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ABSTRACT 

A number of Enhanced Oil Recovery processes have 
been and are being currently developed for increasing the 
ultimate recovery of oil and gas from depleted or partially 
depleted reservoirs. These EOR processes are commonly 
subdivided into chemical, thermal and miscible methods. 
A discussion of these methods and their applicability to 
Indonesian conditions is undertaken. 

Many Indonesian oil fields are now in a mature stage 
of production with declining primary production. 

With exploratory drilling currently at an ebb because 
of the low and uncertain oil price, and the statistical 
likelihood of finding new large fields diminishing, the 
importance of maximizing the development of existing 
reserves is increasing. This trend is occurring in mature 
areas such as North America, where EOR is contributing 
an ever-increasing percentage of total production. In 
Indonesia, very few EOR projects have been undertaken. 
However many existing reservoirs that have the physical 
criteria, when combined with the availability of essential 
raw materials, may lend themselves to efficient,viable 
EOR production. This paper discusses Indonesian 
reservoirs. These screening procedures include laboratory 
and computer simulation techniques as well as the 
utilization of basic geological, reservoir and fluid data. 

ENHANCED OIL RECOVERY 

In this paper, the term ”Enhanced Oil Recovery” is 
used in a broad sense. It covers a wide range of improved 
oil recovery techniques, from waterflooding to more 
sophisticated techniques such as chemical flooding (see 
Fig.1). Another term with a similar meaning that is 
gaining in popularity is Improved Oil Recovery. 

The conventional oil recovery techniques include 
primary recoverymethods by natural flow and by artificial 
lift, as well as secondary recovery methods, which are 
typically waterflooding and pressure maintenance by 
water and/or gas injection. 

* Independent Consultaqt, Jakarta. 
* *  Husky Oil International, Calgary, Canada. 

Secondary recovery methods, which are a relatively 
simple and inexpensive way to increase oil recovery, 
unfortunateiy have somebasic limits on recovery due to 
the retentive effects of the capillary forces in the reservoir 
rock, which result in an unrecoverable or residual oil 
saturation (Sor). This recovery limit varies with different 
reservoirs and different rock types, but an average value 
is in the range of 55% of the oil-in-place. However, in 
practice, this recovery limit is not often reached because 
the water volume that must be handled becomes very 
large, with the oil volume relatively small (i.e. a high 
watercut), that an economic limit to recovery is reached 
before complete sweepout is accomplished. This 
commonly occurs in Indonesia in the range of 20 to 45% 
of the oil-in-place. Thus there is an ample target for 
further improved or tertiary recovery. 

In contrast, tertiary recovery methods are aimed at 
overcoming (eliminating or reducing) capillary forces 
(miscible, chemical etc.) between the oil and the iniectant 
in order to reduce residual oil Saturation (Sor) or to reduce 
viscous forces (thermal recovery) to improve the flow of 
fluids through the porous media to achieve higher oil 
recovery. 

Both secondary and tertiary processes are site specific 
and a careful screening of the processes and an examina- 
tion of the implementation strategy of the selected process 
are extremely important in order to achieve and optimize 
the expected performance. 

ENHANCED OIL RECOVERY METHODS 

The terms ”Secondary” and ”Tertiary” (oil recovery) 
methods implies the sequence or timing of the imple- 
mentation of such methods. The normal sequence of 
events that one could postulate is as follows. Upon 
discovery of an oil field, it was placed on primary 
production until its economic limit is reached. If 
secondary recovery was implemented, first by water- 
flooding, and then by other more exotic methods such 
as miscible or chemical floods, these methods would be 
called tertiary recovery methods. Figure 1 (Aalund, 1988) 
represents the various enhanced oil recovery mechanisms 
and a traditional production sequence. 
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Although a number of enhanced oil recovery methods 
have been recommended and tested over the years, 
economically attractive methods are still limited. Some 
of the methods that have been successfully implemented 
both technically and economically include waterflooding, 
hydrocarbon miscible flooding, C02  flooding and some 
thermal methods (cyclic steam stimulation, steam 
flooding). 

Conventional Secondary Recovery Methods 

Waterflooding is the most common method of 
secondary recovery. Many of the early waterfloods 
occurred as a result of accidental water injection by leaks 
from shallow water sands or by surface water entering 
drilled holes (Neil et al, 1983) The benefits of those 
accidental waterfloods did not go unnoticed and currently 
approximately half of the North America's oil production 
is attributable to waterflooding. 

The increase in oil recovery by waterflooding results 
from displacement efficiency and volumetric sweep 
efficiency. Injected water maintains reservoir energy and 
displaces oil toward production wells ahead of advancing 
water. The efficiency of displacement is governed by the 
wetting characteristics of the proven medium. If the rock 
is water-wet, the injected water will have a strong affinity 
to pore surfaces. The oil can, therefore, more readily be 
displaced in this situation as compared to an oil-wetting 
situation where oil tends to resist separating from rock 
surfaces. 

Due to the gravity forces and reservoir heterogeneity, 
the injected water would fail to contact the entire 
reservoir. The volumetric sweep efficiency of waterflood, 
which is a measure of the portion of the total reservoir 
contacted by the injected water, is calculated by 
multiplying areal sweep efficiency by vertical sweep 
efficiency. 

In waterflooding, one could expect to see an oil bank 
forming inthe reservoir in the early stage of the flood, 
resulting in an increase in oil rates accompanied by 
reduction of watercut for aperiod of time. This is not 
necessarily the case in the pressuremaintenance by water 
injection in which the main objective is toinject external 
energy into the reservoir to prolong the reservoir's ability 
to produce oil. In this situation, watercut will continuously 
increase, but economic oil rates will also bemaintained 
for a considerably longer period of time than expecte- 
dunder the primary production. 

Gas is also utilized for pressure maintenance. Crestal 
gas injection is a common technique where the reservoir 
structure issuitable, which not only could be effective in 
maintaining reservoir energy but also takes advantage of 
gravity segregation effects to maximize oil recovery. 

Gas Miscible Flood 

The coexistence of two or more fluid phases in a porous 
medium gives rise to capillary forces. The absolute 
magnitude of capillary forces in the petroleum reservoir 
are not large, but they are extremely important as they 
are primarily responsible for trapping a large portion of 
oil within the pores of the rock. If interfacial tension 
(capillary forces) can be eliminated between oil and 
displacing fluid, Sor can be reduced, thus more oil can 
be produced. 

Miscible flooding processes involve injection of a 
solvent which dissolves in the oil when it contacts and 
forms a single liquid. The fluid then can flow through the 
reservoir more easily due to the increased oil phase 
saturation which results in improved oil permeability. The 
reduction in the oil viscosity due to the dissolution of 
solvent also improves the mobility of oil. 

Hydrocarbon miscible floods are common in Canada, 
whereas C02 floods are more prevalent in the United 
States where C02  is more readily available. 

The mechanisms of achieving miscibility is a complex 
matter and extensive laboratory phase behavior tests and 
computer phase behavior simulation are often required. 
Slim tube tests are commonly used to test the effectiveness 
of the miscible solvent in a dynamic situation. Core 
displacement tests are more time-consuming and 
expensive, but provide an opportunity to test thesolvent 
in a porous medium more representative of the actual 
reservoir than a slim tube sand pack. 

In the case of a hydrocarbon miscible flood, the 
miscible solventmust be custom designed as the com- 
position of the reservoir oil affects the optimum 
composition of the miscible fluid. As the hydrocarbon 
miscible solvent is also a valuable commodity, the 
majority of miscible floods utilize the "solvent slug" 
method, inwhich, after placing a pre-determined (suffi- 
cient) amount of miscible solvent, a drive gas, typically 
a lean hydrocarbon gas which is miscible with the solvent 
slug, is injected. At the endof the flood, the large portion 
of the hydrocarbon phase left in the reservoir would be 
the lean gas with most of oil and solvent slug already 
recovered. 

The multiple contact miscibility approach is commonly 
used as opposed to the first contact (or the line-of-sight) 
miscibility approach. In the multiple-contact miscibility 
(MCM) process, miscibility is generated in-situ as the 
injected fluid contacts oil and a phase behavior takes 
place. There are two types of MCM processes; the 
condensing-gas drive (or enriched-gas drive) and the 
vaporizing gas drive processes. In the condensing-gas drive 
process, the miscibility is achieved as a result of the 
transfer of the intermediate components from the solvent 
into the reservoir oil. In the vaporizing-gas drive process, 
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miscibility is achieved as a result of the vaporization of 
the intermediate components from the reservoir oil into 
the solvent. In the first contact miscibility approach, the 
composition of the miscible solvent is rich enough in the 
intermediates that the miscibility is unconditionally 
guaranteed on the initial contact with oil. 

In a pinnacle reef reservoir, a vertical miscible flood 
technique is commonly used, in which a miscible solvent 
is injected into the crest to form a gravity-stable solvent 
blanket followed by a drive gas. In a horizontal flood 
situation, a water-alternating-gas (WAG) flood technique 
is commonly used to achieve the optimum velocity of 
miscible fluids and water to maximize the displacement 
and the sweep efficiencies. 

The design of a Carbon Dioxide flood is just as complex 
as a miscible hydrocarbon flood. C02 is not miscible with 
reservoir oils on initial contact in most reservoirs. The 
C02  miscibility process is the vaporizing-gas drive in 
which the intermediate of the reservoir oil vaporize and 
transfer into the C02. 

Carbon Dioxide achieves miscibility with the reservoir 
oil at pressures above the minimum miscibility pressure 
(MMP). The MMP is a function of the oil composition 
and the temperature, but as the reservoir temperature is 
generally considered to be a given constant, it is considered 
a direct function of the reservoir oil composition. 

The Carbon dioxide flood procedure is much the same 
as the hydrocarbon miscible flood. It can be injected 
continuously or as "solvent slug" followed by a displacing 
drive gas. The WAG process is also common in horizontal 
carbon dioxide floods. 

Chemical Flooding 

Polymer, Alkaline, Surfactant/Polymer and 
Alkaline/Polymer/Co-surfactant flooding are the main 
chemical flooding processes available today and the 
technology in this area has advanced considerably in 
recent years. 

Polymer Flooding 

PGlymer flooding is an improved waterflooding 
technique in which high-molecular weight water-soluble 
polymers are added to water prior to injection to increase 
its ability to displace oil more efficiently. This is achieved 
as the polymer increases the viscosity of the injection water 
resulting in a more favorable oil-water mobility ratio in 
the reservoir. With the mobility control, improved sweep 
efficiency is expected. The method is also effective in 
stratified reservoirs and reservoirs in which a high degree 
of permeability variation exists. It is to be noted that 
polymer flooding improves the sweep efficiency, but does 
not reduce the residual oil saturation. 

Alkaline Flooding 

Alkaline chemicals such as sodium hydroxide, sodium 
orthosilicate and sodium carbonate react with petroleum 
acids and form in-situ surfactants. This causes some 
of the following favorable mechanisms which improve 
oil recovery: reduction of interfacial tension, 
emulsification of oil and alteration of wettability. 
Reduction of interfacial tension lowers the residual oil 
saturation significantly below waterflood residual. 
Emulsification of oil will result in improved sweep 
efficiency and the alteration of wettability toward more 
water-wetting improves relative permeability 
characteristics and also reduces residual oil saturation to 
some degree to improve oil recovery. 

Surfactant/Polymer Flood 

This process, also called microemulsion or micellar 
flooding, involves the injection of petroleum sulfonates 
to lower the interfacial tensions between injected fluid and 
the reservoir fluids. The surfactant is normally a small 
slug and is followed by water containing polymer to ensure 
that the surfactant slug maintains maximum contact with 
the reservoir oil with minimum degradation as it moves 
through the reservoir. After the placement of sufficient 
volumes of surfactant slug and polymer, the process 
normally reverts to waterflooding. 

Alkaline/Polyrner/Co-surfactant Flooding 

The injection of co-surfactant that is compatible with 
the natural surfactant produced by the Alkali-reservoir 
oil reaction is reported to optimize reduction of the 
interfacial tension. As a result, ultra-low interfacial 
tensions may be obtained which cannot be obtained by 
alkali or co-surfactant alone. 

Chemical flooding processes are considered tlie least 
proven methods in the field of the EOR methods discussed 
this far. As in the case of miscible flooding, proper 
propagation of injected chemicals and maintaining their 
integrity are essential in a successful flood, but 
maintaining their integrity (effectiveness) is a complex 
matter as the injected chemicals not only disperses in the 
porous medium as they move ahead, they also tend to get 
adsorbed or consumed through chemical reactions with 
the formation rock surface and the formation water. 

Polymers also face chemical loss problems whether they 
are used alone or in combination with other chemicals as 
discussed above. Mobility control by polymer, is 
therefore, not a simple process either. 

In light of these potential problems and because the cost 
of chemicals are high, particularly surfactant and 
polymer, the potential for the chemical EOR processes 
is considered relatively low. 
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Thermal Recovery Processes 

Thermal recovery processes have been used extensively 
in heavy oil reservoirs in the United States, Canada and 
Venezuela, with a major steamflood program in the Duri 
field, Central Sumatra. Viscosities of heavy oil ranges 
from 50 to several thousand centipoise and therefore an 
EOR process involving a reduction in viscosity is essential 
in any successful heavy oil recovery project. 

There are several thermal recovery methods that have 
been used in heavy oil recovery as summarized below: 
- Cyclk steam stimulation ("Huff n' Puff") 
- Steamflooding 
- In-situ combustion (fireflooding) 
- Wellbore heating (electric, electro-magnetic, etc.) 
- Conduction heating 

Among the above processes, only the cyclic steam 
stimulation and steamflooding have been used extensively 
on a commercial scale, 

In a cyclic steam stimulation, a pre-determined amount 
of steam is injected into a well, and after a period of days 
of "soaking", the same well is placed on production. 
Reduced viscosity oil is then driven by the flashing of hot 
water back to steam as the reservoir pressure declines with 
production. 

Typically, one cycle takes several months to a year and 
as many as 15 cycles may be employed before the process 
becomes uneconomic. Cyclic steam process is only 
effective for very small spacings (2 to 5 acres) in thick 
formations. 

A steam stimulation project can be converted to a 
continuous steam injection project (steamflooding) after 
several cycles of steam stimulation. Steamflooding is more 
capital intensive and time-consuming, but it could achieve 
much greater oil recovery due to improved areal sweep 
efficiency. 

In-situ combustion process has been extensively tested 
in the field, but the process is complex and is difficult to 
control. In this process, air, oxygen or oxygen-enriched 
air is injected and ignition is started in the formation. AS 
injection continues, a burning zone will move from the 
injection well to the producing well. Oil becomes less 
viscous as a result of the heat generated in the combustion 
process. 

A major problem in this process is the generally poor 
sweep efficiency due to the generation of the combustion 
gas which tend to breakthrough to the producing wells 
at an early stage of the flood. Injection of water with air 
and/or oxygen improves both heat efficiency and the 
sweep efficiency to a degree, but there has not been many 
economically successful in-situ combustion projects 
reported to date. 

EOR PROCESS SCREENING CRITERIA 

Before applying technical screening criteria, some 
general considerations should be given to eliminate 
reservoirs not suitable for conventional secondary 
recovery methods (waterflooding and pressure mainte- 
nance by gas injection) as summarized below: 
- Low permeability 
- Permeability variations 

areal variations 
vertical stratifications 
directional permeability 

- Extensive fractures and faults 
- High oil viscosity 
- Small remaining reserves 
- Existence of bottom water 
- Existence of large primary gas cap 

These initial screening guidelines for conventional 
secondary recovery methods also apply to tertiary 
methods. In general, oil reservoirs not suitable for 
water flooding are not adequate candidates for tertiary 
recovery processes. A reservoir with highprimary recovery 
factor due to strong natural water drive is usually not a 
good candidate for waterflooding. 

Figures 2 and 3 (Taber,1985) provide EOR feasibility 
guidelines for basic reservoir properties such as permeabi- 
lity, oil viscosity and depth or pressure. 

Table 1 (modified after National Petroleum Council, 
1984 and Goodlet, 1986) also summarizes reservoir 
characteristics, fluid properties and reservoir rock-fluid 
prbperties as criteria for various EOR methods. Figure 
4 (Agbi, 1980) is an outline of the logic for initial screening 
of sandstone rescrvoirs for EOR (tertiary) potential. 

It is evident that numerous reservoir fluids and rock 
properties and the reservoir conditions have to be 
examined in order to select an optimum EOR process for 
a reservoir. It is also important to gain good knowledge 
on each EOR process before conducting a screening study 
so that the significance of each screening criterion is well 
understood. 

Many of the screening criteria are the reservoir 
properties that are normally available for developed fields. 
However, the quality of available data has to be assessed, 
and if necessary, new data should be obtained. 

The initial evaluation based on suggested screening 
criteria is followed by laboratory and field tests. For 
example, slimtube and coreflood tests are commonly used 
to determine the MMP for C02 flooding and confirm the 
reservoir pressure requirements. In-situ residual oil 
saturation can be confirmed by the log-injected-log or 
single well tracer tests. For chemical flooding, the selection 
of the optimum polymer, surfactant or alkaline and their 
optimum concentrations must be done in the laboratory. 
This phase is costly and time-consuming, but the results 
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of these tests provide firm grounds for process design as 
well. 

DESIGN OF PRODUCTION MODELS 
The term production model used here incorporates the 

3 major and interrelated components of EOR evaluation 
as follows: 
- the reservoir model 
- the operations model 
- the economic model 

Secondary project evaluations can usually follow each 
step more or less sequentially. Tertiary project evaluation, 
being far more complex and costly to conduct, require 
constant checks and balances between the 3 areas in order 
to  arrive at the optimum overall plan. It is beyond the 
scope of this paper to  discuss operations and economics 
in detail, however, some of the important reservoir factors 
are described. 

Table 2 provides a general guide to  some of the factors 
that need to be addressed in reservoir modelling. The 
amount of laboratory, field and simulation work to  
investigate every aspect of the reservoir model can be 

Chemical and miscible EOR methods require detailed 
analysis of all rock and fluid properties and actual process 
design will be based largely on the results of laboratory 
phase behavior, slimtube and stacked coreflood tests. 
Chemical adsorption is sometimes found to be a key factor 
limiting the effectiveness (and economics) of chemical 
EOR projects. Pseudo-miscible, miscible or compositional 
simulation is then used to apply the results form the 
laboratory work to actual reservoir conditions for pattern 
and injection volume design. 

It is important to  note that tertiary operations and 
economics are much more complex than for waterflood- 
ing. Field monitoring is especially critical during tertiary 
projects as injection volumes and compositions 
throughout the project life should be continually tailored 
to reflect the floods actual response. 

ESTIMATING INCREMENTAL RECOVERY 

Once a reservoir has passed the technical screening 
criteria for a specific process, an estimate of incremental 
recovery is required for preliminary feasibility studies. 

prohibitive in terms of time and costs. Fortunately, for 
developed fields much of this data usually already exists. 

useful means of determining which factors are (and aren’t) 
critical to the performance c valuation Prior to beginning 
expensive studies. 

There are empirical and analytical 
available for determining waterflood efficiency with 

recovery for various tertiary methods are available, 
however, they are at best, screening tools. Very detailed 
laboratory, field and simulation studies are required to 

In addition, reservoir simulation Can be an extremely reasonable accuracy. Correlation to determine incremental 

For waterflood studies, usually the most important 
factors are areal continuity and water compatibility. 
Pressure transient tests including pulse tests are excellent 
and relatively inexpensive ways of confirming reservoir 
continuity and locating faults and pool boundaries. Water 
compatibility should always be confirmed in the lab. Even 
though source and formation waters may appear very 
similar in composition, subtle differences can cause 
irreversible solids precipitation in the reservoir or cause 
corrosion of the wellbore and surface equipment. The 
composition and fraction of reservoir clays should also 
be investigated carefully. Fresh surface waters are often 
the cheapest source of injection water during the initial 
phases of waterflooding. Clay swelling and plugging can 
severely reduce injectivity even in formations with 
excellent permeability. 

Tertiary reservoir evaluations are significantly more 
complex than waterflood evaluations. Residual oil 
saturation plays a major role in process design and overall 
economic feasibility. Estimates from coreflood studies or 
reservoir simulation often are optimistic as they represent 
idealized reservoir conditions. Methods such as log-inject- 
logging, sponge coring or pressure coring and single well 
tracer tests provide better estimates of actual reservoir 
fluids saturations. Table 3 provides a brief description of 
some of the methods available to determine residual oil 
saturation. 

achieve a reasonable estimate of tertiary recovery 
potential. It is important to  note that the high costs of 
materials associated with tertiary projects force economic 
viability to be more a function of slug or injectant 
requirements and less a function of the ultimate achievable 
recovery. 

Secondary Recovery 

Preliminary waterflood recovery estimates should 
address the combined effect of the following factors: 

- primary recovery efficiency 
- connate water saturation 
- displacement efficiency 
- sweep efficiency 
- residual oil saturation 
- crude shrinkage 

Figures 5a and 6b (Callaway, 1959) provide examples 
of how some of these factors impact recovery efficiency. 
From Figure 5b it can be seen that pools with low primary 
recoveries have the highest target for secondary reco- 
verable reserves. It should be noted, however, that poor 
primary performance can be indicative of a poor reservoir 
that may not be amenable to waterflooding. Connate 
water saturation and displacement and sweep efficiency 
(Figure 5a) are generally not known with much certainty 
unless coreflood tests and reservoir simulation studies 



78 

have been conducted. Even moderate values (i.e. 70% 
sweep, 30% water), when combined with other less than 
optimum factors can result in poor waterflood economics. 

Figure 6a (Callaway,l959) and 6b (Prince, 1980) 
illustrate why the timing of the waterflood is important. 
There is a tendency, especially in times of low oil prices, 
to overtook the advantages of implementing a secondary 
project prior to exhausting a reservoirs primary energy. 
Both waterflood production rates and ultimate recovery 
are reduced by late start-up. The formation of an extensive 
secondary gas cap as a result of severe depletion can 
sometimes eliminate any waterflood potential a reservoir 
might have had. 

Before discussing specific tertiary process recovery 
factors, it is worthwhile to estimate the benefits of such 
projects on a nation-wide scale. Figure 7 (Prince,l980) 
shows that Canada (whose remaining reserves base is 
similar to Indonesia’s) can double its production rate and 
add significant reserves in the future through tertiary 
methods. The fact that tertiary recovery projects are 
responsible for only 12%, and not over 30% of Canada’s 
total production today, as shown, is attributed to 
depressed oil prices since the reference study was 
conducted (Prince, 1980). 

Figure 8 (Prince, 1980) shows example incremental 
recovery factors for tertiary projects above that achieved 
by both primary and secondary methods. The thermal 
techniques are expected to achieve the largest incremental 
benefit in heavy oil reservoirs. All other methods increase 
recovery by roughly 10 to 20% of the original oil in place. 
The average primary and secondary recovery factors for 
tertiary projects is estimated between 20 to 30% and 
ultimate recovery is estimated at roughly 40%. As EOR 
technology continues to improve in the future, it is 
expected that tertiary recovery will be implemented in 
pools with even higher conventional recavery factors. 

Table 4 provides tertiary recovery equations used in past 
studies of national EOR potential (Lewin and Associates, 
1976, Prince, 1980). Typical values of residual oil 
saturation after tertiary processes using these guidelines 
are shown in Table 5. This data is useful for broad studies 
of EOR potential but is of little value in estimating the 
potential for a specific process in a particular reservoir. 

Table 6 (Taber et a1,1983) provides a range of incre- 
mental recoveries for various processes as a function of 
original and remaining oil in place. These values appear 
fairly consistent with those in Figure 8. It is interesting 
to note that the surfactant/polymer process appears to 
be one of the most attractive methods. In recent years 
more attention has been focussed on the benefits of adding 
small amounts of surfactant in various combinations to 
the alkaline and polymer processes. 

ECONOMIC ANALYSIS 

A considerable amount of research has been conducted 
in recent years to examine the impact of incentives, costs 
and oil price on EOR profitability. The information 
presented here will focus mainly on the costs for specific 
EOR processes in North America. 

Table 7 presents typical costs for 4 five-spot pattern 
pilot projects including waterflooding (Carroll et al, 1986). 
Polymer flood costs are roughly 40% more than straight 
waterflood costs and steamflood costs are over 20OVo 
greater. Figure 8 (Prince, 1980) also shows the cost 
breakdown for different thermal, chemical and miscible 
projects. Waterfloods are typified by a high capital cost 
outlay at the start of the project whereas costs for a 
tertiary project are spread throughout the life of the 
project in the form of higher operating and materials 
costs. Capital costs for EOR projects can be relatively low 
if the existing well spacing is sufficient for EOR process 
(i.e. 40 acres or less). Though capital expenditures may 
be low, the laboratory and research work required to 
determine process feasibility and design can account for 
a significant portion of the total cost. 

Figure 9 shows the sensitivity of economics to changes 
in each of the cost categories (Prince,l980). This figure 
illustrates the percentage of viable projects, if the base 
costs for individual variables as well as all variables 
together are increased by 25%. The miscible processes are 
by far the most sensitive to changes in costs, mainly due 
to the significantly larger contribution of the materials 
costs. Because miscible project economics rely heavily on 
the injected fluid volumes, considerable research to 
determine the optimum slug size is required prior to 
project implementation. The average chemical process 
economics appear to be relatively insensitive to costs, 
however, micro-emulsion, polymer and alkaline projects 
alone will be quite different. Almost 80% of the micro- 
emulsion project costs are attributed to the costs of the 
injected materials. 

The costs per barrel of incremental oil for each process 
are shown in Table 8 (Taber et a1,1983). Obviously there 
is very little incentive to implement EOR projects at 
today’s low oil prices unless special tax or royalty 
considerations are made available. Another factor which 
is very important for any economic analysis for a 
particular project is the estimated production forecast. We 
have compared estimated recovery for typical exploration, 
waterflood, polymer-augmented waterflood, wet com- 
bustion thermal and carbon dioxide miscible projects 
(Figure 10). This illustration is assuming startup at the 
beginning of year 1, with all equipment and facilities in 
place, and no further physical enhancements to the 
project. Obviously this is not completely realistic, but it 
is interesting to note the different response times for 
different processes. The exploration (primary recovery) 
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example is taken from Wood Mackenzie’s Far East Oil 
Service, but is not risked nor is any lead time for the 
preliminary exploration phase (seismic,etc) of the hypo- 
thetical field included. 

APPLICATIONS TO INDONESIAN OILFIELDS 

A brief examination of published data from existing 
Indonesian oilfields has been undertaken. We considered 
only onshore oilfields, as both offshore fields are regarded 
by many to be too capital intensive for EOR technology, 
although Maxus and Arc0 have each two waterfloods 
currently active in the offshore Java Sea. 

Data is not available for a detailed screening of 
Indonesian reservoirs, thus any conclusions reached are 
meant only as a guide in the absence of a complete data 
set. 

Even though Indonesia is considered a mature oil 
producing country, very few EOR projects have been 
undertaken. The most active Indonesian operator in 
Enhanced Oil Recovery is the national oil company, 
Pertamina, who currently have active projects in North 
and South Sumatra as well as in Kalimantan. 

North Sumatra 

The North Sumatra Basin has been producing for over 
100 years with total production of over 500 million 
barrels. The vast majority of oil-bearing reservoirs are 
sandstone at relatively shallow depths with ”light” oil. 
Figure 11 shows the distribution of major reservoir and 
fluid characteristics, which if lateral continuity of beds 
can be established, indicates that immiscible EOR 
methods are technically feasible. The major EOR project 
in North Sumatra, waterflooding in the Rantau field, has 
reportedly been successful, although the high gravity oil 
prevalent in the basin may have an adverse effect on the 
mobility ratio and thus be a limiting influence on 
waterfloods. Asamera’s Tualang field is also under 
a waterflood program. 

The presence of this light oil could also prohibit thermal 
and alkaline chemical processes. However the good 
porosity and thickbeds should aid sweep efficiency. The 
availability of large quantities of carbon dioxide in North 
Sumatra is a factor in future EOR projects, although the 
low reservoir pressures are likely to limit any miscible 
flooding. 

Central Sumatra 

The Central Sumatra Basin is the most prolific in 
Indonesia, withcurrently over sixty fields in production. 
Only three EOR projects are currently active ( 2  water 
floods and 1 thermal project), with the Duri field steam- 
flood the most significant. 
The Duri field, with oil-in-place of over 6 billion barrels, 

has estimated primary recovery of only 7.5 percent, thus 
leaving a large target for production through enhanced 
oil recovery. The operator, Caltex Pacific Indonesia, 
initiated periodic cyclic steam injection (”huff-and-puff”) 
in 1967, and larger steam and caustic flood pilots in 1975. 

The producing sands have good porosity (average 
36 Yo), permeability up to several darcies and high net/ 
gross sand ratios. The oil characteristics of 22 degree API 
gravity and 120 centipoise viscosity, when combined with 
the low primary recovery caused by lack of strong water 
drive, low GOR and reservoir temperature, eliminated 
many possible EOR methods, leaving high pressure steam 
injection as the most viable alternative to lower the oil 
viscosity and increase mobility. It is estimated that the 
steamflood will increase recovery from the primary 
recovery factor of 7.5 Yo to over 60 Yo of the oil-in-place. 
This project is expected to cost over one billion dollars, 
but is estimated to produce over three billion barrels of 
incremental EOR oil. 

Again, almost all production is from sandstone 
reservoirs, but with average producing depth and oil 
gravity deeper and less respectively than in North Sumatra 
(Fig.l2), thus all EOR methods could potentially be 
applied in this basin, depending upon the particular field 
characteristics. 

South Sumatra 

The South Sumatra/ Jambi Basin has been explored 
more thoroughly and has the largest number of fields of 
any other in Indonesia. Current EOR projects are 
underway in the Tanjung Tiga, Jene, Pian and Kampong 
Minyak fields (waterfloods), with pressure maintenance 
through water injection in the Pendopo field, as well as 
a larger undertaking in the Limau/Belimbing trend likely 
to start in 1989. It is believed that Asamera plan water- 
floods in the Ramba ’B’ and Tanjung Laban fields. In 
the past, EOR studies and pilots have been examined in 
the Jambi area (Tempino and East Ketaling fields) but 
have not developed into active projects. A number of 
other fields have water and gas injection schemes, but are 
for pressure maintenance only, rather than for actual 
frontal movement. Fields in South Sumatra generally have 
a greater degree of faulting which can influence reservoir 
continuity and sweep efficiency, but reservoir and fluid 
characteristics (Fig. 13) do not indisputably eliminate any 
EOR process, although the absence of available Carbon 
Dioxide and the presence of high watercuts are limiting 
factors. 

Java 

The major onshore oil currently in production in the 
North-West Java basin is the Jatibarang field. This is a 
significant field, as it was discovered by Pertamina in 1969 
and produces a 30 degree API, waxy, high pour point oil 



80 

from fractured andesites and tuffs. Distribution of 
producing depth and gravity of fields in this basin are 
shown in Figure 14. 

The East Java basin was a prolific producer in the first 
half of this century (more than 150 million barrels of oil 
produced from over 30 fields), but with little production 
over the past twenty years. The producing reservoirs are 
shallow sandstones, with paraffinic oils, (gravities between 
24 and 43 degree API) and carbon dioxide present in some 
fields. 

Kutei Basin 

The Kutei basin has been explored with different levels 
of activity for the past ninety years. The Sanga-Sanga field 
was discovered in 1898 and has produced more than 260 
million barrels, while the other major oilfield in the basin, 
Handil, was discovered in 1973, and a full scale water- 
flood in 16 reservoirs begun in 1980 (Alibi,1982). Water 
injection is believed to be currently in excess of 150,000 
barrels per day. A chemical flood pilot has been tried in 
Handil, however, although results have not been 
published. Residual oil saturation from selected cores is 
a low 26 - 29 percent, porosity is greater than 25 percent, 
which together with high oil recoveries from coreflood 
tests, indicated that chemical flooding, even in watered- 
out reservoirs, was feasible (Sureau et a1,1984). Figure 15 
illustrates distribution of some reservoir and fluid 
characteristics. 

Some of the potential problems include large primary 
gas caps, multiple sands of varying thickness (approxi- 
mately 300 over 2500 meters depth in Handil field), 
multiple completions, confusing correlations and low 
netlgross pay ratio over the full reservoir section. 

Tarakan Basin 

The majority of production has been from Pamusian, 
Bunyu and Sembakung fields and are characterized by 
strong water drive and multiple sands. Low gravity oil 
(18 degree API) has been produced in the Pamusian field, 
but primary recovery is estimated to be higher than fifty 
percent (Rowley, 1973) and a high watercut is noticeable 
in all fields .Again multiple sandstone reservoirs could 
cause flooding problems. 

The feasibility of Secondary recovery in the Bunyu field 
is currently being studied. 

Barito Basin 

The Tanjung field, the largest field in this basin is 
currently undergoing a limited program of hot water 
injection to  try and increase the mobility of the viscous 
(200 cp) paraffinic oil. The producing sands in the Barito 
basin are more conglomeratic than in other parts of 

Indonesia with some lateral variations in permeability, 
which could effect sweep efficiency. 

Irian Jaya 

Over 95 percent of total production in Eastern 
Indonesia has been from the Salawati Basin, which 
currently produces over 25,000 barrels per day from a 
number of carbonate reservoirs. These oils are noted for 
their low bubble point, moderate viscosity and medium 
gravity. Strong water drive is prevalent, with over fifty 
percent primary recovery in some fields. Some potential 
problems with EOR techniques are the high water cut, 
reservoir heterogeneity and natural fractures, possibility 
of the carbonates being preferentially oil-wet, the 
unsuitable surfactant and alkaline flooding methods, and 
distance from sources of injection materials. However, 
tight spacing infill drilling has discovered previously 
unswept oil, thus a potential EOR target does exist. Figure 
16 illustrates the frequency of some relevant reservoir and 
fluid characteristics of oilfields in the Salawati Basin. 

Summary 

Indonesia has very few active EOR projects compared 
to other oil producing countries of similar reserves base 
and maturity. The commonly-touted reasons for this are 
the small average field size, predominance of light oil, thin 
and multiple reservoirs, multiple completions, strong 
water drives and reservoir discontinuities. All of these 
reasons are valid for specific fields, but we have en- 
deavoured to  show that Indonesian fields have many 
positive features for EOR production, such as good 
average porosity, fresh formation waters and undersa- 
turated oils. Our brief survey indicates that there is 
certainly technical potential for oil recovery by secondary 
and tertiary processes in Indonesia under appropriate 
economic conditions. 

POTENTIAL INDONESIAN EOR TARGET 

If analogies from other countries are used, in the 
absence of a detailed inventory of Indonesian reservoirs, 
an EOR target of 10 percent of original discovered oil- 
in-place (i.e. 7 billion barrels) is suggested. These potential 
reserves, with implementation of current technology, is 
not considered unrealistic as a target for secondary and 
tertiary production, especially when combined with infill 
drilling and production from current "marginal" fields. 
Obviously, more realistic estimates could be realized if 
a study such as those performed in the United States and 
Canada by the National Petroleum Council and the 
Canadian Energy Research Institute respectively, was 
undertaken. 

However, experience in other countries have shown that 
economic incentives are necessary for these capital- 
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intensive EOR projects to be initiated and these reserves 
to be ”proved-up”. 

A comparison of oil-in-place distribution of USA, 
Canada and Indonesia is shown in Figure 17. We have 
assumed less than 50% recovery (predominantly by 
secondary recovery and infill drilling) from ”bypassed” 
oil (Fig. 18a) - i.e. 4 Billion barrels from ”bypassed” oil, 
and approximately 5% recovery of OOIP by tertiary EOR 
methods from the ”residual” oil sector by tertiary EOR 
methods - i.e. 3 Billion barrels (Fig.18b). 
These assumptions are based upon research undertaken 
in USA and Canada by different Government sponsored 
studies (Prince, 1980, National Petroleum Council, 1984). 

Canada has many similarities with Indonesia - pro- 
duction and remaining reserves are comparable, but 
Canada had 75 active tertiary recovery projects (not 
including heavy oil projects) in operation at the beginning 
of 1988, whereas Indonesia had only two. In addition, 
27 more tertiary projects are planned ir, Canada in the 
near future. Husky Oil, a moderate sized Canadian 
company, for example, is operator for 50 EOR (secondary 
and tertiary) projects alone - approximately five times 
the total number in all of Indonesia. Current Canadian 
production ascribed to tertiary projects alone is 148,000 
bopd. The major reason for this large number of EOR 
projects is that the Canadian Government provides 
economic (tax and royalty) incentives to the operators, 
as these projects are more capital intensive than conven- 
tional production methods. 

Venezuela, is another mature producing country with 
an active EOR program and is currently producing 
216,000 bopd from tertiary projects (Aalund, 1988). 

ADVANTAGES OF EOR PRODUCTION 

Tangible Benefits 

As exploration has not been very successful in replacing 
Indonesia’s reserves during the past ten years, it may be 
practical to utilize Enhanced Oil Recovery methods to 
produce oil from existing fields. This activity could 
proceed concurrently with further exploration. Even if 
only fifty percent of the seven billion barrel target 
previously discussed were considered technically and 
economically viable to produce by increasing the viability 
of marginal fields and by EOR methods, a large amount 
of money would be injected into the Indonesian domestic 
economy. 

Intangible benefits of EOR Operations 

It is often overlooked that intangible benefits could flow 
on to the domestic economy if increased EOR production 
was promoted. 

Increased Reserves - with EOR technology it will be 
possible to recover an increasing percentage of oil in place 
in existing reservoirs and newly discovered fields. The 
ensuing increase in recoverable reserves would expand 
Indonesia’s resource base andasset value. 

Benefits to General Industry - The demand for 
Indonesian service industries for drilling, chemical 
supplies, facilities, and laboratories would be substantially 
increased. Enhanced Oil Recovery projects are more 
capital-intensive than conventional production methods 
thus more skilled manpower will be a direct result of these 
projects. 

Technology Advances - an obvious by-product would 
be progress in domestic scientific research and knowledge 
in specific disciplines that are not currently at a high level 
of expertise in Indonesia. These technology advances also 
would have the effect of increasing the incremental 
reserves due to the implementation of processes that are 
not currently developed. 

Transition to Alternate Energy Sources - Development 
of EOR projects provide more time for the transition to 
other energy sources such as coal and domestic gas. 

Government Revenues - Taxes, both private and 
corporate, as well as direct contracts with Government 
departments and State-owned companies would be 
increased with these type of projects. 

CONCLUSIONS 

All the producing basins of Indonesia could, with 
existing EOR technology, increase their recoverable 
reserves. Site specific limitations for individual processes 
are present, but overall the reservoir and fluid charac- 
teristics are favorable for Enhanced or Improved Oil 
Recovery in Indonesia. However, suitable economic 
conditions are necessary for optimum development, as 
well as a fiscal regime that allows for the capital-intensive 
character and low upward potential of these projects . 

In 1984, The U.S. National Petroleum Council stated: 
”Oil production by enhanced recovery is more costly than 
production by most conventional methods. There are a 
few exceptions, such as high-cost frontier areas. Because 
of these high costs and the heavy front-end investment 
required for most EOR projects, economics are modest. 
Tax policies that reduce the value of oil realized by the 
producer will worsen the economics of enhanced oil 
recovery and decrease ultimate recovery from EOR 
development” (National Petroleum Council, 1984). 
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TABLE 3 

METHODS OF RESIDUAL OIL SATURATION DETERMINATION 
~ 

Conventional Methods 
Material Balance Calculation 

Waterflood Calculations * 

Conventional Core Analysis * 

Advanced Methods 
Pressure Core * 

Sponge Core * 

Log-lnject-Log 

Single Well Tracer Test 

Description 
Volumetric oil-in-place less production 

Oil saturation behind the flood front from laboratory rela- 
tive permeability date. 

Oil saturation remaining in core after bit flushing causes 
mud filtrate invasion and de-pressurization (causes oil ex- 
p ul s io n) 

Oil Saturation remaining in core after flushing but core 
remains at constant presure and no explusion occurs. 

Core barrel is lined with preferentially oil-wet sponge 
which traps the expulsed oil during de-pressurization. Bit 
fluphing still accurs but the magnitude can be estimated 
by adding a tracer to the mud filtrate. Oil saturation is the 
sum of core and sponge oil saturations corrected for 
flushing. 

Log response difference (usually pulsed neutron cap- 
ture), before and after the injection of water with a 
salinity contrast to the formation water, variation in 
response is used to calculate @Sw given a constant 
porosity and residual oil saturation. 

Measures in-situ oil saturation over an area 10 to 20 feet 
from the wellbore. A chemical tracer (usually ethyl 
acetate) is injected and allowed to "soak" for a period of 
a few days. During this time, ethyl acetate partially hydrol- 
izes to become ethanol. Upon production, ethanol, being 
soluble only in water travels back to the wellbore in water 
phase while the ethyl acetate, being soluble in both oil 
and water travels through both phases. The time-velocity 
lad between the peak tracer concentrations is related to 
the oil saturation. 
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Primary/Secondary 

(W 

0 - 30 

30 - 50 

Recovery 

TABLE 4 

C02 Sweep Efficiency 
Yo 

After Prim a r y After Szcondary 

30 20 

40 30 

CALCULATION OF RESIDUAL OIL SATURATION 
AFTER VARIOUS PROCESSES 

Process 

Micro-emulsion 

Alkaline Flooding 

C02Miscible 

Steam Drive 
>Viscosity 1000 cp 
< Viscosity 1000 cp 

In Situ Cornbution' 
>Viscosity 40 cp 
< Viscosity 40 cp 

Residua I Saturation After Tertiary 
~ ~~~~ 

so, = 0.60(0.08) + 0.40 (sow) 

So, = 0.50(0.15) + 0.50 (Sow) 

Son = (0.20-0.40)* (0.08) + (0.08-0.60)* (Sow) 

So, z: 0.35(0.08) + 0.35(0.30) + 0.30 (sow) 
So, 0.40(0.08) +0.35(0.25) + 0.25 (Sow) 

so, = 0.30(0 00) t 0.30(0.35) + 0.40 (sow) 
so, = 0 35(0 00) + O  35(0.30) + 0.30 (sow) 

C02 Sweep Efficiency Range 

50 40 40 
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TABLE 5 

RANGE OF RECOVERY FACTORS 
FOR TERTIARY PROCESSES 

Process 

Micro-emulsion 

Alkaline 

C02 Miscible 
(Low primaryisecond. rec.) 

C02 Miscible 
(High primaryisecond. rec.) 

Steam Drive 
(Viscosity > 1000 cp) 

Steam Drive 
(Viscosity < 1000 cp) 

In-Situ Combution 
(Viscosity > 40 cp) 

In-Situ Combution 
(Viscosity < 40 cp) 

Residual Oil Saturation After Tertiary (Yo) 

Sorw = 40% 

20.8 

27.5 

27.2 

25.3 

22.0 

26.5 

22.5 

So,, = 60% 

28.8 

37.5 

49.6 

31.3 

27.0 

34.5 

28.5 
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TABLE 7 

EXAMPLE EOR PILOT PROJECT COSTS ($US) 

Costs for 2 112 Acre Waterflood Project 
Drill and complete 5 wells, inverted 5 spot 
Surface equipment 
Laboratory evaluation 
Operation cost for 2 year project 
(Utilities, labour, misc., $90.000/year 

Total cost for Polymer Flood 
Drill and complete 5 wells, Inverted 5 spod 
Surface equipment 
Chemicals 
Chemicals transportaion 
Laboratory work prior to project 
Operation soct for 2 year project 
(Utilities, labour, misc., $1 25,00O/year) 

Typical Cost for 2 112 Acre Mlcellar-Polymer Pllot 
Drill and complete 5 wells, Inverted 5 spot 
Surface equipment 
Chemical cost 
Chemicals transportation 
Laboratory work prior to project 
Operation cost for 2 year project 
(Utilities, labour, misc., $1 25,00O/year) 

Estimated Cost For Steamflood 

Drill and complete 5 wells, inverted 5 spot 
Surface equipment 
Laboratory work prior to project 
Operation cost for 2 year project ($200,00O/year) 

306,270 
57,520 
10,000 

180,000 
Total 553,790 

306,270 
80,000 
50,000 

3,000 
75,000 

250,000 
Total 764,270 

306,270 
83,950 

200,000 
13,000 

180,000 
250,000 

Total 1,033,220 

344,500 
306,140 

75,000 
400,000 

Total 1,125,640 
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EOR METHOD 
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PERMEABILITY, millidorcy 
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, , , I , , , , I  
I 0 0  I 0 0 0  

i J i l l , , , I  , , I I , , , , I  

NOT CRITICAL IF UNIFORM 

I 0 . 0 0 0  

I i i I J J~ , ]  
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HIGH ENOUGH FOR GOOD INJECTION RATES 

] ~ / / / z  
J l ~ / y '  / / / / / / /, I~vVv~Vx.Y~ X X POSSIBLE: 

, = A A ^ ^ A F ^ ~ / I / t  : 

PREFERRED ZONE 
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B DEPTH , FEET 
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E o R  M E T H O D  I , I I I I I I I , I 
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(VAPORIZING) GAS DRIVE 
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(FIRST CONTACT MISCIBLE) 

FIGURE 2 .  - Tertiary EOR screening guide. A). Permeability criteria. 
B). Depth criteria for miscible gas flood. }. 
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OIL VISCOSITY - CENTIPOISE AT RESERVOIR CONDITIONS 
A 

1000 10.000 IOO.OO0 1.ooo.o0o 0. I I .o 10 I00 
EOR METHOD 

C02 FLOODING m 
POLYMER 

ALKALINE m 
FIRE FLOOO C I I I  
STEAM DRIVE m 

DEPTH FEET 
-0 2000 4000 6000 8000 10.000 

ED PRESSURE 

B 
EOR METHOD 

P R E F E R R E D  Z O N E  
I , ,  I , I  / I  I 

STEAM DRIVE L_1 

FIGURE 3. - Tertiary EOR screening guide. A). Viscosity criteria. B). Depth criteria. 
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FIGURE 4 - Tertiary EOR Screening Flow Chart 
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W F  R.F.(%OOIP) 

. . . . . . . . .  . 

0 10 20 30 40 50 60 70 

CONNATE WATER SATURATION (%I 

FlGURE Sa. Effect of connate water on Waterflooding. 

WF. R.F.(%OOIP) 

0 5 10 15 20 25 30 35 40 45 50 

B RI MARY R. F.(%OOI PI  

FlGURE 5b. Effect of primary recovery factor on Waterflooding. 
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W F.R.F. (YoOOlP) 

Bo/Bf 

FlGURE 6a. - Effect of fluid characteristics on Waterflooding. 

RESERVOIR 
PRESSURE 

WATERFLOOD 
INITIATED EARLY 

\ WATER FLOO D 

RECOVERY FACTOR 

FIGURE 6b - Effect of waterflood timing on ultimate recovery. 
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FIGURE 8. - Recovery and costs of tertiary methods 
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FIGURE 11 - Reservoir and fluid characteristics of Central Sumatra oil fields 
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FIGURE 12 - Reservoir and fluid characteristics of Central Sumatra oil fields 
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FIGURE 13 - Reservoir and fluid characteristics of South Sumatra oil fields 
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FIGURE 14 - Reservoir characteristics of West Java onshore fields 
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FIGURE 15 - Reservoir/fluid characteristics of Kutei Basin onshore fields 
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F I G U R E  16 - Reservoir/fluid characteristics o f  Salawati Basin fields 
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Recovery f rom "Residual" oil sector by tertiary EOR methods i I 
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