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ABSTRACT

Oil and gas pipelines are a vital long-distance liquid and natural gas carrier, but their functionality is being
assessed from a two-fold perspective of power economy and environmentalism. This review concurs on the way these
outcomes are interdependent throughout the pipeline lifecycle by contending that the efficiency, emissions, reliability,
and environmental risk are jointly determined through the shared design decisions, operating plans, integrity platforms,
and monitoring and response plans. Our initial conceptualization is pipeline systems and performance measures, which
are characterized by boundary and comparability issues of particular energy consumption, methane intensity, and
release consequence measures. Next, we look at hydraulic and station optimization, focusing on the need to look at
the importance of equipment performance at part loads, constraints consciousness dispatch, and transient management
to prevent the erosion of integrity levels by efficiency gains. The integrity management is appraised as one of the
key enablers of stewardship that connects the corrosion prevention, in-line inspection and verification, and the risk-
based mitigation to less likely failure, less disruptive interventions, and reduced emissions during maintenance. We
compare the leak and spill prevention, detection, quantification, and response of the SCADA (supervisory control
and data acquisition)-based computational monitoring, distributed sensing, as well as aerial/satellite, focusing on the
validation, characterization of uncertainty, and the operational parameters modulating the time-to-detect and isolation
performance. Environmental impacts of the lifecycle, not related to releases, are explained, such as routing and
construction disturbance, management of right-of-way, station externalities, decommissioning, and climate resilience.

Lastly, we assess new technologies, such as continuous monitoring networks, electrification, superior materials, and
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multi-objective decision-making that collaborates to increase energy, reliability, and environmental performance in

heterogeneous pipeline networks.

Keywords: Pipeline Integrity; Energy Efficiency; Methane Emissions; Leak Detection; Lifecycle Environmental

Management

1. Introduction

In the modern day, oil and gas pipelines are one of
the most impactful energy infrastructures that are still in
use . They allow continuous flow and high volatility
transportation of crude oil, refined products, natural gas,
natural gas liquids, and related streams over a long distance
and over various terrains. The pipelines are now evaluated
not just by their capacity to transport their product reliably,
but also by their efficiency in energy usage and their cred-
ibility in preventing, detecting, and correcting the effects
on the environment "*. The set of expectations put on op-
erators has become more acute: provide throughput and
reliability, lower operating costs and energy intensity, less
methane (and other greenhouse gases), avoid spills and
chronic leaks, and show transparent performance faced
with increasingly challenging regulatory and stakeholder
scrutiny. These pressures are closely interrelated. The leak
probability, as well as the response effectiveness and the
magnitude of the ecological and community impacts, are
also defined by the same options that result in the hydrau-
lic performance and system reliability. That is why engi-
neering efficiency and environmental stewardship can no
longer be discussed as parallel processes; they are integrat-
ed results of one system.

Pipeline design has long been designed based on
throughput, safety margins, and lifecycle cost, with en-
vironmental considerations often considered through
compliance programs and incident prevention measures,
which are overlaid on an existing fixed design . The lat-
ter separation is becoming increasingly unjustifiable as
the industry faces decarbonization pressure as well as in-
creased attention to the environmental effects. Compres-
sion and pumping energy are also a large operational bur-
den, especially when long-distance transmission systems
are concerned, and the resulting emissions can be large
depending on the type of driver, type of fuel, maintenance
strategy, and the carbon content of electricity at the loca-

tions where the stations were electrified. Meanwhile, those

persistent environmental hazards, most evidently, such as
spills, ruptures, and chronic leakage of methane, tend to be
caused by the same factors that hamper efficient operation
corrosion, cracking, mechanical damage, flow assurance,
transients, and unintended downtime . A derate based on
integrity has the potential to decrease throughput and raise
the energy used per unit delivered; energy optimization
methods that change pressure profiles, transient behavior,
or operating envelopes may have unwanted effects on fa-
tigue loading or detection margins due to their not being
integrity-constrained. In brief, it is not merely reduction of
energy consumption or the minimization of environmental
risk alone, but the co-optimization of performance between
competing constraints and uncertain operating conditions,
which is the new challenge in the modern world.

In this review, an integrated approach is taken where
engineering efficiency is viewed in a broad approach to
comprise energy intensity, hydraulic performance, through-
put utilization, equipment effectiveness, and reliability,
resulting in forms of availability and avoidable downtime.
Environmental stewardship is considered one of the life-
cycle concerns that encompasses the prevention and min-
imization of leaks and spills, the reduction of greenhouse
gas emissions, methane in gas systems in particular, safe-
guarding water and soil resources, limiting environmental
disruption by construction and right-of-way projects, and
the minimization of impact on communities ™. It does not
only focus on responding to an incident, but rather on the
design and operational decisions that will avoid damage
and lessen unpredictability. In this context, stewardship is
an objective of engineering, which can be assessed by a
monitoring system, decision rules, and verification meth-
ods, as opposed to a safeguard that is entirely qualitative.

One of the reasons why the efficiency-stewardship
connection is important is that the lock-in decisions made
are long-lasting and, thus, determine the performance of
the pipeline. The choice of routing, diameter, station spac-
ing, valve placement, coating systems and material, and in-
strumentation architecture has a strong effect on the energy
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requirements and risk exposure over decades. A path along
an insensitive habitat can enhance either distance or height
modifications, raising the energy of pumping; a path that
avoids contact with large distances can enhance contact
with water crossings, unstable slopes, or heavy-density
addition to the requirement of increasing the consequence
and mitigation efforts. The design of the stations deter-
mines not only the energy usage, but also the air pollutants
in a local area, noise, and the necessity to have blowdowns
during maintenance and recovery after the upsets. On-
site combustion emissions can be cut through electrifica-
tion, but with the potential to change the global warming
balance of the system, based on the carbon intensity and
reliability of the grid, and also impose new operating con-
ditions. These examples explain why pipelines should be
considered as socio-technical systems whose environmen-
tal impact and their efficiency are jointly determined by
engineering, operational, regulation, and the workings of
the physical environment .

The binding is further caused by operational real-
ities. In gas transportation, the sources of methane are a
combination of equipment vents, seal leakage, blowdowns,
and unidentified pipeline leakages; most of them are sen-
sitive to the timing of compressor schedules, pressure con-
trol, valve and actuator selection and maintenance, and the
speed with which errors in operation can be identified and
localized. In liquid systems, energy penalties and environ-
mental risks tend to co-occur as a result of fouling, waxing,
or corrosion that contributes to pressure losses, capacity
reduction, and failure probability. Surge and pressure cy-
cling are other transient processes that can accelerate some
of the damage processes, besides making it difficult to
monitor and detect the leaks in a computationally friendly
way. When there is a loss of reliability, such as forced out-
ages, repeated shutdowns, or unplanned repairs, then the
environmental footprint tends to increase plausible release
paths and indirect contributions to emissions of operational
inefficiency, increased operation of the station, and product
losses ™71,
These are the reasons why integrity management acts
as a key point of connection between efficiency and stew-
ardship. Other safety concerns include, but are not limited
to, threats of internal and external corrosion, stress cor-
rosion cracking, fatigue, dents and gouges, weld defects,
geohazards, and third-party damage, which are not only

safety concerns but also energy performance and emis-

sions outcome determinants. Good integrity programs can
decrease the chances of any high-consequence event, as
well as discourage conservative operation limitations that
increase energy intensity. They enhance accessibility and
decrease the number of disruptive interventions that may
require blowdowns, venting, or large-scale excavation with
the related land disturbances. Inspection and assessment
plans, i.e., in-line inspection, direct assessment procedures,
and risk-based inspection planning, are thus used as re-
liability tools as well as environmental risk control. The
capability of interpreting inspection data, modeling of the
degradation rates, and the prioritization of mitigation mea-
sures is becoming gradually more intermingling with the
operational optimization, since the pressure profiles, flow
regimes, and maintenance windows have to be coordinated
to ensure the maintenance of both hydraulic performance
and safe operating margin """,

Another critical area of integration is the capability
to detect and quantify leaks and spills and respond appro-
priately. Significant improvements in computational pipe-
line monitoring, fiber-optic sensing, acoustic sensing, and
aerial surveillance or satellite surveillance have increased
the capability of detecting releases, but in reality, it is lim-
ited by operating regime, instrumentation quality, latency
of data available, and dealing with false alarms. The de-
crease in the release duration is achievable only when the
operators can trust and respond to the signal promptly;
otherwise, the theoretical benefits can be offset by alarm
fatigue and operational friction. It has been recognized in
gas systems that increased interest in quantifying and rec-
onciling methane between bottom-up inventories and top-
down measurements has led to the realization that a con-
sistent system boundary, uncertainty characterization, and
attribution of emissions to individual equipment or pipe-
line sections are important. The isolation time and location
of valves are the key determinants of the release volumes
in liquid systems, and containment design and response lo-
gistics determine the effect on water and soil in the down-
stream. In both scenarios, detection is not a goal but a part
of response procedures that reduce the harm, blowdown
emissions in the case when possible, and allow reporting
to be verified ">\

Environmental stewardship is not limited only to
operational emissions and incidents, but also to the life-
cycle impacts ", Unless carefully managed, construction

activities have the potential to disrupt soils, enhance ero-
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sion and sedimentation, break up habitats, and introduce
invasive species. Water crossings and trenchless methods
of installation have trade-offs concerning disturbance in
the short-term, complexity in the construction process, and
exposure to integrity risk in the long-term. The right-of-
way maintenance practices affect the vegetation, biodiver-
sity, and acceptance of the community in the long run. The
processes of decommissioning, abandonment, and repur-
posing provide new stewardship issues, such as long-term
monitoring and the success of restoration. Hazards induced
by weather, including wildfire, heavy rain, flood, thawing
permafrost, and landslides, are becoming more and more
applicable in most regions, which is why the approach to
resilience-oriented design and monitoring strategies effec-
tive under varying boundary conditions is necessary.

This review seeks to draw together a disparate lit-
erature into a consistent whole, which overtly links the
performance of pipelines during energy delivery with the
management of environmental risks and impact. The arti-
cle is structured into the context of the system and its per-
formance metrics, and then the key engineering levers of
efficiency, the integrity mechanisms to ensure reliability
and release risk, the detection and response technologies
and practices, and the lifecycle mitigation strategies to in-
fluence environmental results. In the process, the focus is
on the measurement and verification of performance, as
the implementation of technologies is not the sole step to
making progress, and it is essential to create credible met-
rics, verification procedures, and decision-making frame-
works that will be subject to technical and social scrutiny
4 New directions, like electrifying stations, continuous
monitoring networks, new materials and surfaces, AI/ML-
based decision support, and the possibility of re-using as-
sets to transport CO, or to service hydrogen, are viewed in
the context of how they would move the joint efficiency/
stewardship frontier, and the new uncertainties and gover-
nance issues they may create.

Engineering efficiency and environmental steward-
ship, when combined, are two versions of the same under-
lying aim, which is infrastructure providing its intended
service in as minimal waste and as minimal harm as pos-
sible, and in a manner as transparent as possible "', This
review should help designers, operators, and researchers
to find reasonable solutions in terms of the practical im-
plementation of the so-called no-regrets measures, ex-

plain trade-offs, and specify the innovations that can help

achieve the measurable impact on the operational perfor-
mance and environmental results.

The coupled nature of energy use, integrity con-
straints, emissions, and environmental consequence across
the asset lifecycle is summarized in Figure 1, which pro-
vides the organizing framework for the metrics and inter-

ventions reviewed in Sections 2—6.

2. System Overview and Perfor-
mance Metrics

2.1. Pipeline System Architecture and Operat-
ing Context

Oil and gas pipeline systems are engineered systems
that are developed to carry fluids at high pressure and over
long distances """, Regardless of variations in configuration
by commodity, geography, and regulatory category, most
systems are constructed based on a similar architecture of
a mainline, pumping or compression plants, sectionaliz-
ing valves, control valves, metering and custody-transfer
stations, and a supervisory control and data acquisition
(SCADA) system that includes a combination of measure-
ment, communication, and control. The physical pipeline
commonly comprises line pipe segments that have been
welded together with girth welds, and safeguarded by ex-
ternal finishes and cathodic protection, whereas internal
flow conditions are defined by product properties, surface
brevity, temperature, and operating history . Stations en-
sure the necessary pressure boost to overcome the losses
due to friction and elevation to ensure delivery specifica-
tions and to deal with transient conditions. Pump stations
sometimes work in series in liquid lines to maintain de-
sired flow rates and pressures, but gas transmission sys-
tems depend on compressor stations to maintain through-
put and control line pack; the distance between the stations
and compressor performance are dependent on the terrain,
diameter, contract delivery pressures, and compressor effi-
ciency. Since stationary performance drivers and environ-
mental sensitivities vary substantially between gas trans-
mission and liquids transmission, gathering, distribution,
and offshore/subsea systems, Table 1 illustrates common
operating features and the desired efficiency-stewardship
relationship through which the metric decisions made and

control systems in the latter paragraphs have been inspired.
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Figure 1. Integrated lifecycle framework linking efficiency, integrity, and environmental stewardship.

Table 1. Pipeline system typology, operating context, and dominant efficiency stewardship linkages.

Pipeline Class

Typical Service

Operating Characteristics That
Shape Efficiency

Dominant Stewardship Sensitiv-
ities

Practical Implications for Integrated
Management

Gas transmis-
sion (onshore)

Liquids
transmission
(crude/products)

Gathering
(oil/gas)

Distribution
(gas)

Offshore/subsea

Long-distance
natural gas
transport

Continuous or
batched liquids
transport

Field-to-pro-

Highly compressible flow; linepack
enables temporal shifting of compres-
sion; energy dominated by compressor
dispatch and station part-load behavior

Weakly compressible; energy domi-
nated by friction head and viscosity;
batching introduces hydraulic distur-
bances

Variable composition and flow; may

cessing transport have higher water/solids content; more

frequent operational changes

Local delivery at Networked topology; many joints/

lower pressures

Export lines,
risers, flowlines

fittings; lower pressures but many
endpoints

Inspection access constraints; external
corrosion/CP complexity; thermal
effects and flow assurance more pro-
nounced

Methane emissions (fugitives,
blowdowns, leaks); rapid isolation
critical for safety and emissions
duration

Spill consequence often recep-
tor-driven (water crossings);
inventory in isolated segments
sets release volume

Higher uncertainty in corrosion
drivers; dispersed leak detection
challenges

Leaks at fittings/components;
strong community safety/accep-
tance focus

High consequence with difficult
containment/response; envi-
ronmental sensitivity of marine
receptors

Co-optimize dispatch with integrity
constraints; prioritize valve automation
and blowdown minimization where
feasible

Routing/valve spacing in sensitive
areas; pigging/flow assurance to pre-
serve hydraulics while limiting upset
risk

Strengthen internal corrosion control,
instrumentation reliability, and target-
ed monitoring at high-risk segments

Emphasize component integrity, rapid
repair workflows, and continuous/area
monitoring where appropriate

Front-load design robustness, mon-
itoring, and contingency planning;
integrate geohazard and free-span
fatigue management
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Valves divide the system into isolatable sections
and have a decisive role in both flexibility of operations
and mitigation of consequences, especially in high-con-
sequence areas and at large water crossings . Further
conditioning of flow and equipment protection is done
with check valves, pressure control valves, and regulator
stations. Facilities such as pigging allow cleaning, batch-
ing, and in-line inspection, and the availability and design
of pigging facilities can have a long-lasting effect on ener-
gy efficiency and integrity performance. The database of
operational control and the computational monitoring of
anomalies and leaks are based on the instrumentation, such
as pressure, flow, temperature, density, and occasionally
composition analyzers. These signals are collected by the
SCADA layer and sent to control centers to facilitate man-
ual and automatic control. Automation among operators
and regions is quite diverse, but in any case, the accuracy
of the performance assessment is heavily reliant on the
quality of sensors, calibration, the reliability of the teleme-
try, and time synchronization.

There is a significant variation between the operat-

[ Specific Energy ]

F 3

ing conditions of different types of commodities. Liquid
pipelines are usually used to convey weak or incom-
pressible fluids with viscosity and density that can vary
between batches and temperatures; and also, operational
problems associated with wax deposition, asphaltenes,
water, and solids handling, and batch interface control.
Gas pipelines exhibit highly compressible flow, and
pressure-dependent density, temperature effects, and the
storage of energy and inventory as line pack primarily
drive their behavior. These disparities influence the de-
terminants of efficiency, which are physical as well as the
processes through which releases occur and are identi-
fied. They impact the choice of performance indicators as
well, as the same operational action can produce different
effects on the use of energy, emissions, and risk based on
the system being liquid or gas "'*.

To help explain the roles of physical assets and data
streams to facilitate the performance assessment, Figure 2
illustrates the pipeline architecture and measurement, telem-
etry, SCADA, computational monitoring, and integrity data

interfaces that support the metrics specified in this section "

Compressor /

Mainli 1
Pump Station ainline Valve

Metering /
Custody Transfer

Pigging
Facilities

A 4 A 4

A 4

[ Field Sensors } » SCADA System [« =r Risk-Biased
. / L Pressure
ILI Data ( A
PPM/RTTM |,
CP Surveys —> Algorithms <

Geohazard Monitoring

/

Figure 2. Pipeline system architecture and data flow for performance assessment.

2.2.Engineering Efficiency Metrics and Mea-
surement Foundations

The most direct way of engineering efficiency in

pipelines is the amount of energy needed to carry a unit

of commodity to its contractual destination under a given
constraint *!. This is usually expressed at the system level
as a certain energy consumption, e.g., electrical energy or
fuel consumption per unit volume, mass, or energy content

carried. Yet, the meanings of such an indicator are based
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on the well-established limits. A metric based on station
energy alone can exclude any energy related to other auxil-
iary equipment, heaters, dehydration, or site utility, where-
as a metric based on per unit volume may hide significant
differences between products that have different densities
or heating values. In the case of gas transmission, in par-
ticular, volumetric normalization can be less informative
than normalizing by energy content delivered, but normal-
ization by volume and viscosity-sensitive pumping needs
may be necessary in liquid pipe systems. The variation of
seasons and shift of product mix, as well as fluctuating
delivery pressures, further complicate cross-system and
cross-temporal comparison.

Hydraulic efficiency can be assessed by the pres-
sure drop per unit length at a certain throughput, which
indicates the factors of friction, roughness development,
and flow regime. Since pressure loss is nonlinearly pro-
portional to flow rate and varies with temperature and
fluid characteristics, to obtain an effective evaluation, it is
usually necessary to normalize results to a reference condi-
tion, or to make model comparisons using scale hydraulic
simulations. The concept of station efficiency is a comple-
mentary concept that can be defined in terms of pump or
compressor efficiency, driver efficiency, and global station
efficiency that considers mechanical losses and auxiliary
loads. In the case of compressors, compressor maps, suc-
tion and discharge conditions, and control options (recycle
or blow-off) can be crucial to compressor performance
and may lead to energy penalties when equipment is used
out of design. In the case of pumps, the cost of energy in
achieving throughput targets depends on the correlation
between pump curves, viscosity, and the flow control pro-
cedures. Drive optimization with variable speed drives and
throttling losses affecting system efficiency can be mini-
mized to create higher efficiency, although the realization
achieved is also dependent upon the operating envelope,
part-load operation, and stability requirements of down-
stream delivery *!.

The reliability and availability measurements con-
stitute a vital component of the efficiency measurement
since a system that is regularly dead, constrained, or de-
rated could be using more energy per unit delivered and
higher indirect emissions due to recovery and contingency

logistics used to service the system. Availability is usually

monitored as the proportion of time a system can provide
demanded service, whereas unplanned failure rates and
unplanned failure rates and duration offer a finer perspec-
tive of operational inefficiency caused by failure, integrity
intervention, or outside interference. Mean time between
failures and mean time to repair are commonly utilized
with rotating equipment and critical station components,
but in the case of a pipeline system, these parameters have
the greatest significance when associated with throughput
effects and the effort utilized in outages to work around
such events. The effectiveness of the maintenance and the
implementation of the pigging program also affect the effi-
ciency due to their impact on the roughness, flow certainty,
as well as the possibility of operating towards the optimum
conditions without risking integrity **\.

The quality of station instrumentation and SCADA
is the practical basis of measurement of these indicators,
which is underpinned by periodic calibration and recon-
ciliation. Measurement uncertainty may be material, espe-
cially in leak detection and calculating mass balance; how-
ever, it may also apply to energy and efficiency measures
when flow meters drift off or when the fuel consumed by
stations is not measured with enough precision. The prob-
lem of time adjustment among pressure and flow measure-
ments is critical in the measurement of transients or during
the inference of a model or model-based on models. Due
to pipelines using improved sensing and higher frequency
lay measurements, the potential to check efficiency and
operational performance emerges at increasingly shorter
periods, yet demands on data management in terms of vali-
dation, indicator data fliers, and an interracial definition of

23
measurements across assets ),

2.3. Environmental Performance Metrics and
System Boundary Choices

Environmental performance in pipeline systems is
multidimensional, including the greenhouse gas emissions
as well as the spill and leak outcome and the extended eco-
logical and community impacts through the lifecycle ***°).
In the case of gas pipelines, a centrally important metric is
methane due to its potential to be a substantial fraction of
the operating greenhouse gas effect, and due to the possi-
ble occurrence of both deliberate and accidental leakage

of methane. Such indicators as methane mass emitted per
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unit gas delivered, or carbon dioxide equivalent per unit
energy delivered, are commonly used to capture emissions
intensity; however, the validity of these measures’ hinges
on the definition of the boundary and approach to mea-
surement. The bottom-up inventories may be based on the
number of pieces of equipment and emission factors, direct
equipment or location measurements, continuous moni-
toring networks, or top-down atmospheric estimates made
by aircraft or satellite measurements. Both methods have
their own uncertainties and attribution problems, and vari-
ation in methods can overshadow the apparent variations
in performance between operators. In the case of liquid
pipelines, greenhouse gas measures are better related to the
energy used at the stations and to infrequent incidents like
product releases and remediation processes, but methane
can also be used with facilities using associated gas or with
mixed facilities.

The performance associated with releases is often
defined in terms of the number of incidents, the amount
of released material, the severity of the consequences, and
the time to isolate and recover. In the case of liquid spills,
volume-based indicators are easy to understand, but their
non-renal capacity can be deceptive unless they take into
consideration the receptor sensitivity, duration of release,
and containment. A spill that is small spill into a sensitive
water body can have a greater impact than a large spill on
land, and so the volume should be looked into in conjunc-
tion with impact measures and location. In the case of gas
releases, mass and time are significant, although detection
time and localization accuracy can also play a role, as they

determine the possibility of acting fast and reducing the

overall release. The risk of failure and the anticipated dam-
age are both functions of exposure to a threat, the operat-
ing pressure, the distance to the receptors, and the efficien-
cy of valves, shutdown logic, and response procedures in
both instances .

Other than emissions and incidents, stewardship in-
corporates land and ecosystem effects linked with right-of-
way creation, building, stewardship, and restoration. The
measures in this field are less standardized but usually have
right-of-way disturbance area, the amount of water cross-
ings, protective actions, erosion and sediment control ef-
fectiveness index, indicators of habitat fragmentation, time-
based restoration success, and the occurrence of invasive
species *°. Another impact on the community could be
noise and light sources in the stations, traffic and construc-
tion disturbances, and perceived danger or loss of land use
value. The factors may be measured by environmental im-
pact assessment and monitoring plans as opposed to nonstop
operational metrics, but they may have a significant influ-
ence on the acceptance of a project and operating constraints
in the long term. More and more, climate resilience consid-
erations are also considered to be a subset of stewardship,
as climate-induced hazards can heighten both integrity risk
and environmental impact; resilience investments can lower
future disruption due to recovery and emergency response.
In order to aid comparability and constructive decision-mak-
ing, Table 2 will take the suggested indicators of efficiency
and stewardship and consolidate them with minimal bound-
ary definitions and commonly used data sources, where in-
complete inventories or inconsistent normalization may give

a false impression of performance.

Table 2. Recommended performance metrics for efficiency and environmental stewardship with boundary notes.

Metric Metric . - . Typical Primary Data Common Comparability

Family (Example) Suggested Unit Minimum Boundary Definition Sources Pitfalls

Energy Specific energy  kWh per m’ (liquids) ~ Specify whether includes only ~ Station power/fuel meters, Throughput variability, chang-
efficiency consumption or kWhper MJ  station drivers or also auxiliaries, =~ SCADA throughput, ing delivery pressure, missing

delivered (gas) heaters, treatment loads billing/fuel logs auxiliary loads

Hydraulic Normalized kPa per km at refer- ~ State reference temperature/vis- SCADA pressures/flows, Uncalibrated roughness, batch

perfor- pressure loss ence flow cosity (liquids) or reference gas calibrated hydraulic model effects, sensor drift/time mis-

mance conditions; define friction model alignment
Reliability/ Service % time meeting  Define service criterion (pressure/ OMS/CMMS logs, SCA- Inconsistent downtime classifi-
availability availability required delivery flow), planned vs. unplanned DA availability flags cation, exclusion of derates

downtime treatment
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Table 2. Cont.

Metric Metric . - " Typical Primary Data Common Comparabilit
o ! Suggested Unit Minimum Boundary Definition Pt ! y . P Ty
Family (Example) Sources Pitfalls
Methane Methane intensity kg CH, per unit Define inclusion of fugitives, ~Continuous monitors, sur- Boundary mismatch (facility vs.
stewardship delivered (or CO,e  blowdowns, vents, and pipeline  veys, inventory methods, corridor), episodic event under-
per MJ) leaks; define temporal averaging aerial/satellite screening + counting, attribution uncertainty
ground follow-up
Release  Time to isolate/  minutes; kg orm’  Define segment boundaries, valve SCADA event logs, valve ~ Unrealistic isolation assump-
conse-  estimated released actuation assumptions, parallel telemetry, hydraulic infer- tions, unverified valve perfor-
quence mass or volume flow paths ence mance
Lifecycle ROW disturbance area (ha) + resto- Define corridor width, restoration ~ Construction as-builts, Short monitoring windows,
footprint  and restoration ration indices timeline, success criteria ecological monitoring  inconsistent success definitions
performance

2.4. Benchmarking and Comparability Chal-
lenges

The common challenge associated with performance
measurement is that seemingly simple metrics can become
incomparable due to unequal boundaries, normalization
decisions, and quality of data. It is sensitive to energy
intensity as it is related to throughput, elevation profile,
ambient conditions, and delivery pressures, and therefore,
cross-system comparison without normalization could be
misleading. Equally, the intensity of emissions may depend
on the design of the system, the configuration of a station,
the composition of gas, operational procedures, and the
method of measurement, and variations in monitoring cov-
erage may create apparent differences which are indicative
of the detection ability, and not reflective of actual perfor-
mance. Reporting thresholds, classification rules, and the
maturity of integrity programs affect the rate of incidents
and the volume of spillage, which makes it difficult to
compare across jurisdictions 7).

A defensible benchmarking method must hence in-
volve the clear determination of the system boundary, the
temporal aggregation, and the treatment of the uncertainty.
In energy metrics, this can take the form of isolating sta-
tion energy consumption with other facility loads, normal-
izing by throughput and service conditions, and putting
year-to-year variations in perspective of throughput vari-
ability and significant maintenance events. In the case of
environmental metrics, it may frequently be necessary to
separate routine operational emissions, episodic emissions
associated with maintenance, and unplanned releases, and

record the method of measurement applied and its uncer-

tainty. Operating conditions and reported sensitivity and
time-to-detect should be assigned to leak detection perfor-
mance when evaluating the leak detection performance,
and the vendor specifications alone should not be used to
infer the leak detection performance .

These challenges are considered in this review as a
motivational driver of focusing on the meaningful and ac-
tionable metrics, as well as where standardization is under-
going. It is not intended to dictate one common set of in-
dicators, but rather to describe their connection with each
other, what each measure, and how they may be applied to
facilitate integrated decisions in terms of efficiency, integ-

rity, and stewardship goals.

2.5.Integrating Metrics into Decision-Making
Frameworks

One key implication of conceptualizing efficiency
and stewardship measures is that they ought to guide de-
cisions at the design, operations, and maintenance levels

1 Practically,

as opposed to being used as reporting tools
the theorist needs to strike a balance between the energy
cost, reliability, the safety margin, and the impact on the
environment in the presence of uncertainty. Current risk-
based integrity management frameworks already have the
structure of treating such actions according to likelihood
and consequence; with the addition of energy and emis-
sions indicators, the add-on frameworks allow more coher-
ent optimization. A rehabilitation project that minimizes
roughness and corrosion risk can provide energy savings
and can also minimize risk, whereas a valve automation

upgrade may reduce the spill consequence and also elimi-
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nate the requirement of high-emission blowdowns during
some interventions. Likewise, efficiency in the operation
whereby compression recycle is minimized, and station
performance is enhanced, can be assessed with as much as
energy cost, but also the emissions and possible impact on
the transient action and integrity restrictions.

The most advanced strategies towards integrated
management are growing based on model representations
of the pipeline system, which include the hydraulic simu-
lation, equipment performance model, and integrity threat
model, along with the monitoring data streams . In gen-
eral, digital twins, or constantly updated models based on
operational data, have the potential to assist in optimiza-
tion in real-time and what-if analyses; however, their ef-
fectiveness relies on clear assumptions, calibration, and
governance designed to keep models pertinent to reality.
Along with growing monitoring and growing regulatory
and stakeholder requirements of verification, the capacity
to trace metrics on validated databases, as well as the ca-
pacity to convert them into auditable decisions, becomes a
hallmark of high-performing pipeline stewardship.

Section 2, therefore, creates the context of the system
and the performance measures that will be applied during
the review. The subsequent subsections extend this basis
to discuss how design and operations can influence ener-
gy consumption, the integrity management can minimize
inefficiency and environmental risk, and the detection and
lifecycle mitigation measures can determine the credibility

and effectiveness of the stewardship results.

2.6. Methods: Literature Search and Synthesis
Approach

This review follows a systematic review of the liter-
ature and qualitative synthesis methodology to reveal and
track important research studies in the area of engineering
efficiency, integrity of pipeline systems, and environmental
stewardship of oil and gas pipelines ", The relevant pub-
lications were identified in the largest scientific databases,
such as Web of Science, Scopus, and Google Scholar that
jointly represent the peer-reviewed journal articles, confer-
ence proceedings, and authoritative technical reports. The
literature search aimed at identifying the recent technolog-
ical advances and the changes in regulatory and environ-

mental factors and this reason made the literature search

cover the studies published between 2000 and 2024, al-
though older studies that formed the basis of the topic were
also incorporated where they were relevant to provide a
theoretical background .

Keywords that were included in the search queries
were related to the engineering of pipelines, their opera-
tional efficiency, integrity management, and environmental
performance **'. The search terms that were representative
were: pipeline energy efficiency, hydraulic optimization,
pipeline integrity management, corrosion and cracking in
pipelines, leak detection systems, computational pipeline
monitoring, and environmental impact of oil and gas pipe-
lines. These terms were used in a Boolean combination to
narrow down results and cover both the engineering and
the environmental viewpoints.

Screening of retrieved studies was done in two
phases. First, titles and abstracts were read to eliminate
those publications that are not directly related to pipeline
systems or are not technical. Second, qualitative articles
have been assessed according to their quality of method-
ology, topicality to the functioning of the pipeline or the
financial responsibility of the environment, and their con-
tribution to the understanding of efficiency-integrity in-
terdependence. Preference was extended to peer-reviewed
journal articles, frequently cited research, and publications
issued by well-known industry and regulatory agencies.

Thematic analysis was used to synthesize the chosen
literature. The studies were classified according to the ma-
jor areas such as hydraulic design and operational efficien-
cy, integrity threats and monitoring systems, leak detection
and response systems, and lifecycle environmental man-
agement ¥, Instead of seeking a quantitative meta-analy-
sis, the review attempts to focus more on critical compari-
son and conceptual synthesis of these themes to find some
common engineering principles, technological advances,
and gaps in research on developing efficient and environ-

mentally responsible pipeline systems.

3. Integrated Optimization of Engi-
neering Efficiency and Pipeline
Integrity

Often, engineering efficiency and pipeline integrity

are considered different technical areas of pipeline design
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and operation. But practically, they are closely integrated
system characteristics that combine to establish operational
effectiveness, dependability, and environmental responsibil-
ity ®*. The change of pressure regime, transient dynamics,
and loading conditions determining material degradation
and probability of failure can occur due to efficiency gains
made through hydraulic optimization or station dispatch
strategies. Integrity constraints on the other hand, character-
ize the operating envelope where efficiency optimization is
supposed to take place. To have the full picture of pipeline
performance, the hydraulic design and operational optimiza-
tion, the degradation processes, as well as risk-based main-

tenance strategies must be considered as a whole.

3.1. Efficiency as a System Property of Pipe-
line Design and Operation

Vitality provision on pipeline systems occurs as
a result of a relationship between fluid mechanics and
equipment performance, and the way of making decisions
are made during the operation . In both liquid and gas
pipelines, a significant percentage of the energy input by
pumps or compressors is wasted to break the frictional re-
sistance, elevation variations, and necessary delivery pres-
sures to remain within safe operating capabilities. In the
case of liquid pipelines, head losses due to friction and flu-
id viscosity form the major energy consumption factor, but
the compressibility effect, performance of compressors,
and operating policies in the linepack and pressure control
prevail in the case of gas transmission systems.

These aspects indicate that efficiency could not be
measured only on equipment performance measures like
pump efficiency or compressor polytropic efficiency °.
Rather, system-level indicators, such as specific energy
consumption, utilization of throughput, station operating
stability, and so on, can give a more significant picture of
operational performance. Notably, these system metrics are
very sensitive to external conditions like permissible op-
erating pressure, delivery contract arrangements, product
characteristics, and conditions of the downstream system.
Consequently, pipelines are often worked at off-design
conditions in which the theoretical optimum developed
during the design is not the same as the practical optimum

that can be obtained during day-to-day operation.

3.2. Hydraulic Design and Operational Strate-
gies for Efficiency Improvement

The key energy landscape of a pipeline system is
dependent on hydraulic design choices. Parameters like
pipe diameter, route choice, elevation profile, and pressure
structure affect frictional losses and station separation, thus
defining long run energy demands. The reduction in fric-
tional pressure losses and pumping power associated with
larger pipe diameters can be substantial, but it will increase
capital investment and may also increase the construction
footprint. Therefore, a choice of diameter is normally a
lifecycle trade-off between capital and operational energy
usage and environmental costs ©*”.

Efficiency is also impacted by operational strategies,
which are station dispatch optimization, transient manage-

B The compressor and pump

ment, and flow scheduling
stations are seldom run at design conditions, and due to
fluctuations in throughput, maintenance activities, and de-
mand and supply of contract conditions, the compressor
and pump stations tend to run at part-load. Effective dis-
patch strategies aim at reducing energy usage and meeting
the constraints of the operation, like pressure limit, equip-
ment maintenance, and delivery obligation. Nonetheless,
without an optimization that takes into account the factor
of integrity, purely energy-based optimization might un-
wisely escalate mechanical loading, fatigue damage or
temporary instability.

These remarks point to a significant shortcoming of
classical optimization methods. Numerous energy-mini-
mization methods presuppose a fixed operating limit, but
actual pipeline systems are run under a dynamic envelope
that is impacted by degradation, inspection results, and
limiting the regulatory pressure. As such, integrity con-
straints must be explicitly included in the frameworks of
optimization to prevent the operation of regimes that will
cause the further accumulation of damages or raise the risk
of failure .

Given that the threats to integrity determine the prob-
ability of failure and the operational constraints that form
the energy intensity and downtime, Table 3 cross-maps the
predominant threat mechanisms to assessment mechanisms
and alleviation choices and expressly indicates how the in-

tegrity actions impact efficiency and stewardship.
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Table 3. Integrity threat-mitigation mapping and its implications for energy efficiency and stewardship.

Efficiency Linkage (How It Stewardship Link-

Threat . . Pri Detection/As- R tative Mitiga-
rea. Typical Initiating Drivers rimary Detection/As epresen .a e YIUEA"  Affects Energy/Through- age (How It Affects
Mechanism sessment Approaches tions .
put) Environment)
External ~ Coating damage/disbond- CP surveys/remote moni- Recoating, CP upgrades, Avoids pressure restrictions Reduces leak proba-
corrosion ment, poor CP current  toring; ILI metal-loss tools; drainage control and unplanned shutdowns;  bility and excavation
distribution, shielding  excavations for verification preserves operating envelope frequency over time
Internal Water/solids, CO2/H.S ~ ICDA; corrosion monitor- Dehydration/water con- Preserves internal roughness; Prevents chronic leaks
corrosion  chemistry, MIC, holdup  ing; ILI metal-loss tools;  trol, inhibitors, pigging  reduces friction losses and and reduces waste
zones pigging evidence optimization station energy demand streams from frequent
interventions
SCC/ Susceptible material + ten- Crack-focused ILI; Pressure cycling con-  Enables stable high utiliza- Prevents sudden rup-
cracking  sile stress + environment; SCCDA,; selective excava-  trol, targeted repairs, tion without conservative  ture events with high

pressure cycling tions

Mechanical Third-party strikes, dents/ ~ Geometry ILI; patrols/

damage  gouges, construction dam- ROW monitoring; excava-
age tion verification
Geohaz- Landslides, subsidence, Strain monitoring, geotech-
ards/strain  scour, permafrost thaw

ILI

replacement, coatings/CP

Damage prevention
programs, sleeves/com-
posites, replacements

Reroutes, stabilization,
nical surveys, deformation  depth-of-cover correc-

derates consequence

optimization

Reduces release risk
in high-consequence
areas

Reduces unplanned outages
and off-design operations

Avoids hard-to-contain
releases and repeated
land disturbance

Prevents recurring con-
straints and emergency

tions, monitoring repairs

3.3. Integrity Management as a Determinant
of Operational Efficiency

The concept of pipeline integrity management has
conventionally been considered as a safety-based practice
aimed at the prevention of leakages and ruptures **”. As a
matter of fact, it is also a crucial factor in the efficiency of
operations and environmental performance. The programs
of integrity affect the pressure limits that can be allowed,
the maintenance, and the flexibility of the pipeline sys-
tems. In case the state of a pipeline segment is unknown
or the rates of degradation are poorly modeled, operators
tend to impose low pressure limits, throughput, or frequent
shutdowns to inspect and repair the pipeline. These mea-
sures have the potential to cause a huge rise in energy use
or may need to divert flows to inefficient ways.

On the other hand, well-established integrity man-
agement programs minimize the risk of not knowing the
condition of the pipeline and allow the operators in the
same structure to operate nearer to optimal setpoints with-
out jeopardizing safety margins. In this respect, the in-

tegrity constraints actually establish the optimal possible

efficiency of a pipeline system. Prevention, inspection, and
risk-based mitigation strategies, thus, can be regarded as
means of safety control, but also as stabilization of opera-
tional performance and mitigation of inefficiencies of un-
planned interventions “".

The current integrity management tools can be char-
acterized by a lifecycle process comprising threat identi-
fication, risk evaluation, preventive measures, inspection
and monitoring, and mitigation measures comprising
of repair/replacement . The type of threats differs de-
pending on the types of pipelines: corrosion, cracking,
mechanical damage, geohazards, etc., still, the main goal
is the same: all the degradation processes should be un-
der control in order to sustain an acceptable probability
of failure and guarantee acceptable long-term operation.
Since integrity decisions are largely based on uncertainty,
but not necessarily based on the severity of defects, Fig-
ure 3 depicts the threat pathway, monitor pathway, assess
pathway, mitigate pathway, and feedback loops based on
verification excavations and incident learning that reduce
uncertainty and trigger less disruptive, more specific re-

. 43
Sponses over time L ].
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External Internal Cracking Mechanical Geohazard
Corrosion Corrosion (SSC/Fatigue) Damage (Stress/Strain)
Monitoring & Inspection Assessment Models Risk Ranking
(ILI, DA, CP, strain sensing) (sizing, growth, PoF) (L>xC)
Y
L Risk Assessment & Models
Mitigation Actions
Repairs, Pressure Barrier
Replacement Control Upgrades

Figure 3. Integrity threat-monitor—mitigate pathway with uncertainty reduction loops.

3.4.Degradation Mechanisms and Their Im-
plications for Efficiency and Stewardship

Knowledge of the degradation mechanisms is also
crucial to environmental protection as well as the efficien-
cy of operations . Among the most recent threats to the
pipeline systems are external corrosion, internal corro-
sion, stress corrosion cracking, mechanical damage, and
geotechnical hazards. External corrosion is mostly linked
to the deterioration of coating, cathodic protection, soil
properties, and stray currents. Water presence, dissolved
gases, e.g., CO, or H,S, microbial presence, or deposition
processes creating localized electrochemical environments
may be a source of internal corrosion *.

These systems of degradation affect the performance
of the systems in various ways . Gradual metallic degra-
dation or cracking may result in pressure derating, higher
inspection rates, and expensive maintenance procedures.
In addition to the immediate safety implications, such ac-
tions also decrease the efficiency of the operations as the
pipelines have to run at a lower throughput or at subopti-
mal pressure regimes. In addition, the regular maintenance
procedures can present random emissions and operational
inconveniences, and further ecological inconvenience.

A stewardship perspective on this issue makes it a

critical issue to prevent failures and also to reduce the op-
erational penalties with uncertainty. A good monitoring
technology, such as in-line inspection tools, cathodic pro-
tection monitoring, and strain or geohazard surveillance,
supplies the data that is needed to describe the degradation
processes and improve predictive models. These tech-
niques can be used to create focused mitigation measures
instead of a blanket operation when it comes to making
company processes more effective in detecting defect sizes
and defect growth *>*7).

3.5.Critical Synthesis: Coupling Efficiency
Optimization with Integrity Constraints

Introduction of efficiency optimization and integrity
control is a key prerequisite to the contemporary pipeline
stewardship “*. Conventional approaches to operations
with the emphasis on energy-saving only run a risk of ig-
noring the processes of long-term degradation and struc-
tural constraints of infrastructure systems. On the other
hand, too conservative integrity approaches can create un-
necessarily constrained operations that consume more en-
ergy and result in more emissions and not much reduction
of risk.

The key to a successful strategy thus involves com-
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bined decision structures to all at once take into consider-
ation hydraulic performance, degradation processes, risk
tolerance as well as environmental goals. Such frameworks
are possible due to the development of digital monitoring
systems, real-time hydraulic simulation, and the use of
data-driven asset management. Specifically, hydraulic be-
havior, equipment performance and integrity information
streams can be merged into digital twins and integrated op-
erational models to facilitate constraint-based optimization
and predictive maintenance *.

However, there are still major obstacles on the way
to the accomplishment of sound integration. There should
be uncertainty in degradation rates, accuracy of inspection
and operational condition in optimization models and the
governance structure should be transparent and provide
verification of performance claims. Finally, pipeline sys-
tems with the highest resiliency are the ones where effi-
ciency and integrity are treated together as inseparable
components of a single engineering approach, allowing the
infrastructure to perform within the significantly well-char-
acterized parameters and reduction of energy waste, envi-

ronmental emissions, and risk of failure to a minimum °”.

4. Release Detection, Response, and
Lifecycle Environmental Steward-
ship

Pipeline systems' environmental stewardship is not
all about failure prevention, but also related to efficient re-
sponses to releases, detection, and control of environmen-
tal impact on the infrastructure lifecycle **'. Releases can
be either through various forms of corrosion leaks, crack
propagation, mechanical damage, or equipment failure,
and may take either slow chronic or acute high-rate releas-
es. The various environmental signatures of these events
include gas releases that create atmospheric pollution and
dispersion risks, and liquid releases that create soil pol-
lution, surfacing pools, and waterway transportation pos-
sibilities. The final environmental impact is not only de-
pendent on the amount of release but also a product of the
release rate, duration of release, receptor sensitivity, isola-
tion speed, and logistics of response "1,

The interactions of these factors are dynamical and

hence proper stewardship needs an integrated chain that

links prevention, detection, isolation, and remediation.
Quick separation of a line of pipeline is based on the dis-
tance between valves, automation, and shutdown logic. In
gas pipelines, the blowdown strategy affects the intensity
of methane emissions and the duration of hazards, and in
liquid pipelines, the amount of liquid left in the pipeline
between valves determines the amount of spill and trans-
portation of the subsequent pipeline. Therefore, the ability
to detect is not enough to ensure that mitigation is effective
in the case of poor isolation and response capabilities ).
Since detection technologies vary in terms of sensi-
tivity, time-to-detect, localization ability, and maturity of
the validation process, Table 4 compares SCADA-based
CPM/RTTM, distributed sensing, acoustic/pressure-wave,
and aerial/satellite methods concerning their practical
strengths and limitations and field verification .
The initial system of environmental protection is

B+ Computational pipeline

leaking detection systems
monitoring (CPM) (based on SCADA) is extensively used
because it uses existing instrumentation to track long-dis-
tance pipelines at all times **. Methods vary in complex-
ity, starting with mass balance and threshold-based tech-
niques, up to real-time transient modeling that is used to
enforce comparison of predicted hydraulic behaviour and
field measurements. These models intend on detecting the
anomalies like the loss of mass without a reason or the
presence of unusual pressure patterns that can be as a re-
sult of leakages. Their performance, however, is limited to
accuracy of measurements, telemetry latency and model
calibration. As a matter of fact, there is a trade-off in terms
of sensitivity and the rate of false alarm between systems
with high sensitivity and those with low sensitivity or high
sensitivity with fewer benign alarms at the cost of operator
responsiveness, or those with lower sensitivity at the cost
of slow detection with smaller releases.

Field sensing technologies introduce extra detection
streams, which offer better localization ability, to take the
place of SCADA-based solutions . Physical disturbances
or leakage of escaping fluids related to the pipeline path can
be detected using acoustic monitoring, pressure transient
analysis, and distributed fiber-optic sensing systems. In
some cases, these technologies may provide a faster way of
detection but may add more infrastructure and complexity
to operations. Their operation is highly sensitive to the con-

ditions of installation, background noise, signal processing,
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and maintenance, which often limit their use to high-conse-
quence locations or ecologically sensitive places.

The demonstration as a whole of the detection-to-re-
sponse chain ultimately determines environmental out-
comes. When a release has been located, quick localization
and characterization facilitate a better application of con-
tainment control measures, including shutdown, isolation
of sections, use of spill barriers, or excavation. Logistics,
site accessibility, weather conditions, and the presence of
trained personnel and equipment determine the efficiency
of emergency response. Late localization or unclear alarm
signals may pose a major environmental impact by ex-
panding the time of release and, at the same time, making
containment processes difficult ",

In addition to immediate response, the process of
lifecycle environmental performance is also affected by the
decisions made throughout the planning, construction, op-
eration, and decommissioning. Some environmental effects
are practically fixed during the design phase by the routing
decisions, the location of the stations, and the routing of
the way. Further operation processes, such as integrity in-
terventions, access to maintenance, and station emissions,

also add more environmental disturbances over time.

Hence, the monitoring and response technologies must be
assessed not just in terms of detection potential but also in
the way they minimize the environmental footprint on a
long-term basis and operational interference *”.

The detection-to-mitigation chain is multi-layered in
nature; Figure 4 classifies monitoring modalities by time
scale and gives the propagation of detection latency and lo-
calization error to isolation performance and overall mass/
volume released. The critical viewpoint of the problem is
that the difficulty in contemporaneous pipeline stewardship
is not the application of single monitoring technologies; it
rather concerns the combination of them into a layered de-
fense structure. SCADA-based surveillance is used to per-
form system-wide surveillance, distributed sensing is used
to detect localized surveillance in critical zones, and aerial/
satellite monitoring is used to verify this sensing. The aim
of this is to develop complementary pathways for detecting
and minimizing any uncertainty and decreasing the limit
between entering release and mitigating such releases .
Field testing, analysis of operational data, and review of an
incident are necessary to verify that the alleged detection
capabilities are converted to a predictable real-world per-

formance "

Table 4. Integrity threat—mitigation mapping and its implications for energy efficiency and stewardship.

Threat Typical Initiating Primary Detection/ Representative Miti- Efficiency Linkage Stewardship Link-
. . Assessment Ap- . (How It Affects Energy/ age (How It Affects
Mechanism Drivers gations .
proaches Throughput) Environment)

External  Coating damage/dis- CP surveys/remote Recoating, CPup-  Avoids pressure restric- Reduces leak proba-
corrosion  bondment, poor CP  monitoring; ILI met- grades, drainage tions and unplanned  bility and excavation

current distribution, al-loss tools; excava- control shutdowns; preserves  frequency over time

shielding tions for verification operating envelope
Internal Water/solids, CO2/  ICDA; corrosion mon- Dehydration/water  Preserves internal rough- Prevents chronic leaks
corrosion  HaS chemistry, MIC, itoring; ILI metal-loss  control, inhibitors, ness; reduces friction and reduces waste

holdup zones tools; pigging evi-

dence

Crack-focused ILI;
SCCDA; selective
excavations

SCC/cracking Susceptible material
+ tensile stress + en-
vironment; pressure

pigging optimization

Pressure cycling con-
trol, targeted repairs,
replacement, coatings/

streams from frequent
interventions

losses and station energy
demand

Enables stable high utili-
zation without conserva-
tive derates

Prevents sudden rup-
ture events with high
consequence

Reduces release risk
in high-consequence
areas

Reduces unplanned
outages and off-design
operations

Reroutes, stabilization, Prevents recurring con- Avoids hard-to-contain

cycling CP optimization
Mechanical — Third-party strikes, Geometry ILI; patrols/ Damage prevention
damage dents/gouges, con-  ROW monitoring; programs, sleeves/
struction damage excavation verification composites, replace-
ments
Geohazards/ Landslides, subsid-  Strain monitoring,
strain ence, scour, perma- geotechnical surveys, depth-of-cover correc-

frost thaw deformation ILI

tions, monitoring

releases and repeated
land disturbance

straints and emergency
repairs
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Figure 4. Layered leak/spill detection and response architecture across time scales.

Finally, environmental stewardship aims to be effec-
tive by having a systems view where prevention, detec-
tion, response and lifecycle management are considered
as interrelated components of pipeline engineering. It is
only through incorporation of these elements into a single
operational system that pipeline systems can execute high
energy efficiency, low emissions as well as reduced envi-

ronmental risk “.

5. Emerging Technologies and Fu-
ture Pipeline Pathways

5.1. Technology Evolution in the Context of
Tightening Stewardship Expectations

The two converging forces in the technical pathway
of pipeline systems are the necessity to continue with a
reliable and cost-effective transport means and the neces-
sity to demonstrate quantifiable improvements in the envi-
ronmental impact "’ These forces are prompting material
innovation, station equipment innovation, sensing and
monitoring innovation, and digital decision support inno-
vation. Meanwhile, the size of the installed base of pipe-
lines is substantial and non-manageable; that is, near-term
gains frequently have to be made by retrofitting on the
current assets, as opposed to being gained by greenfield
redesign. The question of what technologies promise is
thus also whether there are those, rather than not, that may
be deployed on a large scale, may interact with current
operating practices and integrity programs, and have their
performance demonstrated under field conditions. Some of

the emerging opportunities also involve a shift in the uti-
lization of the pipelines, such as electrifying compression,
deploying more continuous checking, and determining
whether some resources can be redirected to lower-carbon
purposes, such as CO, transportation or hydrogen blend-
ing, when technically and economically viable.

The adoption of technology in pipelines is conserva-
tive due to the high consequences of failure and because
the reliability criteria are usually high, as opposed to other
industrial systems °*. It is for this reason that the matu-
rity of any technology is often decided by how well it is
governed, maintained, and auditable rather than by what
it does in a laboratory. Stewardship-enhancing technolo-
gies should be shown to have durable performance even
in harsh conditions, should be able to be integrated with
operational processes, and should not cause new vulner-
abilities, like cyber threats or operational complexity that
undermine response efficiency. The section provides a
survey of the most consequential emerging directions and
explains the considerations at the system level that can dic-
tate whether such directions can achieve more efficiency

as well as environmental outcomes.

5.2. Materials and Coatings Innovations for
Durability and Performance Preservation

The materials and coatings are all considered as the
fundamental levers, as they affect the probability of fail-
ure and the durability of hydraulic functionality in decades
1?1 Technological progress in the quality of steel plates,

welding methods, and fracture toughness has enhanced the
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capacity of contemporary pipelines to resist crack forma-
tion and arrest fracture propagation, and such innovations
have the capacity to decrease the rate of making integrity
interventions and environmental disturbance. Nonetheless,
much of the world's pipeline systems are comprised of old-
er vintages with a variety of material properties and seam
types, and the immediate stewardship problem is frequent-
ly served with the management of such legacy systems
through selective rehabilitation and not total substitution.

Coatings technology is still developing to provide
better adhesion, disbandment resistance, and mechanical
damage and thermal cycling performance '**'. External risk
by external corrosion can be significantly reduced by ex-
ternal painting systems that minimize shielding and ensure
effective cathodic protection. Internal surfaces and internal
linings may help in reducing the amount of the frictional
losses and assist in the efficiency of the method, by main-
taining smooth internal surfaces, and, in some service con-
ditions, provide corrosion protection. They are varied in
terms of product compatibility, temperature and pressure
limits, mechanical durability and repairability. In practice,
internal linings are most useful where operational controls
can be used to restrict the degree of damage by pigging
and where inspection procedures can be used to check the
condition of the lining. The stewardship implication is that
innovations in materials and coatings provide the greatest
benefit when they cause a decrease in both the rate of deg-
radation and the maintenance load, which in turn reduces
the repeated excavation, blow downs, and disruption of the
functioning.

There is also an increase in the importance of com-
posite technologies, repair, and reinforcement. In certain
situations, composite wraps and sleeves may be used to
offer structural reinforcement without hot work and may
minimize downtime and relax the field operations 'Y,
Their performance in the long run depends on the quality
of installation, exposure to the environment, and transfer
of load, and thus needs sound qualification and inspec-
tion practices. In a broader way, the development of repair
technologies that do not produce a significant impact on
the functioning process and are less demanding in terms of
excavation are quite consistent with stewardship since they
minimize the level of land disturbance and emissions asso-

ciated with their maintenance.

5.3. Electrification, Station Modernization,
and the Decarbonization of Operations

The most common energy source in long-distance
transmission is station energy consumption, so modern-
ization of stations is today a leading way towards better
efficiency and fewer emissions . On-site combustion
emissions can be cut by compressing and pumping being
electrified, and with the source of electricity, the lifecy-
cle greenhouse gas impact can be cut. Electric drives are
sometimes very efficient, and the control is often very
precise, allowing better part-load operation and optimal
operation. Nevertheless, electrification also creates a grid
dependency, power quality, and infrastructure capacity,
which is restrictive in remote areas. It also moves some of
the environmental effects upstream so that the net climate
benefit would be sensitive to the intensity of electricity
supply, in carbon intensity, and also the capacity to obtain
low-carbon power.

Improvements in compressor/pump technology,
variable speed drive installation, superior seal design, and
packing system to lessen fugitive emissions, high technol-
ogy control reducing recycle and throttling losses are also
part of station modernization '*’. The Waste heat recovery
has the potential of enhancing the use of energy in loca-
tions where a huge thermal load is present, but the imple-
mentation is constrained by the presence of heat sinks and
economic feasibility. Some networks have hybrid struc-
tures, such as the addition of energy storage in certain set-
tings or dual-fuel capability, which is more resilient and
has lower emissions in case of a peak event or an outage.
The stewardship worth of modernization of the station is
best when it has the effect of not only reducing routine
emissions but also of reducing the necessity of high-emis-
sion operating practices like frequent blowdowns, and of
improving reliability in such a way that emergency oper-
ating and its associated environmental costs are less com-

mon.

5.4. Continuous Monitoring Networks and the
Next Generation of Leak and Emissions
Surveillance

Sensing development is moving pipeline monitoring

towards periodic inspection and event-driven investigation
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to a continuous and layered surveillance " The concept
of continuous methane monitoring in facilities and along
corridors is growing in scale because the sensors are be-
coming cheaper to purchase and because data analysis is
becoming more advanced. Together with better SCADA
data quality and computational monitoring, the continuous
sensing networks would improve time-to-detect, and can
detect episodic patterns of emissions that are hard to de-
tect using periodic surveys. Where fiber-optic distributed
sensing is installed, it can cover the indicators of leaks and
third-party intrusion near-real-time, especially in high-con-
sequence segments. The current progress in the acoustic
detectors and frequency pressure sensors can enhance the
detection and location of some types of events, yet it still
relies on the complexity of the system and the noise sur-
rounding it.

Aircraft and satellite-based remote sensing is also
evolving at a high pace, and it is becoming more and more
relevant in the screening and independent verification ",
These techniques can locate the big emission sources and
may assist in the performance benchmarking across the
areas. Their stewardship value is most maximized when
incorporated in work processes that bridge screening find-
ings to the field investigations, attribution of sources, and
mitigation. The fundamental technical problem is one of
reconciliation at scales. The continuous point sensors, cor-
ridor scale fiber systems, SCADA-based inference, aerial
survey, and satellite observation have varying measure-
ments of the system at varying time and space resolution.
It is probable that a more advanced future approach will be
multi-layer fusion, in which data streams are fused to min-
imize false alarms, enhance localization, and provide more

credible quantification with characterized uncertainty.

5.5.AI/ML and Integrated Digital Twins for
Constraint-Aware Optimization

Machine learning and artificial intelligence find
more and more applications in the work of the pipeline and
its integrity, though their maximum value functions are
more likely to be supplementary to the science in the pipe-
line rather than substitutive "”. Anomalies in multivariate
sensor streams can be identified using data-driven tech-
niques, equipment failures predicted, drift or calibration

problems identified, and predictive maintenance schedul-

ing can be assisted. In the case of integrity, machine learn-
ing can be used to help in pattern recognition in inspection
data, predict growth of defects in uncertain settings, and
rank mitigation measures in high-portfolio asset bases.
Nevertheless, explainability and validation requirements,
as well as governance, are needed in the stewardship and
safety contexts. The models should be resistant to variation
between operating regimes, and should be able to deal with
missing and noisy data, and their results should be usable
by the operators and be reliable.

Digital twins are more of a wider concept of inte-
gration where hydraulic models, equipment performance
models, integrity datasets, and monitoring data streams
are connected together into an ever-changing view of the
asset ", The second generation of twins will be more con-
straint-conscious and incorporate the limits of integrity, the
impermanent risk, and the emissions as part of operational
optimization. This enables considerations of strategies that
lessen energy consumption without augmenting fatigue
loading, and it allows planning to lessen maintenance-re-
lated emissions by synchronizing interventions and less-
ening superfluous depressurization. The digital twin’s
stewardship value relies on strict calibration and configu-
ration control; otherwise, model drift may result in wrong
suggestions and decrease the operation levels of trust. In-
creased connectivity leads to a lengthening of the attack
surface and makes decisions in the digital tools auditable
and verifiable, thus making cybersecurity and data gover-

nance central.

5.6.Repurposing and New Services: CO:
Transport and Hydrogen Readiness

The major future direction of some pipeline corridors
is re-purposing to new services to serve the lower-carbon
energy system, especially CO, transport to carbon capture
and storage, and, in some applications, hydrogen mixing
or dedicated hydrogen service. These routes are not only
technically feasible but must be carefully qualified since
alterations in the properties of transported fluids may cause
corrosion mechanisms, fracture behavior, leakage likeli-
hood, and requirements linked to the station. CO, pipelines
pose certain problems of phase behavior, impurity control,
and corrosion potential in the water environment. The pres-

ervation of CO, in an appropriate state and the regulation
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of impurities can be at the center of both the safety and ef-
fectiveness, and it demands the compression and dehydra-
tion techniques that are not the same as those in natural gas
systems "',

Hydrogen brings on board unique materials and
sealing issues "?. The risks of hydrogen embrittlement
and hydrogen-assisted cracking are dependent on the steel
properties, stress state, and operating conditions, and could
help to restrict the applicability of some legacy pipelines
without major rework. Low volumetric energy density of
hydrogen impacts throughput and compression require-
ments, which may alter profiles of efficiency and station
requirements. The behavior of leakage will also vary de-
pending on the size of the molecules and diffusivity, which
will influence the consideration of detection and emissions.
Repurposing can have feasible advantages, such as saving
the necessity to create new corridors and a new construc-
tion footprint; however, it may introduce new risks in case
assets are not strictly evaluated and refurbished. Plausible
repurposing route must thus be based on integrity qualifi-
cation, revised monitoring and emergency response plan-
ning, and open standards of fitness-for-service under new

operating conditions.

5.7.Standardization, Verification, and the
Pathway from Innovation to Trustworthy
Performance

In the case of emerging technologies, validation and
standardization are often a limitation. The detection tech-
nologies should show sensitivity and false alarm behavior
under practical conditions; methods of the emissions quan-
tification should delineate limits and uncertainty in a man-
ner that allows supportable reporting; and digital decision
support should be traceable and verifiable, assuring no
impact on safety. Best practices and standards may speed
up adoption through offering standardized test protocols,
a definition of performance, and data reporting templates.
They also make comparability between operators and re-
gions possible so that benchmarking can be used to see
which performance changes are real and which are due to
differences in measurement technique *.

Stewardship especially requires verification since
external stakeholders are increasingly becoming more de-

manding on the presentation of evidence that the reduction

in emissions and control of risk is real and maintained.
This changes the value proposition to more effective
technologies that can also be audited. Networks that are
monitored and can reveal calibration integrity, data com-
pleteness, and easy attribution pathways will become more
powerful. On a similar note, digital tools enabling moni-
toring of the decision rationales, storing versioned models,
and offering clear uncertainty information are expected to
be embraced more easily than non-transparent systems,
despite the latter having better predictive performance
claims. The future of pipeline evolution and guidance does
not reside solely in technical resolve; however, it will re-
quire constructing of evaluation infrastructure and rules to
ensure that enhancements are reliable and sensible *”).
Section 6 also points out that new directions are
transforming the pipeline systems using materials and re-
pair technologies, decarbonizing stations, continuous mon-
itoring, and integrated digital decision support, but also
extends this discussion to repurposing the same for new
services. The final part summarizes the major findings of
the review and outlines priorities that can bring no-regrets
changes in the short term and longer-term needs of innova-

tion.

6. Conclusion

The oil and gas pipelines continue to be an important
part of the global energy infrastructure, but the possibility
to balance operational efficiency and strict environmental
stewardship determines their long-term sustainability. The
current review has discussed the engineering, operational,
and management aspects that determine pipeline perfor-
mance, in that the energy efficiency, system integrity, and
environmental protection are not isolated goals but are the
result of an integrated system design and functioning. To
the technical side, the efficiency in the pipeline systems is
regulated by the hydraulic design, equipment functioning,
and operational strategies, including the station dispatch,
the pressure regulation, and the transient control. The opti-
mization efforts, however, are limited by the consideration
of integrity, which forms the safe operating envelope of the
system. Degradation processes, such as corrosion, crack-
ing, mechanical damage, and geotechnical hazards, present

uncertainty and risk, which in most cases require opera-
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tional limits or maintenance measures. The proper use of
integrity management is thus a two-fold task, ensuring the
absence of failures that may lead to gross environmental
damage and allowing the operators to provide the operat-
ing conditions with stability and efficiency.

The concept of environmental stewardship is as far
as failure prevention, the timely identification of releases,
quick response to such releases, and the lifecycle manage-
ment of the environmental impact. The state of the art in
computational pipeline monitoring, distributed sensors,
and information-driven asset management systems has
contributed immensely to the capability of detecting anom-
alies and facilitating proactive decision-making. However,
the success of such technologies is eventually determined
by their incorporation and adoption into a layered moni-
toring and response architecture that has access to trusted
operational data and proven performance metrics.

As noted by the review, the further enhancement of
the performance of pipelines is likely to be realized with
the help of more integrated engineering strategies. The
combination of efficiency optimization, integrity manage-
ment, and environmental risk assessment promises can be
achieved through digital monitoring, real-time hydraulic
modeling, and predictive analytics. Meanwhile, there are
standardization of metrics of both energy consumption and
emission, and reporting of incidents that are being pushed
by regulatory expectations and other societal demands on
transparency.

Although these progresses have been made, there are
still major challenges. The models of operational optimi-
zation should include the consideration of uncertainty in
degradation processes and inspection reliability, and envi-
ronmental control technologies should be further verified
in the working conditions. Moreover, the environmental
impacts associated with lifecycle aspects, i.e., the con-
struction disturbance, maintenance activities, and decom-
missioning practices, are limited to being incorporated in
conventional performance evaluation.

Conclusively, sustainable pipeline operation entails
a systems-based approach, which entails the incorporation
of engineering efficiency, structural integrity, and envi-
ronmental stewardship throughout the asset lifecycle. The
ability to synchronize design practices, monitoring tech-

nologies, and operation decision-making within such an ar-

rangement can enable pipeline systems to realize enhanced
reliability, minimized environmental impact, and increased
transportation of energy in an energy environment that is

more complex and heavily regulated.
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