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ABSTRACT
Polymer flooding has been the most widely used chemical enhanced oil recovery (EOR) method. The

experience gained over the past decades from laboratory studies to project design and field implemen-
tation has been well documented in the literature. The main objectives of this paper are to evaluate
recent observations of polymer floods that report injection rates leading to pressure values above the forma-
tion fracture pressure (FFP), high polymer production, formation of tight emulsions and/or productivity losses.

Based on this review, it can be concluded that no direct evidence exists to support that injecting polymer above
the FFP will lead to more polymer production. However, uncertainties associated with the estimation of fracture
propagation/dimensions using pressure Fall-Off Tests (FOT) still remain. High polymer production, other than
severe channeling, is generally reported in large scale/commercial projects. The impact of oil geochemistry/
composition and water salinity on oil-water-polymer emulsions is commonly overlooked in polymer flood
studies. The formation of in-situ emulsions can also explain the injectivity and/or productivity reduction and
well test interpretation (i.e. FOT) reported in polymer floods. It was also identified that the OPEX (Operational
Expenditures) associated with oil-water separation in the presence of polymer and productivity losses (i.e.
workovers, stimulation costs) are generally underestimated. Finally, this review is expected to contribute with
the planning, design and implementation of future polymer flood pilots and field expansions.
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RESUMEN

a inyeccién de polimeros es el método quimico de recobro mejorado con mayor ndmero de

implementaciones a escala de campo. La experiencia adquirida en las Gltimas décadas desde estudios

de laboratorio hasta el disefio e implementacién de campo ha sido bien documentada en la literatura.
El objetivo principal de este trabajo es evaluar observaciones recientes de proyectos de inyeccién de polimero
reportando tasas de inyeccién por encima de la presién de fractura de la formacién, alta produccién de
polimero, formacién de emulsiones viscosas y/o pérdidas de productividad.

Basados en esta revisién, se puede concluir de que no existen evidencias directas de que la inyeccion de
polimero a tasas que impliquen superar la presién de fractura induzcan a una mayor produccién de polimeros.
Sin embargo, existen incertidumbres relacionadas con la estimacién de las dimensiones y propagacién
de fracturas utilizando pruebas de caidas de presién (FOT). La alta produccién de polimero, por razones
diferentes a canalizaciones severas, generalmente se reportan en proyectos a escala comercial. Por otra
parte, el impacto de la composicién y geoquimica del crudo y de la salinidad del agua en la formacién de
emulsiones agua:petréleo:polimero ha sido subestimado en estudios de inyeccién de polimeros. La formacién
de emulsiones in-situ puede explicar la disminucién de la inyectividad y/o productividad, y la interpretacion de
pruebas FOT reportadas en proyectos de campo. Adicionalmente, se destaca que los costos operacionales
(OPEX) asociados a la separacién de agua:petroleo en presencia de polimero y pérdidas de productividad
(p.e. costos por intervencién de pozos) son comUnmente subestimados. Finalmente, esta revisién contribuird
con la planificacién, disefio e implementacién de futuras pruebas pilotos o expansiéon de proyectos de

inyeccion de polimeros.

Palabras clave: Inyeccién de Polimero, Recobro Mejorado de Petréleo, Recobro Quimico, Produccién de Polimeros,
Emulsiones, Factor de reemplazo, Tasas de inyeccién, Presién de fractura, Monitoreo, Pérdidas de productividad.

RESUMO

injecéo de polimeros é com o maior nimero de aplicacdes em campo. A experiéncia que se ganhou

nas Ultimas décadas, desde estudos laboratoriais até o desenho e aplicagGo em campo tem sido

bem documentada na literatura. O principal objetivo deste trabalho é avaliar recentes observacoes
de projetos de injecdo de polimero informando taxas de injeg@o acima da presséo de fratura da formagéo,
alta producéo de polimero, formagao de emulsées viscosas e/ou perdas de produtividade.

Baseados nesta revisGo, é possivel concluir que ndo hd evidencias diretas confirmando que a injecéo de
polimeros a taxas que exijam ultrapassar a pressédo de fratura induza a uma maior producéo de polimeros.
Contudo, ainda hd incertezas em relacéo & estimativa das dimensées e propagacéo de fraturas utilizando
testes de quedas de pressdo (TQP). A alta producdo de polimero, por motivos diferentes das canalizacées
severas, geralmente é relatada em projetos em escala comercial. Por sua vez, o impacto da composicdo e
geoquimica do petréleo bruto e da salinidade da dgua na formacéo de emulsées dgua: petréleo: polimero
tem sido subestimado em estudos de injecdo de polimeros. A formacdo de emulsiones in-situ pode explicar a
diminuicéo da injecdo e/ou produtividade, e a interpretacdo de testes TQP relatadas em projetos de campo.
Adicionalmente, destaca-se que os custos operacionais (OPEX) associados & separacdo de dgua: petréleo
na presenca de polimero e perdas de produtividade (p.ex. custos por intervencédo de pocos) sGo geralmente
subestimados. Por fim, esta revisGo ird contribuir com o planejomento, desenho e aplicacdo de futuros testes
pilotos ou expanséo de projetos de injecdo de polimeros.

Palavras-chave: InjecGo de polimero, Recuperacdo Avancada de Petréleo, Recuperacdo Quimica, Producdo de
Polimeros, Emulsées, Razéo de ions, Fator de substituicGo, Taxas de injecdo, Pressdo de Fratura, Monitoramento, Perdas
de produtividade.
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HISTORICAL AND RECENT OBSERVATIONS IN POLYMER FLOODS: AN UPDATE REVIEW

1. INTRODUCTION

Waterflooding is the most common secondary
recovery process worldwide. However, the sweep
efficiency of conventional waterfloods can be improved
by the injection of polymers. Polymer flooding
represents the most mature chemical EOR method
as multiple field applications during the past decades
exemplify. The main objective of polymer flooding is to
improve the mobility ratio (M), defined as the mobility
of displacing fluid (water) to the mobility of displaced
fluid (oil) ratio. Additionally, polymer injection can
accelerate oil production without reducing the residual
oil saturation compared to waterflooding (Sorbie, 1991).

Polymer flooding has been evaluated at field
scale for more than five decades and is becoming a
technology that is gaining great interest within the oil
and gas community based on recent laboratory studies
and field trials widely documented in the literature.
However, despite numerous successes and encouraging
results reported in multiple field experiences (Standnes
and Skjevrak, 2014), the number of large-scale or
commercial floods is still considered relatively low
except in Canada (Renouf, 2014) and China (Zhang,
Y., Wei, M., Bai, B., Yang, H., & Kang, W., 2016).
Examples of other countries reporting large scale
(>10 injectors) or commercial polymer floods include

Pilot projects

45 @ Large/Commercial scale

Albania (Bankers, 2016), Argentina (Buciak, Sancet &
Del Pozo, 2015) and Oman (Choudhuri et al., 2014).
Figure 1 shows the general location of pilot and large/
commercial (> 10 injectors) polymer flood projects
included in this review.

The growing number of polymer floods during the
last decade has contributed to improve the understanding
of this technology and to expand its application to
reservoirs that were originally discarded based on
existing screening criteria. However, the number of
projects reporting high polymer production and issues
separating produced fluids in the presence of polymer
represents an area that needs to be addressed in further
detail. The aim of this paper is to evaluate past and
recent polymer flood experiences reporting high
polymer production and its possible relationship with
the formation of viscous emulsions. The formation of
emulsions in-situ can also have an important impact on
well injectivity and interpreting FOT, aspects that have
not been fully addressed in the literature. To achieve
the objectives proposed, this paper was divided in four
main sections:

*  Summary of representative historical polymer flood
reviews documented from 1978 to 2016. The main
goal of this review was to identify projects reporting
high polymer production and possible formation of
tight emulsions and/or productivity losses.

Figure 1. Geographical location of most relevant projects summarized in this review.
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» Review of recent polymer floods reporting injection
rates above the FFP to infer its possible relationship
with high polymer production. This section will also
provide a detailed discussion of the use of pressure
Fall-Off Tests (FOT) due to its importance in
monitoring programs as well as to estimate fracture
propagation and dimensions in polymer floods.

» Evidence of laboratory studies reporting or projects
suggesting the formation of oil:water:polymer
emulsions in-situ that may explain injectivity
reduction, possible misinterpretation of FOT (i.e.
viscous emulsions, shear thickening, oil bank
formation) and potential productivity losses.

* Polymer floods reporting productivity losses
including mitigation strategies and potential impact
on operational expenditures (OPEX) and project
€conomics.

In addition to a review of the current status of the
technology, the importance of crude oil and brine
composition on the formation of spontaneous oil:water
emulsions with and without the presence of polymer
was also discussed. The analysis performed in this
study is expected to provide guidance to expand existing
laboratory protocols and revisit the interpretation of
FOT with a better understanding fluid:fluid interactions
of polymer floods. This study will also contribute with
planning, design, implementation and monitoring of
future polymer flood pilots and field expansions.

2. THEORICAL FRAME

Summary of Historical Reviews on Polymer
Floodss

Chang (1978) provided a historical description
and new lab findings of polymer flooding technology.
This review included the evaluation of 16 field cases
in the U.S and only one that is producing from a
Limestone Fm. (N.E. Hallsville Crane Unit, Texas).
Chang’s paper summarizes seven economic factors
that impact PF economics (CAPEX, OPEX, chemical
cost, tax regime, oil price, process effectiveness and
environmental control). Other costs are associated
with well interventions, drilling and completion that
will vary depending on reservoir depth and years of
operation, among others. Polymer cost reported in this
study was $US 1.35/Ib for polyacrylamide polymers
and $US 2.50/1b for Xanthan Gum. At the time of this
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review, commercial applications of polymer flooding
were limited.

Main conclusions of Chang’s study included that
polymer injection is relatively simple and low cost to
implement, waterflood conversion to polymer flood
should be conducted at early stages of water injection
and post-flood evaluation is as important as pre-flood
studies. Finally, well injectivity, polymer degradation
through different mechanisms including chemical
additives used for water treatment and the choice of
surface equipment were listed among the main technical
issues of polymer floods.

Manning, Pope, Lake and Willhite (1983) presented
a comprehensive survey of polymer floods. At that time
273 abandoned, current, planned and contemplated
polymer projects were identified as part of their
study. However, their survey was based on the actual
and projected performance of these projects (mainly
pilots) from a statistical perspective only. One of the
most relevant conclusions was that the findings of this
study were in close agreement with the majority of the
previous surveys documented in the literature except for
the actual oil recovery reported as 3.74 barrels of oil per
pound of polymer injected.

Needham and Doe (1987) presented a review and
updates of the technology. This review was based
on projects documented in the literature including
27 field cases (two in carbonate formations) in the
U.S, France and Germany. Among these projects, 16
were also discussed by Chang (1978). Projects were
mainly based in polyacrylamide polymers and only
three projects used biopolymers. Additionally, five of
the projects used aluminum citrate as a crosslinker to
enhance permeability reduction effects. This method is
also known as CDG (“Colloidal Dispersion Gels”) and
represents a controversial technology when compared
with commonly used polymer.

Needham and Doe also presented a brief summary of
polymer flood application based on the Dykstra-Parson
(DP) method. From this analysis, the authors concluded
the possible limitation of implementing polymer flooding
in viscous oils with adverse mobility ratios (M > 100)
and highly heterogeneous (DP > 0.8) reservoirs. In these
cases, projects might not be economically feasible with
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the available polymer products. This study reports the
economic and technical successes of polymer flooding
in secondary and tertiary applications in sandstone
and carbonate reservoirs as well. Secondary floods
recovered substantially more oil with lower polymer
usage (0.3 Ibm/bbl or 0.1 Kg/m?) than tertiary floods (2
Ibm/bbl or 5.7 Kg/m?). Therefore, polymer flooding is
best applied early in the life of a waterflood (Needham
and Doe, 1987).

Du and Guan (2004) presented a summary of lessons
learned and experiences gained during 40 years of
polymer flooding. However, no specific field projects
were listed or mentioned in this study. A general
overview of this survey is summarized below:

*  Mobility ratio (M) between 0.1 and 42 and oil
viscosities up to 126 cP.

* Reservoir permeability in the range of 20 and
3,200 mD. In reservoirs with lower permeabilities,
injectivity reduction might be an economic
limitation of polymer floods.

*  DP coefficients ranging from 0.28 and 0.80.

* Economic and technical successes reported in both
sandstone and carbonate formations.

* The hottest successful project was reported at
229°F.

* Polymer flooding generates better results at early
stages of a waterflood.

*  The injection of small pore volumes of polymer (PV
<0.07) and lack of reservoir pressure maintenance
due to poor injectivity are two of the variables
highlighted as causes observed for unsuccessful
projects.

*  Proper reservoir description, laboratory studies,
evaluation of biocides and oxygen scavengers
and monitoring (i.e. injection and fluid production
analysis, well tests) were mentioned among the best
practices identified in field implemented polymer
floods.

Manrique, Muci and Gurfinkel (2007) published a
review of EOR field experiences in carbonate formations
in the United States as part of a study sponsored by the
U.S Department of Energy. This review presented a
summary of 49 polymer floods (31 in the State of Texas)
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documented in the literature from 1960 to 1990. Most
of the projects used polyacrylamide polymers with few
cases reporting the use of biopolymers (polysaccharides
and cellulose polymers) and started at early stages of
waterflood projects. Field projects reported the injection
of polymer concentrations ranging from 50 to 3,700 ppm
(19 to 150 lbm/acre-ft.) and included unsuccessful and
successful projects reporting incremental oil recoveries
from 0 to 18% of the Original Oil in Place (OOIP).
Despite the number of projects and successes reported in
the literature, no additional polymer floods in carbonate
formations were documented after 1990.

Gao (2011) summarized five (5) field polymer floods
in viscous oil reservoirs (80 - 2,000 cP). Field results
demonstrate technical and economic feasibility of
polymer injection in heavy oil reservoirs. The author
highlights the importance of water salinity, polymer
degradation and adsorption on polymer viscosity.
However and despite the limited scope of this review, the
study reports that low productivity is one of the issues
facing field applications. The author does not provide
details describing the possible causes of productivity
losses during polymer flooding. This issue will be
addressed later in this paper based on laboratory and
field experiences.

Mogolléon and Lokhandwala (2013) presented a
summary of three polymer floods in viscous reservoirs
(> 150 cP), specifically the Tambaredjo field pilot test
(Suriname) and commercial projects in Bohai Bai
(Offshore China) and Pelican Lake (Canada). Their
study concluded the technical and economic feasibility
(based on a probabilistic analysis) of polymer flooding
in viscous oils. Among multiple variables evaluated,
authors highlight the importance of polymer injection
rates on project economics concluding that low polymer
injectivity has been overcome using horizontal wells and
injecting polymer above the formation fracture pressure.

Saleh, Wei and Bai (2014) developed a statistical
analysis of 481 polymer floods (303 successful, 65
discouraging and 103 unevaluated projects). The
main objective of this study was to update screening
criteria for polymer flooding based on field data. The
results of the statistical analysis were based on 250
projects due to duplicated, missing and/or inconsistent
information found in the data set. Proposed screening
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criteria presented in this study expand the applicability
of polymer flooding to low permeability (>10 mD),
reservoir temperatures up to 210°F and high oil viscosity
(< 5,000 cP) reservoirs.

Renouf (2014) summarizes a review of 32 polymer
floods in Western Canada mainly in heavy oil fields.
Volumes of oil produced from these polymer floods
were reported in 1.6 x10°m? in 2011 and 1.7 x10° m? in
2012. Reported incremental oil recoveries ranged from
0.5% to 14% of the OOIP. Almost all (30 of 32) projects
used polyacrylamide (HPAM) polymers. Chauvin
South (1987-1992) used a xanthan biopolymer due to
high water salinities (TDS of 81,000 mg/L) and the
Provost Upper Mannville A flood used an associative
polyacrylamide polymer after the first stage due to
water salinity (TDS > 25,000 mg/L) and total hardness
(> 450 mg/L).

Almost all projects reported an injectivity reduction
averaging 56% of the pre-polymer flood (water
injection) (Renouf, 2014). Polymer injectivity was
improved by using horizontal wells. However, this
review does not provide major details of injectivity
reduction on Voidage Replacement Ratio (VRR) except
for two examples briefly mentioned in the study. The
first example presented was the project at Brintnell /
Pelican Lake where a greater success was attributed to
injecting at VRR higher than 1. The second example was
the polymer flood at Viking-Kinsella Wainwright B. In
this case, injectivity reduction generated a decrease of
the VRR from 1 to 0.7.

The author suggests that the screening criteria for
polymer floods are outdated and proposed to expand it
to heavy oil reservoirs (>15 °API and < 5,000 cP —dead
oil viscosity) based on the polymer floods reviewed.
Finally, injection volumes and rates, and the use of
horizontal injectors and water quality represented the
most significant operational variables that contributed to
the success of polymer floods reviewed. Water quality,
polymer integrity and polymer injectivity caused most
of the operational difficulties of the projects evaluated.

Delamaide, Bazin, Rousseau and Degre (2014a)
presented a summary of Chemical EOR experiences in
Canada. However, this brief review will be focused on
polymer floods projects for being the main subject of
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this work. This review of Canadian projects included
twelve (12) polymer injection projects at different
stages of evaluation ranging from a full field (Pelican
Lake / Brintnell) and in progress (i.e. Cactus Lake
and Wildmere) to unknown status. Only two (2) of
the projects listed in this review reported issues such
as severe operational problems (East Bodo) and early
polymer breakthrough (Giltedge). The authors provided
a summary description of polymer floods at Pelican
Lake, Mooney Bluesky A and Seal Bluesky. Main
conclusions of this review are summarized below:

* Polymer flooding has proven to be efficient for
crude oil viscosities up to 10,000 cP (i.e. Pelican
Lake and Seal projects).

* The viscosity of the injected polymer solution for
the projects reviewed (Pelican Lake, Mooney and
Seal) ranged from 13 to 45 cP. This is to achieve
a reasonable injection rate in these viscous oil
reservoirs (Trade-off between mobility ratio and
injection rates).

Standnes and Skjevrak (2014) provided a
comprehensive review of polymer field projects. This
review included 72 polymer floods (66 onshore and 6
offshore) from 1964 to 2014. Most of the projects used
HPAM polymers (92%) and the rest reported the use
of biopolymers and only one project used hydrophobic
associative polymer (Bohai Bay, offshore China). At
least 40 projects were reported as successful and 6
were classified as discouraging. A brief summary of the
analysis performed by the authors showed:

* Polymer injection in secondary mode shows a
higher success rate than injecting polymer in a
tertiary mode.

* No major differences were observed between
successful and discouraging projects with regards
to polymer concentration, resistance factor (RF),
residual resistance factor (RRF), polymer retention,
well spacing, reservoir temperature, and oil
viscosity.

*  Emulsion (liquid) polymer has a higher tendency to
induce injectivity reduction than powder polymers.
However, 7 of 17 polymer floods using emulsion
polymers were classified as successful. Only 1
of the discouraging polymer injection projects
reported severe injectivity reduction.
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» Discouraging projects either reported significant
injectivity reduction (4 of 6 projects), injected
less than 20% of the pore volume (3 of 6 projects)
and average reservoir permeability was 5 times
lower than successful polymer floods (563 md for
successful projects vs. 112 md for the discouraging
cases).

*  Challenges or issues reported due to early polymer
breakthrough (i.e. Wilmington, California) and
production were low in general with some projects
reporting corrosion and emulsions in the production
system. Only one project reported productivity
reduction (Bohai Bay, offshore China). However,
authors concluded that the number of successful
projects outperformed the few discouraging cases
reported.

Delamaide (2014) presented a summary of polymer
floods in heavy oil reservoirs. The main objective of this
study was to describe the evaluation of polymer floods
from the screening to commercial expansion. This review
includes 10 projects in different countries: Canada (5),
Argentina (2), China (1), Oman (1) and Suriname (1).
Projects evaluated report several reservoir properties and
operating conditions, among others. However, most of
the projects reviewed in this study were also discussed
by Mogollon and Lokhandwala (2013), Delamaide,
Zaitoun, Renard and Tabary (2013), and Standnes and
Skjevrak (2014). Hence, no major details of this study
will be discussed except for the two areas not widely
addressed in previous reviews: oil-polymer emulsions
and injection rates above fracture gradients.

The formation of oil-polymer emulsions in
Delamaide (2014) review was focused on oil-water
separation in surface facilities and the impact of the
presence of polymer on emulsion stability. The author
summarizes cases reporting injectivity reduction (20-
40% for 5 of the projects reviewed) with respect to
water injection. Delamaide (2014) selected the polymer
flood in Tambaredjo Field, Suriname, as a case of
polymer injection above fracture gradient. Potential
risks suggested due to the injection of polymer above
fracture gradient, by increasing polymer viscosity, to
improve injectivity includes mechanical degradation of
polymer, formation of a filter cake (i.e. possible poor
polymer filterability at field scale) and negative impact
on sweep efficiency, among others. However, this will
be discussed later in this paper.

CT&F - Ciencia, Tecnologia y Futuro - Vol. 6 Num.5  Jun. 2017

Saboorian-Jooybari, Dejam and Chen (2015) also
presented a review of polymer injection in heavy oil
reservoirs. This study can be divided in three major
areas: a historical review of core floods, review and
analysis of field cases and revisiting screening criteria
for polymer flooding. Regarding laboratory experiences,
the authors presented a historical review of sand packs
and corefloods studies in viscous oils (209 - 18,700
cP) reporting incremental oil recoveries between 2.2
and 40% at variable viscosity ratios and pore volumes
injected among many other experimental conditions.

Saboorian-Jooybari, H., Dejam, M., & Chen, Z.
(2015) summarize 11 polymer flood projects in viscous
oil reservoirs implemented in different countries:
Canada (5), U.S. (2), Argentina (1), China (1), Oman (1)
and Suriname (1). All field projects reviewed are well
documented in the literature and were also discussed
in previews reviews described in this work (Mogollon
& Lokhandwala, 2013; Delamaide, E., Moe, K.,
Bhoendie, K., Jong-A-Pin, S., & Paidin, W. R., 2016;
Standnes & Skjevrak, 2014). It is important to remark
that this review included two polymer floods in the U.S.
implemented during 1960s in Albrecht (Texas) and West
Cat Canyon (California) demonstrating the technical and
economic feasibility of this technology. Based on the
analysis of the projects reviewed, the authors proposed
an updated set of screening criteria recommending the
use of mobility (0.31 cP/mD) and oil/polymer viscosity
ratio (279) as guidelines when evaluating polymer
injection in heavy oil reservoirs.

Sheng, Leonhardt & Azri (2015) presented a
summary of the status of the polymer flood technology.
Authors developed a general assessment based on 733
polymer floods implemented in different (24) countries
mainly from the U.S (560), China (67) and Canada (50).
No major details were presented about the field cases
and the study was based on a statistical analysis of the
projects reviewed. An average incremental cost of $US
4.35 per barrel was reported excluding facilities and
operating costs.

Their study also proposed a new set of screening
criteria for polymer flooding including oil viscosities
below 150 cP. Main reasons of this relatively low crude
oil viscosity is due to the lack of understanding of the
mechanisms operating in heavy oil reservoirs. A brief
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analysis of polymer floods in viscous reservoirs (240
- 10,000 cP) was also performed, evaluating a total
of nine projects in Canada (5), Argentina (1), China
(1), Suriname (1) and U.S (1). Mixing highly viscous
polymer solutions and injectivity reduction were two
of the issues highlighted by the authors. Finally, this
study summarizes most common problems associated
with polymer flooding including formation damage
(i.e. polymer adsorption reducing rock permeability),
low injectivity (i.e. due to reduced permeability and
increased viscosity) that requires of hydraulic fracturing
for its improvement, and back-produced polymer
that contributes to the formation of stable water/oil
emulsions making difficult its separation and the use
of produced waters for reinjection.

Zhang, Y., Wei, M., Bai, B., Yang, H., & Kang, W.
(2016) recently presented a survey and data analysis
of polymer floods (pilot and commercial) projects
implemented in China. This study includes 55 (31
pilots and 24 field scale) projects from 1991 to 2014.
Most projects were implemented in Daqing, Henan
and Shengli Fields. The main objective of this research
was to consolidate and update the screening criteria for
polymer flooding based on field applications. Proposed
screening criteria are consistent with those proposed in
previous studies except for oil viscosity. In this study,
polymer injection in reservoirs with oil viscosities lower
than 285 cp was recommended.

Brief Discussions on Past Reviews

After an analysis of past reviews, it can be concluded
that polymer flooding is a well-established EOR
technology and that the number of successful projects
exceeds greatly the number of unsuccessful projects.
Despite the successes of claimed cases in multiple
polymer flood pilots, the number of commercial projects
is still limited. The main reasons attributed to projects
reported as discouraging were injectivity reduction, late
implementation in mature waterfloods, early polymer
breakthrough and/or small pore volume (< 20%) of
polymer injected.

Regarding the applicability of polymer flooding,
most reviews are in agreement with most common
screening criteria except crude oil viscosity. Sheng et
al. (2015) and Zhang, Y., Wei, M., Bai, B., Yang, H., &
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Kang, W., (2016) suggested the applicability of polymer
flooding for reservoirs with crude oil viscosities up to
150 cP and 285 cP, respectively. This viscosity range
clearly contradicts technical and economic feasibility of
polymer floods in viscous oils and/or screening criteria
proposed by Mogollon and Lokhandwala (2013), Carss
(2014), Renouf (2014) and Delamaide et al. (2014a).
Sheng et al. (2015) explained their disagreement as a
lack of understanding of the mechanisms operating in
heavy oil reservoirs and based on their interpretations,
discussing some aspects of the Pelican Lake polymer
flood documented in the literature. Additionally, Sheng
et al. (2015) attributed the use of polymer injection in
viscous oil reservoirs to high oil prices, modest polymer
prices, and the increased use of horizontal injectors. This
point of view can be only justified due to the limited
number of commercial projects but this is also valid
for medium and light oil reservoirs. However, Sheng
et al. (2015) did not present solid arguments to discard
the applicability of polymer flood technology in heavy
oil reservoirs. In the case of Zhang et al. (2016), the
proposed criteria for crude oil viscosity (up to 285 cP)
to consider polymer injection was based exclusively
on the experience in China, including 24 field scale
projects (i.e. Bohai Bai and Daqing Fields). Figure 2
shows the average permeability (K) vs. the average
oil viscosity (l,) of approximately 400 polymer floods
documented in the literature. It is clear that most projects
(highlighted with the dashed line rectangle) have been
implemented in reservoirs with po and K below 100 cP
and 1 Darcy, respectively. However, Bohai Bai “A”,
Patos-Marinza and Pelican Lake are three of the few
ongoing commercial scale polymer floods in reservoirs
with viscosities above the proposed values by Sheng
et al. (2015) and Zhang et al. (2016). Hence, crude oil
viscosity should not be used as the only reference to
discard the applicability of polymer flooding in a given
reservoir based on ongoing commercial projects.

There is a wide consensus recommending polymer
injection at early stages of water injection or as a
secondary method. As to when to start polymer injection,
this represents a common question in the oil and gas
community evaluating this chemical EOR method.
There are multiple criteria that can help to decide the
timing to start polymer injection (Secondary vs. early
stages of waterflooding). Some recommended criteria
include, but are not limited to:
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Figure 2. Average viscosity-permeability plot of polymer floods
implemented at a pilot or large/commercial scale.

»  Ifthere is evidence of fill-up during water injection
(typically observed in Hall Plots) or the reservoir
was highly depleted during primary production (i.e.
presence of free gas), delayed polymer injection
might be recommended.

o Fill-up the reservoir with polymer instead of
water can represent a waste of money and
the presence of free gas may cause injectivity
reduction (i.e. trapped gas effects).

o These effects are expected to be less important
in viscous oil reservoirs (i.e. oils with low gas
in solution).

»  Start with water injection can be useful for various
reasons:

o Understand reservoir connectivity and calibrate
the geologic/numerical models used to predict
polymer flood performance. This can also
contribute addressing possible conformance
issues due to channeling effects before polymer
injection starts.

o Validate and establish a reference of water
injectivity, especially in reservoirs with the
presence of swelling/sensitive clays.

o Evaluate possible reservoir souring effects
(Khatib & Salanitro, 1997; Larter & Aplin,
1995) that can impact production operations
(i.e. generation of H,S).

o Estimate incremental oil generated by polymer
injection. If not feasible, considering running
parallel water and polymer flood pilots as
secondary recovery method, could be an
option.
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From the previous studies, it can be noticed that
in the last two decades no major advances in polymer
flood technology have been reported in carbonates,
high temperature (T > 200°F) and offshore reservoirs.
After the polymer floods reported in U.S. carbonate
formations by Manrique, E., Muci, V. E., & Gurfinkel,
M. E. (2007) there are no major advances or documented
field projects evaluating polymer flooding in carbonate,
dolomitic or limestone formations. Most of the activities
of polymer injection in carbonates have been focused
on the evaluations in laboratory and simulation studies
(Han, Fuseni, Zahrani & Wang, 2014; Masalmeh, Wei,
Blom & Jing, 2014; Raza, Shoaib, Al Sumaiti & Al
Hassan, 2015). It is worth mentioning the recent Single
Well Tracer Tests (SWTT) and pilot designs reported in
carbonate fields in Abu Dhabi and Kuwait (Abdullah,
Tiwari & Pathak, 2015; Bursaux, R., Peltier, S., Nguyen,
M., Romero, C., & Morel, D., 2016; Levitt ef al.,
2016). However, both projects are evaluating surfactant
technologies (SP or ASP). Hence, these projects will
not be discussed in this study, which focuses on the
evaluation of polymer flood technology only.

With regards to polymer floods at HT reservoirs (T
>200°F), experiences found are mainly focused on lab
evaluations and numerical simulation studies (Gaillard
et al., 2015; Zhuoyan et al., 2015). Although there are
some ongoing field evaluations on HT reservoirs, no
details of these evaluations have been documented in the
literature. The main challenge of HT polymer floods is
that the high well spacing which requires large volumes
of polymer in reservoirs with thick net pays and/or
long residence times in the formation will potentially
impact the polymer stability (i.e. thermal degradation).
Additionally, HT reservoirs are typically associated to
deep formations and infill drilling might be too costly
to justify polymer injection.

Polymer injection offshore has not been reported
in recent times (Alvarado & Manrique, 2013). Bohai
Bai in China (Xiaodong et al., 2011) and Dalia in
Angola (Morel, D., Vert, M., Jouenne, S., Gauchet,
R., & Bouger, Y., 2012 and Morel, D., C., Zaugg,
E., Jouenne, S., Danquigny, J. A., & Cordelier, P. R.,
2015) represent the most relevant offshore polymer
projects documented in the literature. Captain Field
offshore UK is another important polymer flood project
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injecting liquid polymers; however, its documentation is
scarce (Chevron 2014 & 2015; Poulsen, 2009 & 2010).
Dwarakanath et al. (2016) recently reported a study
evaluating the permeability reduction in porous media
(Bentheimer rock, Ottawa sand and unconsolidated field
sand) due to the use of liquid polymers. This study also
reports remediation formulations to improve injectivity.

Finally, some areas that have not been fully addressed
in past polymer floods reviews include the impact of
injection rates at pressures above the formation fracture
pressure, Voidage Replacement Ratios (VRR), the
formation of oil-polymer emulsions in the reservoir and
possible productivity losses. These areas represent the
main objective of this study and will be discussed in the
following sections of this paper.

Recent Observations in Polymer Floods

Injectivity reduction, oil:water separation in
the presence of high polymer concentrations and
productivity losses to a lesser extent have been topics
of discussions in recent polymer flooding projects
and reviews. With an increased interest in pilot
implementation, ongoing pilots and field expansion
evaluations, these topics have become critical areas of
discussion with several operators as part of their risk and
uncertainty evaluation. Therefore, this paper will try to
address these topics based on lab and field experiences
documented in the literature.

Polymer Injection Rates

Before discussing the injection rate strategies
reported in polymer floods, it is important to briefly
consider the concept of Voidage Replacement Ratio
(VRR). VRR is the ratio of reservoir barrels of injected
fluid to reservoir barrels of produced fluids. Plots of
VRR vs. time are typically used to evaluate pressure
maintenance by water (or gas) injection. When VRR is
equal or higher than 1 the reservoir pressure is being
maintained/increased. If VRR is less than 1 the reservoir
pressure is declining (Baker, 1998; Terrado, Yudono
& Thakur, 2006; Thakur & Satter, 1998). Although
reservoir development strategies may vary among
companies, in some countries VRR is used by regulatory
agencies as a means of monitoring the impact of the
field development on energy/resources management and
the environment. Therefore, the injection rate defined
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for polymer floods will also depend on the regulations
for a given country. For example, the Alberta Energy
Regulator (AER) in Canada generally specifies a VRR
of 1 to fully maintain the reservoir pressure, and limits
the wellhead injection pressures (Directive 51) generally
to 90% of the fracture (formation partition) pressure
(Alberta Energy Regulator, 1994). Additionally, wells
included in EOR schemes (Directive 065) may be
subject to further injection pressure limitations (Alberta
Energy Regulator, 2014).

The strategy of VRR > 1 (instantaneous or cumulative)
is a well-established concept for an optimum reservoir
management of waterfloods in medium and light oils.
However, it has been proposed that this concept might
not be valid for waterfloods in heavy oil reservoirs where
VRR<1 could be beneficial. The potential advantages
of this strategy (VRR < 1) to improve oil recovery in
heavy oil waterfloods is due to the activation of one or
more of the following mechanisms: solution gas drive,
foamy oil drive, in-situ emulsification and three-phase
relative permeability (Brice, Ning, Wood & Renouf,
2014; Delgado, Vittoratos & Kovscek, 2013; San Blas
and Vittoratos, 2014; Vittoratos and Boccardo, 2015;
Vittoratos, Coates & West, 2011; Vittoratos, Zhu &
West, 2014). The proposed approach of optimum VRR
for waterfloods in heavy oil reservoirs can impact
polymer floods performance and should be considered
when evaluating the technical and economic feasibility
of polymer flooding in viscous oil reservoirs.

Injectivity reduction is the most common issue
reported in polymer floods leading to a decrease in
the VRR (< 1). A decrease in injectivity should be
expected due to the higher viscosity of polymer solutions
compared to water. However, injectivity reduction
documented in several projects was reported as
manageable. It is also common that most of the injection
wells are fractured during waterflood operations before
polymer injection starts. Reported strategies to mitigate
injectivity reduction in polymer floods include:

*  Use of horizontal wells

»  Well stimulation (i.e. acid and frac jobs)

*  Flow back injectors

» Increase perforations shots per unit length

»  Decrease polymer concentration (trade-off mobility
control vs. injectivity)
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Examples of these strategies to manage injectivity
reduction in recent polymer floods have been reported
in Caen (Liu, Adegbesan & Bai, 2012), El Corcobo
(Hryc, A., Hochenfellner, F., Paponi, H., Puliti, R.,
& Gerlero, T., 2013), Mangala (Kumar, P., Raj., R.,
Koduru, N., Kumar, S., & Pandey, A., 2016), Medicine
Hat Glauconitic C Pool (Batonyi, Thorburn & Molnar,
2016), Patos-Marinza (Carss, 2014; Jacobs, 2015;
Bankers, 2016), Pelican Lake (Delamaide, Tabary,
Rénard & Dwyer, 2014b), Yarigui-Cantagallo (Maya
et al., 2015) and different fields in Western Canada
(Renouf, 2014). It is also important to remark that water
quality represents a good practice and recommendation
in polymer floods reviewed. Therefore, a detailed
monitoring (QA/QC) of water quality (i.e. oil content,
chemical treatment, suspended solids, etc.) is key for
the success of the project and the proper understanding
of well injectivity before ascribing injectivity losses to
polymer injection (Bennion, Bennion, Thomas & Bietz,
1998; Glasbergen, Wever, Keijzer & Farajzadeh, 2015).

Although the decrease of the VRR (< 1) due to
injectivity reduction can impact project economics,
this does not mean that polymer floods are or will
be uneconomic under this development strategy. The
decrease of VRR oftentimes comes with a positive oil
response (Liu, et al.,2012; Batonyi, A., Thorburn, L., &
Molnar, S., 2016). However, since 2009 there is a new
trend of some polymer floods injecting above the FFP to
improve well injectivity and to sustain VRR > 1. These
projects will be the main topic of the discussion of this
section. Table 1 summarizes some characteristics of
the polymer floods in Australia (Windalia Field Pilot),
Austria (Matzen -8 TH Horizon pilot), Oman (Marmul
commercial flood) and Suriname (Tambaredjo Field
pilot). All these projects have been reported as successful
and/or show promising results with ongoing evaluation
for possible field expansions.

Polymer floods injecting above frac gradient (Table
1) show important differences in reservoir permeability

and crude oil viscosities. Hence, the first conclusion is
that this injection strategy can be considered in a broad
range of reservoir conditions that meet most criteria
for polymer flooding except for reservoir permeability.
For example, Windalia Field will not meet the existing
criteria of reservoir permeability for polymer injection.
All four projects listed in Table 1 are well documented
in the literature and references can be found at the end
of'this paper. Therefore, this section will provide a brief
summary of the background of each of these projects
focusing the attention on common observations, possible
uncertainties associated to the estimation of fracture
geometries and the concentration of polymer production.

Windalia field (Fletcher and Morrison, 2008; Haynes,
Clough, Fletcher &Weston, 2013) is a high clay content
sandstone and low permeability light oil (36°API)
reservoir (65°C) in Australia. Windalia reservoir has
an OOIP of 819 MMbbls and it is under line-drive
water injection since 1967 reporting a recovery factor
of 37%. Waterflooding was operated injecting above
the frac gradient to maintain voidage. Therefore,
vertical injectors were already fractured before polymer
injection started. The polymer flood pilot was run for 2
years with 3 wells (From May 2009 to July 2011) using
a variable polymer concentration of a low molecular
weight (MW) HPAM. In the pilot, two injectors were
fractured with proppants, and the third one was allowed
to inject above the fracture pressure. The main objective
of this project was to promote in-depth flow diversion
rather than mobility control. Despite polymer injection
rates one out of the three injectors experienced a strong
injectivity reduction. The pilot project was defined as
successful by the operator but no additional information
about project expansion or production performance has
been documented since 2013. Finally, Haynes, A. K.,
Clough, M. D., Fletcher, A. J. P., & Weston, S., (2013)
reported that the rate at which fracture growth occurred
was unknown.

Table 1. Summary information of polymer floods injecting above frac gradient (FFP).

Field, Country Permeability Net Pay (ft.) Injector(s) Oil Visc. (cP)
Windalia, Australia 5 md (with 20+ streaks) 98.4 (30m) Vertical 0.65
Matzen (8 TH), Austria 500 md (Avg.) (10 - 3,000 md) 65.6 (= 20m) Vertical 19-27
Marmul, Oman 100 - 5,000 md 65.6 (Avg. 20m) Mostly verticals & 3 Horizontals 90
Tambaredijo, Suriname T1: 4,000 Avg. (1 - 12 D) 20 (T1 Sand) Vertical 400-600
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Matzen Field (8 TH horizon) is a sandstone viscous
(20°API) oil reservoir (50°C) in Austria (Chiotoroiu,
Peisker, Clemens & Thiele, 2016; Clemens, T., Deckers,
M., Kornberger, M., Gumpenberger, T., & Zechner, M.,
2013; Laoroongroj, Zechner, Clemens & Gringarten,
2012; Laoroongroj, A., Liiftenegger, M., Kadnar, R.,
Puls, C., & Clemens, T., 2015; Liiftenegger, Kadnar,
Puls & Clemens, 2015; Sieberer, Jamek & Clemens,
2016; Zechner, Clemens, Suri, & Sharma, 2015).
Production from the 8 TH horizon started in 1951 and
waterflood in 1960. The estimated recovery factor was
26% and water cuts reached to 96% before polymer
injection started. The pilot project includes 2 irregular
“unconfined” patterns sharing one producer. Polymer
injection started in January 2012 (well SC-1 until April
2013) and June 2012 (well S-81). The operator defined
a strategy of constant injection rate of 220 m3/d (=1,400
bbl/d) adjusting polymer concentration to keep injecting
above the FFP. Based on the results of the pilot project
the operator is evaluating possible options for the
expansion of polymer flooding (Sieberer, M., Jamek,
K., & Clemens, T., 2016).

Marmul field is a sandstone viscous (22°API) oil
reservoir (90 cP) and a well-documented commercial
polymer flood in Oman (Al Azri, 2012; Al-Kalbani
et al., 2014a; Al-Kalbani, Mandhari, Al-Hadhrami
& Philip, 2014b; Al-Kalbani et al., 2014c; Al-Saadi
et al., 2012; Al-Saadi, Al-Subhi & Al-Siyabi, 2014;
Choudhuri and Al-Rawahi, 2008; Choudhuri et al.,
2013; Choudhuri et al., 2014; Koning and Mentzer,
1988; Shuaili et al., 2012; Thakuria et al., 2013; Zwaan
and Valdez, 2015). This field was discovered in 1956
and started commercial production in 1980. Marmul (Al
Khlata reservoir) is a very complex and heterogeneous
reservoir with the presence of fractures/faults plus
adverse mobility ratio. Water injection started in 2005
and the expected recovery factor was estimated in 27%.
The first polymer pilot was implemented between 1988
and 1989 indicating promising results. However, it
was not expanded due to a low oil price environment.
Lately, the expanded plan for polymer injection started
in February 2010 injecting polymer targeting a viscosity
of 15 cP (10-25 cP). The project includes a total of 27
injectors (26 in Al Khlata and 1 in Haima Formations)
and a total of 126 producers. Although some of the
injectors were already fractured during the waterflood,
polymer injection was planned to be “under controlled
fracturing conditions since a matrix development will
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result in extremely low injectivity”. Choudhuri ef al.,
(2014) reported that the fracture length should not
exceed 30% of the spacing to minimize the risk of
direct inter-well communication impacting negatively
the sweep efficiency.

Tambaredjo field is a heavy (16°API and 300-1,100
cP) oil and relatively unconsolidated sandstone reservoir
in Suriname (Delamaide et al., 2016; Manichand,
R., Mogollén, J. L., Bergwijn, S., Graanoogst, F., &
Ramdajal, R., 2010; Manichand, R. N., Moe, K. P.,
Gil, L., Quillien, B., & Seright, R. S., 2013; Manichand
and Seright, 2014; Moe, Manichand & Seright, 2012).
Tambaredjo is described as a highly heterogeneous
reservoir with a permeability contrast higher than
10:1 (T1 sand is a free crossflow reservoir). This field
reports a good primary recovery (=30% of the OOIP)
being solution-gas drive and compaction the main
production mechanisms. Tambaredjo (Sarah Maria)
polymer flood pilot area does not report active water
drive or waterflood project. The pilot area consists of
three 5-spot patterns (3 injectors and 9 offset producers)
and the first well (1M101) started polymer injection in
September 2008, the second injector (IN062) in May
2010 and the third (1M052) in June 2011 (Manichand
and Seright, 2014). The injection strategy considered a
variable injection rate (160-450 bbl/d) and an increase
of polymer viscosity/concentration (45 cp @ 1,000
ppm; 85 cp @ 1,350 ppm and; 125 cP @ 2,300 ppm)
over time. As of 2016, polymer had been injected in
approximately 75% of the PV of the Tambaredjo pilot
project reporting good oil response as recently reported
by Delamaide et al. (2016).

As can be noticed, all four projects summarized
above considered different strategies to inject polymer
above frac gradient and also striving to control as much
as possible the polymer channeling due to possible
propagation of induced fractures. The differences in
injection strategy are also expected due to the wide range
of reservoir properties of the evaluated projects (Table
1). Windalia polymer flood required polymer injectivity
improvement to promote near wellbore fractures in a low
permeable formation using a low MW polymer. On the
contrary, Matzen, Marmul, and Tambaredjo are polymer
floods injecting above frac gradient in reasonable high
permeability formations to improve well injectivity
and reduce polymer mechanical degradation (Moe, K.
P., Manichand, R. N., & Seright, R. S., 2012; Seright,
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2010; Thakuria ef al., 2013; Zechner, M., Clemens, T.,
Suri, A., & Sharma, M. M., 2015). Matzen, Marmul,
and Tambaredjo polymer floods are using the same high
MW polymer and some additional common observations
include:

*  Produced polymer shows 40 to 80% reduction
in polymer MW - from 20-18 MDa (injected) to
3-12 MDa (Al-Kalbani et al., 2014b; Liiftenegger,
M., Kadnar, R., Puls, C., & Clemens, T., 2015;
Manichand et al, 2013).

» All project report a reduction in water mobility
and good oil response despite the lower MW of
the polymer produced (Al-Saadi et al., 2014;
Liiftenegger et al., 2015; Manichand et al, 2013).

The wide range in the MW reduction of produced
polymers can be attributed to the differences in
reservoir properties, water quality, injection strategies,
well completions and artificial lift systems (i.e. beam,
progressive cavity and sucker rod pumps), among others.
However, all projects reported positive oil response.
Therefore, it is difficult to provide any additional
interpretation based on the information available. On
the other hand, the increases of polymer hydrolysis and
reduction in MW of produced polymers have not been
widely reported in the literature. Standnes and Skjevrak
(2014) included few examples reporting these effects
in polymer floods in China (i.e. Daqing, Shengli and
Shuanghe fields), Germany (i.e. Hankensbuettel-Sued)
and the U K (Beatrice Field). However, the information
is scarce and more detailed studies will be required to
predict polymer stability deep in the reservoir. Jouenne,
Chakibi and Levitt (2015) developed a study describing
the degradation kinetics of different HPAM solutions
flowing through different geometries including porous
media. Some of the results reported in this study include
that degrading polymer solutions to a same level using
different geometries will not necessarily generate the
same MW distribution. However, degraded polymers
showed better injectivity characteristics and tolerance
to shear.

Regarding the control of fracture propagation,
the importance of monitoring to control flood sweep
efficiency and avoid early polymer breakthrough is
recognized. Fracture extension as a result of the polymer
floods, which are described by several authors, varies
from few tenths (i.e. Matzen and Tambaredjo Field)
to hundreds of feet (i.e. Windalia Field). For example,
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the strategy in Marmul polymer flood is that fracture
propagation should not exceed 1/3 of the spacing
between injector and producer (Shuaili, ef al., 2012).
The general approach before polymer injection start is to
develop a step rate test to identify the FFP (frac gradient)
and run Fall-Off Tests (FOT) to define the baseline under
waterflooding. To control the fracture extension and/or
estimate fracture dimensions the following monitoring
methods have been documented:

*  Well injectivity (BPD/psi vs. injection rates) and
bottom-hole pressures. This is the main monitoring
strategy reported for Tambaredjo Field (Manichand
et al., 2010; Moe et al., 2012).

* Time-lapse FOT (Haynes et al., 2013; Mahani, H.,
Sorop, T., Van den Hoek, P., Brooks, D., & Zwaan,
M., 2011; Shuaili, et al., 2012; Thakuria et al., 2013;
Van den Hoek et al., 2012).

o FOT is also useful as a monitoring tool to
estimate the displacement front, in-situ
polymer viscosity and mobility reduction due
to polymer injection (Clemens et al., 2013;
Laoroongroj et al., 2012; Liiftenegger et al.,
2015; Shuaili, et al., 2012; Thakuria et al.,
2013; Van den Hoek ef al., 2012).

* Time-lapse FOT combined with time lapse
temperature logs to better estimate fracture
heights comparing geothermal gradient with static
temperature profiles (Shuaili, et al., 2012; Zwaan
and Valdez, 2015).

An important difference identified during FOT
was the approach followed to run this well test. FOT
performed with surface shut-in makes difficult to infer
induced fracture geometries (Haynes et al., 2013;
Liiftenegger et al., 2015). FOT’s implemented using
downhole pressure gauges permanently installed in
the injectors offers more detailed pressure readings
over time reducing the effects of wellbore storage
and liquid level drop in the wellbore due to reservoir
depletion (Shuaili et al., 2012; Van den Hoek et al.,
2012). However, this will be further discussed at the
end of this section.

Recognizing the existence of uncertainties of
geologic interpretations and up-scaling approaches,
the use of injectors already fractured during waterflood
operations and estimating induced fracture geometries
during polymer injection through various well testing
methods, among others, it is important to evaluate the
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impact of these uncertainties on polymer production
and project economics. High polymer production
should be expected in commercial scale (i.e. Brintnell/
Pelican Lake and Marmul) polymer floods. However, the
experience gained with the increased number of polymer
flood projects shows that the difficulties experienced
due to high polymer production require more attention,
especially for projects considering field expansions.
Polymer production can occur due to multiple reasons
(i.e. presence of thief zones, reduced well spacing,
fracture propagation, etc.). One possible uncertainty in
polymer floods injecting above frac gradients could be
the potential communication of induced fractures with
high permeability zones (i.e. natural fractures, thief
zones) that may lead to the production of high polymer
concentrations. This uncertainty is also supported by
previous laboratory studies evaluating fracture behavior
during polymer injection in unconsolidated sandstones
(Khodaverdian, Sorop, Postif & Van den Hoek, 2010;
Zhou, Dong, de Pater & Zitha, 2010). Table 2 compares
polymer concentration injected vs. produced of polymer
floods injecting above the FFP.

Based on the information available, it is impossible to
establish a direct correlation between polymer injection
rates above frac gradient and polymer production.
However, Marmul (commercial scale) and Tambaredjo
(pilot scale) polymer floods report high polymer
production suggesting some level of channeling/

conformance problems. Channeling effects are more
pronounced in latest two patterns (1N062 and 1M052) of
Tambaredjo field. High polymer production experienced
in this pilot project may require additional evaluations
before a possible field expansion in a reservoir that
also reports a high frequency of tubing failures and a
corrosiveness nature of produced fluids (Nurmohamed,
Chin, Lien & Kisoensingh, 2014).

Summary discussion

Injectivity reduction should be expected during
polymer flooding. However, before attributing injectivity
losses to polymer injection verify and carefully monitor
water quality and chemical treatments of injection waters
must be validated. Reported strategies to mitigate the
injectivity reduction in polymer floods were summarized
at the beginning of this section. On the other hand, the
decrease of VRR (< 1) as a consequence of injectivity
losses generally comes with a positive oil response and
a reduction of water cuts. This development strategy is
the most common in past and ongoing polymer floods.
In the case of viscous oil reservoirs, the evaluation of
the benefits operating at VRR < 1 needs to be considered
when evaluating technical and economic feasibility of
polymer flooding based on the observations documented
in the literature (Brice, B., Ning, S., Wood, A., & Renouf,
G.,2014; Delgado, D. E., Vittoratos, E., & Kovscek, A.

Table 2. Example of polymer production in projects injecting above the FFP (frac gradient).

Polymer Conc.

Field, Country Injected (ppm)

Polymer Conc.
Produced (ppm)

Comments

Windalia, Australia

400 (Avg.) (Max. 750) Not observed as 2013

3 Injectors in a line-drive arrangement with variable spacing
(= 280-300m). No polymer production can be attributed

to the low reservoir permeability and high polymer retention
>130 mg/q) reported in coreflood experiments (RRF: 8-40)

200-300 m well spacing. Polymer breakthrough
reported approximately after a year the injection started

Matzen (8 TH), Austria 500 - 1,000 ~30-110 (Polymer breakthrough was observed several months later
than tracer breakthrough before the polymer flood started)
Different well patterns (9-spot; 5-spot and irregular with
~ 500 (Avg.) horizontal injectors) with variable spacing (300-600m).
Marmul, Oman 1,000 - 1,500 (Some wells exceeds Average production of polymer concentration reported after
¢ ’ 1,000 ppm)® approximately 0.21 PV of polymer injected. Increasing
trend in polymer production is expected at commercial
scale (Polymer production reported between 4 to 8 months)
Three 5-spot pattern (= 100-200m spacing). Polymer
concentration reported varies based on the starting date of
Tambaredjo, Suriname 1,000 - 2,300 200 - 1,050 polymer injection of each pattern. Sharp polymer production

reported in approximately less than é months for the last two
patterns ©.

(a) Estimated from polymer production concentration (Figure 12, Thakuria et al., 2013)

(b) Estimated from Manichand and Seright, 2014 (Figures 6 & 8) and from Delamaide et al., 2016 (Fig. 9)
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R., 2013; San Blas and Vittoratos, 2014; Vittoratos and
Boccardo, 2015; Vittoratos, E. S., Coates, R., & West, C.
C.,2011; Vittoratos, E. S., Zhu, Z., & West, C. C.,2014).

Assuming that injection rates above the formation
fracture pressure (FFP) and VRR are not conditioned
by regulatory agencies (i.e. Canada), the design and
operation of polymer floods injecting below frac gradient
are recommended. Authors of this paper understand that
there are reasons to consider injection rates above the
frac gradient. Windalia polymer flood pilot represents a
good example (Haynes et al., 2013). This project tested
the technology beyond recommended screening criteria
with respect to the reservoir permeability. Windalia
and the projects reviewed in this section considering
injection rates above frac gradient reports good and
promising oil responses. In the case of Marmul polymer
flood, incremental oil recovery factor has been estimated
in 10% of the OOIP (Al-Saadi, F. S., Al-Subhi, H.
A., & Al-Siyabi, H., 2014). However, the decision to
consider this injection strategy will vary from company
to company (privately or state own) and/or for a given
country. Finally, if polymer injection above the frac
gradient is justified the best strategy is controlling
fracture growth by injection rates rather than increasing
polymer concentration. This strategy was considered
for Matzen polymer flood pilot. Injection rates were
kept constant above the frac gradient constrained by
the wellhead pressure operating conditions tapering
polymer concentrations (Clemens, T., Deckers, M.,
Kornberger, M., Gumpenberger, T., & Zechner, M.,
2013; Liiftenegger et al., 2015).

Regardless injection rates used in polymer floods,
polymer production should be considered as one of
the key variables when planning and implementing
polymer injection projects. Accelerating oil response
by increasing injection rates above frac gradient,
polymer concentrations or both are not the only drivers
of polymer flood economics. Polymer production and
its impact on water-oil separation costs and potential
productivity losses (to be discussed later in this paper)
are additional factors that can heavily impact the
OPEX and hence project economics. Trade-off between
mobility and injectivity improvement can be managed.
Canadian polymer floods are a good example of this
reporting the injection of polymer solutions between 20
and 50 cP in viscous oil (up to 7,500 cP) reservoirs and
recovery factors up to 14% of the OOIP (Delamaide,
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2014; Renouf, 2014). These observations have been
also reported in recent coreflood studies using viscous
crude oils (Fabbri et al., 2015; Romero et al., 2013;
Skauge et al., 2014).

The evaluation of polymer production is also a critical
variable when considering polymer flood expansions. It
is common to start polymer flood pilots with sources of
relative good water quality (i.e. aquifers and make-up
waters). However, water strategies might be different
for project expansions due to multiple reasons including
environmental regulations and constraints in surface
facilities, among others. If polymer flood expansion will
rely in make-up or 100% produced waters, the presence
of polymer in production facilities will represent an
important variable to consider from the early stages of
planning and evaluation. Figure 3 shows a schematic
example that operators can face when evaluating the
expansion of polymer flood projects. During pilot
scale stages water sources for injection are generally
flexible. This flexibility can be limited during project
expansions influencing the decision-making process for
the deployment of larger scale polymer floods (i.e. full
field vs. expansion by phases).

: Field Expansion Stages ———>

Source of Injection Water (%) —>

Pilot Project / Early Expansion Stages
(Fresh, make.up and/ or produced waters)

Time (Years) —>

Figure 3. A schematic example of produced water utilization for injection
and disposal in polymer floods from pilot scale to field expansion.

Under this scenario (Figure 3) pilot expansion by
phases seems to be a better option to manage volumes of
produced water and associated costs separating polymer
from produced fluids including water treatment for its re-
injection and/or disposal. The impact of back produced
polymer on production facilities, fluid handling and
treatment during polymer flooding have been well
documented at lab, bench (i.e. flow loops) and field
scale (Al-Kalbani, A., Mandhari, M. S., Al-Hadhrami,
H., & Philip, G., 2014b; Al-Maamari, R. S., Sueyoshi,
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M., Tasaki, M., Kojima, K., Okamura, K., 2014; Bartz
& Gotterba, 2015; Jacob et al., 2015; Rambeau, Jacob,
Jouenne & Cordelier, 2014; Zheng, Quiroga & Sams,
2011). However, these topics will not be covered here
and are out of the scope of this review.

Given the importance of pressure fall-off test (FOT)
as a monitoring tool in recent polymer floods, authors of
this paper consider relevant starting with a brief history
of well test data interpretation of non-Newtonian fluids
such as polymers. As indicated by several authors in the
past, due to the rheology of the polymer its viscosity
in the reservoir is a function of velocity (shear rates)
at any location, polymer concentration, and its non-
uniform distribution along the injection path (Huh &
Snow, 1985). The rheology of the polymers flowing
through porous media could vary from Newtonian at
low flow rate, pseudoplastic at intermediate flow rate,
and dilatant at high flow rate (Hirasaki & Pope, 1974).
Qualitative and quantitative interpretation of polymer
flooding data is relevant to infer important reservoir
properties. Individual analysis of FOT, pulse test, step
rate test, Hall plot and recently time lapsed temperature
logs represents a good example of this approach. The
application of Hall plot in polymer injection was
verified by Buell, Kazemi and Poettmann (1990). The
Hall plot is applicable in steady state conditions and
its slope is changing during transient flow, however,
it could be a qualitative plot to look at. On the other
hand, pressure pulse and FOT became very popular for
pressure transient analysis (PTA) before, during, and
after polymer injection. However, due to the sensitivity
and difficulties interpreting pressure pulse tests, FOT
became the method most commonly used.

Hazebroek, Rainbow and Matthews (1958) derived
the formulation of pressure fall-off test for Newtonian
fluid (waterflooding) which was not appropriate for
polymer flooding. Ikoku and Ramey (1979) presented
an extensive differential equation for pseudoplastic
non-Newtonian fluid following Ostwald de Waele
power-law relationship in a homogenous reservoir.
Later, Okpobiri and Tkoku (1983) studied the behavior
of dilatant non-Newtonian fluid in composite reservoirs.
Their results showed that the semilog straight line used
for Newtonian fluid is departing from linear to upward
curves as a function of flow behavior index in the
power-law relationship equation. Misinterpreting the
non-Newtonian as Newtonian fluids, the analysis of the
semilog straight line will result as near wellbore barrier
and as the fluid behavior index decreases from unity,
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the slope of the semilog straight line beyond wellbore
storage and skin increases (Olarewaju, 1992). Ikoku
and Ramey (1979) also conclude that, since the front
is a moving target during the transition time and its
viscosity is not constant, the application of superposition
due to its non-linearity effect will lead to major errors
and also some standard conventional analysis such as
Horner plot may not be applicable. Kazemi, Merrill and
Jargon (1972) however, proved that Horner plot can be
used with caution where reservoir boundary radius is
10 times greater than the front boundary. Huh and Snow
(1985) verified that the power-law formulations, which
model non-Newtonian fluids, in general, underestimate
the pressure due to lower resistance factor prediction
at high Darcy velocity. All these conclude that the PTA
of non-Newtonian fluids by itself is not as simple as
standard conventional analysis for Newtonian fluids.
There are many assumptions that need to be considered
and complications are involved for its non-linearity
behavior which makes its analysis more difficult.

It is well documented that in immiscible floods such
as polymer flooding, the sweep efficiency is controlled
by mobility differences of injected and displaced fluids.
Due to the higher viscosity of the polymer solution
compared to water viscosity, polymer injectivity is less
than water and it may reach to the FFP faster than water
and this could become faster as polymer concentration
increases. There is always a tradeoff between injection
rate and polymer concentration but one might prefer to
increase the rate and not to reduce the concentration.
Under the conditions of injecting below the FFP, the
near wellbore velocity increases which could result
in polymer degradation. On the other hand, injecting
above the FFP could create induced fractures with high
conductivity over some existence reservoir heterogeneity
could result less polymer degradation (Clemens et al.,
2013), but monitoring its growth with respect to high
sweep efficiency may become a challenging task.
Furthermore, since polymer viscosity is a function of
the shear rate and correspondingly function of velocity,
during the injection and shut-in periods (Fall Off Test)
its viscosity will be different at the same distance from
the wellbore or more precisely, its transient behavior for
injection and shut-in periods will not be the same at the
same distance from the wellbore (Mahani et al., 2011).

Despite the challenges of pressure transient analysis
of non-Newtonian fluids, and moreover, recent
improvements interpreting FOT to estimate fracture
geometry in polymer floods (larger wellbore storages
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and negative skins), it is important to recognize that
uncertainties still exist regardless the methods used. The
use of tiltmeter arrays or microseismic monitoring has
been also recommended to improve the understanding
of fracture growth and geometries in polymer floods
(Haynes et al., 2013). However, these methods not
always are feasible to implement and also have its
limitations to qualitatively estimate fracture dimensions
(Cipolla and Wright, 2000; Maxwell, 2009; Preiksaitis,
Bowman, Urbancic & Baig, 2014; Zwaan and Valdez,
2015). An additional challenge of the proposed well tests
is with large or commercial scale projects where well
interferences can also play an important role estimating
fracture geometries of polymer floods injecting above the
FFP. Therefore, the uncertainties associated to fracture
propagation and dimensions must be incorporated early
in project evaluations from the geologic and numerical
simulation to its potential impact on oil recoveries and
polymer production (Chiotoroiu, M. M., Peisker, J.,
Clemens, T., & Thiele, M., 2016; Zhou, Muggeridge,
Berg & King, 2015; Zwaan and Valdez, 2015). FOT
before and after the polymer flood combined with time
lapsed temperature logs combined with tiltmeter arrays
or microseismic monitoring (Shuaili et al., 2012), to
quantitatively analyze the fracture geometries and
avoid any misinterpretation of near wellbore barriers
with non-Newtonian fluid behavior, can reduce some
level of the uncertainties. However, at field scale floods,
interference between wells and the possible formation
of in-situ emulsion will require sophisticated analysis.

Water Emulsions in the Presence of Polymers

The challenges of polymer production and its effects
on oil-water emulsion stability represents a topic of great
interest in recent years. However, most of the studies
documented in the literature mainly focus its attention on
emulsion stability and its impact on oil-water separation,
water treatment and production facilities (i.e. nutshell
filters, heater treaters) due to the back produced polymer
(Al-Kalbani et al., 2014; Al-Maamari et al., 2014; Bartz
and Gotterba, 2015; Delamaide et al., 2014b; Geremia,
and Bennetzen, 2016; Jacob et al., 2015; Rambeau, O.,
Jacob, M., Jouenne, S., & Cordelier, P., 2014; Wu et
al.,2013; Wylde, Slayer & Barbu, 2013; Yang, Zhihua,
Xianglong & Shanzhe, 2015; Zheng, F., Quiroga, P., &
Sams, G. W., 2011).

The response of the injection pressure represents a
key monitoring variable in polymer floods. Generally,
pressure increase observed in polymer injectors is
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associated to mobility reduction (oil bank formation),
shear-thickening behavior of the injected polymer
solutions (polymer rheology) and possible formation
plugging effects due to poor water quality and/or
polymer solubility, among others (Glasbergen G., Wever,
D., Keijzer, E., & Farajzadeh, R., 2015; Laoroongroj, A.,
Zechner, M., Clemens, T., & Gringarten, A., 2012; Lin,
Qiu & Guo, 2015; Lotfollahi et al., 2015; Shuaili et al.,
2012; Van den Hoek et al., 2012). However, the potential
impact of the formation of oil:water emulsion in the
presence of polymer (i.e. HPAM’s) on well injectivity
and pressure build-up response observed in polymer
floods have not been fully recognized and addressed
in the literature. Following sections will summarize
recent evidence that can support the formation of
viscous emulsions in the formation that can lead to both
injectivity and productivity reduction in polymer floods.

Summary discussion

The formation of oil-water emulsions (outside or
inside the porous media) in absence of chemicals used
in EOR processes has been widely documented in the
literature. The spontaneous emulsification of oil and
water has been related to (Abou-Kassem & Farouq Ali,
1986; Bennion, D. B., Bennion, D. W., Thomas, F. B.,
& Bietz, R. F., 1998; Chakravarty, Fosbel & Thomsen,
2015; Cuthiell, D., Green, K., Chow, R., Kissel, G., &
McCarthy, C., 1995; Kokal, 2005; Moradi, Alvarado
& Huzurbazar, 2011; Pietrangeli, Quintero, Jones &
Darugar, 2014; Rezaei and Firoozabadi, 2014; Sjoblom
et al.,2003; Sun, Mogensen, Bennetzen & Firoozabadi,
2016; Wang and Alvarado, 2012):

*  Water composition (i.e. brine salinity)

* Oil composition (i.e. asphaltenic, naphthenic and
waxy crudes)

* Presence of mineral solid particles (i.e. clays and
fines)

* Presence of contaminants in injection waters (i.e.
surface active agents in produced waters used for
its re-injection)

» Injection rates and degree of turbulence induced in
situ in the porous media (i.e. injection above frac
gradient)

Despite the evidence of the formation oil:water
emulsion in situ during waterflood operations, these
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emulsification mechanisms in the presence of polymers
have not been considered as a potential cause of
injectivity reduction and/or pressure increase response
observed in polymer injectors.

Itis well known that the adjustment of water chemistry
(i.e. lowering the ionic strength of injection waters) is
frequently considered or implemented in chemical EOR
including polymer flooding. This strategy will improve
polymer rheological response and reduce the polymer
mass required to sustain the target injection viscosity.
However, it has been reported that low salinity/ionic
strength brines favors the formation of stable water-in-
oil emulsion. For example, the laboratory evaluation of
Windalia polymer flood reported the emulsion formation
tendencies between the reservoir oil and different
injection brines. Fletcher and Morrison (2008) reported
in their study that higher salinity (TDS = 38,000 ppm)
brine showed less emulsification tendencies than lower
salinity (TDS = 29,000 ppm) injection brine. However,
it is not clear if high polymer retention (=130 mg/g of
rock) and RRF (8 to 45) values reported in this study are
due to low permeability (1.0 - 13.8 mD) of the reservoir
core plugs used and/or the emulsification of oil-water-
polymer in-situ during the corefloods.

Some Wyoming crude oils (Minnelusa and Tensleep
Fms.) are also a good example of forming stable water-
in-oil emulsions in the presence of low salinity brines.
Asphaltene and organic acid content have been proposed
preliminarily as some of the key components present
in crude oils that can contribute to the stabilization of

water-in-oil emulsions under low salinity conditions
(Alvarado, Garcia-Olvera, Hoyer & Lehmann, 2014;
Moradi, M., Alvarado, V., & Huzurbazar, S., 2011;
Wang, Brandvik & Alvarado, 2010; Wang & Alvarado,
2008 & 2012). Wang and Alvarado (2012) also reported
that the emulsion stability increases with the increase of
the oil-to-water ratio, suggesting the importance of the
interfacial-active fractions present in oil for emulsion
stability. This finding can potentially have an important
impact on in-situ emulsions in the formation of oil banks
during polymer floods. Results of these studies triggered
the interest evaluating the impact of the presence of
polymer, or lack thereof, on oil-water emulsions in some
crude oils from Wyoming. Figure 4 shows preliminary
results of the emulsification tendencies of two crude oils
(TC and WG Fields) in the presence of EOR polymers
(powder products only) in high salinity brines at room
temperature.

Optical micrographs clearly show that TC oil forms
good emulsions with brine and all polymer products
evaluated at high salinity conditions. Instead, WG oil
does not form emulsions with any of these mixtures at
the same experimental conditions. On the other hand,
both crude oils can form stable emulsions in the presence
of low salinity brines and showed positive effects in
low salinity corefloods (Alvarado, V., Garcia-Olvera,
G., Hoyer, P., & Lehmann, T. E., 2014 and references
therein). Alvarado et al. (2014) highlight the importance
of asphaltene and organic acids content in crude oil to
partially explain the complex emulsification behavior
observed in TC and WG experiments. Although results

Oil Properties at 25°C Emulsification tendencies (TDS 60,000 ppm)
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Figure 4. Example of emulsification tendencies of two Wyoming crude oils in the presence of EOR polymers in high salinity water at

25°C (Courtesy of Prof. Alvarado, University of Wyoming).
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of this investigation are at early stages, it is clear that
some crude oils can form emulsions with water and
polymers. Therefore, to include the emulsification
tendencies studies in the experimental protocols
during the evaluation of polymer floods is strongly
recommended.

Izadi, M., Kazemi, H., Manrique, E., Kazempour,
M., & Rohilla, N., (2014) and Izadi (2015) recently
reported the abnormal pressure response observed
during a tertiary polymer flood experiment (Figure 5).
In this research, a polymer solution was injected in 1
ft. Berea core plugs in a single phase (Figure 5a) and at
irreducible oil saturation to water (Figure 5b). During
the single phase, experiment polymer was injected in a
water-saturated core (in absence of oil). Results of this
experiment did not suggest any adverse polymer-rock
interaction and the residual resistance factor reported
(RRF = 2.5) can be considered reasonable compared
to those documented in the literature (Izadi, 2015;
Martin, Donaruma & Hatch, 1982). However, polymer
injection in tertiary mode did show a significant pressure
increase (80 psi) and a poor incremental oil recovery (=
3% of the OOIP) after the injection (at 0.15 cc/min) of
approximately 3 PV and 2 PV of polymer and brine with
lower salinity (TDS = 35,000 ppm), respectively. The
differential pressures (AP) reported in this experiment
(Figure 5b) cannot be justified with the estimation of
apparent viscosities of a polymer solution of 2,500
ppm (=15 cP @ 10s™). Instead, results strongly suggest
the formation of an oil:polymer viscous phase causing
a reduction in the permeability (RRF = 8.6). It is also
important to mention that the oil used in this study
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o' i
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Qil Recovery (%OOIP)

showed stable water-in-oil emulsions with the decrease
in brine salinities.

Based on experiences of spontaneous oil-water
emulsions well documented during the last decades, the
review and evaluation of different polymer flood pilots
and recent evidence briefly described in this section,
formation of viscous emulsion in-situ cannot be ruled
out during polymer floods. Oil-water emulsification in
the presence of polymers is not well understood and
can also explain polymer injectivity reduction and
productivity losses reported in recent polymer floods.
Additionally, formation of viscous emulsions can lead
to the misinterpretation of pressure response observed
in polymer injectors (i.e. formation of oil bank, shear
thickening effects) during well test analysis (Olarewaju,
1992), especially when projects experience productivity
losses.

Productivity Losses in Polymer Floods

Productivity loss in polymer floods represents a topic
that has not been fully addressed in the literature except
for few cases that will be briefly described later in this
section. Most of polymer floods surveys (from 1978 to
2016) summarized earlier in this paper do not report the
decrease of production rates (total fluids) in the projects
reviewed. Gao (2011) reported that low productivity
is one of the issues that are facing polymer flood field
applications. However, this review neither provided
details of potential causes of productivity losses nor
specific field projects to support this statement. Standnes
and Skjevrak (2014) summarized most relevant
challenges and issues reported in polymer floods
(i.e. corrosion, emulsion formation and mechanical

Figure 5. Pressure drop response of polymer injection in single phase (a) and tertiary mode (b) in Berea core plugs (From lzadi, 2015).
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failures) including a description of 6 discouraging cases.
This review, however, did report productivity losses
experienced in Bohai Bay project in China (Han, M.,
Xiang, W., Zhang, J., Jiang, W., & Sun, F., 2006).

Productivity losses in polymer floods have been
attributed to multiple variables and its possible
combinations:

* Skin damage near wellbore (i.e. asphaltene
deposition, sludge formation, etc.)

*  Plugging effects due to the presence of solid fine
particles

* Lower fluid withdrawal in artificial lift pump
systems due to increases in fluid density in the
presence of produced polymer

» Stable oil-water-polymer emulsions

Sleepy Hollow Reagan Unit (SHRU), Nebraska,
is one of the polymer floods projects (mid-1980s)
documenting productivity losses. Christopher, Clark
and Gibson (1988) reported that despite observing
incremental oil production a reduction of total liquid
rates was observed with the first polymer breakthrough.
Productivity losses (20% to 50%) were mitigated with
chemical treatments based on xylene and mutual solvents
reporting encouraging results. Regardless the injectivity
reduction (10% to 70%) and productivity losses observed
in this project, polymer flood at SHRU was reported as
a technical and economic success. It is important to
mention that SHRU project used low salinity water (TDS
=718 ppm) to prepare and inject polymer compared to
the salinity of produced brines (TDS = 32,000 ppm). It
is not clear if fresh water injection had some influence
on the injectivity and productivity behavior of this
polymer flood. However, during displacement tests
using sand packs permeability reduction was observed
and was attributed to the presence of field crude oil
(Christopher et al., 1988). This observation confirms
the importance of oil:water:polymer interactions (i.e.
in-situ emulsification) as described in the previous
section of this paper.

Most recently, Marmul polymer flood in Oman also
reported productivity losses. At least 50% of production
wells have seen a reduction (5% to 40%) in total liquid
rates and reaching more than 50% in some producers.
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This drop in total liquids (with minimal to no oil
gain) corresponds with the high polymer production
(>500 ppm) through high permeability streaks and/or
fractures (Choudhuri et al., 2013; Thakuria et al., 2013).
Strategies to partially restore well productivity include
well stimulation with solvents and its combinations
with xylene and diesel (Choudhuri et al., 2013). Well
stimulation treatments have been optimized using
mixtures of xylene, diesel, surfactants, and demulsifiers.
Bullhead solvent treatments have been found as
efficient as treatments performed with coiled tubing
units reducing well interventions costs (Al-Kalbani et
al., 2014a). Marmul polymer flood is also reporting
challenges in production facilities (i.e. fouling in crude
oil heaters), crude oil dehydration and water treatment
for polymer preparation and its re-injection (Al-Kalbani
et al., 2014b & 2014c). Challenges faced in Marmul
polymer flood are expected at commercial scale projects
and experiences gained will contribute supporting
ongoing and future pilot tests and field expansions.

Matzen (8 TH horizon) polymer flood pilot in Austria
is reporting encouraging oil production response.
However, this pilot test also shows a decreasing trend
(20% to 30%) in total fluid rates. However, it is not clear
if this trend in well productivity losses is influenced by
the decrease of pump efficiencies, injectivity reduction
(i.e. reduced throughput volume) and/or polymer
production (Chiotoroiu et al., 2016; Liiftenegger et al.,
2015), among other possible variables.

Summary discussion

As mentioned earlier, productivity losses have
not been reported in most polymer floods except for
Bohai Bay (27 injectors), Sleepy Hollow Reagan
Unit (10 injectors) and Marmul (27 injectors) large/
commercial scale polymer floods (Choudhuri et al.,
2014; Christopher et al., 1988; Luo, Zhao & Branch,
2011; Thakuria et al., 2013; Xiaodong et al., 2011).
Mangala Field, India (Kumar, P., Raj., R., Koduru, N.,
Kumar, S., & Pandey, A., 2016) and Patos-Marinza,
Albania (Bankers, 2016; Carss, 2014; Jacobs, 2015)
are also recent large polymer floods but there is a lack
of information documenting polymer production and/
or possible productivity losses. However, Mangala
polymer flood is reporting strategies to improve well
injectivity and productivity (i.e. add perforations, re-
perforations, pump changes, wellbore cleanouts and well
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stimulation) in underperforming patterns suggesting
some level of productivity issues (Kumar et al., 2016).

If productivity losses are attributed to polymer
production, it is expected to see larger drops in total
liquid rates in commercial scale polymer floods due
to the level of confinement of multiple producers and
polymer mass injected/produced during the project.
However, as of today, there are not enough documented
field data to support that all polymer floods will
experience productivity losses due to high polymer
production. Hence, more detailed studies evaluating
oil:water:polymer interactions at different experimental
conditions (i.e. oil:water ratios, polymer concentration
and water strategies) to better understand emulsification
tendencies and its impact on the performance of polymer
floods will be required.

Monitoring changes of total fluid rates in offset
producers combined with water compositional analysis,
polymer production and well events (i.e. stimulation,
pump changes, etc.) represent a common practice in
polymer floods. However, there are some scenarios
where the identification of possible losses in total fluid
rates can be challenging:

*  Polymer losses in unconfined pilot patterns such as
Matzen Field (Laoroongroj et al., 2015; Liiftenegger
et al., 2015), Tambaredjo Field (Manichand ef al.,
2013) and Yarigui-Cantagallo Field (Maya et al.,
2015) to just mention a few. This can lead to lower
polymer production reducing the probability of
reaching a potential threshold limit (if any) to cause
productivity losses.

* Viscous oil reservoirs with low or a decreasing
trend in productivity under primary recovery or
waterflooding. Generally, this type of reservoir
shows an increase in productivity as a response of
polymer injection being El Corcobo Field (Hryc
et al., 2013), Pelican Lake / Brintnell project
(Delamaide et al., 2014b), Tambaredjo Field
(Delamaide et al., 2016) some good examples
of this behavior. However, increases in oil rates
observed during polymer injection can mask
slight decrease in total fluid production, especially
in horizontal producers such as in Medicine Hat
Glauconitic C Pool (Batonyi et al., 2016) and
Suffield Caen (Liu ef al., 2012) polymer floods.
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Despite the productivity losses documented in
Bohai Bay, Marmul and SHRU polymer floods, these
projects have been reported as technical and economic
successes (Al-Saadi et al, 2014; Christopher et al.,
1988; Xiaodong et al., 2011). Additionally, Choudhuri
et al. (2014) reported the optimization of the current
phase (27 patterns) of the polymer flood based on
streamline simulation. The main objective of this study
was to evaluate individual patterns under polymer
injection identifying underperforming patterns that were
converted to water injection (3 patterns), another pattern
that improved its efficiency after a conformance job
and the rest were ranked to optimize polymer injection
by adjusting injection rates, slug size and/or polymer
concentration. Ranking of existing patterns under water
injection to be converted to polymer flooding was also
evaluated in this study as part of Marmul Field project
expansion.

Based on the experiences in Bohai Bay, Marmul
and SHRU polymer floods, it can be concluded
that productivity losses and polymer production are
challenges that can be managed. However, productivity
losses and polymer production can strongly influence
project economics, especially when evaluating polymer
flood expansions. Some of the operational expenditures
(OPEX) associated with productivity losses and polymer
production is summarized below:

* Incremental downhole costs due to failures in
artificial lift systems (i.e. rod breaks) pumping
higher viscosity fluids (Batonyi et al., 2016).

* Production of tight emulsions that generally
increase crude oil separation costs. For example,
Marmul project reports an increase of demulsifier
concentration from 10% to 30-50% to break
produced fluids in the presence of polymer (Al-
Kalbani et al., 2014b).

* Impact on surface facilities (i.e. scale deposit on
heat exchangers, nutshell filters, heater treaters)
due to back produced polymer (Al-Kalbani et al.,
2014b; Bartz and Gotterba, 2015; Riethmuller ez al.,
2014; Wylde, J., Slayer, J. L., & Barbu, V., 2013).

* Water treatment costs required to meet water
quality standards for polymer preparation, water

re-injection and/or water disposal (Al-Kalbani et
al., 2014c; Al-Maamari et al., 2014; Batonyi et
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al., 2016; Henthorne, Walsh & Llano, 2013; Jacob
et al., 2015; Rambeau et al., 2014 & 2015; Wu et
al., 2013; Yang, L., Zhihua, W., Xianglong, Z., &
Shanzhe, W., 2015).

*  Workovers and well stimulation to restore well
productivity (Al-Kalbani et al., 2014a; Choudhuri
et al.,2013; Christopher et al., 1988; Kumar et al.,
2016).

Reviewing recent studies evaluating the economics
of polymer flooding it can be concluded that OPEX
described above is generally underestimated (Alkhatib,
2015; AlSofi and Blunt, 2011; Behr, Olie, Visser &
Leonhardt, 2013; Botechia, Correia & Schiozer, 2016;
Mogollon, Tillero, Gutiérrez & Lujan, 2016; Raniolo,
S., Dovera, L., Cominelli, A., Callegaro, C., and
Masserano, F., 2013; Sieberer et al., 2016). Mogollon
and Lokhandwala (2013) presented an example of
polymer flood economics using a broad range of costs
to potentially cover high OPEX based on a probabilistic
approach. However, literature’s lack of studies
evaluating the impact of productivity losses on project
economics (i.e. delay in final incremental oil recoveries,
deferred production due to shut-in producers, more
realistic OPEX supported by ongoing field experiences).
This is an area that requires more attention when
performing economic evaluations of polymer floods,
especially for field expansions and offshore applications.
Additionally, variables such as fiscal regimes (i.e. taxes,
royalties, production sharing agreements) and associated
costs (CAPEX and OPEX) can vary significantly in
different countries and potentially influence polymer
flood economics.

Finally, it is important to recognize some of the
limitations forecasting the incremental oil recovery
of polymer floods. The generation and upscaling of
geologic models represent a common uncertainty
in reservoir simulation studies. History matching
approaches of primary and water injection can also
impact the prediction of polymer injection. Input
variables required to predict polymer flood performance
are also part of the uncertainties that needs to be
considered in simulation studies (Aldhuwaihi, King &
Muggeridge, 2015; Alkhatib, 2015; AlSofi and Blunt,
2011; Chiotoroiu et al., 2016; Fabbri et al., 2015;
Romero et al., 2013; Skauge and Salmo, 2015; Skauge
etal.,2016; Zhou, Y., Muggeridge, A. H., Berg, C.F., &
King, P.R., 2015). Additionally, commercial simulation
tools still have some limitations to properly represent
the potential formation of in-situ emulsions and its
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impact on well injectivity/productivity. Therefore and
despite the incremental oil recoveries and successes
reported in multiple polymer floods, there are areas
that require more attention to further improve polymer
flood economics.

3. CONCLUSIONS

Polymer flooding has been successfully implemented
worldwide and its applicability has been expanded to
low permeability and highly viscous oil reservoirs.
However, most of the field applications are in onshore
sandstone formations. Field experiences of polymer
injection in high temperature, offshore and carbonate
reservoirs are still limited.

Injectivity reduction should be expected during
polymer flooding. Most polymer floods are operating
at VRR close to one addressing injectivity reduction
using horizontal injectors, different well stimulation
strategies and reducing polymer concentration/
viscosity (trade-off between mobility control and
injectivity). Therefore, injecting higher polymer
concentrations is not necessarily better. More
recently, few polymer floods reported the use of
injection rates above the formation fracture pressure
to mitigate injectivity losses. However, uncertainties
associated with fracture propagation and impact on
polymer production of this injection strategy still
remain.

Polymer production should be also expected in
polymer floods, especially at large or commercial
scale. However, OPEX associated to oil-water
separation in the presence of polymer and productivity
losses (i.e. workovers, stimulation costs) are generally
underestimated and must be considered during project
economic evaluations. These costs might not be too
important at pilot scale but will be critical for large-
scale polymer floods, especially if the project will
rely on produced water for polymer preparation and
its re-injection.

The impact of oil geochemistry/composition and
water salinity on oil:water:polymer emulsions is
commonly overlooked in polymer flood studies. The
formation of in-situ emulsions can also explain the
injectivity and/or productivity reduction and well test
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interpretation (i.e. FOT) reported in polymer floods.
Changes of injection water strategies, chemical
treatments and polymer products during a polymer
flood may impact project economics. Therefore,
the influence of oil composition, polymer type and
quality, injection water salinity/hardness and its
chemical treatment on oil-water-polymer emulsions
must be incorporated at early stages of laboratory
studies.

Polymer floods is still a promising chemical EOR
technology, however, great opportunities exist for
improving project economics by optimizing polymer
injection, water strategy and reducing operating costs.
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