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COz huff and puff has been continuously considered as an import EOR method for tight oil reservoirs.
However, the large number of evaluation parameters for reservoir screening has limited its application. This
paper proposed a multi-index evaluation function for CO, huff and puff method to facilitate the reservoir
screening. By the means of orthogonal experimental design, it concludes the main controlling factors for
screening a tight sand oil reservoir with multi-stage fractured horizontal wells. In addition, we built a calculation
model for this multi-index evaluation function with Box-Benhken experimental design method. And this model
has been successfully applied to screen wells for CO; huff and puff of Y oilfield in Ordos.

1. Introduction

CO; huff and puff was considered as the substitute of steam huff and puff initially, it is an ideal way of Carbon
dioxide geological storage (Bounaouara et al., 2015, Mukhopadhyay et al., 2012, Samadi and Garbolino,
2012, Zhang et al., 2016). This technique has been successfully used in various types of reservoirs, such as
heavy oil reservoirs, complex fault block reservoirs and low permeability reservoirs (Liu and Lianhai, 1997;
Chokejaroenrat et al., 2013; He et al., 2006; Joseph, 2012; Olenick et al., 1993; Xi, 2016). Due to complex
physics, and a wide range of evaluation parameters and impact factors, the reservoir screening methods and
injection-production parameter optimization have been widely noted by reservoir engineers (Mohanty et al.,
2013, Shenglai et al., 2004, Uchiyama et al., 2012). For example, Petrotrin (Bybee, 2007) analyzed its impact
factors and provided a screening method in the implementation of CO; huff and puff in Forest oilfield (Trinidad
and Tobago). However, this method does not work well for tight and low permeability reservoir. Gao Huimei
and her colleagues established a response surface model of CO, huff and puff potential evaluation for tight
sandstone reservoirs. Since this model sets oil exchange ratio as its evaluation index, it cannot be used in
reservoir screening for fractured reservoirs.

Chang 8 reservoir of Y oilfield belongs to southern part of Tianhuan depression of Ordos basinin regional
structure. Chang 812, the major formation, has its sand body controlled by subwater distributary channels,
which belongs to braided river delta front deltic subwater distributary channels. Sand thickness ranges from
4.5m to 25.1m with average value 15m. Porosity ranges from 4.4% to 14% with average porosity 10.8%.
Permeability is between 0.1md to 0.64md, and the average is 0.4md. Chang 8 reservoir is a naturally fractured
reservoir dominated by vertical and high angle fractures, with length between 10cm~30cm, width less than
1mm. Those fractures are mainly dominated by semi-filled and filled fractures. In general, Chang 8 reservoir is
a naturally fractured sandstone reservoir with ultra-low permeability.
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This text takes Ordos Y oilfield as the research object, and analyzes the effects of geologic and injection-
production parameters by multi-index orthogonal experimental design. The design incorporates the production
behaviors contributed by natural fractures and multi-stage fractured horizontal wells. Finally, the screening
method of CO; huff and puff for a tight sandstone reservoir with multi-stage fractured horizontal wells has
been proposed by combining multi-index system and Box-Behnken experimental design method.

2. Multi-index integrated evaluation method

Multi-index integrated evaluation is to build a statistical index system for the research object, and analyze
those indexes with certain methods and models. In general, it provides quantitative criteria for the research
object, and the criteria can help reveal the mystery and underlying principles of research object.

Nowadays, most reservoir engineers evaluate the effect of CO2 huff and puff by estimating the oil exchange
ratio and extra-oil production. Sometimes the stage and incremental oil recovery are also used to evaluate its
effect. However, those indexes just capture one aspect for evaluating CO2 huff and puff performance, and the
overall results could be opposite to the implication from those indexes. For example, there could be a case
that shows high period incremental oil production but a low oil exchange ratio, or a case that has a high stage
oil recovery but low oil exchange ratio is under the cutoff value. Thus, the effect of CO2 huff and puff cannot
be evaluated with only one parameter, andmulti-index evaluation method should be used. This research
screens and optimizes the injection-production parameters with the multi-index evaluation method. The
following formula has been used in calculating the integrated index.

Zzz(uixfi (1)

Z is the integrated index; f represents individual indexes. Those individual indexes are oil exchange ratio,
average period extra-oil production, stage oil recovery, incremental oil recovery and initial water content. w is
the weight of each index, and it is determined by the analytical hierarchy process. Table.1 shows the results
from analytical hierarchy process.

Table 1: Weight of Indexes

Index Q Weight
C Oil exchange ratio 0.399
Qo Average period extra-oil production 0.369
ZrIncremental oil recovery 0.130
R Stage oil recovery 0.073
fw Water content 0.029

The following formula is the integrated index formula.

Z = 0.399C + 0.369Q, + 0.130Z + 0.073R — 0.029f,, )

3. Impact factor of CO, huff and puff

3.1 Orthogonal experimental design |

We built a dual porosity compositional model to numerically study Chang 8 reservoir. The geological model
has a size of 500 m length and 300 m width with 5 vertical layers; the grid size is 10 m length X 5 m width,
height corresponding to the thickness of each layer. Fractures are simulated by infilling unevenly. The
effective flow conductivity of the artificial fractures is 5Dc-cm. Thermodynamic parameters of each component
are tuned by PVT fitting.

According to the geological condition of Chang 8 reservoir, the variation ranges of each factor have been
determined shown in Table 2. There are 13 factors and each of them has 3 values corresponding to minimum,
maximum and base cases. We designed 27 experimental cases with orthogonal experimental design method.
The integrated indexes value for each case has been computed based on the numerical results. Table 3
shows the 13 simulation cases and the corresponding value of each factor; the value of integrated index for
each cast is listed in the last column.

3.2 Influence factors analyze

The results of orthogonal experiments show that the effect of each factor on CO, huff puff is different. For
example, the intergraded evaluation index Z increases with the increase of oil saturation, frequency of natural
fractures, layer thickness and vertical variation coefficient of frequency of natural fractures. On the other hand,
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Z decreases with the increase of oil viscosity, penetration ratio and the value of Kv/Kh. The relation between Z
and media permeability, vertical variation coefficient of media permeability, horizontal variation coefficient of
frequency of natural fractures, artificial fracture interval and formation pressure is non-uniformly varied.

A quantitative effect of each impact factor is analyzed, and the result is shown in Figure1.From high impact
factors to low ones: it is oil saturation, frequency of natural fractures, oil viscosity, reservoir thickness, vertical
variation coefficient of frequency of natural fractures, horizontal variation coefficient of frequency of natural
fractures, vertical variation coefficient of media permeability, Kv/Kh, horizontal variation coefficient of media
permeability, artificial fracture interval, initial formation pressure, media permeability and penetration ratio. The
effect of oil saturation, frequency of natural fractures, oil viscosity and reservoir thickness dominates among all
the factors.

Figure 2 shows the quantitative effect of each factor on the objective function of the oil exchange ratio.

From Figure 1 and 2, the order of quantitative effect of each factor is different because of different objective
function. For example, the top six impact or factors of multi-index objective function are oil saturation,
frequency of natural fractures, oil viscosity, reservoir thickness, vertical and horizontal variation coefficient of
frequency of natural fractures. On the other hand, those of CO, oil exchange ratio objective function are oil
saturation, frequency of natural fractures, oil viscosity, artificial fracture interval, horizontal variation coefficient
of frequency of natural fractures, and vertical variation coefficient of media permeability. Since oil exchange
ratio was considered as the most important factor and has a high weight when we established the Z function,
the top three influential factors of those two objective functions are same.

Table 2: Analyzed impact factors and their ranges

Factors Minimum Base case Maximum
Media permeability, md 0.01 0.05 0.09
Horizontal variation coefficient of media permeability 0.1 0.4 0.7
Vertical variation coefficient of media permeability 0.1 0.4 0.7
Kv/Kn 0.01 0.11 0.21
Oil saturation 0.3 0.4 0.5
Frequency of natural fractures, number of branches per meter 0.05 0.25 0.45
Horizontal variation coefficient of frequency of natural fractures 0.1 0.4 0.7
Vertical variation coefficient of frequency of natural fractures 0.1 0.4 0.7
Penetration ratio 0.1 0.15 0.2
Fracture interval 50 75 100
P/MMP 0.5 0.8 1.1
Reservoir thickness, m 5 15 25
Oil viscosity, cp 1 5 9

Multi-factorsindex F
0.1 0.2 0.3 0.4
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Figure 1: Quantitative effect of each factor on multi-factors index F
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Figure 2: Quantitative effect of each factor on huff and puff oil exchange ratio

4. CO, huff and puff single well screening method

4.1 Box-Benhken experiment design

According to above analysis result for the impact factors, four factors, each of them having three values in its
range, were considered to design 29 groups of experiments by BBD method with Design Expert 8.0. We built
a typical compositional model with Eclipse and computed the value of Z under different group of experiment.
Table 4 shows the factors and their ranges.

Table 4: experiment factors and their ranges

Influence factors Factors _F:ange 0 1

Oil saturation A 03 04 0.5
Frequency of natural fractures, number of branches per meter B 0.05 0.25 045
Oil viscosity, cp Cc 1 5 9
Reservoir thickness, m D 5 15 25

4.2 Establish the screening method
Table 5 and 6 shows the variance analysis and the correlation coefficients of fitting models for the relation

between multi-index value and the impact factors using Design-Expert 8.0.
Table 5 shows the linear model has maximum value of F with best fitting result, and the quadratic model is the
second. Table 6 presents the comparison of multiple correlation coefficients, mean square error and square of
deviance of each model. Cubic polynomial model has the minimum of standard deviation, but its predicted
residual sum of squares is too high. The standard deviation and the predicted residual sum of squares of
linear model is larger than quadratic polynomial model as the predict value of R? of the linear model is smaller.
Although the quadratic polynomial model has the smallest predicted residual sum of squares and small
standard deviation the value of its R? is relatively high. Overall, the quadratic polynomial model is a better
choice for screening a tight sandstone oil reservoir with multi-stage fractured horizontal wells for CO, huff and
puff.
The following formula shows the coefficients of quadratic polynomial model to screen a tight sandstone oil
reservoir with multi-stage fractured horizontal wells for CO, huff and puff.
Z = —0.38640 + 1.75110 X A — 0.23139 X B — 0.017842 X C — 0.015433 X D + 4.14746 X AX B —0.17412 X A
X C +0.038613 X A X D —0.020404 x B X C + 0.027538 X B X D + 2.45189FE — 0.04 X C X D
+ 0.13945 x A2 — 1.41500 x B2
(3)

Accordingly, the evaluation index for reservoir screening can be computed and ranked.
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Table 5: Variance analysis of the model

Sources of variation Quadratic sum Degree of freedom Mean square F Probability >F

Mean 3.62 1 3.62

Linear model 1.64 4 0.41 56.17 <0.0001

2FI 0.066 6 0.011 1.83 0.1494

Quadratic 0.077 4 0.019 8.55 0.0010 Suggested
Cube 0.027 8 3.33E-003 3.99 0.0544

Residual 0.005 6 8.343E-004

Total 5.44 29 0.19

Table 6: R? comprehensive analysis

Standard 2 Corrected value ofPredicted value ofPredicted residual sum of
Type . R 2 2
deviation R R squares
Linear 1, hg5 0.90350.8874 0.8488 0.27
model
2FI 0.078 0.94010.9068 0.8011 0.36
Quadratic  0.048 0.98260.9652 0.8997 0.18 Suggested
Cube 0.029 0.99720.9871 0.6034 0.72

5. Field application

There are 291 wells in Y oilfield majority area; 52 of them are easy-channeling wells that should not be
considered for huff and puff because of artificial fractures. In addition, 84 wells have poor production
performance therefore do not work well for single well huff and puff. Thus total 155 wells are evaluated for
implementing CO huff and puff. The above method is applied to the evaluation and the results show that only
51wells having promising index values for CO; huff and puff, one third of production wells. In conclusion, CO>
huff and puff method should not be applied to Y oilfield.

6. Conclusion

1. A multi-index evaluation function for CO, huff and puff applied to tight sandstone oil reservoirs was
established. This function incorporates the integrated result of oil exchange ratio, average period extra-oil
production, stage oil recovery, oil recovery amplification and initial water content.

2. Based on the multi-index function and the orthogonal design method, the main impact factors for CO, huff
and puff in a tight sandstone oil reservoir with multi-stage fractured horizontal wells have been identified. The
leading factors are oil saturation, frequency of natural fractures, oil viscosity and reservoir thickness.

3. A single well screening model for CO, huff and puff in a tight sandstone oil reservoir with multi-stage
fractured horizontal wells has been built based on the multi-index function and Box-Benchmen experimental
design.

This model was successfully applied to screen wells for CO; huff and puff in Y oilfield, Ordos.
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