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Abstract: Shale gas is a type of unconventional gas expldiyethe fracking process that has been widelygét in the
United States of America. This example has alsaéaeral countries to equate the possibility ofl@ipg gas in non-
conventional reservoirs, following the releasehef torld ranking of technically recoverable reserve2013 from the
U.S. Energy Information Administration. Frackingh& combination of two complex processes: hydedtdicturing and
horizontal drilling and it can raise important ewvimental and social concerns. Currently, the nuktlogies used to
assess impacts, when choosing a new energy saeinceto deal independently with the variables thake up these
impacts. However, these variables are interrelatetiwill interact with each other. A systemic asayis then required
to deal with these complex relations. The purpdghis paper is to demonstrate the use of a systgmmics tool to
assess these impacts and by this contribute tongédétter energy-related choices and to supporathevement of
sustainable development goals.

1 Introduction by the U.S. Environmental Protection Agency [5] who
The topic of shale gas has been the focus of deveg@ncern with the related human and environmentaltie
studies in different countries addressing issuet sis its Potential effects on the quality and quantity oihking
availability, development and potential, the potitirame ~ Water, the use of waste water generated by fracamy
its exploitation and its impacts or public acceptrThe Competition between water-producing activities eesglly
interest on the topic is well justified, given tinereasing in areas of the country with low or irregular water
rate of production in countries such as UnitedeStét).S.), availability [6]. o
Canada or China [1,2]. In 2013, the U.S. Energy The conditions of shale gas exploitation must beedly
Information Administration [3] released a reporthioh ~ Observed, since several critical factors can direct
presented a world ranking of countries with techlhjc influence the economic viability of this activitguch as
recoverable shale gas reserves, i.e. reservessothgh geographic and geological characteristics, proteateas,
could be produced with current technology, regasilef indigenous and traditional community lands, agritiess
the price of natural gas and its costs of productio this ~ activities, as well as environmental legislatioartReularly
context, countries with the largest reserves wbal@hina, remarkable itis the issue of water stress asitiedf water
followed by Argentina, Algeria, U.S., Canada, Mexic availability can curtail shale development in mangces
Australia, South Africa, Russia and Brazil as tentthis ~and the final destination of the return water frivacking
ranking. would be a sensitive point in this process [7,8heT
The fracking or hydraulic fracturing technologyProjection and planning for the use of water resesir
associated with horizontal drilling has been widellong with the monitoring of the characteristicsdan
diffused in the U.S. in the exploration of shales,ga Properties of the water produced could then detesrits
supported by public policies, including significantstrict use and destination [9,10].
government grants in a learning by doing process. Other concerns surround this exploration, there are
Supposedly, because of this process, great teafinalo many doubts about the economic effects on employmen
advance has taken place, allowing large-scale ptmy ~and income, several reports sponsored by the gastity
in the early 2000s, transforming the industry ¢ Sector May have overestimated these effects [11]. In &xidto
in the U.S. [4]. Despite this unbridled race by #iyance €conomic and environmental issues, there is goratarn
in the exploitation of shale gas, the informatiwovided about the approval of local society for the shaés g
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exploitation. Companies realized the need to irsgrearisk of seismic or fluid displacement between ggulal
space for further discussion by academics, theigubllayers [16]. The agency values the application ighh
regulators, and local decision-makers to build morstandards in design, construction and integrityirtgsof

appropriate regulations [12,13]. the well, with particular concerns for the riski@fkage in
There is an expectation of the emergence of ldigkes aquifers.
gas production industries beyond the US territDye to The possibility of using shale gas is already being

this fact, the International Energy Agency (IEA%#]Hrew considered for Brazil on the energy plans for 2B60 as
up the so-called Golden Rules for the Golden Agéad, the Environmental Thematic Committee (CTMA)
which was a report specially developed with shae gs highlighted, the extension of these plans stillefefs on
the focus. Among other relevant information, thé [E4] further studies to be elaborated [17,18]. Prelaryn
stressed the importance of full transparency dvaluations of the National Agency for Petroleurafuyal
measurements and monitoring of environmental ingpactGas and Biofuels (ANP), coupled with informationrfr
as well as a commitment to local communitiesshe U.S. Energy Information Administration, creatbd
highlighting society's acceptance of this explamti conditions for the launch in 2013 of the TwelfthuRd of
technology. The U.S. Department of Energy (DOEBids for Exploration, Development and ProductionOaf
showed that the use of the high technology of aasnd Natural Gas in Brazil. The bid offered 240 eratory
information system, together with the management dlocks in an auction process [3,19]. These regmasent
projects, could minimize the undesirable effectsttd§ a high potential for the generation of electricitith the
activity [15]. A careful selection of sites to diéind more production from this onshore gas. The chart praséeise
effectively identify the most productive areas, camegions on the overall Brazilian map (Figure 1).
considerably reduce exploration time and providiewser

Parnaiba Basin
Acre Basin

. . Sergipe - Alagoas Basin
Parecis Basin

Reconcavo Basin

Parana Basin

San Francisco Basin

Figure 1 Basins of 2bidding to oil, conventional and unconventionas gploitation. Source: ANP 2013[19]

The exploitation of shale gas can be complex arghs as an energy source is proposed. Secondly, the
requires a multidisciplinary analysis of the projecmethodology will be used for the analysis of the
integrating several dimensions, namely: environalent interactions involving the potential impacts of Ighgas
economic, technological, legal, and social. If ¢hesexploitation by fracking based on the Brazilianecas
dimensions would be analysed independently sigmific
impacts should be expected. However, a systemic agd Methodology
integrated perspective for these dimensions shbeld  j. Forrester created System Dynamics (SD) in the
envisaged to assess their interrelations and pakent)950s at the Massachusetts Institute of Technabogihe
positive or negative synergetic effects [20]. Th& assumption that the behaviour of a system is gertblay
precisely the focus of this study. Firstly, a metblogy  the structure of that system. By understandingstesy, as
based on system dynamics for impact assessmehalef s peing a set of interconnected elements and intagaaiith
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each other, to form an organized integer, the dycgof

to simulate the behaviour of cause and effecticglahips

systems would assess how the parts of that system between parts of this system over time [22].

related, determining the behaviour of the samangie, a
manufacturing plant, an animal cell or an oil base.

For this research, a critical analysis of the ditare was
firstly conducted to provide the required contexida

In the 1960s, SD moved away from manual simulatioscientific background for the research. The revidwe

and evolved into computational modelling, wherer€ster
published the classic Industrial Dynamics book [24]
method of applying SD would be to use modelling &sol

literature addressed the topic of shale gas anmthjtacts at
world scale and for the particular case of Brazigure 2
shows the methodological approach for this research
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Figure 2 Methodological approach

This literature review allowed us to proceed foe th

following steps, namely the identification of thagpity
areas for the exploitation of shale gas in Branil &he
expected impacts of this activity [19]. These intpagere
then translated on a list of variables, which wetevant
and were considered on the analysis of interreiatigps
(Tables 1 to 5). The analysis of interrelationstiga key
step of the process as it recognizes that theblagahould
not be handled independently but rather by recdggiz
their influences, either through positive or negati
feedback. As such, the use of system dynamics Itirage

was considered to be the most adequate approach to

analyse the potential impacts of shale gas expioit. For
simplicity and given the information scarcity, aftsor

increase in the initial variable. As such, eachalde
reinforces the direction of action of the previous
variable, either increasing or decreasing output, i
what can configure a snowball effect accordingo t
SD Theory.

e Scenario 2 or equilibrium feedback for which an
increase one variable would lead to a reductioa on
related variable and would end up leading to a
reduction in the initial variable. As such, onetlaé

variables reverses the direction of action of the
previous variable, which shows cause and effect

relationships in what would configure a balancing
effect according to the SD Theory.
For the particular case under analysis, a soft ttinge

qualitative SD approach was used as the main tesltey approach was used to allow the perception of asteay

assess which variables are affected by each otitiema
attempt of quantifying the extent of the impactdlaws.

based on the recognition of the cause and effect

relationship between variables and feedback strestu

As such, the analysis addressed two mains scenarioShe systemic model was developed in a specificvsoé
» Scenario 1 or reinforcement feedback, for which af23] that provides a graphical modelling interfacging
increase one variable would lead to an increase @ausal link diagrams.
related variables and would end up leading to an
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Table 1 Variables by economic dimension

Table 4 Variables by social dimension

Sequential Variable Source Sequential Variable Source
1 Costs for sociel [24,25] Disorganized displacemer|  [41,42]
2 Taxes and royali [26,27] 29 of populatior
3 Cos-benefit rati [25,26,28] Number of agreements | [20,39]
4 Global price of other [29,30] with science and

resource & technology institutions
5 Local developme! [26,28] (STI)
6 Development / growth [26,28] 31 Number of research [38,39]
of the countr _ 32 Benefits to socie [25,26]
7 Regional energy pric [31,32] 33 Job and incon [26,38]
8 Relative valu [27,2930]

9 Shale energy supg [27,33] Table 5 Variables by legislative dimension
10 Shale gas international |  [31,34] Sequential Variable Source
price _ i

34 Political conflict: 26,43

11 Energy demar [27,3335] Land-use zonin {41 43]]
12 Investment in productic [24,30] 35 requlation 9 '

13 Production cos [24,27 30 Waler reSources [24,28]
14 Energy ofshale [24,36] 36 manageme! '

_J Ay EETE [24.27] 37 Legal conflict: [26,36]

Table 2 Variables by technological dimension 38 C%”;:Ziggrt;?otgeaﬁzale [24,27]

ial Variabl .

Sequentia ariable Source production (E&P
16 Importation of technolog [37-39] [26,28]
17 Importation ofequipmer [37-39] 39 Regulations [35,44]
18 Specialized human caal | [28,27,39]

19 Patent registratic [38,39]

Table 3 Variables by environmental dimension

3 Results and discussion
From the literature review, the priority areas sbale

Sequential Variable Source gas were identified through the auction offered thy
PR ANP, which offered 240 exploration blocks in Brazil
20 Mltlgatlolggs treatment ~ [24,25,28] distributed in seven sedimentary basins. Thesekbloc
EErE of‘ lobal included 110 exploration blocks in New Frontier Bas
global . )
21 o which are those whose geological knowledge or
Risks of contamination d [16,24,33] technological advanqement have not r_eached thermyatu
22 or degree of complexity to reduce the high exptosatisk,
surface wate . . .
: and 130 exploratory blocks in Mature Basins, logate
Risks of groundwater | [16,24,33,40] . o
23 contaminatio regions already unde_r an advanced stage of gxmrlmta
Production of greenhoud [24,33,39] with well-developed infrastructure and specializedal
24 7 e manpower. These Mature Basins included 11 Brazilian
___gas ((.BH(.E states: Acre, Amazonas, Sao Paulo, Parana, MatssGr
2 @ SEISMIC Ever [16.24,33] Maranhdo, Bahia, Goias, Tocantins, Alagoas e Sergip
26 Safe water availabili [16,28] [19]. According to Brazilian Environmental Ministin
21 Water consumptic [16,28] Portuguese MMA - Ministério do Meio Ambiente) aiet
28 Conflict level by wate [16,39)] areas made available to shale gas exploitatioralaoee
aquifers [16]. Given that connection between thegtrial
surface and the catchment area of the gas is ist@dhl
through a conduction duct made of cement, the pilisgi
of contamination through the duct cannot be exaude
Another possibility of contamination of these aqtsfis
the existence of natural faults and large scaletdras
within or between the formations that may potelgtial
allow flow paths outside the production zone [4%,46
Following the identification of the priority aredsr
shale gas exploration, the most relevant impacte we
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related to soil, earthquakes, overlapping with grtad The model presented numerous formations of
areas, water resources, the final flowback wated ameinforcement feedbacks and equilibrium feedbadlss,
disposal of chemicals [47-49]. From the identificatof expected by the systems dynamic’s methodology. The
these impacts, 39 variables were listed, spannivg f analysis was limited to 16 of the most represergati
dimensions: economic, legislative, technologicalfeedbacks, namely 6 of reinforcement feedbacksl@nuf
environmental, and social. These variables werecssd equilibrium feedbacks to avoid redundancy. As destai
from the scientific literature (Table 1 to Table &)d previously, scenario 1 consists of a set of resdorent
distributed through soft modelling, elaborating @ausal feedbacks calleR1, R2, R3, R4, R5andR6 and_scenario
link diagram (Figure 3). 2 includes equilibrium feedbacks called, E2, E3, E4,
ES5, E6, E7, E8, E9andE10.
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Figure 3 SD Soft Modelling
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The combined analysis is represented in Figure loops R5 and E8 were chosen to illustrate the msyiste
which described the interrelation between the det thinking of this model and are highlighted in Figsid and
variables of the model. For simplicity, feedbackdyo Figure 5.

- +
+
+
+ i
Investments in
y Production
+
+
+ - +
+

Y, / - Energy
+ Demand
+ Development /.,
! *+~_Growth in Brazil
* +
Y .
+
+ L
Shale Gas™ ¥ —~
. + Production
t +
+ Taxes and
P .
Benefits to  Royalties
Society Local
+ +F Development
Patent @/4
\ Registration
+
+
+
Ne° of
Research
+
T Concession for the — N° of agreement
Shale Gas E&I? with STI's
- +
+
+ -
+ +

Figure 4 Reinforcement Feedback (R5)

In all loops as well as iR5, the analyse can start in anygovernment to increase the numlmemcession for the
variable, because the feedback is a loop (Figure'4@ shale gas E&P The increase in the number of concessions
increase in theproduction of shale gasgenerates an for the shale gas E&P can increment tieémber of
increase in the payment t#xes and royaltiesrelated to agreements with STlsdue to the need to increase the
this activity, increasing the econonfienefits for society number of researchesrelated to this new exploratory
with the circulation of more currencies. This getes an activity. This expansion in the number of searcimes
increase in theost-benefit ratig, giving arguments for the generate an increase in thember of patentsregistered,
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this growth can generate local development, coresgtyu the intensification ofnvestments in producing shale gas
a development / growth of Brazi| which makes it and leading to an increase on the initial variable
possible to raise thdemand for shale energyjustifying  production of shale gas

- +
+
+
+
+
+ +
+
+ - +
+
+ - -
+
- £
+ |+ y + *
- + + +
+ Y
- +

+ t +

+ +
- +
+ +
+ "
+
+
+ + +E
+
+
+
+ +
+ + +
+ +
+
+ + +
. ; +
+
" -
+ +

Figure 5 Equilibrium Feedback (E8)

As for the loop E8 and departing again from vagablcharacteristic of this productive process, thedase in this
production of shale gas an increase would leadnto quantity of chemical products also increases thbatility
increase in the variable’s chemicals. In the precéshale of the risks of groundwater contamination. Beceaafsthe
gas production, a large amount of chemicals is uséte  higher risk of groundwater contamination, a redwctdf
shale flow. The increase in gas production wilutesn the safe water availability may occur which can int@ngie
need to increase the amount of chemical produes ims conflict level by water. The conflicts over wateayrcome
this shale gas production (Figure 5). Due to thfrom other conflicting productive activities of iastry,
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agribusiness, or human and animal consumption. TiRaraguay, Brazil, and Argentina), could be strongly
intensification of this conflict raises the cogis $ociety in  affected but shale gas exploitation activities.sThiater
the alternative search of new sources of wateuress or concern underlines the need to properly integrated
the rationing of their use. Costs can be interdifiee to environmental, social and economic dimensions & th
the heavy use of chemicals in farming. Due to thenpact assessment.
manipulation of these chemical products, the irgirgp In summary, the study allowed us to propose and
use of trucks and the arrangement for the flowb#lo, demonstrate a methodology based on soft modelling b
probability of accidents also increases drivingoag; system dynamics for impact assessment of shalagas
increase in mitigation and treatment costs. Thislditead new source of energy. Moreover, it opened also tapo
to a reduction in the related activity gains angtdurage routes for further research, namely the need toenfimm
investment in production that would reduce shalergyn the soft to the hard system dynamics approach.héne
supply. Reducing shale energy supply would inHdsial modelling could be used to better assess the velati
development, thereby reducing benefits for soceetyg importance and delays associated with differergdo@his
cost-benefit ratio. As the cost-benefit ratio woldé analysis should also contribute to recognize amgguty
reduced the economic arguments would not be stromagknowledge the relevance of the impacts undetianaé
enough to justify more concessions. By this factbe and local perspective which should reflect the coci
concession for the shale gas E&P would be redundd ademographic and economic characteristics of thectetl
consequently, there would be a reduction of shals gregions.
production.
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