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Abstract
Monitoring of a well and the surrounding reservoir performances is a crucial component in evaluating on-going and plan-
ning future well and field operations. This is carried out at all stages of a well life-span: from exploration to production and, 
sometimes, after abandonment. Despite tremendous progress in reservoir simulations, simple and fast techniques for well-
reservoir performance evaluation are still demanded in the industry, especially in the context of the vast amount of permanent 
well monitoring data continuously accumulated. Such techniques are of special interest for on-the-fly well monitoring to 
detect and alarm about deteriorating performance issues. Installation of permanent pressure gauges in many wells motivated 
development of time-lapse Pressure Transient Analysis (PTA), capable of revealing and monitoring of different factors 
governing well performance and reservoir production. The paper describes PTA-based metrics introduced in the context of 
automated interpretation of time-lapse pressure responses and their derivatives. The paper begins with a review of time-lapse 
PTA applications in the oil and gas industry and examples of patterns formed by the time-lapse pressure transients and their 
derivatives in the log–log scale. Then, integral-based PTA-metrics for well-reservoir performance analysis are introduced. 
The metrics enable to distinguish between reservoir and well-reservoir connection contributions to a well’s performance 
using the Bourdet derivative, while avoiding the need for selecting and matching of a well-reservoir model. The metrics 
were further tested with synthetic well models and field cases. The testing demonstrated high accuracy of the metrics for 
the cases of vertical wells with stable transient patterns. Testing for the horizontal well cases has confirmed reliability of 
the metrics for the stable patterns, while change of the patterns may reduce the metrics reliability. Model independence and 
using only pressure and rate measurements as input data are the main advantages of the metrics for integration into automated 
interpretation workflows and on-the-fly analysis intensively developed in the industry.

Keywords  Well performance · Pressure transient analysis · Well testing · Time-lapse surveys · Permanent reservoir 
monitoring · Bourdet derivative
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p	� Pressure, bar
pi	� Initial pressure for transient, bar
PI	� Productivity index, m3/(day·bar)
Δp	� Pressure drop, bar
Δp

�	� The Bourdet derivative of the pressure, bar/hr
ΔpS	� Pressure drop due to skin, bar
p	� Average reservoir pressure, bar
Q	� Rate, m3/day
rw	� Wellbore radius, m
S	� Well skin, dimless
t	� Elapsed time, hr
tref 	� Current elapsed time, hr
Xf 	� Induced fracture half-length, m
�	� Porosity, frac.
�	� Fluid viscosity, cp

Indices
base	� Reference transient in time-lapse sequence
D	� Dimensionless parameter

Introduction

Installation of permanent downhole gauges (PDG) and flow 
meters in the petroleum and other industries and accumulat-
ing big sets of well surveillance data have provided a basis 
for breakthrough in well and reservoir monitoring (Horne 
2007). A progress in well monitoring was recently achieved 
through development and application of time-lapse pressure 
transient analysis (PTA) and deconvolution methods. PTA 
is a powerful tool for well performance evaluation, separat-
ing wellbore, near-well, inter-well and reservoir boundary 
effects and classifying their contributions (Bourdet 2002), 
(Gringarten 2008), (Houze et al. 2020). Time-lapse PTA 
focuses on all these effects and their evolution during a well 
life-span, while deconvolution aims mainly at reproducing 
long-term pressure transient responses including distant 
boundary effects. Hereafter, we concentrate on time-lapse 

PTA with many different applications reported, mainly for 
the petroleum industry, while the progress and applications 
of deconvolution are very well covered in the literature 
(Gringarten 2008), (Whittle et al. 2009), (Cumming et al. 
2014).

Permanent well and reservoir surveillance with PDG and 
time-lapse PTA is today employed in the oil and gas indus-
try with focus on well performance and behavior with their 
changes during reservoir life-time, including fluid contact 
movements and recovery processes (Gringarten et al. 2003), 
(Yaich et al. 2012), (Ugoala et al. 2013), (Rushatmanto 
et al. 2017), (Suleen et al. 2017), (Cassie et al. 2018); well 
stimulations (e.g., acid and fracture jobs) and monitoring 
of well performance over time (Shchipanov et al. 2014), 
(Shchipanov et al. 2017a, 2017b); and any kind of improved/
enhanced oil recovery pilots such as water shut-off (Aamodt 
et al. 2018) and silicate injection (Skrettingland et al. 2012), 
(Skrettingland et al. 2014). Figure 1 illustrates typical time-
lapse pressure transient responses for sequential well shut-
ins from (Shchipanov et al. 2017a).

Hereafter, we review a part of these applications for con-
ventional oil and gas reservoirs, which may be described as 
the cases of dominating low-compressible single-phase flow 
in the reservoir such as initial oil production before water- 
or gas-breakthrough or water injection after forming of an 
injection pattern. In this context, dominating means that the 
area around the well in focus is mainly saturated with a sin-
gle movable low-compressible fluid (like oil or water), while 
other movable fluids may be present at some distance from 
the well. This limited application area is governed by using 
the pressure formulation in the log–log plot (commonly used 
in PTA of oil and water wells) in contrast to the pseudo-
pressure formulation integrating fluid PVT properties in the 
log–log plot used for gas wells (Bourdet 2002).

Among many oil field studies employing time-lapse PTA, 
the following ones may be highlighted to illustrate the wide 
range of applications. Interpretation of real-time pressure 
measurements was used as a component in the survey of 
sodium silicate injection pilot (Skrettingland, Giske et al. 

Fig. 1   Injection history a and 
time-lapse pressure transient 
responses for five well shut-ins 
b observed in the well history 
(Shchipanov et al. 2017a)
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2012) (Skrettingland et al. 2014). Here time-lapse pressure 
fall-off analysis was used to monitor the silicate placement in 
the inter-well area by interpreting the continuous increase in 
flow resistance. Analysis of long horizontal wells with mul-
tiple fractures revealed the value of integrating both flowing 
and shut-in periods in the time-lapse PTA (Shchipanov et al. 
2014). The value of combining flowing and shut-in analyses 
was highlighted previously the context of improved reliabil-
ity in evaluations of fault conditions (sealing or leaking) in 
compartmentalized reservoirs (Larsen 2005). Shchipanov 
et al. (2014) have shown that flowing periods may be differ-
ent from shut-ins due to dynamic reservoir behavior related 
to induced fractures, rock mechanics and wellbore cross-
flows. The difference may also help in disclosing well inter-
ference effects. Further study (Shchipanov et al. 2017b) has 
extended the scope of time-lapse PTA to deal with multiple 
rate pressure transients and step-rate test analysis to monitor 
performance of wells with induced fractures. Aamodt et al. 
(2018) discussed water shut-off jobs with massive cement 
placement into an injection well to improve water conform-
ance control, where permanent pressure surveillance and 
PTA, including combined flowing/shut-in analysis, were 
used to identify well communication and to monitor the 
job efficiency. Recent field study by Walker et al. (2021) 
employed time-lapse PTA to monitor initial phase of produc-
tion in a giant oil field, where well interference and bound-
ary conditions of the reservoir were disclosed from analysis 
of time-lapse flowing and shut-in periods. The invention of 
wireless pressure gauges has opened new perspectives for 
post-P&A well monitoring. In an application of the wire-
less measurements, Champion (20162016) has shown that 
post-P&A well pressure monitoring extends the radius of 
investigation of exploration wells and improves the under-
standing of distant flow barriers and therefore production 
potential. Wireless pressure measurements may also be used 
for time-lapse analysis, concentrating on wellbore and reser-
voir leakages, active nearby wells and reservoir boundaries.

All these field applications have demonstrated the high 
potential of time-lapse PTA for permanent well and reser-
voir monitoring highlighting capabilities to address a variety 
of problems from routine well performance monitoring to 
understanding of dynamics of faults and fluid contact move-
ments as well as supporting IOR/EOR pilots and applica-
tions. The main approach in these applications is comparison 
of time-lapse pressure transient responses and their deriva-
tives in log–log scale or ‘families of transients’ such as illus-
trated by Fig. 1. The applications mentioned above used a 
model-driven approach to interpret the observed data, which 
is based on selecting a representative reservoir simulation 
model (analytical or numerical) for describing well and res-
ervoir segment in focus and to match the observed pressure 
transients. Such approach requires detailed description of 
the well (schematics, completion details) and the reservoir 

(geological environment like structure, faults etc.) as well 
as fluid PVT data, accompanied by manual interpretation 
and simulations with significant manpower and resources 
required. In practice, such interpretations are usually carried 
out only for selected wells and particular data windows of 
interest (e.g., well stimulations and treatments, significant 
production/injection impairment observed, etc.). Such time-
lapse analysis is also often limited to shut-in data, which are 
easier to interpret, leaving vast amount of well flowing data 
out of the scope.

Practical interpretation of PDG data has many challenges 
including ability to process big datasets; data denoising, 
synchronizing and smoothing; and identifying of pressure 
transients (Suzuki 2018), (Moosavi et al. 2018), (Zhang et al. 
2021), (Guo, et al. 2021). The patterns formed by pressure 
transients and their derivatives are in focus of different stud-
ies (see for example, Mimoun and Fernandez-Ibanez 2023), 
but attracted special interest in the automated workflows 
(Suzuki 2018).

The large amount of available well monitoring data and 
challenges to utilize all those data with conventional manual 
interpretation technique has disclosed a need for specific 
automated approaches for PDG data interpretation. Such 
approaches may have a limited level of detail in description 
of well performance, at least at the first stage, which enables 
automation. In a first approximation, such a description may 
be independent of well completion details and fluid PVT 
data, providing a basis for flexible wide-range applications. 
Such automated analyses would not substitute the manual 
interpretation described above, but rather provide environ-
ment for manual interpretations highlighting well and reser-
voir performance issues at the full well life-span.

This paper focuses on suggesting and testing metrics 
based on the knowledge gained from PTA for time-lapse 
monitoring of well and reservoir performances. The metrics 
should fulfill requirements for automated interpretation of 
big datasets and on-the-fly analysis with early alarms on 
performance issues calling for fast and model-independent 
solutions. Using such metrics in automated interpretation 
workflows should help to uncover huge amount of informa-
tion contained in permanent pressure measurements. Here-
after, we do not attempt to cover the whole wide range of 
the applications reviewed above, but consider a limited range 
of applications commonly met in the field studies (such as 
performance of vertical and horizontal wells), which is con-
sidered as a natural first step on the way ‘from simple to 
complex’.
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Patterns in time‑lapse pressure transient 
responses

Time-lapse PTA focuses on analysis of the patterns formed 
by the pressure transients and their Bourdet derivatives as 
illustrated in (Figs. 2, 3, 4). Here, if the well and reservoir 
performance remain unchanged with time, all the transients 
(derivatives) should coincide. Exceptions may be found in 
comparison of flowing and shut-in responses, where shut-
in transient and derivative may deviate from flowing ones, 
or even may have opposite slope for late-time derivative 
responses as in the case of the closed chamber reservoir 
(Bourdet 2002). Taking the exceptions above, in most of the 
cases: if well and/or reservoir performance start to change, 
the transients start to deviate from each other (Fig. 3), which 
is used in time-lapse PTA to analyze such changes in the 

well performance. Depending on changes, two alternatives 
may be observed: stable or changing pattern. Stable pattern 
may be observed, for example, when some reservoir prop-
erties are changed (like permeability in Fig. 3). Change of 
well performance, such as in the case of induced fracturing 
(comparing blue and orange curves as shown in (Fig. 4), 
may lead to appearance of a changing pattern. The pattern 
in Fig. 4 changes further due to permeability increase and 
connection to an aquifer (the green curves) simulated using 
the constant pressure boundary condition on one of the res-
ervoir boundaries.

As far as time-lapse pressure transient responses and 
their derivatives form patterns in the log–log plot, metrics 
may be suggested to get quantitative measures character-
izing changes of well and reservoir performance based on 
analysis of the patterns. One could also guess that stability 
and variability of the patterns are important characteristics 
influencing the application of such metrics.

PTA‑metrics for well and reservoir 
performance suitable for time‑lapse analysis

Productivity (or injectivity) index, PI , is a simple concept 
widely used in reservoir engineering practice to analyze and 
compare well performances (Bourdet 2002), (Houze et al. 
2020). This index is usually calculated as the ratio of the 
well production rate to difference between the average reser-
voir pressure in the well drainage area and the well flowing 
pressure (Bourdet 2002):

Fig. 2   Synthetic time-lapse well survey consisting of three production 
and shut-in periods simulated to illustrate stable (green) and changing 
(red) patterns of time-lapse responses in the log–log plot in Figs. 3, 4

Fig. 3   Stable pattern in the log–log plot formed by the time-lapse 
pressure transient responses and their derivatives from Fig. 2 (produc-
tion periods, green pressure history). Flow capacity, kh, is changing 
from 1000 mD.m (production #1) to 2000 (production #2) and 4000 
(production #3). The case of infinite reservoir with a fault with con-
stant pressure boundary condition

Fig. 4   Changing pattern in the log–log plot formed by the time-lapse 
responses from Fig.  2 (production periods, red pressure history). 
The parameters for different production periods: 1000; 0; ‘infinite’ 
(production # 1), 1000; 30; ‘infinite’ (production # 2) and 2000; 30; 
‘pressure’ (production # 2), where the first parameter is flow capacity, 
kh [mD.m]; second is Xf–induced fracture half-length [m] and third 
parameter is boundary condition: infinite reservoir (‘infinite’) or res-
ervoir with a fault with constant pressure boundary condition (‘pres-
sure’)
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The average pressure is equal to the initial reservoir 
pressure for start of production from a virgin reservoir. It 
may also be approximated by the initial pressure for a tran-
sient, but the accuracy of such PI calculation depends on 
the deviation of the initial transient pressure from the aver-
age pressure. Using the productivity index does not allow 
for separating well and reservoir effects, which is valuable 
information for well performance analysis and, especially, 
for forecasting the well performance and planning operations 
such as well stimulations, treatments and adjusting rates for 
other wells. Suggesting indicators like PI for well perfor-
mance analysis which enables distinguishing between well 
and reservoir effects is therefore of practical interest.

The pressure derivative suggested by D. Bourdet with 
co-authors (Bourdet et al. 1989) has opened a new dimen-
sion in well and reservoir performance analysis allowing for 
separating well and reservoir effects. This also enabled more 
efficient characterization of different flow regimes (compar-
ing to classical type-curve analysis) governed by different 
well and reservoir features such as fractures, faults, fluid 
contacts and many others (Bourdet 2002).

Analysis of well performance may be considered on the 
example of production from a vertical well in an infinite 
reservoir. In this case, the approximate analytical solution 
for pressure drawdown after the start of single-phase produc-
tion at constant rate, Q , may be obtained in the following 
form based on the one-dimensional solution in the radial 
coordinates (Bourdet 2002):

Differentiating the solution (2) gives the relationship 
linking the reservoir flow capacity or permeability-thick-
ness product, kh , with the fluid properties ( B and � ) and the 
Bourdet derivative of the pressure drop:

The transient PI formulation may also be obtained based 
on (1) and the solution (2) above, assuming p ≈ pi in the 
form:

For stabilized pressure drop, e.g., in the case of constant 
pressure external boundary, the productivity index becomes 

(1)PI =
Q

p − p(t)

(2)

Δp = pi − p(t) = 21.49
QB�

kh

(

log(t) + log
k

��ctr
2
w

− 3.098 + 0.87S

)

(3)kh = 21.49QB�

(

d(Δp)

d(log(t))

)−1

(4)

PI =
Q

Δp
= kh

(

21.49B�

(

log(t) + log
k

��ctr
2
w

− 3.098 + 0.87S

))−1

proportional to the ratio of the flow capacity to the fluid 
properties: PI ∼ kh∕B�.

Integral characteristics are traditionally used in produc-
tion (or rate transient) analysis (Blasingame et al. 1991), 
(Houze et al. 2020) and were also previously suggested 
to analyze noisy well test data (Blasingame et al. 1989). 
The idea of integrating well response data over time may 
also be adapted to time-lapse PTA to reduce effect from 
noise in pressure measurements, while keeping signature 
of long-term reservoir response. This has motivated the 
search of possible criteria based on the integral charac-
teristics, suitable for large and noisy pressure data sets, 
which may be used as metrics in comparison of time-lapse 
well responses.

Since permanent pressure and rate measurements (usu-
ally with different sampling rates) are widely available 
from the PDG/flow meters installed in new wells, we can 
focus exclusively on these data sets. In this case, time-
lapse analysis of the well performance may be carried out 
via plotting pressure transient response to a production 
(injection) with a given rate. The following integral-based 
performance indicators may be calculated based on the 
areas under pressure drop, Δp , the Bourdet pressure deriv-
ative Δp� and a back calculated parameter as:

The relationship (6) is valid for the first production 
period as discussed above, while the logarithmic time, 
log(t) , should be replaced by the superposition time for 
multiple rate of well shut-in cases (Bourdet 2002). These 
indicators include the scaling to the reference rate in a 
family of time-lapse transients, Qbase , a standard procedure 
for comparison of time-lapse responses.

The first integral above, I1 , may be used as the well per-
formance indicator (WPI), similar to the PI formulation (4), 
assuming that the pressure drop in the transient is close to 
the drop between bottom hole pressure and average reservoir 
pressure in the drainage area. The second integral, I2 , may 
serve the reservoir performance indicator (RPI). Following 
(3), the Bourdet derivative is inverse proportional to the res-
ervoir flow capacity. Therefore, the integral of the Bourdet 
derivative (6) reflects the reservoir flow capacity for the case 
of production form a vertical well. The areas below the pres-
sure drop and derivative curves in (5) and (6), calculated via 
integrating with respect to the elapsed time, reflect well and 

(5)I1 =

(

Qbase

Q

1

tref ∫
tref

0

Δpdt

)−1

(6)

I2 =

(

Qbase

Q

1

tref ∫
tref

0

Δp
�

dt

)−1

=

(

Qbase

Q

1

tref ∫
tref

0

d(Δp)

d(log(t))
dt

)−1

(7)I3 = I1∕I2



1596	 Journal of Petroleum Exploration and Production Technology (2023) 13:1591–1609

1 3

reservoir performances: the smaller the area, the higher the 
performance.

The third parameter, I3 , may be considered as the well-
reservoir connection performance indicator (CPI). This 
parameter originates from the difference between the pres-
sure drop curve and its Bourdet derivative in the log–log 
scale, which includes skin-related pressure drop (nega-
tive of positive) on top of a difference observed for a well 
without skin:

The formulation (8) is a proxy of the formulation (7) in 
the form I�

3
∼
[

−log
(

I3
)]−1 , but (7) doesn’t require calcula-

tion of the integral in (8) and satisfies the relationship:

The relationship (9) makes the logic of the metrics (5–7) 
clear: the overall well performance is the product of res-
ervoir and well-reservoir connection performances. The 
formulation (7) has also an advantage compared to (8) in 
reducing the computational time. The ratios of CPIs calcu-
lated by (7) and (8) in time-lapse analysis are often close 
to each other as illustrated in the example below. Both CPI 
formulations (7) and (8) may be used in time-lapse PTA, 
although (7) is prioritized in this paper taking the advantage 
of the metrics logic by fulfilling (9).

Well performance monitoring may be carried out in prac-
tice through applying dimensionless WPI, RPI and CPI indi-
cators, normalized to a chosen reference transient (denoted 
with ‘base’ index below):

Verification of the metrics via comparison with the results 
of the conventional model-based PTA interpretation requires 
introduction of equivalent performance indicators based on 
the model parameters. The following indicators were used 
to compare the PTA-metrics with the results of the model-
based approach:

(8)I�
3
=

(

Qbase

Q

1

tref

tref∫
0

[

log(Δp) − log
(

Δp�
)]

dt

)−1

(9)I
1
= I

2
⋅ I

3

(10)Ii,D = Ii∕Ii,base, i = 1, .., 3

(11)Im
1
=

Q

Δp
,

(12)Im
2
= kh,

(13)Im
3
=

Δp − ΔpS

Δp
,

(14)Im
i,D

= Im
i
∕Im

i,base
, i = 1, .., 3

where Im
1

 , Im
2

 and Im
3

 define the well productivity, the res-
ervoir flow capacity and the change of pressure drop due 
to skin, where the index ‘ m ’ means ‘model-based’. (14) is 
the equivalent dimensionless form of the indicators to those 
in (10). The dimensionless indicators (14) resulted from 
the model-based approach may be compared to the PTA-
metrics indicators (10). The synthetic examples followed 
by the field cases in the next sections focus on comparison 
of the metrics (10) and (14) as illustrated in Table 1 for the 
cases of production (injection) from vertical wells including 
skin and wellbore storage effects as well as production from 
horizontal wells.

Testing PTA‑metrics with synthetic well 
examples

The PTA-metrics for well-reservoir performance analysis 
were first tested on synthetic well examples. The objective 
was to study how the suggested performance indicators 
reflect known changes in reservoir (governed by change of 
reservoir flow capacity, kh) and well connectivity (driven by 
well skin) performances. In all the cases below, well flowing 
pressure transient response to a constant rate (the same in all 
the cases) was simulated in the Saphir software and further 
analyzed comparing the metrics (10) and (14).

The first three examples of the PTA-metrics testing are 
the cases of two vertical wells (the first well is the refer-
ence one, the second—the same well, but with one modified 
parameter like kh or skin) in an infinite homogeneous res-
ervoir without wellbore storage (WBS) effect as illustrated 
in Fig. 5 through Fig. 7. In the first case, change of the flow 
capacity, kh, is analyzed (Fig. 5). Here, the doubling of kh for 
the second well is reflected by the doubling of the Reservoir 
Performance Indicator (RPI), while absence of skin changes 
is also reflected by the Connection Performance Indicator 
(CPI), which remains close to unity (0.96). Transient WPI 
and CPI gradually approach the ‘true solution’ at late time 
of the transient as it is shown in Fig. 5c. Two alternative 

Table 1   Table of comparison of the PTA-metrics (10) with the 
model-based metrics (14) for well, reservoir and connection per-
formances as used further in the paper. Comparison of the ‘model-
based’ and ‘PTA-metrics’ columns may be used to evaluate accuracy 
of the PTA-metrics as deviation from the model-based metrics

Well performance Reservoir performance Connection perfor-
mance

Model-
based

PTA-
metrics

Model-
based

PTA-
metrics

Model-
based

PTA-
metrics

I
m

1,D
I
1,D

I
m

2,D
I
2,D

I
m

3,D
I
3,D
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formulations for CPI calculations, using (7) for CPI and (8) 
for CPI’, were compared in this example: both CPIs behave 
similarly providing very close CPI ratios (Fig. 5b), although 
CPI’ is 2% more accurate than CPI (Fig. 5c). Taking the 
advantages of the metrics (5)-(7) compared to (5), (6), (8) 
described above, the first metrics are further applied in this 
paper, although application of the PTA-metrics may also 
include (8) as an alternative CPI. Table 2 illustrates com-
parison of the results of the metrics (10) and (14) for the 
synthetic cases.

The second and third cases focused on modifying of 
the well skin in both directions. The skin variation from 
0 to 8 and from 0 to − 4.2 caused doubling of the pressure 
drop in the second case and twice lower pressure drop in 

the third case for the second wells. The change of pressure 
drop due to skin is properly reflected by CPIs as shown in 
Fig. 6 (positive skin) and Fig. 7 (negative skin). Here, RPI 
remains close to unity showing almost no change in reservoir 
performance reflecting no change of flow capacity in the 
simulations (‘true solution’). It should be noted that although 
the final indicators (at the end of a transient) and their ratios 
are quite close to the ‘true solution’ governed by specified 
changes of kh and skin, the ratios may deviate significantly 
from the ‘true solution’ for the early time periods (Figs. 6, 
7). Here, establishing a flow regime reflected in stabilization 
of the derivative trend (radial flow regime in this case) is 
crucial for proper evaluation of the indicators, as illustrated 
by Fig. 7 with large derivative deviation at early time due to 

Fig. 5   Well performance analysis of two vertical wells (without 
WBS) with twice different kh and the same zero skin. Three plots 
depict the following for the compared wells: a Pressure and deriva-
tive transients; b Well, reservoir and connection performance indica-

tors (WPI, RPI, CPI and CPI’); c Ratio of the performance indicators 
(dimensionless indicators). Dimensionless WPI, RPI and CPI (CPI’) 
after 100 h: 1.91, 2.00, 0.96 (0.98)

Table 2   Comparison of the 
PTA-metrics (10) with the 
model-based metrics (14) for 
well, reservoir and connection 
performances for the results 
shown in Figs. 5, 6, 7, 8

Transients 
compared

Well performance Reservoir performance Connection performance

Model-based PTA-metrics Model-based PTA-metrics Model-based PTA-metrics

Figure 5 2.00 1.91 2.00 2.00 1.00 0.96
Figure 6 0.50 0.49 1.00 1.00 0.50 0.49
Figure 7 2.00 2.16 1.00 1.01 2.00 2.14
Figure 8 1.00 0.97 2.00 1.92 0.50 0.50
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large negative well skin. At the same time, if the early time 
flow regime has limited duration, the integral manner of the 
indicator’ calculations would minimize the deviation from 
the ‘true solution’. Overall, the PTA-metrics provided reli-
able indicators in all the cases of the vertical wells without 
WBS in Figs. 5, 7.

As a next step, vertical wells with WBS effect were con-
sidered in the synthetic case illustrated in Fig. 8. This case is 
a combination of the cases shown in Figs. 5, 6 with the WBS 
effect. Here, the second well has doubled kh, which should 
provide twice lower pressure drop. At the same time, simul-
taneous increase in the skin from 0 to 8 (providing additional 
pressure drop to the overall drop for the doubled kh case) 
brings the overall pressure drops for the second and first 
wells to the same level. The PTA-metrics properly reflect 
all the kh and skin-related pressure drop changes (Fig. 8). 
The presence of the wellbore storage causes some deviations 
of the well and reservoir performance indicators from ‘true 

solution’, but this deviation is moderate and declines during 
the main (radial) flow regime (does not exceed 5% at 100 h).

Evaluation of the PTA-metrics accuracy for all the syn-
thetic cases above (Figs. 5, 6, 7, 8) may be carried out based 
on the results summarized in Table 2. The PTA-metrics pro-
vide quite accurate estimates for all the indicators in all the 
cases: average (maximum) error of 4 (8) % for WPI and 1 
(4) % for RPI and 3 (7) % for CPI. The accuracy is a function 
of early-time disturbance of the transients caused by nega-
tive skin and WBS effect. It should be also mentioned that 
WPI according to (5) accounts for curvature of the pressure 
drop curve, which is not accounted in (11). The accounting 
for the pressure drop history may be rather considered as 
advantage of the formulation (5) in comparison with (11), 
also influencing the error evaluation above.

The metrics (10) and (14) have theoretical background 
in the solutions obtained for production from a vertical well 
in an infinite reservoir. Keeping this assumption in mind, 

Fig. 6   Similar well performance analysis (Fig.  5) for two vertical 
wells, but with the same kh and different skins: 0 and 8, the last skin 
provides twice higher pressure drop at end of the transient. Pressure 

and derivative transients a are followed by ratio of the performance 
indicators b. Dimensionless WPI, RPI and CPI at the end of the tran-
sients are 0.49, 1.00 and 0.49

Fig. 7   Similar well performance analysis (Fig. 6), but for zero and negative skins: 0 and − 4.2 (e.g., induced fracture impact), the last skin pro-
vides twice lower pressure drop at end of the transient. Dimensionless WPI, RPI and CPI at the end of the transients are 2.16, 1.01 and 2.14
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these metrics may also be tested for the case of production 
from a horizontal well. This case is of interest due to wide 
application of horizontal well drilling in the industry today. 
Such application of the PTA-metrics to more complex case 
of a synthetic horizontal well was also considered as an 
introduction to the second field case discussed below. As an 
illustration of non-uniqueness of the response interpretation 

in the case of horizontal well, the reference well response 
(Transient 1) was compared to three cases of modified well 
and reservoir parameters: the case with doubling of perme-
ability, k (Transient 2), reservoir pay thickness, h (Transient 
3) or doubling of the effective (flowing) well length (Tran-
sient 4) as shown in Fig. 9 (skin is zero in all the cases). The 
time-windows in Fig. 9 (and following figures in the paper) 

Fig. 8   Performance analysis for two vertical wells with WBS effect: 
the second well has doubled kh and increased skin (8, changed from 0 
for the first well). This combination of parameters, however, provides 

the same pressure drop at end of the transients. Dimensionless WPI, 
RPI and CPI at the end of transient period are 0.97, 1.92 and 0.50

Fig. 9   Similar well performance analysis (Fig. 8, a and c) for a horizontal well without WBS and zero skin (Transient 1, reference) and the same 
well response but with doubled permeability, k (Transient 2), reservoir pay thickness, h (Transient 3) and effective well length, Lw (Transient 4)
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highlight periods with stable pressure derivative patterns. 
Representative performance indicators are calculated at the 
end of such periods.

In reality, the late-time response (as observed after 40 h 
in the log–log plot in Fig. 9a) is difficult to observe due to 
geometry of horizontal wells, interference with nearby wells 
and reservoir boundaries as it will be shown in the field 
case discussed below. In this context, we could first compare 
the transients within duration of 40 h in Fig. 9 as the most 
representative case of the horizontal well responses. The 
comparison revealed minor difference between the pressure 
derivatives of the responses of the modified cases within the 
stable pattern time-window. In certain context, kh was dou-
bled in all the modified cases: as kh in the cases of the tran-
sient 2 and 3 and as kh of equivalent vertical well producing 
between two sealing faults for the transient 4. Therefore, 
the derivatives of these cases look similar. In the long-term 
perspective, the picture changes: the cases of doubling k or 
h will tend to a response of vertical well in a reservoir with 
doubled kh, while doubling of the well length converges to 
the case of a vertical well in the same kh reservoir. These 
cases showed that application of the metrics has common for 
PTA limitation: knowledge gained from a transient is always 
limited by its duration and flow regimes observed. At the 
same time, the metrics give reliable evaluation taking this 
limitation into account. From interpretation point of view, 
observing the derivative before 40 h may be interpreted as 

increasing kh or effective well length, while the late response 
(100–1000 h) gives clear indication of what was actually 
changed in these cases.

The horizontal well analysis has shown that if multiple 
flow regimes occur (like early radial, linear and late radial 
flow regimes for the horizontal wells in focus) interpretation 
of well and reservoir performance becomes time-dependent 
(governed by duration of a transient) as well as complicated 
in terms of defining a unique solution. Nevertheless, the 
PTA-metrics still provide reliable qualitative evaluation, 
showing proper trend of the indicator’ changes and their 
approximate quantitative measures (Table 3). The devia-
tions from the model-based performance (which can’t be 
considered as ‘true solution’ in contrast to the vertical well 
cases) may be explained by multiple flow regimes occurred 
(a complex well response). It should be noted that WPI is 
quite close to PI in all the cases, while RPI is very close to 
kh for transient 3 and CPIs properly demonstrate no skin 
changes for the transients 2 and 4.

Testing on multi‑rate field data

A multi-rate or step-rate test of a slanted fractured injection 
well from the study (Shchipanov et al. 2017b) was chosen 
as the first real data set for testing of the PTA-metrics. The 
multi-rate test is a time-lapse PTA survey with sequential 

Table 3   Comparison of the PTA-metrics (10) with the model-based metrics (14) for well, reservoir and connection performances for the results 
shown in Fig. 9. The indicators reflect changes in the performance in comparison with Transient 1 (the reference horizontal well)

Transients Well performance Reservoir perfor-
mance

Connection perfor-
mance

Well performance Reservoir perfor-
mance

Connection per-
formance

Compared Model-based PTA-metrics Model-based PTA-metrics Model-based PTA-metrics

Transients 2: k × 2 1.67 1.69 k × 2 1.63 1.00 1.04
Transients 3: h × 2 1.39 1.31 h × 2 1.99 1.00 0.66
Transients 4: 

Lw × 2
1.81 1.85 Lw × 2 1.65 1.00 1.12

Fig. 10   Step-rate test of a 
slanted fractured well a and 
comparison of manual step-by-
step PTA interpretation (dimen-
sionless PI, kh and dP (Skin) 
according to the metrics (14)) 
and results of the PTA-metrics 
application (dimensionless WPI, 
RPI and CPI, according to (10)) 
as deviations from the reference 
values at step 8 b. a Also shows 
simulated pressure with the esti-
mated well-reservoir parameters 
(Shchipanov et al. 2017b)
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flowing periods. The well penetrates naturally fractured res-
ervoir and was stimulated to create an induced fracture. A 
well test was taken during water injection, consisting of a 
sequence of 14 steps of increasing injection rate with almost 
constant rate stepping and duration of each step, exclud-
ing the first and last steps (Fig. 10a). The well bottom hole 
pressure measured by a permanent downhole gauge was not 
equilibrated before the well test causing some pressure dis-
turbance at the first steps due to previous injection. The main 
objective of such well tests is usually to monitor induced 
fracture, but they may also be interpreted using the step-
by-step (time-lapse) approach (Shchipanov et al. 2017b) to 
evaluate changes of reservoir flow capacity, kh and skin from 
manual PTA of transients from all the steps.

In this paper, the results of such interpretation from 
(Shchipanov et al. 2017b), which are the deviations of kh, 
skin and injectivity index (PI) at each step from the values 
obtained for the reference step (step 8) (converted into the 
metrics (14) (Fig. 10b) were compared to results of PTA-
metrics application (10) to the same well test data. The 
objective was to verify the ability of the PTA-metrics to 
reproduce the results of the manual PTA interpretation.

The steps 8, 9, 11, 12 and 14 were chosen to test the 
PTA-metrics since these steps demonstrated changes in the 
well performance, mainly due to increasing flow capacity, 
kh (Fig. 11a). Application of the PTA-metrics (Fig. 11b) 
gave results, which are quite close to the manual interpre-
tation results (Fig. 10b) with maximum (average) devia-
tions of 16 (8) % for WPI, 8 (4) % for RPI and 17 (9) % 
for CPI (Table 4). The analysis has confirmed capabilities 
and acceptable accuracy of the metrics for applications to 
vertical /slanted fractured wells, where radial flow regime 
is observed.

Testing on time‑lapse shut‑in field data

The PTA-metrics were then tested on a real field case of 
a horizontal production well, where time-lapse PTA was 
previously applied to characterize well interference and 
impact of injection on reservoir performance (Molina 
2020), (Namazova et al. 2021). These studies focused on 
the Southern part of a fault-block reservoir, penetrated by 
three horizontal producers and one injector, where injec-
tion started after a year of depletion period (Figs. 12, 13). 

Fig. 11   Log–log plot of the pressure transients measured at steps 8, 
9, 11, 12 and 14 a and dimensionless well, reservoir and connection 
performance indicators for steps 12 and 14 as ratios to the reference 
values for step 8 b. The green square in a highlights duration of the 

radial flow regime identified in the transient responses, where the 
duration is limited by the shortest response. The indicators in Table 4 
are estimated at the end of the highlighted period

Table 4   Comparison of the manual PTA interpretation (model-based, the metrics (14)) and the PTA-metrics (10) results for dimensionless well 
(PI and WPI), reservoir (kh and RPI) and connection (dP (Skin) and CPI) performances for the analysis illustrated in Figs. 10, 11

Transients com-
pared

Well performance Reservoir performance Connection performance

Model-based PTA-metrics Model-based PTA-metrics Model-based PTA-metrics

Step 8 1.00 1.00 1.00 1.00 1.00 1.00
Step 9 0.99 0.97 1.05 1.03 0.95 0.94
Step 11 1.22 1.16 1.37 1.36 0.90 0.86
Step 12 1.23 1.03 1.85 1.70 0.71 0.61
Step 14 1.97 1.77 3.43 3.22 0.66 0.55
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Fig. 12   The field case used for 
testing the PTA-metrics from 
(Namazova et al. 2021). Left: 
top view of the reservoir with 
three producers (wells A-C) and 
injector (well D). Right: box 
model with simplified well and 
reservoir descriptions used in 
the analytical PTA interpreta-
tions reported in (Namazova 
et al. 2021)

Fig. 13   Production history of 
well C (Fig. 12) with time-lapse 
pressure build-ups (BU) meas-
ured during initial depletion 
(BU1 and 2) and after start of 
injection in well D (BU3 and 4)

Fig. 14   Time-lapse pressure 
transients and derivatives in the 
log–log scale for well C (BU1-4 
from Fig. 13)
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Figure 13 illustrates the production history of the well 
C with four time-lapse well shut-ins provided pressure 
build-ups (BU). These time-lapse responses, shown in 

the log–log plot in Fig. 14, were selected for testing of 
the PTA-metrics in this paper. The analysis using con-
ventional PTA approach and the Saphir interpretation and 

Fig. 15   Matching first and 
second transients (BU1 and 2) 
with the same kh and moderate 
positive skin (0.25)

Fig. 16   Matching fourth tran-
sient (BU4) with kh and skin 
used for matching transients 1 
and 2 (the red curves titled ‘kh 
(BU 1 and 2)’) and with modi-
fied kh and skin: doubled kh 
and increased skin of 0.7 (the 
orange curves titled ‘kh (BU1 
and 2) × 2’)

Fig. 17   Results of matching history of well C with the box-model 
tuned to match first and second transients (BU1 and 2, Fig. 15) and 
third and fourth transients (BU3, and BU4, Fig. 16). The model tuned 
to BU1 and 2 fits well the depletion period, while tuned to BU3 and 

4 – the period after start of the injection. The change in pressure 
dynamics seems to be related with connection of the bottom layer to 
the well drainage area (Namazova et al. 2021)
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simulation tool (Molina 2020), (Namazova et al. 2021) 
revealed strong well interference signature in the late-
time transient responses when comparing BU1 and BU2, 
where all producers were shut-in during BU1 and the only 
well C was shut-in during BU2 (Fig. 15). The analysis 
also suggested that injection in the well D initiated con-
nection of the bottom layer (previously inactive) to the 
drainage area of well C, which was reflected in doubling 
of kh via doubling the pay thickness (the downward shift 
of the pressure derivatives comparing BU1-2 with BU3-4 
responses). Doubling of kh in the analytical simulations on 
the box-model (Fig. 12) allowed for a reasonable match of 
the transient responses after start of the injection (Fig. 16). 
The matching of the transients also suggested some skin 
increase for the injection period. Figure  17 illustrates 
history match of the periods with depletion and water 
injection, where the box-model with original kh provided 
reasonable match of the depletion period, while doubling 
of kh gave a reasonable match of the injection period. It 
should be mentioned that the downward shift of the pres-
sure derivatives may be also related to increase in perme-
ability and effective well length as discussed in the last 
synthetic case above. This hypothesis was tested in the 
studies (Molina 2020), (Namazova et al. 2021) and was 
not prioritized due to inability to reproduce the pressure 
stabilization in the production history after the injection 
start. It should be also noted that the quality of the his-
tory matching shown in this paper is limited by the sim-
plified box-model applied, which however captures main 
features of the reservoir. More complicated simulations 
with improved matching may be found in (Molina 2020) 
and (Namazova et al. 2021). The box-model with tuned 
parameters provided reasonable match of the transients 
and parts of the history, although having some deviations 
from the observations that should be accounted for in 

further analysis. The main objective of using the history 
matching results was obtaining all the model parameters 
needed for the model-based metrics (14) and then for com-
parison with the PTA-metrics (10).

These four pressure transients (Fig. 14) were further 
evaluated using the PTA-metrics (10) in comparison with 
the model-based metrics (14). The PTA-metrics applied to 
compare the first and second transients of the well C resulted 
in negligible deviations of the well performance from the 
first to second transient (Fig. 18), if the time-window with 
dominating linear flow regime to the horizontal wellbore 
used for the comparison. This is in line with the standard 
interpretation results described above (Fig. 15), which have 
shown no tangible changes of kh and skin. However, includ-
ing the late-time transient responses in calculating the per-
formance indicators led to strong deviation of the second 
transient’ indicators from the indicators for the first tran-
sient (Fig. 18). The late-time response here is governed by 
change of boundary conditions on the well drainage area in 
these two cases (Namazova et al. 2021). This confirmed the 
observation made in the previous section when discussing 
the results in Fig. 9: comparison of the suggested indicators 
is reliable for the periods of the same flow regimes in the 
compared transients, but may lose reliability if flow regimes 
are different. In our case, the late-time flow regime in the 
second transient is different from the regime observed for 
the same time in the first transient.

The PTA-metrics were then applied to compare the first, 
third and fourth transients. Preliminarily, a comparison of 
the third and fourth transients using the PTA-metrics (where 
third transient is considered as the reference) was carried 
out. The comparison did not reveal significant changes 
in WPI, RPI and CPI (Table 5), which is in line with the 
model-based interpretation. Actually, these transients are 
quite similar with the main flow regime (linear flow to the 

Fig. 18   Comparison of well-reservoir performance based on the 
PTA-metrics for first and second transients of the well C, both dur-
ing depletion period (Fig.  14): the first and second transients a and 
dimensionless well, reservoir and connection performance indicators 

(WPI, RPI, CPI) for these transients (similar to Fig. 9, b. Dimension-
less WPI, RPI and CPI at the end of the window are 1.14, 1.08 and 
1.06 correspondingly
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horizontal wellbore up to 40–100 h) with only difference in 
the late-time response (after 100 h).

The diagnostics based on time-lapse responses in the 
log–log plot (Fig. 14) revealed a downward shift of the 
pressure derivatives from first–second to third-fourth tran-
sients, while pressure drop indicated some skin increase at 

the same time. In the conventional interpretation (Table 5), 
it resulted in doubling of h (kh) and additional pressure 
drop of due to skin change. In application of the PTA-
metrics, the downward shift resulted in increasing RPI and 
WPI and decreasing CPI proportional to those, obtained 
in the interpretation with conventional PTA approach 

Table 5   Comparison of model-based (14) and PTA-metrics (10) eval-
uations of dimensionless well, reservoir and connection performances 
for the results shown in Figs. 18, 19, 20 (with addition of the case of 
comparison of 3rd and 4th transients). Some deviations of the box-

model results from the measurements makes this comparison approx-
imate, e.g., WPI may better reflect well performance changes than 
productivity index calculated from the model

Transients com-
pared

Well performance Reservoir performance Connection performance

Model-based PTA-metrics Model-based PTA-metrics Model-based PTA-metrics

2 and 1 0.99 1.14 h × 1 1.08 1.01 1.06
3 and 1 1.14 1.01 h × 2 1.59 0.72 0.64
4 and 1 1.19 1.10 h × 2 1.89 0.69 0.58
4 and 3 1.05 1.09 h × 1 1.18 0.95 0.92

Fig. 19   Similar well performance analysis (Fig. 18) for first and third transients of the well C, third transient is measured after injection started. 
Dimensionless WPI, RPI and CPI at the end of the window are 1.01, 1.59 and 0.64

Fig. 20   Similar well performance analysis (Fig. 18) for first and fourth transients of the well C, the fourth transient is measured after injection 
started. Dimensionless WPI, RPI and CPI at the end of the window are 1.10, 1.89 and 0.58
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(Figs. 19, 20 Table 5). In particular, RPI changed in the 
range of 1.6–1.9 reflecting approximately doubling of h 
(kh). It should be noted, that the RPI reaction to doubling 
of h in the synthetic case (Fig. 9) was accurately reflected 
by dimensionless RPI changed to 2.0. CPI reduction is also 
in line with the skin-related pressure drop change in the 
model-based metrics (Table 5). In general, the same RPI 
increase may indicate also effective well length increase as 
described in the synthetic case above (Fig. 9). In applica-
tions of the PTA-metrics for such cases, all potential rea-
sons (k, h and Lw change) should be accommodated, while 
one of the reasons may be chosen incorporating additional 
data and knowledge (as in our field case analysis).

It should be noted that all performance indicators based 
on the PTA-metrics vary with time (Figs. 18, 19, 20), i.e., are 
dependent on time-window for comparison of the transients. 
Therefore, choosing a proper window for such comparison, 
e.g., based on stabilization of derivative trends related to 
stabilized flow regimes (as linear flow in the case above), is 
crucial component of application of the PTA-metrics.

Although the ‘true solution’ is not available for the analy-
sis of actual well measurements, a summary of comparison 
of the conventional PTA interpretation (model-based) with 
the PTA-metrics applications may be carried out based on 
Table 5. The comparison argues for reliability of the PTA-
metrics, if a time-window with similar derivative signa-
tures (a ‘stable pattern’) is used. In this case, the PTA-based 
performance evaluations are in line with the model-based 
interpretations. Change of flow regimes, as observed at late 
time (Fig. 15), reflected by the change of pressure derivative, 
may lead to inaccuracy of CPI and RPI evaluations with the 
PTA-metrics.

Discussion

The proposed PTA-metrics are capable of revealing well per-
formance changes and separating well and reservoir contri-
butions using time-lapse analysis of permanent downhole 
and/or wellhead pressure measurements in combination 
with rates. The well, reservoir and connection performance 
indicators (WPI, RPI and CPI) are calculated using the 
integral-based approach providing metrics for comparison 
of the well performance under different conditions. Appli-
cation of the metrics is quite simple and solely based on 
pressure and rate measurements, that makes it possible to 
be used in automated workflows. Noisy data or wellbore 
effects usually observed in real transient responses at early 
times should not damage the resulting performance indica-
tors for long enough transients (in the field cases studied, 
duration of the early time responses with noise and WBS 
effect was less than 1% of the transient durations). Integrat-
ing the well measurements reduces impact of such early time 

disturbances. Model independence and ability to be applied 
in the cases of limited well and reservoir data available may 
be also considered as advantages of the PTA-metrics. All the 
points above may argue for integrating the PTA-metrics into 
automated workflows and on-the-fly interpretations.

Main limitations, having impact on reliability and appli-
cability of the metrics, are (1) stability of the pattern of 
time-lapse responses (e.g., derivative stabilization at radial 
flow or stabilization of the derivative slope at linear flow 
regime) and (2) sensitivity to transient duration, i.e., dura-
tion of compared transients should be similar and long 
enough to diminish early time pressure disturbances. The 
need for selecting a time-window with stable time-lapse 
pattern for the PTA-metrics application makes human 
interaction necessary in general case. As an intermediate 
solution, the window may be selected based on time-lapse 
responses in initial period and then kept the same. Thus, 
in the field case above, the selection of the 40 h window, 
done based on analysis of the first two transients, may be 
further used for the third and fourth transients. At the same 
time, the ultimate goal may be a fully automated approach 
where time-window is also automatically selected, e.g., 
based on recognition of patterns in the time-lapse pres-
sure responses.

Conclusions

PTA-metrics have been proposed to analyze changes in well 
(WPI), reservoir (RPI) and well-reservoir connection (CPI) 
performances from time-lapse pressure transient responses. 
The metrics application area includes the cases of dominat-
ing low-compressible single-phase flow in a reservoir such 
as initial oil production before water- or gas-breakthrough 
or water injection after forming of an injection pattern. Input 
data for the well performance monitoring using the metrics 
are permanent well pressure measurements in combination 
with flow rates.

The metrics originate from analysis of the vertical wells 
with dominating radial flow regime and has been verified 
using different synthetic cases for such wells. This was fol-
lowed by a field case verification for a slanted fractured well. 
The verification was carried out via comparison of the PTA-
metrics results with the PTA interpretation results obtained 
with the conventional model-based approach.

The following conclusions may be drawn for vertical/
slanted wells:

•	 The metrics demonstrated high accuracy in all the syn-
thetic cases as well as in the field case with the average 
errors less than 5% for synthetic and 10% for field cases.
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•	 The metrics application depends on a presence of radial 
flow regime in all compared transients, although this is 
a general precondition in PTA interpretations for such 
wells. Radial flow may be easily identified from the 
derivative stabilization, making manual and automated 
identification quite simple.

An extension of the PTA-metrics application area was 
then explored with simulation and interpretation of hori-
zontal well responses. A testing on a synthetic case was fol-
lowed by a field case, where the same comparison technique 
described above was employed.

The confident results of the verification above for the ver-
tical well cases were moderated in the case of the horizontal 
wells:

•	 The synthetic well cases disclosed some deviation in 
changes of RPI from changes of the governing param-
eters. Thus, doubling of reservoir parameters including 
permeability, pay thickness or effective well length have 
resulted in RPI of 1.6, 2.0 and 1.7 correspondingly (in 
contrast with the vertical well cases with RPI 1.9–2.0 for 
similar case of doubling flow capacity). WPI and CPI 
behaved similarly to the case of vertical wells for the 
cases of permeability and well length, but deviated for 
the case of thickness change.

•	 Similar results were obtained in the field case analysis, 
where the PTA-metrics showed reasonable agreement 
with the conventional PTA interpretation (with the aver-
age deviations of about 10%).

•	 Analysis of the field case also revealed strong sensitivity 
of the metrics results to the time-window, which should 
be selected based on recognition of stable pressure and 
derivative pattern.

The following three advantages and one limitation of the 
PTA-metrics may be highlighted based on the study:

•	 The performance indicators (WPI, RPI and CPI) sug-
gested are model-independent, i.e., there is no need for 
choosing and assembling of a well-reservoir model as it’s 
done in common practice, neither matching of the model 
to observed data.

•	 The above point also avoids the need for detailed input 
for the model including well, fluid and reservoir data. All 
these make the metrics proper candidates for application 
in automated well surveillance workflows, also provid-
ing possibility for on-the-fly interpretation enabling early 
alarms on performance issues.

•	 The tests on the field data have also shown low sensitivity 
of the PTA-metrics to noise in pressure data governed by 
the integral approach applied.

•	 The time-dependence of the performance indicators and 
window-based application procedure are the main limi-
tations in application of the metrics. Further studies of 
different patterns of time-lapse pressure responses in the 
log–log scale may help to extend the scope and improve 
the reliability of the metrics applications.

The PTA-metrics presented in this paper may be used as a 
physics-based component of a hybrid automated well moni-
toring workflow in combination with a pattern recognition 
technique, providing proper time-windows for the metrics 
application. Such workflow may be further integrated in an 
automated decision making and predictive well maintenance 
with timely alarming on performance issues. As an alterna-
tive, the metrics are ready to be used in a semi-supervised 
manner, where the time-windows are selected with human 
interaction, at least for a part of analyzed data set. The met-
rics were successfully tested on pressure transients from both 
well flowing and shut-in periods encouraging analysis of all 
available transient data in the well monitoring workflows.

Monitoring the well performance using the metrics, 
including well history and on-the-fly analyses, may function 
as a preliminary step for the standard PTA interpretation. 
Here, the engineers may concentrate on selected transient 
data and carry out detailed analysis with the standard PTA 
based on the performance issues alarmed by the metrics, 
reducing time and resources used.
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