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Abstract 
 

We consider the relationship between oil production and completion parameters for a set of 
604 horizontal wells located in Weld County, Colorado.  We document statistically significant 
relationships between production and location, the length of the well bore, TVD, and the 
amount of sand and water used in a completion, and demonstrate that the use of CnF, a 
proprietary flowback surfactant, has zero marginal impact on production in the sample 
considered here.  This property of CnF is apparent in simple regressions incorporating only 
operator identity and the length of the wellbore, and estimated consistently by a sequence of 
models that introduce additional variables related to production.  The variables with the largest 
impact on production are, in order of magnitude, location, the amount of sand and water used 
in a completion, operator identity and length of the well bore. Model R2 are in the range of 50 
percent to 70 percent. 
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1.0 Summary 
 
We present a framework for measuring the productivity of horizontal oil well completions, 
which account for a significant and increasing fraction of US oil production, and use data from 
FracFocus (an industry data base) and state drilling records to characterize the influence of 
geology and completion design on well productivity.  Direct comparisons, regression analysis 
and Generalized Additive Models (“GAM’s”) allow us to measure the relationship between 
production and explanatory variables that we identify through visualization. These include the 
gross fractured length, total vertical depth, and location of the wellbore, as well as the amount 
of sand and water used to complete the well.  We use the models to investigate the influence 
of Complex nano-Fluid (“CnF”), an additive that is incorporated into fracturing fluids, on well 
productivity. 
 
FracFocus is an important source of information about fracturing fluid systems used in 
horizontal well completions.  Twenty-three states and the Federal BLM either require or 
recommend that operators who develop horizontal wells report the content of fracturing fluids 
to FracFocus.1  The database describes the amount of different materials present in the frac 
fluid, expressed as a percentage of total frac fluid mass, including sand, water, and chemical 
additives.   Combining the data from FracFocus with information about well characteristics from 
state completion and production records affords a profile of individual well productivity that is 
linked to well characteristics. 
 
The rapid development of the horizontal completion industry in the US has been associated 
with an evolution in completion design, as operators and service companies learn through trial 
and error about the productivity of well design features.  The data employed here, investor 
materials from different operating companies and engineering literature all suggest the rapid 
evolution of completion designs.  A recent Centennial Resources SEC filing indicates the 
significance that operators attach to completion parameters. 

 
We have an evolving completion strategy that involves methodical adjustments of 
parameters, experimentation with different designs on adjacent locations with similar 
rock characteristics, and constant monitoring and re-evaluation of results … Our current 
base completion design is a hybrid fracture stimulation, a combination of slickwater and 
cross-linked gel, targeting approximately 150 foot stage length, 50 feet cluster spacing, 
40 barrels of fluid per foot of lateral length and 1600 – 1900 lbs of white sand per foot of 
lateral length.2 

 
Our objective is to identify and measure the relationship between well productivity and both 
control parameters that may be influenced by an operator, and exogenous variables that 
describe the environment where a completion occurs. We are able to observe only a fraction of 
                                                      
1 Coverage of the data base is described in Kate Konschnik and Archana Dayalu, HF Chemicals 
Reporting: Summary of Frac Focus Data Analysis, Harvard Law School, Septmber 29, 2015.   
2 Centennial Resources S1 (IPO) filing dated June 22, 2016 p 93.   
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the information that is incorporated into a completion design (more about this later). Our 
measurement strategy exploits the fact that wells completed at a particular point in time, in a 
given location, by a particular operator are likely to share many characteristics that are not 
observable to a third party.  This strategy makes it easier to identify the influence of variables 
that we can observe. 
 
The evaluation of well productivity that is discussed here uses data from Weld County, 
Colorado, which is located in the DJ Basin.  We use information about well location and total 
vertical depth, which represent lithology (i.e. properties of the rock), as well as design features 
including the length of the wellbore, and the amount of sand and water used in the completion, 
to develop a model that explains between 50 percent and 70 percent of the observed variation 
in output from a set of 604 wells. The relationships that we identify are consistent with 
intuition, as well as information reported by third parties about factors that influence 
horizontal well productivity. 
 
We use this analytical framework to measure the influence on well productivity of one specific 
completion design feature that is within the control of the well operator.  Complex nano-fluid 
or CnF is a flowback surfactant that is used to enhance the flow of oil from horizontal wells. 
Materials distributed by Flotek, who manufactures and distributes the product, allege that the 
use of CnF can increase output from horizontal completions by 30 – 70 percent.3    
 
We demonstrate that the measurable contribution of CnF to well productivity in our sample of 
604 wells in the DJ Basin is zero.  This result is consistent across locations and operators.   
 
In one sense, our results conflict with conclusions about the influence of CnF on production 
reported by MHA Petroleum Consultants of Denver, who were hired by Flotek to evaluate the 
efficacy of CnF.  MHA asserted in a report to the Flotek Board, delivered January 25, 2016, that 
“The results presented demonstrate that for Focus Areas 1 and 2, the wells which used the CnF 
additive showed a significant increase in both 12-month and ultimate oil production 
productivity parameters”.  
 
We resolve the apparent inconsistency between our results and the results presented by MHA 
by appealing to two features of the MHA study. One is that MHA appears to have used a faulty 
“key” to interpret the data in FracFocus, which identifies chemical additives included in frac 
fluids using trade names (e.g. “StimOil”), but does not indicate whether those products contain 
CnF.4 MHA interpreted the information in FracFocus using a key that was supplied to MHA by 

                                                      
3 Press release dated February 23, 2015.  “Our data suggest that a remediation or restimulation 
treatment of a well using a tailored CnF chemistry design can reinvigorate production by 30-
70% and, in some cases, return the well to its original production profile.  More important, it 
can do so at a fraction of the cost of drilling and completing a new well”.   
4 It is also possible to identify products containing CnF using CAS identifiers associated with 
specific citrus terpenes. 
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Flotek.5  We have compiled independently a list of trade names for products that we believe 
incorporate CnF, which is materially different from the list of trade names that was supplied to 
MHA by Flotek.  The difference in the content of the two lists affects the conclusions about the 
relationship between production and the use of CnF in Weld County completions.6 
 
Even if we agreed with MHA that a particular group of wells treated with CnF were more 
productive than another group of wells not treated with CnF – which is bound to be true in 
some cases – we would still have cause to consider carefully a claim that “the use of the CnF 
additive made a significant difference in well performance when compared with wells in the 
same vicinity that did not use CnF”.7 We illustrate the second source of discrepancy between 
our results and those reported by MHA with an example that is developed more fully below.  
 
Completion intervals in the sample of 604 wells examined here range from 2108 feet to 9612 
feet.  Long completions are less productive than short completions for every operator in every 
location, independent of whether the wells were completed with CnF.8 The production data in 
the first column of Table 1.0.1 indicate that short completions treated with CnF underperform 
short completions that were not treated with CnF by 1.0 BBL of production per ft of gross 
perforated interval (“GPI”) during their first 12 months of operation. The data in the second 
column of the table indicate that the relationship between CnF use and productivity is a mirror 
image among long completions. The gain associated with using CnF is positive in one case and 
negative in the other. 
 
       Table 1.0.1: CnF Use, Completion Length and Production9 
 

 Short Long Average 
No CnF 13.8 

(N = 61) 
8.8 

(N = 101) 
10.7 

(N = 162) 
CnF 12.8 

(N = 365) 
9.8 

(N = 77) 
12.3 

(N = 442) 
Gain -1.0 

(N = 426) 
1.0 

(N = 178) 
1.6 

(N = 604) 
 
                                                      
5 MHA Report dated January 25, 2016 pp 4 -5.   
6 The list of trade names reported by MHA and our alternate list of trade names are presented 
in Appendix A. 
7 MHA report to the Flotek Board titled “Effectiveness of CnF on Improving Horizontal Well 
Performance: Permian Basin, Texas and New Mexico”, dated July 22, 2016.  Emphasis added. 
8 Production increases with the length of the lateral, but production per foot of gross 
perforated interval declines. 
9 Short wells have completion intervals of less than 6,000 ft.  Production is cumulative 12-
month output per foot of gross perforated interval. This is a standard measure of performance, 
used both here and in the MHA report. 
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The situation is quite different when we look across the columns.  The cost of moving from 
short completions to long completions is 5.0 BBLs per ft GPI in the first row and 3.0 BBLs per ft 
GPI in the second row.  Moreover, the column differences are associated with t-statistics of at 
least 6.18, while the largest t-statistic for a row difference is 1.83.   
 
There is of course no reason to expect that CnF performs differently in long completions and 
short completions.  The message in Table 1.0.1 is rather a caution about generalizing from a 
simple comparison. Our analysis indicates that the relationship between production and the 
length of the completion interval is consistent, measurable and statistically significant across 
operators and locations.  The marginal performance of wells treated with CnF is random, on 
average equal to zero and not statistically different from zero. These properties of the data are 
apparent in Table 1.0.1, and in a simple regression involving nothing more than operator 
identity, the length of the completion interval and CnF use.  The same properties are estimated 
consistently in more sophisticated models that address other characteristics of production.   
 
The data in the last column of Table 1.0.1 suggest that CnF improves performance because the 
marginal penalty associated with longer completions happens to be greater in the top row of 
the table, which represents wells not treated with CnF, than in the bottom row of the table for 
this sample of wells. Evidence presented below (see Table 5.1.1, for example) indicates that this 
feature of Table 1.0.1 is a result of influences other than the presence of CnF in frac fluid.   
 
The length of the completion interval plays an important but not definitive role in explaining 
observed variations in well productivity. Location, operator identity, well depth and the 
application of sand and water in the fracturing process also explain observed variations in 
production.  Our conclusions about “what matters” – location, operator, well depth, length of 
the wellbore, sand and water but not CnF - are not sensitive to the definition of production, 
sample size or the way that we measure explanatory variables or their influence.  Simple 
comparisons, visualizations of production and completion parameters, and various econometric 
models all lead to the same conclusion. 
 
These results generalize beyond Weld County.  We demonstrate that data presented by MHA in 
a series of three reports to the Flotek board provide evidence of nothing more than a random 
relationship between well productivity and the use of CnF when evaluated with standard 
statistical tools.  The application of our analytical tools to a group of 120 wells completed in the 
Bone Spring formation in the Permian Basin indicates that the marginal impact of CnF on 
production is zero there as well.   
 
 
2.0 The MHA Reports 
 
MHA delivered three reports on the relationship between horizontal well productivity and CnF 
use to the Flotek board between January 2016 and July 2016.  The three studies address the 
relationship between CnF use and well performance in the Weld County, CO section of the 
DJ Basin, the Eagle Ford play of South Texas, and the Permian Basin of West Texas.  In each 
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case, MHA identified a set of geographic Focus Areas, and compared the average cumulative 
12-month production from a group of wells treated with CnF to the average cumulative 12-
month production from a group of wells not treated with CnF.   
 
MHA did not offer any assessment of statistical reliability in any of its studies.  We have 
computed t–statistics and p-values using data taken directly from the three reports. The 
evidence presented in Table 2.1 indicates that producer experience with CnF documented by 
MHA is consistent with random behavior, if we treat the results from each Focus Area as a 
single trial. 
 
Table 2.1: Summary of Evidence Presented By MHA10 
 

 
Play 

Number of 
Focus Areas 

Number of 
CnF Wins 

Average 
Gain 

 
t-statistic 

 
p-value 

DJ Basin, Colorado 3 3 26.2 2.22 0.16 
Eagle Ford, Texas 15 6 15.6 0.82 0.43 
Permian, Texas 14 8 4.1 0.49 0.63 
Total 32 17 11.5 1.16 0.25 

 
Specifically, the 17 cases of outperformance in 32 trials that is described in the last row of 
Table 2.1 are what one would expect from a coin toss.  None of the t-statistics reported in the 
table would lead to a rejection of the null hypothesis of zero outperformance in a clinical trial.  
The 11.5 percent average gain associated with CnF use that is described in the last row of the 
table reflects one observation with 263 percent outperformance based on 6 wells in the Eagle 
Ford play of South Texas.  If we omit that observation - the next biggest gain for any Focus Area 
sample is 58 percent – average outperformance declines from 11.5 percent to 3.2 percent.  The 
t-statistic for overall outperformance declines to 0.58, which is associated with a p-value of 
0.57.  Median outperformance is 3.0 percent for the sample as a whole, which is very close to 
mean outperformance measured without the single outlier. 
 
We would interpret the collective evidence offered by MHA to indicate that the appropriately 
measured average difference in production between wells completed with CnF and wells 
completed without CnF is 3.2 percent, which cannot be distinguished from zero.  This would 
NOT be viewed as evidence indicating that wells treated with CnF produce more oil than wells 
not treated with CnF in any conventional interpretation of the data.  
 
  

                                                      
10 The performance metric employed in Table 1.1 is 12-Month Production per foot of Gross 
Perforated Interval, which MHA characterizes as the most informative production metric 
considered in its reports.  The Number of Cases statistic in the table incorporates only Focus 
Areas where production data were available.  A larger number of Focus Areas were considered 
in the Texas studies, but the candidate wells did not have  
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3.0 The Weld County Data 
 
3.1 FracFocus 
 
FracFocus.org ("FracFocus") is the national hydraulic fracturing chemical registry.   It is a public 
database that is the industry-standard reference for materials used to fracture oil and gas wells. 
Twenty-three states and the Federal BLM either require or recommend that operators who 
hydraulically fracture wells report the composition of frac fluids to FracFocus, which currently 
contains records describing more than 100,000 completions.11   
 
We use FracFocus to measure several completion parameters.  One is the amount of water 
used in the completion, which affects both the delivery of sand to the fracture and the amount 
of pressure applied to the source rock.  The unit of measure adopted here is gallons of water 
per foot of gross perforated interval or GPI.   We also use FracFocus to identify the 
concentration of sand in the fracturing fluid, measured as a fraction of the overall mass of the 
frac fluid.  Water volume and sand concentration are widely recognized as exerting a strong 
influence on well productivity. 
 
FracFocus also allows us to identify chemical additives used in the frac fluid, which typically 
make up less than 1.0 percent of the frac fluid by mass.  91 percent of the wells in our sample 
incorporate CMHPG, CMC, or CMG.  These additives are used to increase the viscosity of the 
frac fluid, allowing sand to be held in suspension while it is transported from the surface to the 
fracture.  
 
Our final use of FracFocus is to determine whether a particular well was completed with CnF, 
which is a flowback solvent / surfactant marketed by Flotek.  Additives incorporated into frac 
fluids are typically described in FracFocus by their trade names (e.g. “OilPerm B” or 
“Stimoil FBA M”), which do not indicate whether that additive contains CnF.  To determine 
which wells contain CnF, we require a list of trade names.  MHA listed five trade names in their 
report to the Flotek board dated January 25, 2016.  We have identified an additional three 
trade names that were associated with the completions in our sample.  All of these are listed in 
Appendix A. 
 
Each well in the US is assigned a unique API number, which is referenced in the FracFocus 
record and may be used to link different sources of information.  
 
3.2 Production Data 
 
We identified a set of candidate wells using the methodology described by MHA.  The Colorado 
Oil and Gas Conservation Commission (“COGCC”) maintains a set of records for wells completed 
                                                      
11 Wyoming and New Mexico have mandatory disclosure rules but do not require operators to 
use FracFocus.  We have found that disclosure to FracFocus in these jurisdictions is nonetheless 
routine. 
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in that state, using a system known as COGIS. Our samples for Focus Area 1 and Focus Area 2, 
where MHA developed the results used to support its claim of superior performance for wells 
treated with CnF, were created by identifying all horizontal wells fractured in those locations 
during the period beginning November 1, 2012 and ending June 30, 2015.12  The start date 
corresponds to the release of FracFocus 2.0, which marked a significant increase in the quality 
of the FracFocus database.  The end date is determined by the requirement that 12 months of 
production data be available as of the cut-off date for this study.  
 
The raw oil production data extracted from COGIS were examined for discrepancies.  For each 
candidate well, we visually inspected the monthly production profile for obvious data entry 
errors.  We also identified missing production reports, and checked water volumes reported by 
COGIS and FracFocus for discrepancies, then followed up with COGCC to resolve conflicts. This 
exercise yields a set of 604 wells completed in the Niobrara formation.  267 of the wells are 
located in Focus Area 1. 337 wells are located in Focus Area 2. 
 
MHA did not provide the API numbers for the wells used in its studies, or the dates that delimit 
its sample.  We are therefore unable to identify exactly the overlap between our data and their 
data.  But both the method of construction and the correspondence in summary statistics that 
is documented below suggest a high degree of overlap. 
 
Production statistics reported here are total 12-month oil production per foot GPI, adjusted for 
days online.13 To be included in the sample, a well would have to produce in at least 11 of the 
12 months in question.  If a well is shut in for part of a month, adjusted production is calculated 
as Adjusted = Raw*(NDays/Actual Days) where NDays is the number of calendar days in that 
month. The estimated production for each calendar month is then normalized to 365 / 12 days.  
If a well was shut-in for a full month, production for the missing month is set equal to the 
average of the other 11 months.  All of the results reported here were reproduced using raw 
data as well as adjusted data.   Our conclusions are not sensitive to the definition of production, 
or the time horizon used to measure production.14 
 
The location of wells in Focus Area 1 and Focus Area 2 are described in Figure 3.2.1. Operators 
of the 267 wells located in Focus Area 1, which is to the northeast in the figure, are Carrizo (31), 

                                                      
12 MHA obtained its production data from IHS, which accesses COGIS.  Focus Area 1 and Focus 
Area 2 correspond to particular township and range locations that are described in the MHA 
report.  Candidates for our sample include all wells completed in those locations during the 
time period specified in the text. 
13 The use of this metric is consistent with MHA’s view that “the most meaningful productivity 
parameters calculated in our analysis were the two parameters which were expressed in terms 
of the ratio of oil volume to the gross perforated interval length in the horizontal well (barrels 
per foot)”.  Report dated January 25, 2016, p 4. 
14 All of the tables from this report, calculated using raw production for wells with a full 12 
months of production data, are available from the authors. 
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Noble (122) and Whiting (114).  Focus Area 2, located to the southwest, contains wells 
operated by Bill Barrett (43), Bonanza Creek (93) and Noble (201). 
 

Figure 3.2.1  
 
3.3 Discrepancy in the List of Trade Names 
 
As noted above, the analysis presented by MHA in its January 2016 report to the Flotek Board 
of Directors is based on a list of trade names that we believe to be incomplete.  The 5 trade 
names used by MHA and our alternate list of 8 trade names are presented in Appendix A.  The 
difference in classification schemes results in the reassignment of 23 percent of the wells in the 
sample from the non-CnF group of wells to the group of wells completed with CnF.   The impact 
of this reassignment on the relationship between average production and CnF use is presented 
in Table 3.3.1 and Table 3.3.2.   
 
  
 
 Table 3.3.1: 12-Month Production and CnF Use in Focus Area 1 
 

Focus Area 1 CnF Wells Non CnF Wells Improvement 
MHA Report 16.6 11.3 5.3 
MHA Method, Our Sample 16.3 11.0 5.3 
Corrected, Our Sample  15.3 10.7 4.6 

 
 
  Table 3.3.2: 12 Month Production and CnF Use in Focus Area 2 
 

Focus Area 2 CnF Wells Non CnF Wells Improvement 
MHA Report 11.0 9.3 1.7 
MHA Method, Our Sample 11.7 9.6 2.1 
Corrected, Our Sample 10.9 10.6 0.3 

 
In both cases, reclassification reduces the observed difference in production between wells 
completed with CnF and completions that did not involve CnF.  The impact of the 
reclassification is greater for wells located in Focus Area 2 than for wells located in Focus 
Area 1.  With our classification, wells located in Focus Area 1 that were treated with CnF yielded 
an incremental 4.6 BBLs (43 percent) of oil per foot of GPI during the first 12 months of 
production.  Wells completed with CnF in Focus Area 2 outperformed the wells that did not use 
CnF by 0.3 BBLs (3 percent) of oil per foot of GPI.  The observed difference in Focus Area 1 is 
associated with a t-statistic of 6.91, while the difference in Focus Area 2 is associated with a t-
statistic of 0.38. 
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The evidence in Table 3.3.1 and Table 3.3.2 suggests that our sample of wells resembles closely 
the group of wells analyzed by MHA. In both Focus Areas, we calculate uplift associated with 
CnF use that is similar to what MHA reported if we use the same list of trade names.  The 
evidence presented in Table 3.3.2 implies that MHA would have reported a gain of 3 percent 
from CnF use in Focus Area 2, instead of the 18 percent that was reported, had they used the 
proper key. 
 
The relationship between CnF use and production in the revised data as documented in these 
tables is consistent with the overall pattern reported by MHA, in that a simple comparison of 
output suggests that CnF is linked to increased production in one case but not the other.  We 
view this situation as an invitation to “look under the hood”. 
 
 
4.0 Interpreting the Data 
 
4.1 CnF Use and Production 
 
Our sample of 604 wells from the DJ Basin exhibits evidence of a random relationship between 
CnF use and well productivity, consistent with our interpretation of the overall evidence 
presented by MHA.  This characteristic of the data is illustrated in Table 4.1.1 and Figure 4.1.1. 
 

Figure 4.1.1 
 
The uplift in production from the use of CnF suggested by the differences in Table 4.1.1 and 
Figure 4.1.1 are positive in three cases, negative in two cases and break-even in the last.  Only 
one difference is statistically significant at the five percent level: 184 wells completed by Noble 
using CnF in Focus Area 2 outperformed 163 completions that did not involve CnF by 1.7 BBLs 
per ft GPI.  (This is documented in the last row of the table.) Noble had a different experience in 
Focus Area 1, where 106 wells completed with CnF underperformed 16 wells completed 
without CnF by 1.4 BBLS per ft GPI.   
 
If we increase the threshold probability used to determine statistical significance from 5 
percent to 10 percent, we identify two cases with a gain of 1.7 BBLs per ft GPI and one with a 
loss of 1.9 BBLs per ft GPI.  Overall, the performance documented in the table and the figure is 
consistent with sampling variation. 
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Table 4.1.1: CnF vs Production by Operator (N completions in parenthesis) 
 

 CnF No Difference t-statistic p-value 
Carrizo 14.9  

(N = 12) 
12.4  
(N = 19) 

2.5 1.51 0.15 

Noble I 16.5  
(N = 106) 

17.9 
(N = 16) 

-1.4 0.73 0.48 

Whiting 10.7 
(N = 27) 

9.0 
(N = 87) 

1.7 1.78 0.08 

Bill Barrett 9.3  
(N = 36) 

8.8  
(N = 7) 

0.5 0.57 0.57 

Bonanza Creek 10.7 
(N = 77) 

12.6  
(N = 16) 

-1.9 2.02 0.06 

Noble II 11.2 
(N = 184) 

9.6 
(N = 163) 

1.6 2.10 0.05 

 
 
4.2 Completion Interval Length and Production 
 
The situation is different when we consider the relationship between production and the length 
of the gross perforated interval or GPI, as evidenced by Figure 4.2.1 and Table 4.2.1. Long wells 
are less productive than short wells for every operator in both Focus Areas. The t-statistic 
associated with the difference in mean production rejects the null hypothesis of equality at the 
2 percent level in three of six cases, which are marked with an asterisk next to the operator’s 
name in the graph.  In two cases where it is not possible to reject the null – Carrizo and Bonanza 
Creek - we have only 1 and 3 long completions, respectively.  
 

Figure 4.2.1 
 
The evidence in Table 4.2.1 and Figure 4.2.1 is not dispositive, but it all points in the same 
direction and is consistent with the notion that longer completions are less productive than 
short completions in this sample.  Measurements based on econometric models that treat GPI 
as a continuous variable, which are presented below, sustain this view.   That evidence is 
stronger statistically, even on an operator-by-operator basis, because we don’t throw away 
information by partitioning the data into cells, as is the case in Table 4.2.1.  A negative 
relationship between GPI  and production per foot of GPI for DJ Basin wells has been 
documented elsewhere using a much larger sample of completions.15   
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Table 4.2.1: GPI vs Production by Operator (N completions in parenthesis) 
 

 GPI > 6,000 GPI < 6,000 Difference t-statistic p-value 
Carrizo 12.9  

(N = 1) 
13.4  
(N = 30) 

0.0 NA NA 

Noble 10.9  
(N = 15) 

17.5  
(N = 107) 

6.6 10.76 < 0.01 

Whiting 9.0  
(N = 102) 

12.9  
(N = 12) 

3.9 2.58 0.02 

Bill Barrett 8.3  
(N = 19) 

10.0  
(N = 24) 

1.7 1.53 0.13 

Bonanza Creek 9.5  
(N = 3) 

11.1  
(N = 90) 

1.6 1.43 0.27 

Noble 9.6  
(N = 38) 

11.4  
(N = 163) 

1.8 3.10 < 0.01 

 
 
4.3 Completion Length, CnF and Production 
 
The perception of a random relationship between CnF use and production is enhanced if we go 
one step further and acknowledge the relationship between production and GPI when 
considering the impact of CnF on productivity.  Table 4.3.1, Table 4.3.2, and Figure 4.3.1 all 
describe the relationship between CnF use and production by operator, contingent on 
completion length.  The left panel of Figure 4.3.1 is associated with short wells, while the right 
panel is associated with long wells.  There are 9 cases in the overall sample where a specific 
operator completed wells of roughly the same length, both with CnF and without CnF. Within 
this group, performance is random. Wells completed with CnF are more productive than other 
wells in 4 of 9 cases and less productive in 5 of 9 cases. In a single case – Noble completions of 
more than 6,000 ft GPI in Focus Area 2 – the data reject the null hypothesis of equal 
production, in favor of the alternative that wells treated with CnF are more productive, at a 5 
percent level of significance. If we relax the test threshold to 10 percent, we are left with three 
cases of performance that is statistically different from zero.  Two of these are negative. 
 

Figure 4.3.1  
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Table 4.3.1: CnF Use and Production for wells with GPI < 6000 ft 
 

 CnF Else CnF Uplift t-stat p-value 
Carrizo 15.0  

(N = 11) 
12.4  
(N = 19) 

2.6 1.52 0.15 

Noble I 17.1  
(N = 97) 

21.8  
(N = 10) 

-4.7 2.18 0.06 

Whiting 12.5  
(N = 7) 

13.4  
(N = 5) 

-0.9 0.33 0.75 

Bill Barrett 10.0  
(N = 24) 

NA 
N = 0 

NA NA NA 

Bonanza Creek 10.8  
(N = 74) 

12.6  
(N = 16) 

-1.8 1.96 0.06 

Noble II 11.5  
(N = 152) 

10.7  
(N = 11) 

0.8 0.79 0.45 

 
 
Table 4.3.2: CnF Use and Production for wells with GPI > 6000 ft 
 

 CnF Else Uplift t-stat p-value 
Carrizo 12.9  

(N = 1) 
NA NA NA NA 

Noble I 10.6  
(N = 9) 

11.5  
(N = 6) 

-0.9 1.21 0.25 

Whiting 10.1  
(N = 20) 

8.7  
(N = 82) 

1.3 1.27 0.22 

Bill Barrett 8.0  
(N = 12) 

8.8  
(N = 7) 

-0.8 0.85 0.41 

Bonanza Creek 9.5  
(N = 3) 

NA NA NA NA 

Noble II 10.0  
(N = 32) 

7.5  
(N = 6) 

2.5 2.88 0.01 

 
This simple look at the data suggests that increased GPI has a systematic, negative impact on 
well productivity while the marginal contribution of CnF to output is much more random.   The 
perception is reinforced by the regression results presented in Table 4.3.3.16  The regression 
model is Production ~ Operator + GPI + CnF.  Operator effects are not reported in the table.  
The completion parameter estimates indicate that increasing the length of the completion 
interval by 1,000 ft decreases expected 12-month production by 1.30 BBLs per ft GPI in Focus 
Area 1 and 0.40 BBLs per ft GPI in Focus Area 2.  The t-statistics associated with these 

                                                      
16 The model is estimated in R using the robust regression function RLM, which implements an 
M-estimator that controls for outliers.   
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estimates, 6.94 and 3.99 respectively, indicate that the parameter values are significantly 
different from zero.  The estimated uplift from using CnF is 0.10 BBLs per ft GPI in Focus Area 1 
and -0.20 BBLs per ft GPI in Focus Area 2.  Neither estimate associated with the uplift realized 
by using CnF is statistically significant. 
 
Table 4.3.3: Regression Analysis of Production vs CnF and Completion Interval with Operator 
Control 
 

Parameter Focus Area 1 Focus Area 2 
Number of Observations 267 337 
Completion Interval (GPI) -1.30 -0.40 
t-statistic 6.94 3.99 
CnF 0.10 -0.20 
t-statistic 0.16 0.37 

 
We demonstrate below that the regression models documented in Table 4.3.3 omit significant 
information about the source of variability in Weld County completion productivity.  But the 
parameter estimates and message delivered by the test statistics endure.  Doubling the 
completion interval from 4,000 ft to 8,000 ft, a phenomenon that we observe in the data, 
decreases expected production by ~ 1.5 – 5.0 BBLs per ft GPI.  The measurable impact of CnF on 
production cannot be distinguished from zero, and is typically estimated at a fraction of 1 BBL 
per ft GPI. 
 
5.0 Visualization of Production and Completion Parameters 
 
5.1 Production and GPI 
 
We develop more detailed results for Focus Area 1 and summarize our results for Focus Area 2. 
Focus Area 1 is more productive on average, more variable, and has a more balanced 
distribution of CnF use than Focus Area 2.  This makes it a better candidate for analysis. 
 
Figure 5.1.1 describes the relationship between GPI and production for firms operating in Focus 
Area 1.17  These are the same data that are described in Table 4.2.1.  We consider them again 
to highlight the relationship between production and GPI within the group of wells treated with 
CnF, and within the group of wells not treated with CnF.  The graph also affords some additional 
perspective on the experience of individual operators. 
 

Figure 5.1.1 
 

                                                      
17 The number of firms included in the sample for a particular figure fluctuates with the identity 
of the variables that are included in the figure because of missing data.  The most restrictive 
variable, in terms of the number of observations with available data, is typically TVD.   
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The most active operators in Focus Area 1 are Noble (122 wells) and Whiting (114 wells).  
Carrizo is a much smaller player (31 wells).  There is a clear negative relationship between the 
length of the GPI (x-axis) and production per unit of GPI (y-axis) in wells completed by these 
operators.  Long wells are less productive than short wells.  The relationship holds within the 
group of wells that were completed with CnF (blue points) and within the group of completions 
that did not incorporate CnF (red points).  It also holds for individual operators.  Noble has wells 
at both ends of the GPI spectrum, although most of the Noble completions are shorter.  The 
negative relationship between GPI and production per unit of GPI is also apparent within the 
group of wells completed by Whiting, which dominate the middle of the graph where  
6000 ft < GPI < 8000 ft. 
 
A significant feature of the data from Focus Area 1 is the range of observed production, which 
varies from 3.3 BBLs per foot GPI to 34.0 BBLs per foot GPI.  The large range is not a 
consequence of a few outliers, although there is a “tail” at the upper range of production where 
12-month productions exceeds 25 BBLs per ft GPI. It is rather evidence of a meaningful 
variation in the factors that influence production. 
 
Table 5.1.1 describes the relationship between production and GPI for all wells in Focus Area 1, 
and for the subset of wells treated with CnF and the subset of wells not treated with CnF. The 
differences documented in the table are large and statistically significant in every case. For the 
group as a whole, a shift from completions of less than 6,000 feet (149 wells with average GPI 
of 3682 ft) to completions of more than 6,000 feet (118 wells with average GPI of 7171 feet) 
decreases production by 7.0 BBLs per foot GPI or 43 percent.  A difference of this magnitude 
warrants consideration by both operators and third party observers attempting to understand 
production. 
 
Table 5.1.1: GPI, CnF and Production for wells in Focus Area 1 
 

 GPI < 6000 GPI > 6,000 Uplift t-stat p-value 
All 16.3  

(N = 149) 
9.3  
(N = 118) 

7.0 12.92 < 0.01 

CnF  16.6  
(N = 115) 

10.3  
(N = 30) 

6.3 7.96 < 0.01 

Else 15.3  
(N = 34) 

8.9  
(N = 88) 

6.4 5.47 < 0.01 

 
Neither operators nor CnF use are represented uniformly across the sample space described in 
Figure 5.1.1. But there are a meaningful number of observations in most of the cells that we 
have used to describe the data. Test statistics support the claim that long completions are less 
productive than short completions, for operators who completed wells in Focus Area 1, within 
the group of wells completed with CnF and within the group of wells not completed with CnF. 
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5.2 Production and TVD 
 
A second feature of the production data from Focus Area 1 is illustrated in Figure 5.2.1.18 
Deeper completions tend to be less productive than shallow completions for both short wells  
and long wells.  This is indicated by the fact that the colors in Figure 5.2.1 tend to become 
“hotter” (i.e. more red) as we move from left to right in the figure, for both short completions 
(at the bottom of the figure) and long completions (at the top of the figure).  The interaction 
between completion length and TVD that is described in Figure 5.2.1 is related to location, 
although this is not apparent in the figure. 
 

Figure 5.2.1 
 

There are 33 wells in the sample with 12-month production in excess of 20 BBLs per ft GPI.  
Noble accounts for 27 of these, Whiting 4 and Carrizo 2.  Nearly all of these wells appear in the 
lower left quadrant of Figure 5.2.1, which is associated with shorter completions at shallower 
depth.  Three wells with production in excess of 20 BBLs per ft GPI had GPI > 6,000 ft.  All were 
completed by Whiting. 
 
5.3 Production and Location 
 
The high productivity wells in Focus Area 1 that are discussed in the preceding paragraph share 
another common feature that is illustrated in Figure 5.3.1 and Figure 5.3.2.  All of these wells 
are located within the polygon that appears in Figure 5.3.1.19  The 125 wells located in the 
polygon had average 12-month production of 17.0 BBLs per ft GPI, while the 142 completions 
located outside of the polygon had average 12-month production of 9.8 BBLs per ft GPI.  The 42 
percent difference in production is associated with a t-statistic of 13.01.   
 

Figure 5.3.1  
 
A group of high production wells indicated by dark colors is apparent on a SW to NE azimuth 
within the Figure 5.3.1 polygon.20 This same group of wells is identified in another manner in 
Figure 5.3.2.  In the figure, residuals from the regression of Production on CnF and GPI, with an 
indicator variable to control for operator identity, are plotted against latitude and longitude. 
(This is the regression summarized in Table 4.3.3).  The residuals, which represent variation in 
                                                      
18 The sample size of 263 associated with Figure 5.2.1 is determined by the availability of TVD 
information. 
19 The polygon is defined by the location of completions with 12-month production in excess of 
20 BBLS per ft GPI.  Its vertices correspond to latitude {40.71, 40.71, 40.8, 40.80, 40.73} and 
longitude {-103.99, -103.81, -103.81, -103.84, -103.99}.  We developed a specification using the 
convex of hull of points with yields of at least 20 BBLs per ft GPI, which produces the same 
results but is much more difficult to draw. 
20 Completions in the polygon tend to be short, but the GAM results and evidence in Table 1.1 
indicate that there is a location effect independent of GPI. 
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production not accounted for by the length of the completion interval, the operator or CnF, 
show a clear location effect.  We identify a productive trend with approximately the same 
azimuth in Focus Area 2. 
 
The “sweet spot” that is described in Figure 5.3.1 and Figure 5.3.2 plays a big role in explaining 
the overall variation in Focus Area 1 production.  We want to be sure that it is not a proxy for 
some other variable.  Table 5.3.1 demonstrates that the sweet spot is not an operator effect.  
Completions in the sweet spot are much more productive than completions elsewhere in Focus 
Area 1 for every operator. 
 
Table 5.3.1: Production vs Location and Operator   
 

 Sweet Spot No Uplift t-stat p-value 
Carrizo 14.6  

(N = 20) 
11.1  
(N = 11) 

3.5 2.60 0.02 

Noble 17.6  
(N = 98) 

13.0  
(N = 24) 

4.6 4.36 < 0.01 

Whiting 15.7  
(N = 7) 

9.0  
(N = 107) 

6.7 5.12 < 0.01 

 
Table 5.3.2 demonstrates that the sweet spot is not a proxy for CnF use.  Completions in the 
sweet spot are much more productive than completions elsewhere in Focus Area 1 if we restrict 
our attention to wells completed with CnF, or focus on completions that did not involve CnF. 
 
Table 5.3.2: Production vs Location and CnF Use 
 

 Sweet Spot No Uplift t-stat p-value 
All 17.0 

(N = 142) 
9.8 
(N = 125) 

7.2 13.01 < 0.01 

CnF 17.1  
(N = 97) 

11.6  
(N = 48) 

5.5 6.85 < 0.01 

No 16.7  
(N = 28) 

8.9  
(N = 94) 

7.8 6.35 < 0.01 

 
Table 5.3.3 demonstrates that the sweet spot is not a proxy for GPI.  Completions in the sweet 
spot are much more productive than completions elsewhere in Focus Area 1, independent of 
whether we are considering long laterals or short laterals.  There are relatively more short 
laterals in the sweet spot, but sweet spot wells are also much more productive than other wells 
within the set of long completions. 
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Table 5.3.3: Production vs Location and GPI 
 

 Sweet Spot No Uplift t-stat p-value 
GPI > 6000 ft 15.7  

(N = 7) 
8.9  
(N = 111) 

6.8 5.27 < 0.01 

GPI < 6,000 ft 17.1  
(N = 118) 

13.3  
(N = 31) 

3.8 3.80 < 0.01 

 
All of the differences documented in Table 5.3.1, Table 5.3.2 and Table 5.3.3 are large from an 
economic perspective and statistically significant.  There is a clear location effect in the Focus 
Area 1 production data. 
 
5.4 Production vs Sand and Water 
 
Figure 5.4.1 describes the relationship between production and the concentration of sand in 
frac fluid. The relationship is noisy compared to the relationship between production and 
completion length or the relationship between production and location. But it is clearly not 
something that we should ignore.  Figure 5.4.1 suggests an operator effect: The typical sand 
concentration in a Noble well exceeds that of a Whiting well.  Wells completed by Noble with a 
sand concentration of less than 10 percent, which appear on the left edge of the graph, are less 
productive than those completed by Noble with a concentration of more than 10 percent, 
although the difference is small (0.2 BBLs per ft GPI) and not statistically significant.  A similar 
statement applies to wells completed by Whiting. 
 

Figure 5.4.1 
 

Figure 5.4.2 describes the relationship among production, sand concentration and water 
volume.  The production data have been filtered to remove the effects of location and GPI.21    
The dark points in the figure are the productive completions.  These generally fall on a line 
indicating a tradeoff between water volume and sand concentration.  A simultaneous increase 
in sand concentration and water volume is associated with increased production, as evidenced 
by the violet hexagons to the northeast of the line.  The green hexagons southwest of the line 
indicate that decreasing water volume and sand concentration simultaneously causes 
production to fall. 
 

Figure 5.4.2 
 
Sand and water jointly explain production variation of 6 – 8 BBLs per ft GPI, which is more than 
any variable except location, but the relationship between these variables and production is not 
estimated precisely.  (This statement is explained below when we consider GAM results).  We 
suspect that this is due at least in part to the many features of the completion design that we 
                                                      
21 “Production” in Figure 5.3.1 is the residual from a GAM projection of production onto 
latitude, longitude and GPI.  
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cannot observe.   The pumping rate and density of perforations in the wellbore – see the quote 
from Centennial above - are two parameters that affect the interaction between frac fluid and 
the rock.  Neither is observable to us.  Introducing these variables into this framework would 
likely sharpen our insight. 
 
6.0 Production and Completion Parameters 
 
The evidence presented above indicates that the productivity of wells completed in Focus 
Area 1 is related systematically to a number of completion characteristics.  We have 
documented large, measurable, statistically significant relationships between productivity and 
GPI, and productivity and location.   The visualizations suggest that TVD, sand and water are 
also related to well productivity.  None of these factors has anything to do with CnF. 
 
6.1 Regression Model 
 
A direct and simple method for separating the influence of the different variables that are 
related to productivity is a linear regression.  Parameters estimated from a robust regression 
model are presented in Table 6.1.1.22   The estimates are consistent with both the visualizations 
and the tabular evidence presented above.   
 
Table 6.1.1: Parameter Estimates from a Robust Regression Model of Focus Area 1 Production 
 

Variable Units Estimate t-statistic p-value 
Noble  Indicator 2.82 3.16 < 0.01 
Whiting Indicator 0.13 0.12 0.90 
CnF Indicator -0.35 0.54 0.59 
Sweet Spot Indicator 2.86 3.08 < 0.01 
TVD 100 ft -0.07 1.58 0.11 
GPI 1000 ft -0.80 3.53 < 0.01 
Sand 1 Percent of Frac Fluid 0.38 2.30 0.02 
Water 100 gallons per ft GPI 0.28 1.70 0.09 

 
The R2 of the regression is 51 percent for the group of 252 completions used in estimation.23  
The t-statistics indicate that the parameter estimates for Location (the sweet spot), GPI, and 
Noble are significantly different from zero at 1 percent.  The parameter estimate for sand 
concentration is significant at 2 percent.  Neither TVD nor water volume reject the null 

                                                      
22 This is an M estimate as implemented in R through the RLM function.  An operator effect is 
included in the model.  The estimates for Noble and Whiting are relative to a Carrizo 
benchmark. 
23 The reported R2 is a pseudo-R2 for the M estimator.  The sample size has been reduced to N 
= 252 because of the availability of location data, and our desire to use the same sample in the 
linear regression and the GAM. 
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hypothesis of zero explanatory power at 5 percent.  The estimated impact of CnF use on 
production cannot be distinguished from zero. 
 
Table 6.1.2: Production Variation Suggested by Parameter Estimates   
 

   Production Shift 
Parameter Significant? Variation BBLs per Ft GPI Percentage of Mean 
Noble Y NA 2.8 21 
Whiting N NA 0.2 1 
Sweet Spot Y NA 2.9 22 
GPI Y 3500 ft 2.8 21 
TVD N 500 ft 0.4 3 
Sand Y 4 percent 1.5 11 
Water N 600 gallons 1.7 13 
CnF N NA -0.4 -3 

 
Table 6.1.2 describes the regression results in economic terms.  For each input variable, we 
have specified a range of variation that is consistent with the data from Focus Area 1, and 
calculated the implied variation in output implied by the parameter estimates from the 
regression model.  The production shift associated with variation in the underlying variable is 
presented in both absolute terms and relative to average Focus Area 1 production of 13.1 BBLs 
per ft GPI.  We have flagged the parameter estimates that are statistically significant at 5 
percent. 
 
The regression results indicate that the parameters with the biggest impact on well productivity 
are location, GPI, and Noble, each accounting for a production swing of about 2.8 BBLs or 21 
percent of average 12-month production.  Sand concentration and water volume exert a 
weaker influence, around 1.7 BBLs each or 13 percent of average annual production.  The other 
variables, including CnF, have no apparent relationship to production. 
 
Noble accounts for the largest number of completions in both Focus Area 1 and Focus Area 2, 
and more than 50 percent of the completions in the overall data.  The superior performance 
documented here is repeated in Focus Area 2, and suggests a benefit of experience. 
 
6.2 Generalized Additive Model 
 
The linear model is simple and transparent, but it ignores a considerable amount of information 
that is available to us.  A Generalized Additive Model or GAM allows us to describe the 
relationship between production and location in much greater detail, model interactions 
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between completion parameters, and identify non-linear relationships.24  The most important 
benefit of a GAM is a more refined description of the relationship between location and 
production than is available from the Sweet Spot polygon description that is illustrated in 
Figure 5.3.1.   The GAM creates a topographical map with contours that represent the local 
variation in production that is apparent in Figure 5.3.2, allowing us to both quantify that 
phenomenon and sharpen our estimates of other parameters. The GAM also affords some 
insight into the joint influence of sand and water on production by allowing us to consider these 
variables jointly. 
 
We have latitude and longitude information for 252 completions in Focus Area 1. The result of 
estimating a GAM with this data is described in Table 6.2.1.  The “test statistic” presented in the 
table is a t-statistic in the case of the parameters for operator, CnF and GPI, and an F-statistic 
for parameters (tensors) representing location as defined by latitude and longitude, and the 
joint influence of sand and water.   
 
Table 6.2.1: Parameter Estimates from a Generalized Additive Model of Focus Area 1 
Production 
 

Variable Units Estimate Test statistic p-value 
Noble  Indicator 4.4 4.07 < 0.01 
Whiting Indicator 1.3 1.32 0.46 
CnF Indicator -0.40 0.63 0.53 
Location NA NA 7.65 10-14 
GPI 1000 ft -0.80 3.58 < 0.01 
Sand & Water NA NA 2.81 0.01 

 
One notable feature of the estimates reported in the table is the stability of the parameters 
describing the influence of GPI and CnF on production.  The estimates reported in Table 6.2.1  
are strikingly similar to the regression estimates reported in Table 6.1.1 and Table 4.3.3.   GPI 
has a statistically significant negative impact on production per ft GPI, which we estimate 
consistently at -0.8 BBLs per 1000 ft of completion interval in models that consider the role of 
other variables in production.  The impact of CnF on production cannot be distinguished from 
zero, and is typically estimated at less than 1 BBL per ft GPI in absolute value. 
 
A second notable feature of Table 6.2.1 is the magnitude of the test statistic for the location 
tensor, which explains considerably more variation than the “sweet spot” indicator variable 
used in the regression model.  Latitude and longitude alone explain 54 percent of the observed 
variation in 12-month production per ft GPI.  There has also been a notable increase in the 
estimated operator effect for both Noble and Whiting vs what we observe in the regression 

                                                      
24 Generalized Additive Models are discussed in Simon Wood , Generalized Additive Models: An 
Introduction in R, 2006.  We use the mgcv implementation in R to estimate the models 
presented here. 
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model, although only the Noble variable is statistically significant.  Allowing production to vary 
within the sweet spot, where all three producers completed some wells (recall Table 5.3.1), 
results in a different perspective on operator efficiency. 
 
Figure 6.2.1, Figure 6.2.2 and Figure 6.2.3 describe the relationship between production and 
location, using latitude and longitude instead of the sweet spot polygon. Figure 6.2.1 is 
presented exclusively to aid in the interpretation of the other two plots, and illustrate the 
amount of smoothing that was imposed in the estimation process to prevent over-fitting. The 
polygon created through visual inspection of the data has been imposed on the contour plot in 
Figure 6.2.2 and the hex plot in Figure 6.2.3.   The difference between these two plots is that 
the contour plot represents the marginal impact of latitude and longitude on production while 
the hex plot illustrates the average relationship between production and those same 
variables.25 
 
The GAM identifies the same sweet spot that we selected through visualization.  The difference 
between the visualization and the contour plot is that the output data used to visually identify 
the sweet spot are unfiltered, whereas the data used to construct the contour plot have been 
corrected for other influences, such as GPI, CnF and any potential operator effect. 
 

Figure 6.2.1 and Figure 6.2.2 
 
The contours in Figure 6.2.2 and color scale in Figure 6.2.3 both indicate variation of ~10-12 
BBLs per foot GPI between the heart of the sweet spot in the southeast of Focus Area 1 and the 
less productive areas on the northern fringe.  The circular contour at the center of the polygon 
in Figure 6.2.2 is associated with incremental production of 6 BBLs per ft GPI.  Each contour 
represents 2 BBLs per ft GPI of variation in 12-month production.  This 10-12 barrel per foot GPI 
variation in production between the heart of the sweet spot and the northern and western 
fringes of Focus Area 1 is 3-4 X the variation associated with the sweet spot variable in the 
regression model, which treats all production within the sweet spot as a unit. Inspection of the 
raw data, using either Figure 6.2.2 or Figure 5.3.1, reveals a large number of wells on the N-S 
azimuth where these contours are located.26  This feature of the contour plot is informed by a 
large number of observations. 
 

Figure 6.2.3 
 
The productive trend running from southwest to northeast is also apparent.  One feature of the 
data revealed by Figure 6.2.1 and Figure 6.2.2 that is not apparent in the simple map presented 
in Figure 5.3.1 is a super-productive margin on the eastern boundary of the developed area.  
There is considerably less data here.  We would require more observations to determine 
whether the effect is real. 
                                                      
25 Figure 5.2.3 illustrates the same phenomenon in yet another manner. 
26 Both plots disguise a large number of wells completed in close proximity in the most 
productive part of the field. 
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A second term that represents the joint influence of sand and water is described in Figure 6.2.4.  
The tensor associated with these two variables generates an F-statistic of 2.81 that rejects the 
null hypothesis at 1 percent.  The contours for sand and water illustrate the tradeoff between 
these two variables that is apparent in much of the horizontal completion data that we have 
considered, which includes other locations that are not discussed here.  Each contour 
represents 1 BBLs per ft GPI of 12-month production.  The range of variation that is described in 
the upper right quadrant of Figure 6.2.4 is 6 – 8 bbls per ft GPI, which is roughly double the 
combined influence of sand water suggested by the regression model as presented in 
Table 6.1.2. The R2 of a model containing only these two tensors is 66 percent. 
 

Figure 6.2.4 
 
The economic implications of the GAM are summarized in Table 6.2.2. The full model has an R2 
of 68 percent.  The GAM results are consistent with the linear regression model, the 
visualizations, and the basic statistics presented above.   
 
Table 6.1.2: Production Variation Suggested by Parameter Estimates   
 

   Production Shift 
Parameter Significant? Variation BBLs per Ft GPI Percentage of Mean 
Noble Y NA 4.4 33 
Whiting N NA 1.3 10 
Sweet Spot Y NA 10-12 83 
GPI Y 3500 ft 2.8 21 
Sand & Water Y 4 percent 6-8 53 
CnF N NA -0.4 -3 

 
TVD does not appear in Table 6.2.1 or Table 6.2.2, despite the strong relationship between TVD 
and production that is apparent in Figure 5.2.1.  We tested for the influence of TVD, both 
independently and through the location tensor, and found no incremental effect.   This is likely 
due to a lack of data, as we are able to observe an incremental contribution from TVD in the 
case of some operators when we check for stability by re-estimating the model on an operator-
by-operator basis. 
 
The GAM results may reflect some over-fitting, and their utility is constrained by features of 
individual fracs that are unobservable.  The GAM results are nonetheless useful, in that they 
demonstrate the consistency of different approaches to estimation, and the stability of the 
parameters describing the relationship between production and GPI, and production and CnF. 
The primary determinant of well productivity is location, followed by completion parameters 
including GPI, sand and water.  Individual operator effects are important. The use of CnF in frac 
fluid appears to be irrelevant. 
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6.3 Stability 
  
We have devoted considerable effort to parsing the data in order to assure ourselves and the 
reader that the results presented here are not attributable to a few outliers or an important 
omitted variable. The robust regression model and GAM were computed operator-by-operator.   
The reduction in sample size reduces the precision of parameter estimates and the power of 
test statistics, but the results are consistent.  There is a strong relationship between production 
and location, and a strong location between production and GPI, both of which are statistically 
significant.27  We find no evidence in the data that CnF enhances production. 
 
Visualizations (case studies) for the individual operators and additional analysis reveal some 
other features of interest.  For example, TVD is able to explain meaningful variation in 
production for individual operators who complete wells in a more confined area.  There is 
nothing in any data that we have considered which suggests that the sample considered here is 
anomalous. 
 
 
7.0 Focus Area 2 
 
The data from Focus Area 2 are different from the data from Focus Area 1 in several important 
respects.  Production in Focus Area 2 is lower on average and much less volatile than 
production in Focus Area 1.   The contrast is evident in Figure 7.0.1. In addition, the use of CnF 
is much more prevalent in Focus Area 2.  82 percent of our Focus Area 2 completions were 
treated with CnF, vs 56 percent in Focus Area 1. Finally, there is less geographical overlap in 
completions, which makes it more difficult to distinguish operator effects and location. 
 

Figure 7.0.1 
 
The structure of the data is consistent between the two fields, as evidenced by the GAM output 
that is summarized in Table 7.0.1.  Location is the most important determinant of production.  
Latitude and longitude explain 30 percent of overall variation in Focus Area 2 production.  The 
GAM contour plot picks out two production sweet spots that are apparent in the data, and 
describes variation of 8 BBLs per ft GPI between the most productive and least productive parts 
of the field.  Productivity declines sharply on the margins of the field. The test statistic 
associated with the tensor that describes the location effect rejects the null hypothesis at 10-14. 
 
Longer completions are less productive than shorter completions. The estimated impact of a 
1000 ft increase in GPI on production is 0.35 BBLs per ft GPI in Focus Area 2, which is about half 
the value of that parameter in Focus Area 1.  The t-statistic associated with the GPI parameter 
estimate in the GAM is 3.18.   Estimated parameter values are consistent across specificatons. 
 
                                                      
27 Test statistics fail to reject the null for location and GPI in the case of Carrizo where N = 32. 
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Table 7.0.1: Parameter Estimates from a Generalized Additive Model of Focus Area 2 
Production 
 

Variable Units Estimate Test statistic p-value 
Noble  Indicator 0.63 1.65 0.10 
Bill Barrett Indicator 2.42 2.75 0.01 
CnF Indicator -0.15 0.30 0.76 
Location NA  6.40 10-12 
GPI 1000 ft 0.35 3.18 < 0.01 
Sand & Water NA  1.57 0.14 

 
The sand and water contours have a reasonable appearance, and indicate variation of 5-6 BBLs 
per ft GPI, but are not statistically significant in their own right.   This is likely a consequence of 
the fact that we observe less experimentation with input parameters in Focus Area 2, which has 
been in production for a much longer period of time than Focus Area 1.  The presence of CnF in 
frac fluid has no measurable influence on production. 
 
Bonanza Creek serves as the benchmark for the operator effect, which is smaller than what we 
observe in Focus Area 1.  Regressions for individual operators give no hint of instability. 
 
8.0 Closing the Loop 
 
8.1 Intuition 
 
The difference between the results presented here and the conclusions suggested by 
considering a sample average are summarized in Table 8.1.1, using data from Focus Area 1.  The 
rows of the table correspond to completion length.  The columns correspond to location, as 
represented by the sweet spot polygon.  In each cell, we present average production for the  
type of well defined by the cell, the number of completions of that type in Focus Area 1, and 
the number of completions of that type that incorporate CnF.  For example, the upper left cell 
indicates that 7 long completions carried out in the Focus Area 1 sweet spot had average 12-
month production of 15.7 BBLs per ft GPI, and that none of those completions involved the use 
of CnF. 
 
       Table 8.1.1: Location, Completion Length, Production and CnF 
 

 Sweet Spot No 
GPI > 6,000 ft 15.7 

(0 / 7) 
8.9 

(30 / 111) 
GPI < 6,000 ft 17.1 

(97 / 118) 
13.3 

(18 / 31) 
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The feature of the data that produced the result documented by MHA in Focus Area 1 is found 
in the lower left cell.  97 of 118 short completions carried out in the sweet spot involved the 
use of CnF.  These wells yielded an average of 17.1 BBLs of oil per ft GPI.  Two-thirds of the 
wells in Focus Area 1 that used CnF were short completions in the sweet spot.  The evidence 
presented in Table 5.1.1 indicates that the relative productivity of short wells should not be 
attributed to the use of CnF.  The evidence presented in Table 5.3.2 indicates that the uplift 
associated with operating in the sweet spot is not attributable to CnF.  The only reasonable 
interpretation of the evidence in Table 8.0.1, in light of the data considered here, is that wells 
treated with CnF in Focus Area 1 were productive because of their (short) completion length 
and where they were located. 
 
Another view of the data, organized in a similar fashion, illustrates the same point.  In 
Table 8.1.2, we have calculated the uplift associated with CnF use for each type of well, first by 
operator, then averaged across operators.  Consider, for example, the -0.72 that appears in the 
lower left cell. We compute the average production difference between Noble wells completed 
with CnF and Noble wells completed without CnF, within the group of sweet spot completions 
with GPI <  6,000 ft. The exercise is repeated for Carrizo wells and Whiting wells.  Averaging 
these gains produces the -0.72 BBLs per ft GPI reported in the table.   Entries in the other cells 
are computed in a similar fashion.  The upper left cell is empty because we don’t have the CnF, 
non-CnF pairs required to populate it.   
 
       Table 8.1.2: Location, Completion Length, Production Uplift from CnF Use 
 

 Sweet Spot No 
GPI > 6,000 ft NA 0.04 
GPI < 6,000 ft -0.72 -1.91 

 
The results of this exercise look similar on an operator-by-operator basis, carried out in Focus 
Area 1 or Focus Area 2.   
 
8.2 Summary of Model Results 
 
The ability of a GAM to predict production from wells treated with CnF using well 
characteristics that are independent of CnF is described in the bottom row of Table 8.2.1.  The 
GAM predicts 12-month production of 15.2 BBLs per ft GPI for wells treated with CnF and 10.6 
BBLs per ft GPI for wells not treated with CnF, vs observed values of 15.3 BBLs and 10.7 BBLs 
respectively, when CnF is excluded from the GAM.28  The robust regression described in Table 
6.1.1, which uses the sweet spot indicator variable rather than the more flexible GAM 
specification, yields fitted values of 15.2 BBLs per ft GPI and 10.2 BBLs per ft GPI when CnF is 

                                                      
28 This is the model that is discussed in Section 6.2.  Parameter estimates are presented in 
Table 6.2.1. 
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excluded from the regression.  The robust regression described in Table 4.3.3 that uses only GPI 
and operator identity yields fitted values of 15.1 BBLs per ft GPI and 10.2 BBLs per ft GPI. 
 
All of these models yield the same message as Table 8.1.1 about the variation in production 
between Focus Area 1 wells that were treated with CnF and comparison wells considered by 
MHA or us.  Wells treated with CnF in Focus Area 1 were in fact more productive than 
comparable wells, but the difference in performance is explained by observable well 
characteristics rather than the presence of CnF in frac fluid. 
 
 Table 8.2.1: 12-Month Production and CnF Use in Focus Area 1 
 

Focus Area 1 CnF Wells Non CnF Wells Improvement 
MHA Report 16.6 11.3 5.3 
MHA Method, Our Sample 16.3 11.0 5.3 
Corrected, Our Sample  15.3 10.7 4.6 
Predicted by well characteristics 15.2 10.7 4.5 

 
The estimated marginal contribution of CnF to production from these different approaches to 
evaluation is summarized in Table 8.2.2.  The first model indicates marginal uplift of 1 percent.  
The last three approaches all suggest –3 percent.  None of the estimates is significantly 
different from zero. 
 
  Table 8.2.2: Estimated Contribution of CnF to 12-Month Production in Focus Area 1 
 

Method Variables CnF Uplift 
Robust Regression Operator, GPI 0.10 
Robust Regression Operator, GPI, Location, Sand, Water -0.35 
GAM Operator, GPI, Location, Sand, Water -0.40 
Compare and average Operator, Location, GPI -0.38 

 
Comparable results for Focus Area 2 are presented in Table 8.2.3 and Table 8.2.4.  A GAM that 
does not incorporate CnF predicts 12-month production of 10.9 BBLs per ft GPI for wells treated 
with CnF and 10.5 BBLs per ft GPI for wells not treated with CnF, vs observed values of 10.9 
BBLs and 10.6 BBLs respectively.  A robust regression that uses sweet spot indicator variables 
rather than the more flexible GAM specification yields fitted values of 10.4 BBLs per ft GPI for 
non-CnF wells and 10.9 BBLs per ft GPI for wells treated with CnF.  A robust regression that 
incorporates only GPI and operator identity yields fitted values of 10.4 BBLs per ft GPI and 10.8 
BBLs per ft GPI. 
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Table 8.2.3: 12 Month Production and CnF Use in Focus Area 2 
 

Focus Area 2 CnF Wells Non CnF Wells Improvement 
MHA Report 11.0 9.3 1.7 
MHA Method, Our Sample 11.7 9.6 2.1 
Corrected, Our Sample 10.9 10.6 0.3 
Predicted by Well Characteristics 10.9 10.5 0.4 

 
The marginal contribution of CnF to 12 Month production is estimated at ~-0.15 BBLs per ft GPI 
by the three regression specifications, and 0.54 BBLs per ft GPI by the simple “compare and 
average” approach that produces the results in Table 8.1.2. 
 
  Table 8.2.4: Estimated Contribution of CnF to 12-Month Production in Focus Area 2 
 

Method Variables CnF Uplift 
Robust Regression Operator, GPI -0.20 
Robust Regression Operator, GPI, Location, Sand, Water -0.16 
GAM Operator, GPI, Location, Sand, Water -0.08 
Compare and average Operator, Location, GPI 0.54 

 
In all of these models, location, sand and water explain the vast majority of observed variation 
in production. As noted above, the R2 from GAM of Focus Area 1 production that involves only 
location is 54 percent.  Adding sand and water increases the R2 to 66 percent.  The incremental 
contribution of operator identity and CnF is to increase the model R2 to 68 percent. 
 
Operator identity is linked closely to location: the R2 of the “stripped down” regression model 
that considers only operator identity is 48 percent.  We are able to distinguish location from 
operator identify in Focus Area 1 using the GAM or a more more elaborate regression model 
only because Carrizo, Noble and Whiting operate in close proximity, with well locations that 
overlap. 
 
The role of location, sand and water in the analysis presented here is to explain why MHA 
identified CnF uplift of 47 percent in Focus Area 1, and would have identified uplift of 3 percent 
in Focus Area 2 had they interpreted FracFocus correctly.  The estimated impact of CnF on 
production is estimated consistently, independent of the other variables, even in the simple 
specification where we consider the role of the operator and the length of the perforated 
interval. 
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9.0 Conclusions 
 
We believe that the results documented here are meaningful in at least two respects.  One is 
that we are able to identify visually and measure econometrically relationships between 
production and completion parameters that are consistent across operators and locations.  This 
aspect of the study is somewhat remarkable given the range of parameters that we cannot 
observe, which would certainly include stage length, cluster spacing and the pumping rate.  We 
attribute our ability to extract information from the sample to the fact that many of these 
variables would have evolved only slowly during the time period in question. We can 
nonetheless see in the residuals from the econometric model a pattern that we interpret as 
evidence of a systematic search for optimal values of at least one unobservable parameter 
(residuals increase systematically from negative values to positive values in several different 
episodes). 
 
The second meaningful feature of the results presented here is the consistent estimate that we 
obtain for the impact of CnF on production.  A wide variety of models, implemented across 
locations and operators, produce estimated CnF slope coefficients that are less than 1 in 
absolute value and not significantly different from zero.   
 
We contrast this stability with the conclusions suggested by a simple comparison of mean 
production across wells completed with CnF and without CnF, as documented by MHA.    The 
interpretation of the data offered by MHA would suggest that CnF has a tremendous (42 
percent) impact on well productivity in Focus Area 1, with only a slight (3 percent) impact on 
production in Focus Area 2, once we classify wells correctly.  The lack of stability suggested by 
these parameters is evident in the other studies that MHA prepared for Flotek, which produce 
estimates of the relationship between CnF use and production that are essentially random. 
 
The stability of our results extends to other locations.  We have developed an analysis of well 
productivity in the Bone Spring formation of the Permian Basin, using the same approach 
implemented here, that identifies a systematic relationship between completion parameters 
and well productivity.  That study also indicates that the incremental impact of CnF on well 
productivity is zero. 
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Appendix A 
Trade Names for Additives Containing CnF 

 
 

 Supplier Number of Wells MHA ? 
OilPerm B Halliburton 150 Y 
GasPerm 1100 Halliburton 102 Y 
OilPerm FMM-1 Halliburton 97 N 
OilPerm FMM-2 Halliburton 48 Y 
FDP-S1007-11 Halliburton 30 N 
DWP-937 CWS 6 Y 
OilPerm Halliburton 5 N 
StimOil FBA M Flotek 4 Y 
Total CnF  442  
Total Non-CnF  162  
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