sites. Additionally, land transformation can
affect local biodiversity [238]. Therefore, the area available and suitable for shale gas
development will likely be limited to a small number of sites, which could amplify impacts
such as noise, traffic and pollution [239].
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4. Conclusions and future steps
The models developed in this Work Package have proved to be a valuable tool to help the
designers to take the best decisions in all the aspects related to the water utilization in shale
gas exploitation. With an approximate forecast of evolution of flow and the physicochemical
characteristics of the flowback water, it is possible to use the proposed models to take the
best decisions about the water treatment(s) (pre-treatment options and water desalination
alternatives). Besides, the water management model can be used to determine how much
fresh water is needed, when and where acquire that water, when start and end the hydraulic
fracking of each well, with which crew, what is the size of the fresh and waste water tanks,
when and how much water must be reused in other wells (or even in other wellpads) when
how and how much waste water treat, etc.
The detailed models, developed to determine the optimal strategy for treating the waste
water (flowback or produced water), showed that there is not a single optimal strategy, but
that, depending on the geological characteristics of the play, the location, the availability of
extra (or alternative) energy sources (e.g. low-grade energy stream like the residual heat of a
flare), etc. the best alternative can change. However, in general, a minimum set of pretreatments involving filtration, scale ions removal and disinfection will be always necessary.
If one is interested in approaching the ZLD philosophy, wastewater must be desalinated using
a thermal-based technology. Multiple-Effect evaporation with mechanical vapor
recompression is likely the best alternative. However, other technologies like membrane
distillation could eventually be competitive and in some circumstances the best option. Other
alternatives like the evaporation are also economically feasible but in this case fresh water is
not recovered. In any case, the best option to deal with wastewater is the reuse either in the
same wellpad or in other closed wellpads.
The optimal results in the management model show that: It is possible to reduce the costs of
the water desalination systems maintaining the close to ZLD philosophy. The correct
coordination of fracking scheduling with water reuse allows reducing the freshwater
consumption and therefore all the costs and environmental impacts related to acquisition,
transport and treatment.
The models developed are flexible enough to be used in virtually all situations (USA, Europe,
China, etc.). Their major drawback is the quality of the information needed (i.e., it is expected
that the forecasts in the well-known exploitations in the USA yield better results than those
in Europe). In relation with this drawback, the next step consists of extending the model to
deal with uncertainty in the most important parameters mainly the flow (e.g. optimal actions
to take if the flow of flowback water is lower than expected and there are no enough water
to fracture the ‘next well’).
Even though the environmental impact of water activities is small compared to other activities
in the shale gas exploitation, it is clear that the correct water management could still have an
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important impact: reduction of fresh water consumption, and the transport, storage and
treatment-related environmental and economic impacts.
Another important aspect to take into account is the social impact. Besides the benefits of
the shale gas as a cleaner source of gas, while we complete the transition to renewable energy
sources, the correct water management could eventually help to change the public
perception of fracking.
Besides, the cooperation in all the water management activities between companies working
close to each other (sharing transport, storage, reusing water between well-pads, etc.) has
also a large potential. Some preliminary results have shown important reductions in total
costs (environmental charges) with benefits for all the parties. Application of Cooperative
game theory concepts has proved to be a promising way of dealing with this problem and it
is currently under development.
Results summarized in this report will certainly contribute to help making informed decisions
in the eventual development of shale gas, particularly in Europe.

5. Publications resulting from the work described
5.1. Published Papers
Carrero-Parreño, A., V.C. Onishi, R. Salcedo-Diaz, R. Ruiz-Femenia, E.S. Fraga, J.A. Caballero,
and J.A. Reyes-Labarta, Optimal Pretreatment System of Flowback Water from Shale Gas
Production. Industrial & Engineering Chemistry Research., 2017. 56: p. 4386-4398.
Onishi, V.C., A. Carrero-Parreño, J.A. Reyes-Labarta, R. Ruiz-Femenia, R. Salcedo-Díaz, E.S.
Fraga, and J.A. Caballero, Shale gas flowback water desalination: Single vs multiple-effect
evaporation with vapor recompression cycle and thermal integration. Desalination, 2017. 404:
p. 230-248.
Onishi, V.C., A. Carrero-Parreño, J.A. Reyes-Labarta, E.S. Fraga, and J.A. Caballero,
Desalination of shale gas produced water: A rigorous design approach for zero-liquid
discharge evaporation systems. Journal of Cleaner Production, 2017. 140: p. 1399-1414.
Onishi, V.C., R. Ruiz-Femenia, R. Salcedo-Díaz, A. Carrero-Parreño, J.A. Reyes-Labarta, E.S.
Fraga, and J.A. Caballero, Process optimization for zero-liquid discharge desalination of shale
gas flowback water under uncertainty. Journal of Cleaner Production, 2017. 164: p. 12191238.
Carrero-Parreño, A., V.C. Onishi, R. Ruiz-Femenia, R. Salcedo-Díaz, J.A. Caballero, and J.A.
Reyes-Labarta, Multistage Membrane Distillation for the Treatment of Shale Gas Flowback
Water: Multi-Objective Optimization under Uncertainty, in Computer Aided Chemical
Engineering, A. Espuña, M. Graells, and L. Puigjaner, Editors. 2017, Elsevier. p. 571-576.

PU

Page 142 of 158

Version 3.0

Deliverable D8.1

Salcedo-Diaz, R., R. Ruiz-Femenia, A. Carrero-Parreño, V.C. Onishi, J.A. Reyes-Labarta, and J.A.
Caballero, Combining Forward and Reverse Osmosis for Shale Gas Wastewater Treatment to
Minimize Cost and Freshwater Consumption. Computer Aided Chemical Engineering., 2017.
40: p. 2275-2730.
Onishi, V.C., R. Ruiz-Femenia, R. Salcedo-Díaz, A. Carrero-Parreño, J.A. Reyes-Labarta, and J.A.
Caballero, Multi-Objective Optimization of Renewable Energy-Driven Desalination Systems, in
Computer Aided Chemical Engineering, A. Espuña, M. Graells, and L. Puigjaner, Editors. 2017,
Elsevier. p. 499-504.
Onishi, V.C., R. Ruiz-Femenia, R. Salcedo-Díaz, A. Carrero-Parreño, J.A. Reyes-Labarta, and J.A.
Caballero, Optimal Shale Gas Flowback Water Desalination under Correlated Data
Uncertainty, in Computer Aided Chemical Engineering, A. Espuña, M. Graells, and L. Puigjaner,
Editors. 2017, Elsevier. p. 943-948.
Carrero-Parreño, A., R. Ruiz-Femenia, J.A. Caballero, J.A. Reyes-Labarta, and I.E. Grossmann,
Sustainable Optimal Strategic Planning for Shale Water Management, in Computer Aided
Chemical Engineering, A. Friedl, et al., Editors. 2018, Elsevier. p. 657-662.

5.2. Book Chapters
Onishi, V.C., Reyes-Labarta, J.A., Caballero, J.A. Membrane Desalination in Shale-Gas Industry:
Application and Perspectives. In: Efrem Curcio, Inamuddin, Angelo Basile (Eds.) Current Trends
and Future Developments on (Bio-) Membranes - Membrane Desalination Systems: The Next
Generation, Elsevier. (In Press).
Onishi, V.C., Reyes-Labarta, J.A., Caballero, J.A. Desalination of Shale Gas Wastewater:
Thermal and Membrane Applications for Zero-Liquid Discharge. In: Gnaneswar Gude (Ed.)
Emerging Technologies for Sustainable Desalination Handbook, Elsevier. 2018, Pages 399431.

5.3. Submitted Papers
Carrero-Parreño, J.A. Reyes-Labarta, R. Salcedo-Díaz, R. Ruiz-Femenia, J.A. Caballero, V.C.
Onishi & I. Grossmann. Sustainable Optimal Strategic Planning for Shale Water Management.
Submitted to Industrial & Engineering Chemistry Research. 2018.
Alba Carrero-Parreño, Viviani C. Onishi, Rubén Ruiz-Femenia, Raquel Salcedo-Díaz, José A.
Caballero, Juan A. Reyes-Labarta. Optimization of multistage membrane distillation system
for treating shale gas produced water. Submitted to Journal of Cleaner Production. 2018.
Natalia Quirante, Juan A. Reyes-Labarta, Viviani C. Onishi, José A. Caballero. Environmental
Impacts of Wastewater Treatment in Shale Gas Extraction. Submitted to Environmental
Science & Technology. 2018.

5.4. Presentations in International Symposia
Carrero-Parreño, Alba; Onishi, Viviani C.; Ruiz-Femenia, Rubén; Salcedo Díaz, Raquel;
Caballero, José A. ; Reyes-Labarta, Juan A. Shale gas flowback water desalination: multistage
membrane distillation considering different configurations and heat integration. 3rd
PU

Page 143 of 158

Version 3.0

Deliverable D8.1

International Conference on Desalination using Membrane Technology - MEMDES 2017, Gran
Canaria, Spain. Repositorio Institucional RUA, http://hdl.handle.net/10045/65247.
Viviani C. Onishi, Rubén Ruiz-Femenia, Raquel Salcedo-Díaz, Alba Carrero-Parreño, Juan A.
Reyes-Labarta, José A. Caballero. Optimal shale gas flowback water desalination under
correlated data uncertainty. 10th World Congress of Chemical Engineering – ESCAPE 27 joint
event. (Barcelona October, 2017).
Viviani C. Onishi, Rubén Ruiz-Femenia, Raquel Salcedo-Díaz, Alba Carrero-Parreño, Juan A.
Reyes-Labarta, José A. Caballero. Multi-Objective Optimization of Renewable Energy-Driven
Desalination Systems. 10th World Congress of Chemical Engineering – ESCAPE 27 joint event.
(Barcelona
October,
2017).
Repositorio
Institucional
RUA:
http://hdl.handle.net/10045/70021.
Alba Carrero-Parreño, Viviani C Onishi, Rubén Ruiz-Femenia, Raquel Salcedo-Díaz, José A.
Caballero, Juan A. Reyes-Labarta. Multistage Membrane Distillation for the Treatment of
Shale Gas Flowback Water: Multi-Objective Optimization under Uncertainty. 10th World
Congress of Chemical Engineering – ESCAPE 27 joint event. (Barcelona October, 2017).
Repositorio Institucional RUA: http://hdl.handle.net/10045/70037.
Raquel Salcedo-Díaz, Rubén Ruiz-Femenia, Alba Carrero-Parreño, Viviani C. Onishi, Juan A.
Reyes-Labarta, José A. Caballero. Combining Forward and Reverse Osmosis for Shale Gas
Wastewater Treatment to Minimize Cost and Freshwater Consumption. 10th World Congress
of Chemical Engineering – ESCAPE 27 joint event. (Barcelona October, 2017). Repositorio
Institucional RUA: http://hdl.handle.net/10045/70036.
Viviani C. Onishi, Juan A. Reyes-Labarta, José A. Caballero. Zero Liquid Discharge Desalination
of Hypersaline Shale Gas Wastewater: Challenges and Future Directions. 1st EuroMediterranean Conference for Environmental Integration (EMCEI). Souse, Tunisia, November
2017. Repositorio Institucional RUA: http://hdl.handle.net/10045/71669 (Ed. Springer, ISBN:
978-3-319-70547-7, "Recent Advances in Environmental Science from the EuroMediterranean and Surrounding Regions").
Viviani C. Onishi, Juan A. Reyes-Labarta, José A. Caballero, Carlos Antunes. Wastewater
Management in Shale Gas Industry: Alternatives for Water Reuse and Recycling, Challenges
and Perspectives.18th European Meeting on Environmental Chemistry (EMEC). Porto
(Portugal). 2017. Repositorio Institucional RUA: http://hdl.handle.net/10045/71671 (Ed.
Springer, ISBN: 978-972-752-228-6, "Chemistry Towards an Infinite Environment").
Viviani C. Onishi, Juan A. Reyes-Labarta, José A. Caballero, Carlos Antunes. Robust StochasticFuzzy Modelling Approach for Shale Gas Wastewater Management under Uncertainty. 18th
European Meeting on Environmental Chemistry (EMEC). Porto (Portugal). 2017. Repositorio
Institucional RUA: http://hdl.handle.net/10045/71670 (Ed. Springer, ISBN: 978-972-752-2286, "Chemistry Towards an Infinite Environment").
Rubén Ruiz Femenía, Raquel Salcedo Díaz y José A. Caballero. Water Management in Shale
Gas: A Perspective from the Cooperative Games Theory. IV Simposio CEA de Modelado,
Simulación y Optimización. Optimization 4.0. Valladolid, Spain, January 2018.

PU

Page 144 of 158

Version 3.0

Deliverable D8.1

6. Bibliographical references
1.
2.
3.

4.

5.

6.

7.
8.

9.

10.
11.

12.

13.
14.
15.
16.

17.

PU

Douglas, J.M., Conceptual Design of Chemical Processes. Chemical Engineering Series.
1988, New York.: McGraw-Hill.
Smith, R., Chemical Process Design and Integration. 2005, Chichester: John wiley &
Sons, Ltd. 687.
Grossmann, I.E. and F. Trespalacios, Systematic modeling of discrete-continuous
optimization models through generalized disjunctive programming. AIChE Journal,
2013. 59(9): p. 3276-3295.
Yee, T.F. and I.E. Grossmann, Simulatneous optimization models for heat integration
II. Heat exchanger network synthesis. Computers & Chemical Engineering, 1990.
14(10): p. 1165-1184.
Onishi, V.C., M.A.S.S. Ravagnani, and J.A. Caballero, MINLP Model for the synthesis of
heat exchanger networks with handling pressure of process streams, in Computer
Aided Chemical Engineering. 2014. p. 163-168.
Onishi, V.C., M.A.S.S. Ravagnani, and J.A. Caballero, Mathematical programming
model for heat exchanger design through optimization of partial objectives. Energy
Conversion and Management, 2013. 74: p. 60-69.
Caballero, J.A. and I.E. Grossmann, Synthesis of complex thermally coupled distillation
systems including divided wall columns. AIChE Journal, 2013. 59(4): p. 1139-1159.
Caballero, J.A. and I.E. Grossmann. A novel MILP approach to the synthesis of
Thermally Coupled Distillation sequences. in AIChE Annual Meeting, Conference
Proceedings. 2012.
Caballero, J.A. and I.E. Grossmann, Structural considerations and modeling in the
synthesis of heat-integrated-thermally coupled distillation sequences. Industrial and
Engineering Chemistry Research, 2006. 45(25): p. 8454-8474.
Varbanov, P.S., S. Doyle, and R. Smith, Modelling and Optimization of Utility Systems.
Chemical Engineering Research and Design, 2004. 82(5): p. 561-578.
Bruno, J.C., F. Fernandez, F. Castells, and I.E. Grossmann, A Rigorous MINLP Model for
the Optimal Synthesis and Operation of Utility Plants. Chemical Engineering Research
and Design, 1998. 76(3): p. 246-258.
Yeomans, H. and I.E. Grossmann, A systematic modeling framework of superstructure
optimization in process synthesis. Computers & Chemical Engineering, 1999. 23(6): p.
709-731.
Sargent, R.W.H., A functional approach to process synthesis and its application to
distillation systems. Computers & Chemical Engineering, 1998. 22(1-2): p. 31-45.
Smith, E.M.B. and C.C. Pantelides, Design of reaction/separation networks using
detailed models. Computers and Chemical Engineering, 1995. 19(SUPPL. 1): p. 83-88.
Balas, E., Disjunctive programming, in Annals of Discrete Mathematics. 1979. p. 3-51.
Raman, R. and I.E. Grossmann, Modeling And Computational Techniques For LogicBased Integer Programming. Computers & Chemical Engineering, 1994. 18(7): p. 563578.
Raman, R. and I.E. Grossmann, Symbolic-Integration of Logic In Mixed-Integer LinearProgramming Techniques For Process Synthesis. Computers & Chemical Engineering,
1993. 17(9): p. 909-927.

Page 145 of 158

Version 3.0

Deliverable D8.1

18.

19.

20.

21.
22.

23.
24.

25.

26.
27.

28.

29.
30.

31.

32.
33.
34.
35.

PU

Raman, R. and I.E. Grossmann, Relation Between MILP Modeling And Logical Inference
For Chemical Process Synthesis. Computers & Chemical Engineering, 1991. 15(2): p.
73-84.
Turkay, M. and I.E. Grossmann, Logic-based MINLP algorithms for the optimal
synthesis of process networks. Computers & Chemical Engineering, 1996. 20(8): p.
959-978.
Gregory, K.B., R.D. Vidic, and D.A. Dzombak, Water Management Challenges
Associated with the Production of Shale Gas by Hydraulic Fracturing. Elements, 2011.
7(3): p. 181-186.
Stevens, P., The "Shale Gas Revolution": Developments and Changes. Energy,
Environmental and Resources, 2012. August( EERG BP 2012/04).
Stephenson, T., J.E. Valle, and X. Riera-Palau, Modeling the Relative GHG Emissions of
Conventional and Shale Gas Production. Environmental Science and Technology, 2011.
45: p. 10757-10764.
Nicot, J.P. and B.R. Scanlon, Water use for shale-gas production in Texas, U.S.
Environmental Science and Technology, 2012. 46(6): p. 3580-3586.
Lira-Barragán, L.F., J.M. Ponce-Ortega, G. Guillén-Gosálbez, and M.M. El-Halwagi,
Optimal Water Management under Uncertainty for Shale Gas Production. Industrial
and Engineering Chemistry Research, 2016. 55(5): p. 1322-1335.
Mauter, M.S., P.J.J. Alvarez, A. Burton, D.C. Cafaro, W. Chen, K.B. Gregory, G. Jiang, Q.
Li, J. Pittock, D. Reible, and J.L. Schnoor, Regional Variation in Water-Related Impacts
of Shale Gas Development and Implications for Emerging International Plays.
Environmental Science and Technology, 2014. 48: p. 8298–8306.
Weber, C.L. and C. Clavin, Life cycle carbon footprint of shale gas: Review of evidence
and implications. Environmental Science and Technology, 2012. 46(11): p. 5688-5695.
Kuhn, M. and F. Umbach, Strategic Perspectives of Unconventional Gas: A game
changer with implications for the EU’s energy security. Eur. Cent. Energy Resour. Secur.
(EUCERS). Dep. War Stud. King‘s Coll. London. , 2011. 1.
Michot, M. The Outlook for U . S . Gas Prices in 2020 : Henry hub at $ 3 or $ 10 ? 2011
[cited 2018 07/10/2018]; Available from: http://www.oxfordenergy.org/wpcms/wpcontent/uploads/2011/12/NG_58.pdf.
Kaden, D. and T. Rose, Environmental and Health Issues in Unconventional Oil and Gas
Development. 2016: Elsevier. 286.
Vetter, A. Shale gas in Germany – the current status. 2016 07/10/2018]; Available
from: http://www.shale-gas-information-platform.org/areas/the-debate/shale-gasin-germany-the-current-status.html.
Norton Rose Fulbright, Shale gas handbook. A quick reference guide for companies
involved in the exploitation of unconventional gas resources. 2015: Norton Rose
Fulbright.
The Royal Society, Shale gas extraction in the UK: a review of hydraulic fracturing.
2012: Royal Academy of Engineering.
Vinson & Elkins. Shale development in Denmark. 2018 10/08/2018]; Available from:
http://fracking.velaw.com/shaledevelopment.
GEAI Good Energies Alliance Ireland. Fracking in Spain. 2018; Available from:
https://goodenergiesalliance.com/fracking-in-spain/.
Martor, B. France: Evolutions in the legal framework for shale oil and gas. 2015 July,
2018];
Available
from:
http://www.shale-gas-informationplatform.org/categories/legislation/expert-articles/martor-article.html.
Page 146 of 158

Version 3.0

Deliverable D8.1

36.

37.

38.

39.

40.
41.

42.

43.

44.
45.

46.
47.

48.

49.

50.

51.
PU

Estrada, J.M. and R. Bhamidimarri, A review of the issues and treatment options for
wastewater from shale gas extraction by hydraulic fracturing. Fuel, 2016. 182: p. 292303.
Heath, G.A., P. O'Donoughue, D.J. Arent, and M. Bazilian, Harmonization of initial
estimates of shale gas life cycle greenhouse gas emissions for electric power
generation. Procedings of the national Academy of Sciences., 2014. Aug 5 (111)(31):
p. E3167-76.
Burnham, A., J. Han, C.E. Clark, M. Wang, J.B. Dunn, and I. Palou-Rivera, Life-Cycle
Greenhouse Gas Emissions of Shale Gas, Natural Gas, Coal, and Petroleum.
Environmental Science & Technology, 2012. 46(2): p. 619-627.
A., d.G.J., P.D. D., F.G. J., and T. M., Reduced emissions of CO2, NOx, and SO2 from U.S.
power plants owing to switch from coal to natural gas with combined cycle technology.
Earth's Future, 2014. 2(2): p. 75-82.
Vidic, R.D., S.L. Brantley, J.M. Vandenbossche, D. Yoxtheimer, and J.D. Abad, Impact
of Shale Gas Development on Regional Water Quality. Science, 2013. 340(6134).
Barbot, E., R.D. Vidic, K.B. Gregory, and R.D. Vidic, Spatial and Temporal Correlation of
Water Quality Parameters of Produced Waters from Devonian-Age Shale following
Hydraulic Fracturing. Environmental Science and Technology, 2013. 47: p. 2562-2569.
Stringfellow, W.T., J.K. Domen, M.K. Camarillo, W.L. Sandelin, and S. Borglin, Physical,
chemical, and biological characteristics of compounds used in hydraulic fracturing.
Journal of Hazardous Materials, 2014. 275: p. 37-54.
Acharya, H.R., C. Henderson, H. Matis, H. Kommepalli, B. Moore, and H. Wang, Cost
Effective Recovery of Low-TDS Frac Flowback Water for Re-use (Department of Energy:
DE-FE0000784). 2011, Department of Energy DE-FE0000784.
Yang, L., I.E. Grossmann, and J. Manno, Optimization models for shale gas water
management. AIChE Journal, 2014. 60(10): p. 3490-3501.
Beckman, A., A. Ambulkar, A. Umble, D. Rosso, J. Husband, J. Cleary, J. Sandino, M.
Goldblatt, R. Horres, R. Neufield, R. Mau, and S. Jeyayanagam, Considerations for
accepting fracking wastewater at water resource recovery facilities. 2012, Water
Environment Federation. Fracking Fact Sheet.
Silva, J.M., H. Matis, W.L. Kostedt, and V. Watkins, Produced Water Pretreatment for
Water Recovery and Salt Production. RPSA Final Report., 2012.
Engle, M.A. and E.L. Rowan, Geochemical evolution of produced waters from hydraulic
fracturing of the Marcellus Shale, northern Appalachian Basin: A multivariate
compositional data analysis approach. International Journal of Coal Geology, 2014.
126: p. 45-56.
Haluszczak, L.O., A.W. Rose, and L.R. Kump, Geochemical evaluation of flowback brine
from Marcellus gas wells in Pennsylvania, USA. Applied Geochemistry, 2013. 28: p. 5561.
Michel, M.M. and L. Reczek, Pre-Treatment of Flowback water ot desalination. In
Membranes and Membrane Processes in Environmental Protection. Polish Academy of
Sciences, 2014. 119: p. 309-321.
Orem, W., C. Tatu, M. Varonka, H. Lerch, A. Bates, M. Engle, L. Crosby, and J. McIntosh,
Organic substances in produced and formation water from unconventional natural gas
extraction in coal and shale. International Journal of Coal Geology, 2014. 126: p. 2031.
Shaffer, D.L., L.H. Arias, M. ben-Sasson, S. Romero-Vargas, N. Yin, and M. Elimelech,
Desalination and Reuse of High-Salinity Shale Gas Produced Water: Drivers,
Page 147 of 158

Version 3.0

Deliverable D8.1

52.

53.
54.

55.

56.

57.

58.

59.
60.
61.
62.
63.
64.

65.
66.
67.
68.
69.
70.

PU

Technologies, and Future Directions. Environmental Science and Technology, 2013. 47:
p. 9569-9583.
Olsson, O., D. Weichgrebe, and K.-H. Rosenwinkel, Hydraulic fracturing wastewater in
Germany: composition, treatment, concerns. Environmental Earth Science, 2013. 70:
p. 3895-3906.
Kidder, M., T. Palmgren, A. Ovalle, and M. Kapila, Treatment options for reuse of frac
flowback and produced water from shale. World Oil, 2011. 232(7): p. 95-99.
Almond, S., S.A. Clancy, R.J. Davies, and F. Worrall. The flux of radionuclides in
flowback fluid from shale gas exploitation. in Environmental science and pollution
research international. 2014.
Konieczyńska, M., M. Woźnicka, O. Antolak, R. Janica, G. Lichtarski, M. Nidental, J.
Otwinowski, A. Starzycka, B. Stec, and G. Wróbel, Environmental Aspects of Hydraulic
Fracturing Treatment Performed on the Lebień LE‐2H Well. Polish Geological Institute.,
2011.
Jiang, Q., J. Rentschler, R. Perrone, and K. liu, Applciation of ceramic membrane and
ion-exchange for the treatment of the flowback water from Marcellus shale gas
production. Journal of Mechanical Design., 2013. 431: p. 55-61.
Hayes, T., Sampling and analysis of water streams associated with the development of
Marcellus shale gas, G.T. Institute, Editor. 2009, Marcellus Shale Coalition: Des Plaines,
IL.
Keister, T., J. Sleigh, and M. Briody. IWC-12-72: Sequential Precipitation - Fractional
Crystallization Treatment of Marcellus Shale Flowback and Production Wastewaters.
in 73rd, Annual international water conference. 2014. San Antonio, TX Engineers
Society of Western Pennsylvania
Stuart, M.E., Potential groundwater impact from exploitation of shale gas in the UK.
2012.
Department of Energy & Climate Change, Fracking UK shale: water. 2014.
Ellsworth, W.L., Injection-Induced Earthquakes. Science, 2013. 341(6142).
Renner, R., Pennsylvania to regulate salt discharges. Environmental Science &
Technology, 2009. 43(16): p. 6120-6120.
Arthur, J.D., B.G. Langhus, and D. Alleman, An overview of modern shale gas
development in the United States. 2008, ALL Consulting.
07122-12, R.P., An Integrated Framework for Treatment and Management of
Produced Water. TECHNICAL ASSESSMENT OF PRODUCED WATER TREATMENT
TECHNOLOGIES. 2009.
Koren, A. and N. Nadav, Mechanical vapour compression to treat oil field produced
water. Desalination, 1994. 98(1): p. 41-48.
Veza, J.M., Mechanical vapour compression desalination plants — A case study.
Desalination, 1995. 101(1): p. 1-10.
Zimerman, Z., Development of large capacity high efficiency mechanical vapor
compression (MVC) units. Desalination, 1994. 96(1): p. 51-58.
Alkhudhiri, A., N. Darwish, and N. Hilal, Membrane distillation: A comprehensive
review. Desalination, 2012. 287: p. 2-18.
Curcio, E. and E. Drioli, Membrane Distillation and Related Operations—A Review.
Separation & Purification Reviews, 2005. 34(1): p. 35-86.
Al-Obaidani, S., E. Curcio, F. Macedonio, G. Di Profio, H. Al-Hinai, and E. Drioli, Potential
of membrane distillation in seawater desalination: Thermal efficiency, sensitivity study
and cost estimation. Journal of Membrane Science, 2008. 323(1): p. 85-98.
Page 148 of 158

Version 3.0

Deliverable D8.1

71.

72.

73.
74.
75.
76.
77.
78.
79.
80.

81.
82.

83.

84.
85.
86.
87.
88.

89.
90.
91.
92.

PU

Singh, D. and K.K. Sirkar, Desalination of brine and produced water by direct contact
membrane distillation at high temperatures and pressures. Journal of Membrane
Science, 2012. 389: p. 380-388.
Cath, T.Y., V.D. Adams, and A.E. Childress, Experimental study of desalination using
direct contact membrane distillation: a new approach to flux enhancement. Journal of
Membrane Science, 2004. 228(1): p. 5-16.
Alkhudhiri, A., N. Darwish, and N. Hilal, Produced water treatment: Application of Air
Gap Membrane Distillation. Desalination, 2013. 309: p. 46-51.
Stepan, D.J., R.E. Shockey, B.A. Kurz, K. N.S., R.M. Cowan, J.J. Ziman, and J.A. Harju,
Bakken Water Opportunities Assessment – Phase 1. . 2010, University of North Dakota.
212 Resources. 2012 July 2018]; Available from: http://www.212resources.com/.
Sanderson, L.D., J.W. Schleiffarth, L.D. Merrill, and B.M. Rohwer. System and method
for Purifying and aqueous stream. 2010. US 7837768 B2
Sanderson, L.D., J.W. Schleiffarth, L.D. Merrill, and B.M. Rohwer. System and method
for providing aqueous stream purification services. 2010. US 7842121 B2
Aquatech. 2018 July 2018]; Available from: https://www.aquatech.com/.
Harris, J.J. System and method for wastewater reduction and freshwater generation.
2008. US 2008/0277262A1
Stone, M. and L. Christensen. Produced Water Treatment Economic Evaporation. in
18th Annual International Petroleun & Biofuels Environmental Conference. 2011.
Houston, TX.
Suez
Water
Technologies
&
Solutions.
2018;
Available
from:
https://www.suezwatertechnologies.com/.
Suez Water Technologies & Solutions. Zero Liquid Discharge. 2018 July 2018.];
Available from: https://www.suezwatertechnologies.com/applications/zero-liquiddischarge-zld.
Godshall, N.A., AltelaRainTM – State of the Art Produced Water Treatment
Technology. , in International Petroleum Environmental Conference. 2006: San
Antonio, Texas (USA).
Godshall, N.A. Leverage of waste product to provide clean water. 2015. US
2015/017544
Godshall, N.A. and M. Bruff. Novel enhanced systems, processes and methodologies
for producing clean water and products thereby. 2008. US 2008/007300 A1
Consulting, A., Treatment of Shale Gas Produced Water for Discharge. 2011.
Veolia. Water treatment technologies: OPUS Technology. Available from:
http://technomaps.veoliawatertechnologies.com/opus/en/.
Siemens
FracTreat.
2010;
Available
from:
https://www.siemens.com/press/en/presspicture/?press=/en/presspicture/2010/in
dustry_solutions/iis201008658-01.htm.
Schlumberger, MI SWACO, a Schlumberger company,. 2016.
Ecospher
Technologies
Inc.
2018
July
2018];
Available
from:
https://www.ecospheretech.com/.
Shaffer, D.L., J.R. Werber, H. Jaramillo, S. Lin, and M. Elimelech, Forward osmosis:
Where are we now? Desalination, 2015. 356: p. 271-284.
Coday, B.D., P. Xu, E.G. Beaudry, J. Herron, K. Lampi, N.T. Hancock, and T.Y. Cath, The
sweet spot of forward osmosis: Treatment of produced water, drilling wastewater, and
other complex and difficult liquid streams. Desalination, 2014. 333(1): p. 23-35.
Page 149 of 158

Version 3.0

Deliverable D8.1

93.
94.

95.

96.

97.

98.
99.
100.

101.
102.

103.

104.

105.
106.

107.
108.
109.
110.

PU

Beery, M. and M. Jekel, Novel Sustainable Concepts in Process Design and Assessment
of Seawater Reverse Osmosis Pre-Treatment. Doctoral Dissertation, 2013.
Beery, M., G. Wozny, and J.-U. Repke, Computer-Aided Model-Based SWRO
Pretreatment Process Design: A Multidisciplinary Approach. IDA Journal, 2012. Fourth
Quarter 2012: p. 18-25.
Kraipech, W., W. Chen, T. Dyakowski, and A. Nowakowski, The performance of the
empirical models on industrial hydrocyclone design. Int. J. Miner. Process. , 2006.
80(100-115).
Sinker, A., Produced water treatment using hydrocyclones: Theory and practical
application, in 14th Annual International Petroleum Environmental Conference. 2007:
Houston.
Crittenden, J.C., R.R. Trussell, D.W. HandKerry, J.K. Howe, and G. Tchobanoglous,
MWH's Water Treatment: Principles and Design, Third Edition: Principles and Design.
2012: John Wiley & Sons, Inc. .
Edzwald, J.K., Dissolved air flotation and me. Water Research, 2010. 44(7): p. 20772106.
Holt, P.K., G.W. Barton, and C.A. Mitchell, The future for electrocoagulation as a
localised water treatment technology. Chemosphere, 2005. 59(3): p. 355-367.
Kuokkanen, V., T. Kuokkanen, J. Rämö, and U. Lassi, "Recent Applications of
Electrocoagulation in Treatment of Water and Wastewater—A Review. Green and
Sustainable Chemistry, 2013. 3(2): p. 89-121.
Hutcherson, J.R., A Comparison of Electrocoagulation and Chemical Coagulation
Treatment Effectiveness on Frac Flowback and Produced Water. Masters Thesis, 2015.
Emamjomeh, M.M. and M. Sivakumar, Review of pollutants removed by
electrocoagulation and electrocoagulation/flotation processes. Journal of
Environmental Management, 2009. 90(5): p. 1663-1679.
Gumerman, R.C., R.L. Culp, and S.P. Hansen, Estimating Water Treatment Costs.
Volume 2: Cost Curves Applicable to 1 to 200 mgd Treatment Plants. Estimating Water
Treatment Costs, 1979.
Carrero-Parreño, A., V.C. Onishi, R. Salcedo-Diaz, R. Ruiz-Femenia, E.S. Fraga, J.A.
Caballero, and J.A. Reyes-Labarta, Optimal Pretreatment System of Flowback Water
from Shale Gas Production. Industrial & Engineering Chemistry Research., 2017. 56: p.
4386-4398.
Al-Mutaz, I.S., Features of multi-effect evaporation desalination plants. Desalination
and Water Treatment, 2015. 54(12): p. 3227-3235.
Yılmaz, İ.H. and M.S. Söylemez, Design and computer simulation on multi-effect
evaporation seawater desalination system using hybrid renewable energy sources in
Turkey. Desalination, 2012. 291: p. 23-40.
Gautami, G. and S. Khanam, Selection of optimum configuration for multiple effect
evaporator system. Desalination, 2012. 288: p. 16-23.
Druetta, P., P. Aguirre, and S. Mussati, Optimization of Multi-Effect Evaporation
desalination plants. Desalination, 2013. 311: p. 1-15.
Druetta, P., P. Aguirre, and S. Mussati, Minimizing the total cost of multi effect
evaporation systems for seawater desalination. Desalination, 2014. 344: p. 431-445.
Al-Mutaz, I.S. and I. Wazeer, Comparative performance evaluation of conventional
multi-effect evaporation desalination processes. Applied Thermal Engineering, 2014.
73(1): p. 1192-11201.
Page 150 of 158

Version 3.0

Deliverable D8.1

111.

112.

113.

114.

115.
116.

117.
118.

119.
120.
121.
122.

123.
124.

125.
126.
127.
128.

129.

PU

Hamed, O.A., M.A.K. Al-Sofi, G.M. Mustafa, K. Ba-Mardouf, and H. Al-Washmi,
Modeling and simulation of multistage flash distillation process. Technical Report,
1999: p. 1-44.
Hamed, O.A., K. Ba-mardouf, H. Al-Washmi, K. Al-Shail, H. Abdalla, and A. A. Al,
Modeling and simulation of multistage flash distillation process — Part II. Technical
Report, 2004: p. 1-49.
Nafey, A.S., H.E.S. Fath, and A.A. Mabrouk, Thermoeconomic analysis of multi stage
flash-thermal vapor compression (MSF-TVC) desalination process. Tenth International
Water Technology Conference, 2006: p. 189-203.
El-Dessouky, H., H. Ettouney, H. Al-Fulaij, and F. Mandani, Multistage flash
desalination combined with thermal vapor compression. Chemical Engineering and
Processing: Process Intensification, 2000. 39(4): p. 343-356.
Fritzmann, C., J. Löwenberg, T. Wintgens, and T. Melin, State-of-the-art of reverse
osmosis desalination. Desalination, 2007. 216(1-3): p. 1-76.
Greenlee, L.F., D.F. Lawler, B.D. Freeman, B. Marrot, and P. Moulin, Reverse osmosis
desalination: Water sources, technology, and today's challenges. Water Research,
2009. 43(9): p. 2317-2348.
Zhao, S., L. Zou, C.Y. Tang, and D. Mulcahy, Recent developments in forward osmosis:
Opportunities and challenges. Journal of Membrane Science, 2012. 396: p. 1-21.
Lu, Y.Y., Y.D. Hu, X.L. Zhang, L.Y. Wu, and Q.Z. Liu, Optimum design of reverse osmosis
system under different feed concentration and product specification. Journal of
Membrane Science, 2007. 287(2): p. 219-229.
El-Dessouky, H.T. and H.M. Ettouney, Multiple-effect evaporation desalination
systems: Thermal analysis. Desalination, 1999. 125(1-3): p. 259-276.
Ettouney, H.M., H.T. El-Dessouky, and I. Alatiqi, Understand thermal desalination.
Chemical Engineering Progress, 1999. 95(9): p. 43-54.
Ettouney, H., Design of single-effect mechanical vapor compression. Desalination,
2006. 190(1-3): p. 1-15.
Al-Juwayhel, F., H. El-Dessouky, and H. Ettouney, Analysis of single-effect evaporator
desalination systems combined with vapor compression heat pumps. Desalination,
1997. 114(3): p. 253-275.
Darwish, M.A., Thermal analysis of vapor compression desalination system.
Desalination, 1988. 69(3): p. 275-295.
Ettouney, H., H. El-Dessouky, and Y. Al-Roumi, Analysis of mechanical vapour
compression desalination process. International Journal of Energy Research, 1999.
23(5): p. 431-451.
Aly, N.H. and A.K. El-Fiqi, Mechanical vapor compression desalination systems - A case
study. Desalination, 2003. 158(1-3): p. 143-150.
Karameldin, A. and A.L.S. Mekhemar, The Red Sea area wind-driven mechanical vapor
compression desalination system. Desalination, 2003. 153(1-3): p. 47-53.
Aybar, H.S., Analysis of a mechanical vapor compression desalination system.
Desalination, 2002. 142(2): p. 181-186.
Mussati, S., N. Scenna, E. Tarifa, S. Franco, and J.A. Hernandez, Optimization of the
mechanical vapor compression (MVC) desalination process using mathematical
programming. Desalination and Water Treatment, 2009. 5(1-3): p. 124-131.
Thu, K., Y.D. Kim, M.W. Shahzad, J. Saththasivam, and K.C. Ng, Performance
investigation of an advanced multi-effect adsorption desalination (MEAD) cycle.
Applied Energy, 2015. 159: p. 469-477.
Page 151 of 158

Version 3.0

Deliverable D8.1

130.

131.

132.

133.

134.

135.

136.
137.

138.

139.

140.

141.

142.

143.

144.

PU

Chung, H.W., J. Swaminathan, D.M. Warsinger, and J.H. Lienhard V, Multistage
vacuum membrane distillation (MSVMD) systems for high salinity applications. Journal
of Membrane Science, 2016. 497: p. 128-141.
El-Dessouky, H.T., H.M. Ettouney, and F. Al-Juwayhel, Multiple effect evaporationvapour compression desalination processes. Chemical Engineering Research and
Design, 2000. 78(4): p. 662-676.
Matsuda, A., K. Kansha, Y. Fushimi, C. Tsutsumi, and A. Kishimoto, Advanced Energy
Saving and its Applications in Industry. Advanced Energy Saving and Its Applications in
Industry, 2013.
Onishi, V.C., A. Carrero-Parreño, J.A. Reyes-Labarta, R. Ruiz-Femenia, R. Salcedo-Díaz,
E.S. Fraga, and J.A. Caballero, Shale gas flowback water desalination: Single vs
multiple-effect evaporation with vapor recompression cycle and thermal integration.
Desalination, 2017. 404: p. 230-248.
Slutz, J., J. Anderson, R. Broderick, and P. Horner. Key shale gas water management
strategies: An economic assessment tool. in Society of Petroleum Engineers SPE/APPEA Int. Conference on Health, Safety and Environment in Oil and Gas
Exploration and Production 2012: Protecting People and the Environment - Evolving
Challenges. 2012.
Zammerilli, A., R.C. Murray, T. Davis, and J. Littlefield, Environmental Impacts of
Unconventional Natural Gas Development and Production. Environmental Impacts of
Unconventional Natural Gas Development and Production, 2014. 800: p. 553-7681.
European, C., Eurostat. 2016.
Zhao, C.Y., W.T. Ji, P.H. Jin, and W.Q. Tao, Heat transfer correlation of the falling film
evaporation on a single horizontal smooth tube. Applied Thermal Engineering, 2016.
103: p. 177-186.
Zhou, S., Y. Guo, X. Mu, and S. Shen, Effect of design parameters on thermodynamic
losses of the heat transfer process in LT-MEE desalination plant. Desalination, 2015.
375: p. 40-47.
Li, W., X.Y. Wu, Z. Luo, S.C. Yao, and J.L. Xu, Heat transfer characteristics of falling film
evaporation on horizontal tube arrays. International Journal of Heat and Mass
Transfer, 2011. 54(9-10): p. 1986-1993.
Shen, S., X. Mu, Y. Yang, G. Liang, and X. Liu, Experimental investigation on heat
transfer in horizontal-tube falling-film evaporator. Desalination and Water Treatment,
2015. 56(6): p. 1440-1446.
Qiu, Q., X. Zhu, L. Mu, and S. Shen, Numerical study of falling film thickness over fully
wetted horizontal round tube. International Journal of Heat and Mass Transfer, 2015.
84: p. 893-897.
Onishi, V.C., A. Carrero-Parreño, J.A. Reyes-Labarta, E.S. Fraga, and J.A. Caballero,
Desalination of shale gas produced water: A rigorous design approach for zero-liquid
discharge evaporation systems. Journal of Cleaner Production, 2017. 140: p. 13991414.
Onishi, V.C., R. Ruiz-Femenia, R. Salcedo-Díaz, A. Carrero-Parreño, J.A. Reyes-Labarta,
E.S. Fraga, and J.A. Caballero, Process optimization for zero-liquid discharge
desalination of shale gas flowback water under uncertainty. Journal of Cleaner
Production, 2017. 164: p. 1219-1238.
Matsumoto, M. and T. Nishimura, Mersenne Twister: A 623-Dimensionally
Equidistributed Uniform Pseudo-Random Number Generator. ACM Transactions on
Modeling and Computer Simulation, 1998. 8(1): p. 3-30.
Page 152 of 158

Version 3.0

Deliverable D8.1

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.
PU

Elsayed, N.A., M.A. Barrufet, F.T. Eljack, and M. El-Halwagi, Optimal Design of Thermal
Membrane Distillation Systems for the Treatment of Shale Gas Flowback Water.
International Journal of Membrane Science and Technology,, 2015. 2: p. 1-9.
Lokare, O.R., S. Tavakkoli, V. Khanna, and R.D. Vidic, Importance of feed recirculation
for the overall energy consumption in membrane distillation systems. Desalination,
2018. 428: p. 250-254.
Tavakkoli, S., O.R. Lokare, R.D. Vidic, and V. Khanna, A techno-economic assessment of
membrane distillation for treatment of Marcellus shale produced water. Desalination,
2017. 416: p. 24-34.
Deshmukh, A., C. Boo, V. Karanikola, S. Lin, A.P. Straub, T. Tong, D.M. Warsinger, and
M. Elimelech, Membrane distillation at the water-energy nexus: limits, opportunities,
and challenges. Energy & Environmental Science, 2018. 11(5): p. 1177-1196.
Duong, H.C., P. Cooper, B. Nelemans, T.Y. Cath, and L.D. Nghiem, Optimising thermal
efficiency of direct contact membrane distillation by brine recycling for small-scale
seawater desalination. Desalination, 2015. 374: p. 1-9.
Carrero-Parreño, A., V.C. Onishi, R. Ruiz-Femenia, J.A. Caballero, J.A. Reyes-Labarta,
and R. Salcedo-Diaz, Optimization of multistage membrane distillation system for
treating shale gas produced water. Submitted to Desalination, 2018.
United States Environmental Protection Agency, Technical Development Document for
the Effluent Limitations Guidelines and Standards for the Oil and Gas Extraction Point
Source Category. EPA-820-R-16-003, 2016.
Manda, A.K., J.L. Heath, W.A. Klein, M.T. Griffin, and B.E. Montz, Evolution of multiwell pad development and influence of well pads on environmental violations and
wastewater volumes in the Marcellus shale (USA). Journal of Environmental
Management, 2014. 142: p. 36-45.
Lokare, O.R., S. Tavakkoli, S. Wadekar, V. Khanna, and R.D. Vidic, Fouling in direct
contact membrane distillation of produced water from unconventional gas extraction.
Journal of Membrane Science, 2017. 524: p. 493-501.
Turton, R., R.C. Bailei, W.B. Whiting, J.A. Shaeiwitz, and D. Bhattacharyya, Analysis,
Synthesis and Design of Chemical Processes. 4th Edition. 2013, Upper Saddle River, NJ.
USA.: Pearson Education, Inc.
Song, L., Z. Ma, X. Liao, P.B. Kosaraju, J.R. Irish, and K.K. Sirkar, Pilot plant studies of
novel membranes and devices for direct contact membrane distillation-based
desalination. Journal of Membrane Science, 2008. 323(2): p. 257-270.
Bamufleh, H., F. Abdelhady, H.M. Baaqeel, and M.M. El-Halwagi, Optimization of
multi-effect distillation with brine treatment via membrane distillation and process
heat integration. Desalination, 2017. 408: p. 110-118.
Elsayed, N.A., M.A. Barrufet, and M.M. El-Halwagi, Integration of Thermal Membrane
Distillation Networks with Processing Facilities. Industrial & Engineering Chemistry
Research, 2014. 53(13): p. 5284-5298.
González-Bravo, R., J.M. Ponce-Ortega, and M.M. El-Halwagi, Optimal Design of Water
Desalination Systems Involving Waste Heat Recovery. Industrial & Engineering
Chemistry Research, 2017. 56(7): p. 1834-1847.
González-Bravo, R., N.A. Elsayed, J.M. Ponce-Ortega, F. Nápoles-Rivera, and M.M. ElHalwagi, Optimal design of thermal membrane distillation systems with heat
integration with process plants. Applied Thermal Engineering, 2015. 75: p. 154-166.
Salcedo-Diaz, R., R. Ruiz-Femenia, A. Carrero-Parreño, V.C. Onishi, J.A. Reyes-Labarta,
and J.A. Caballero, Combining Forward and Reverse Osmosis for Shale Gas Wastewater
Page 153 of 158

Version 3.0

Deliverable D8.1

161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

171.
172.

173.

174.
175.

PU

Treatment to Minimize Cost and Freshwater Consumption. Computer Aided Chemical
Engineering., 2017. 40: p. 2275-2730.
Linlin, Y., G.I. E., M.M. S., and D.R. M., Investment optimization model for freshwater
acquisition and wastewater handling in shale gas production. AIChE Journal, 2015.
61(6): p. 1770-1782.
Bartholomew, T.V. and M.S. Mauter, Multiobjective Optimization Model for
Minimizing Cost and Environmental Impact in Shale Gas Water and Wastewater
Management. ACS Sustainable Chemistry & Engineering, 2016. 4(7): p. 3728-3735.
Gao, J. and F. You, Optimal design and operations of supply chain networks for water
management in shale gas production: MILFP model and algorithms for the waterenergy nexus. AIChE Journal, 2015. 61(4): p. 1184-1208.
Gao, J. and F. You, Shale Gas Supply Chain Design and Operations toward Better
Economic and Life Cycle Environmental Performance: MINLP Model and Global
Optimization Algorithm. ACS Sustainable Chemistry and Engineering, 2015. 3(7): p.
1282-1291.
Guerra, O.J., A.J. Calderón, L.G. Papageorgiou, J.J. Siirola, and G.V. Reklaitis, An
optimization framework for the integration of water management and shale gas
supply chain design. Computers & Chemical Engineering, 2016. 92: p. 230-255.
Fernando, L.-B.L., P.-O.J. María, S.-G. Medardo, and E.-H.M. M., Optimal reuse of
flowback wastewater in hydraulic fracturing including seasonal and environmental
constraints. AIChE Journal, 2016. 62(5): p. 1634-1645.
Drouven, M.G. and I.E. Grossmann, Optimization models for impaired water
management in active shale gas development areas. Journal of Petroleum Science and
Engineering, 2017. 156: p. 983-995.
Zore, Ž., L. Čuček, and Z. Kravanja, Syntheses of sustainable supply networks with a
new composite criterion – Sustainability profit. Computers & Chemical Engineering,
2017. 102: p. 139-155.
Carrero-Parreño, A., V.C. Onishi, R. Ruiz-Femenia, R. Salcedo-Díaz, J.A. Caballero, and
J.A. Reyes-Labarta, Multistage Membrane Distillation for the Treatment of Shale Gas
Flowback Water: Multi-Objective Optimization under Uncertainty, in Computer Aided
Chemical Engineering, A. Espuña, M. Graells, and L. Puigjaner, Editors. 2017, Elsevier.
p. 571-576.
Carrero-Parreño, A., J.A. Reyes-Labarta, R. Salcedo-Diaz, R. Ruiz-Femenia, J.A.
Caballero, and I.E. Grossmann, Sustainable Optimal Strategic Planning for Shale Water
Management. submitted to Industrial and Engineering Chemistry Research., 2018.
Delft University of Technology. The Model of the Eco-costs/Value Ratio (EVR). 2017
July 2018]; Available from: http://www.ecocostsvalue.com.
United States Department of Labor. Usual Weekly Earnings of Wage and Salary
Workers. Bureau of Labor Statistics. 2018 March, 2018.]; Available from:
https://www.bls.gov/news.release/wkyeng.toc.htm.
Petroleum Services Association of Canada. How many jobs does a single drilling rig
create and where are they? 2018
July, 2018.]; Available from:
https://www.albertaoilmagazine.com/2015/05/drilling-rig-jobs/.
Institution,
T.P.C.U.I.B.
2018;
Available
from:
https://www.taxpolicycenter.org/taxvox.
Osborn, S.G., A. Vengosh, N.R. Warner, and R.B. Jackson, Methane contamination of
drinking water accompanying gas-well drilling and hydraulic fracturing. Proceedings
of the National Academy of Sciences, 2011. 108(20): p. 8172-8176.
Page 154 of 158

Version 3.0

Deliverable D8.1

176.
177.
178.

179.

180.
181.

182.

183.

184.

185.
186.
187.

188.

189.
190.
191.
192.

PU

Cooper, J., L. Stamford, and A. Azapagic, Social sustainability assessment of shale gas
in the UK. Sustainable Production and Consumption., 2017.
Howarth, R.W., R. Santoro, and A. Ingraffea, Methane and the greenhouse-gas
footprint of natural gas from shale formations. Climatic Change, 2011. 106(4): p. 679.
Mohan, J., W.M. Griffin, H. Chris, J. Paulina, V. Jeanne, and V. Aranya, Life cycle
greenhouse gas emissions of Marcellus shale gas. Environmental Research Letters,
2011. 6(3): p. 034014.
Laurenzi, I.J. and G.R. Jersey, Life Cycle Greenhouse Gas Emissions and Freshwater
Consumption of Marcellus Shale Gas. Environmental Science & Technology, 2013.
47(9): p. 4896-4903.
Veil, J.A., Water management technologies used by Marcellus shale gas producers Final Report 2010.
Wilson, J.M. and J.M. VanBriesen, Research Articles: Oil and Gas Produced Water
Management and Surface Drinking Water Sources in Pennsylvania. Environmental
Practice, 2012. 14(4): p. 288-300.
Jiang, M., C.T. Hendrickson, and J.M. VanBriesen, Life Cycle Water Consumption and
Wastewater Generation Impacts of a Marcellus Shale Gas Well. Environmental Science
& Technology, 2014. 48(3): p. 1911-1920.
Pekney, N.J., G. Veloski, M. Reeder, J. Tamilia, E. Rupp, and A. Wetzel, Measurement
of atmospheric pollutants associated with oil and natural gas exploration and
production activity in Pennsylvania’s Allegheny National Forest. Journal of the Air &
Waste Management Association, 2014. 64(9): p. 1062-1072.
Coday, B.D., L. Miller-Robbie, E.G. Beaudry, J. Munakata-Marr, and T.Y. Cath, Life cycle
and economic assessments of engineered osmosis and osmotic dilution for
desalination of Haynesville shale pit water. Desalination, 2015. 369: p. 188-200.
Stamford, L. and A. Azapagic, Life cycle environmental impacts of UK shale gas. Applied
Energy, 2014. 134: p. 506-518.
Jasmin, C., S. Laurence, and A. Adisa, Environmental Impacts of Shale Gas in the UK:
Current Situation and Future Scenarios. Energy Technology, 2014. 2(12): p. 1012-1026.
Tagliaferri, C., R. Clift, P. Lettieri, and C. Chapman, Shale gas: a life-cycle perspective
for UK production. The International Journal of Life Cycle Assessment, 2017. 22(6): p.
919-937.
Rebitzer, G., T. Ekvall, R. Frischknecht, D. Hunkeler, G. Norris, T. Rydberg, W.P.
Schmidt, S. Suh, B.P. Weidema, and D.W. Pennington, Life cycle assessment: Part 1:
Framework, goal and scope definition, inventory analysis, and applications.
Environment International, 2004. 30(5): p. 701-720.
Clift, R., Sustainable development and its implications for chemical engineering.
Chemical Engineering Science, 2006. 61(13): p. 4179-4187.
International Organization for Standardization, ISO 14040:2006 Environmental
management -- Life cycle assessment -- Principles and framework. 2006.
International Organization for Standardization, ISO 14044:2006 Environmental
management -- Life cycle assessment -- Requirements and guidelines. 2006.
Goedkoop, M., R. Heijungs, M. Huijbregts, A. De Schryver, J. Struijs, and R. van Zelm,
ReCiPe 2008: a life cycle impact assessment method which comprises harmonised
category indicators at the midpoint and endpoint levels. Report I: Characterisation;
National Institute for Public Health and the Environment (RIVM). 2009: Bilthoven, The
Netherlands, 2009.
Page 155 of 158

Version 3.0

Deliverable D8.1

193.
194.

195.

196.

197.

198.

199.

200.
201.
202.
203.
204.

205.

206.
207.
208.
209.

210.

PU

Swiss Centre for Life Cycle Inventories, Ecoinvent: The Life Cycle Inventory Data. 2017:
Dübendorf, Switzerland.
RIVM Committed to health and sustainability. the ReCiPe model. 2018 July 2018];
Available
from:
https://www.rivm.nl/en/Topics/L/Life_Cycle_Assessment_LCA/ReCiPe.
Singhofen, A., C.R. Hemming, B.P. Weidema, L. Grisel, R. Bretz, B. De Smet, and D.
Russell, Life cycle inventory data. The International Journal of Life Cycle Assessment,
1996. 1(3): p. 171-178.
Evensen, D., J.B. Jacquet, C.E. Clarke, and R.C. Stedman, What's the ‘fracking’
problem? One word can’t say it all. The Extractive Industries and Society, 2014. 1(2):
p. 130-136.
Hartley, P.R., K.B. Medlock, T. Temzelides, and X. Zhang, Local employment impact
from competing energy sources: Shale gas versus wind generation in Texas. Energy
Economics, 2015. 49: p. 610-619.
Zirogiannis, N., J. Alcorn, J. Rupp, S. Carley, and J.D. Graham, State regulation of
unconventional gas development in the U.S.: An empirical evaluation. Energy Research
& Social Science, 2016. 11: p. 142-154.
Bonakdarpour, M., B. Flanagan, C. Holling, and J. Larson, The Economic and
Employment Contributions of Shale Gas in the United States. 2011, IHS Global Insight
(USA) Inc., Washington, D.C.
Jasmin, C., S. Laurence, and A. Adisa, Shale Gas: A Review of the Economic,
Environmental, and Social Sustainability. Energy Technology, 2016. 4(7): p. 772-792.
Campaign to Protect Rural England, Strategic Environmental Assessment for Further
Onshore Oil and Gas Licensing. 2014, Campaign to Protect Rural England.
Lewis, C., S. J., and R. MacSweeney, Getting Ready for UK Shale Gas: Supply Chain and
Skills Requirements and Opportunities. 2014, Ernst & Young LLP: London, UK.
Oil & Gas UK, UK continental shelf offshore workforce demographics report 2015.
2015.
Behrer, A.P. and M.S. Mauter, Allocating Damage Compensation in a Federalist
System: Lessons from Spatially Resolved Air Emissions in the Marcellus. Environmental
Science & Technology, 2017. 51(7): p. 3600-3608.
ter Mors, E., B.W. Terwel, and D.D.L. Daamen, The potential of host community
compensation in facility siting. International Journal of Greenhouse Gas Control, 2012.
11: p. S130-S138.
Wetherell, D. and D. Evensen, The insurance industry and unconventional gas
development: Gaps and recommendations. Energy Policy, 2016. 94: p. 331-335.
Jacquet, J.B., Review of Risks to Communities from Shale Energy Development.
Environmental Science & Technology, 2014. 48(15): p. 8321-8333.
Krupnick, A.J. and I. Echarte, Housing Market Impacts of Unconventional Oil and Gas
Development. 2017.
Schafft, K.A., L.L. Glenna, B. Green, and Y. Borlu, Local Impacts of Unconventional Gas
Development within Pennsylvania’s Marcellus Shale Region: Gauging Boomtown
Development through the Perspectives of Educational Administrators. Society &
Natural Resources, 2014. 27(4): p. 389-404.
Tsvetkova, A. and M.D. Partridge, Economics of modern energy boomtowns: Do oil and
gas shocks differ from shocks in the rest of the economy? Energy Economics, 2016. 59:
p. 81-95.
Page 156 of 158

Version 3.0

Deliverable D8.1

211.
212.
213.
214.
215.
216.

217.

218.
219.

220.

221.
222.

223.
224.

225.

226.

227.
228.
229.

PU

Cronin, K., Community Engagement Charter Oil and Gas from Unconventional
Reservoirs. 2013, United Kingdom Onshore Operations Group.
Coffey, P., RWE in the UK: CR Report. 2015. 2015, RWE npower.
HSE, Health and safety at work: Summary statistics for Great Britain 2017. 2017,
Health and Safety Executive: Liverpool, UK.
U.S. Bureau of Labor Statistics, Census of Fatal Occupational Injuries (CFOI) - Current
and Revised Data. 2016, U.S. Bureau of Labor Statistics,.
IOGP, Shaping safety culture through safety leadership. 2013, International
Association of Oil & Gas Producers: London, UK.
Hays, J., M. McCawley, and S.B.C. Shonkoff, Public health implications of
environmental noise associated with unconventional oil and gas development. Science
of The Total Environment, 2017. 580: p. 448-456.
Barber, J.R., C.L. Burdett, S.E. Reed, K.A. Warner, C. Formichella, K.R. Crooks, D.M.
Theobald, and K.M. Fristrup, Anthropogenic noise exposure in protected natural areas:
estimating the scale of ecological consequences. Landscape Ecology, 2011. 26(9): p.
1281.
Barber, J.R., K.R. Crooks, and K.M. Fristrup, The costs of chronic noise exposure for
terrestrial organisms. Trends Ecol Evol., 2010. 25(3): p. 180-189.
Graham, J., J. Irving, X. Tang, S. Sellers, J. Crisp, D. Horwitz, L. Muehlenbachs, A.
Krupnick, and D. Carey, Increased traffic accident rates associated with shale gas
drilling in Pennsylvania. Accident Analysis & Prevention, 2015. 74: p. 203-209.
Goodman, P.S., F. Galatioto, N. Thorpe, A.K. Namdeo, R.J. Davies, and R.N. Bird,
Investigating the traffic-related environmental impacts of hydraulic-fracturing
(fracking) operations. Environment International, 2016. 89-90: p. 248-260.
ARUP, Cuadrilla Elswick Limited Temporary shale gas exploration at Roseacre Wood,
Lancashire Environmental Statement. 2014, Cuadrilla Elswick Limited.
MDNR, Assessment of Risks from Unconventional Gas Well Development in the
Marcellus Shale of Western Maryland. 2015, Maryland Department of the
Environment & MarMaryland Department of Natural Resources.
Vondra, C.F., Hydraulic Fracturing and North American Shale Plays – some concerns,
in 87th Annual Soil Management and Land Valuation Conference. 2014.
Nicholls, F., S. Glynn, J. Broderick, K. Anderson, R. Wood, P. Gilbert, M. Sharmina, and
A. Footitt, Shale gas: an updated assessment of environmental and climate change
impacts. Manchester University, 2011.
Great Britain: Parliament: House of Lords: European Union Committee No country is
an energy island: securing investment for the EU's future, 14th report of session 201213. 2013.
Ashmoore, O., D. Evensen, C. Clarke, J. Krakower, and J. Simon, Regional newspaper
coverage of shale gas development across Ohio, New York, and Pennsylvania:
Similarities, differences, and lessons. Energy Research & Social Science, 2016. 11: p.
119-132.
Jaspal, R. and B. Nerlich, Fracking in the UK press: Threat dynamics in an unfolding
debate. Public Understanding of Science, 2014. 23(3): p. 348-363.
Jaspal, R., B. Nerlich, and S. Lemańcyzk, Fracking in the Polish press: Geopolitics and
national identity. Energy Policy, 2014. 74: p. 253-261.
Israel, A.L., G. Wong-Parodi, T. Webler, and P.C. Stern, Eliciting public concerns about
an emerging energy technology: The case of unconventional shale gas development in
the United States. Energy Research & Social Science, 2015. 8: p. 139-150.
Page 157 of 158

Version 3.0

Deliverable D8.1

230.
231.

232.

233.
234.

235.

236.

237.

238.

239.

PU

Theodori, G.L., Public Perception of the Natural Gas Industry: Data from the Barnett
Shale. Energy Sources, Part B: Economics, Planning, and Policy, 2012. 7(3): p. 275-281.
Upham, P., A. Lis, H. Riesch, and P. Stankiewicz, Addressing social representations in
socio-technical transitions with the case of shale gas. Environmental Innovation and
Societal Transitions, 2015. 16: p. 120-141.
Boudet, H., C. Clarke, D. Bugden, E. Maibach, C. Roser-Renouf, and A. Leiserowitz,
“Fracking” controversy and communication: Using national survey data to understand
public perceptions of hydraulic fracturing. Energy Policy, 2014. 65: p. 57-67.
Mukherjee, D. and M.A. Rahman, To drill or not to drill? An econometric analysis of US
public opinion. Energy Policy, 2016. 91: p. 341-351.
Castell, S., A. Charlton, M. Clemence, N. Pettigrew, S. Pope, A. Quigley, J. Navin, and T.
Silman, Public Attitudes to Science 2014. 2014, ESRC, Department for Business,
Innovation & Skils.
O'Hara, S., M. Humphrey, J. Andersson-Hudson, and W. Knight, Public Perception of
Shale Gas Extraction in the UK: Two Years on from the Balcombe Protests. . 2015,
University of Nottingham.
Whitmarsh, L., N. Nash, P. Upham, A. Lloyd, J.P. Verdon, and J.M. Kendall, UK public
perceptions of shale gas hydraulic fracturing: The role of audience, message and
contextual factors on risk perceptions and policy support. Applied Energy, 2015. 160:
p. 419-430.
Adamus, W. and W.J. Florkowski, The evolution of shale gas development and energy
security in Poland: Presenting a hierarchical choice of priorities. Energy Research &
Social Science, 2016. 20: p. 168-178.
Haddad, N.M., L.A. Brudvig, J. Clobert, K.F. Davies, A. Gonzalez, R.D. Holt, T.E. Lovejoy,
J.O. Sexton, M.P. Austin, C.D. Collins, W.M. Cook, E.I. Damschen, R.M. Ewers, B.L.
Foster, C.N. Jenkins, A.J. King, W.F. Laurance, D.J. Levey, C.R. Margules, B.A.
Melbourne, A.O. Nicholls, J.L. Orrock, D.-X. Song, and J.R. Townshend, Habitat
fragmentation and its lasting impact on Earth’s ecosystems. Science Advances, 2015.
1(2).
Change, D.o.E.C., Onshore oil and gas exploration in the UK: regulation and best
practice. 2015.

Page 158 of 158

Version 3.0

