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Oil and natural gas transportation
through pipelines—both onshore and
offshore—is considered a safer alternative on a ton-mile basis to hauling fuel
by tanker trucks, freight trains, or marine
carriers [1]. Even so, the transportation
of liquid or gas-phase hydrocarbons over
long distances can lead to accidental
releases via pipeline ruptures or leaks.
The number and severity of incidents related to leaking pipelines, and the spills
associated with them, have increased
substantially over the last three decades
(see Figure 1) [2].
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Although safer than the alternatives for
fuel transportation, pipeline networks require thorough maintenance and upkeep
to remain operable. Pipeline ruptures
can result in significant economic, environmental, and energy-security consequences. The energy system of the
United States is one of 16 infrastructure
sectors identified by the Department of
Homeland Security (DHS) as “critical”
to the nation’s economic security, public
health, safety, and defense [3,4].
The department’s sector-specific plan
for critical energy infrastructure notes
that pipelines face two major risks: operational hazards caused by blowouts,
spills, and personal injury; and interrup-

Photo Illustration created by HDIAC and adapted from public domain photo
(Available for viewing at https://www.usgs.gov/media/images/alaskan-pipeline-spring-2017).

tions in energy supplies due to damaged
or inoperable hydrocarbon pipeline infrastructure [4].
Technologies that enable operators to detect small leaks before a rupture or major
release incident occurs can significantly
reduce these risks. The early detection
of small leaks allows remedial action to
ensure continued pipeline integrity [5].
The need for a new class of hydrocarbon
sensors is especially pressing, because
sensor types currently in use for onshore
pipelines in the United States often fail to
detect releases. Only 22 percent of the
releases that occurred between 2010 and
2016 were detected by advanced pipeline sensor systems [6].
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Current State of the Art
Well-known methods for leak detection in
onshore pipelines include acoustic monitoring, optical sensor gas sampling, soil
monitoring, flow monitoring, magnetic
flux leakage, and dynamic model-based
methods [9]. “Pig” (or pipeline-inspection-gadget) technology is used to detect stress corrosion cracking, uniform or
general corrosion, and pitting corrosion—
including gouges, dents, anomalous weld
seams, longitudinal cracks, longitudinal
grooves, and other faults in the pipeline
wall [10]. In-pipe robots used for early
detection include: pig type, wheel type,
caterpillar type, walking type, inchworm
type, screw type, and wall-press. Anoth-

er monitoring technique involves the use
of unmanned aerial vehicles (or auton-
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omous underwater vehicle) for pipeline
and flowline surveillance [10]. The major

Figure 1. (A) Plot of economic damages caused by significant oil and natural gas pipeline-associated incidents and (B) number of resulting fatalities, 1986–2016. These incidents have
resulted in 548 deaths, 2,576 injuries, and more than $8.5 billion in financial damages over
this time period [2].
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sorption of visible, infrared, and ultraviolet irradiation by an oil slick [7,8].
Adsorption intensity is related to the
thickness of the oil layer on the water
surface. Radar technologies, as well as
microwave radiometers, laser fluoro-sensors, and laser-acoustic approaches,
have also been used as oil thickness
sensors. These sensors can provide information on the location and spread
of an oil spill; its thickness distribution,
which allows for a volumetric estimation;
and the type and quality of the oil (i.e.,
its API gravity and H 2S content), which
aids in assessing environmental damage
and take appropriate actions for clean-up
[7, 8].

Figure 2. Fate and transport of oil leakages or spills in the marine environment and biodegradation (redox) potentials [13].

When employing these techniques, one
important consideration is the cost of
data acquisition and analysis, which includes measurement equipment, operational and personnel costs, and data
collection. Remote detection sensors
are typically deployed in air-borne mode,
adding significant cost to operations.
Moreover, with regard to offshore pipeline rupture sensing, their data output
is influenced by a plethora of conditions
related to water flow, water quality, metocean and weather conditions. While the
deployment of these technologies is significant, more robust and reliable sensor
technologies with improved feasibility
and reliability are desired for future applications [10].
Additionally, the sensor technologies
outlined above generally do not provide
information to implement a proactive
strategy for the prevention of hydrocarbon releases. Most provide post-incident
detection and notification, and those capable of early detection of deficiencies in
pipeline integrity (e.g., pigs), do not deliver continuous monitoring. In-situ microbial sensors may have a unique ability to
achieve this important outcome.

A Novel Microbial Sensor
Figure 3. (A) a centimeter-scale microbial electrochemical sensor (microbial–microalgae); (B)
evaluation of sensor response to hydrocarbon and petroleum compounds; and (C) a sensor
platform for signal transmission, data acquisition, and signal processing.

drawbacks of the inspection robots presently used in the oil and gas industry center on insufficiently high levels of desired
autonomy, robustness, and dependability.
Most of these robots work in highly supervised, short-term missions in extreme

environments at high cost and with a high
level of operational support [11].
A variety of sensor technologies are capable of remotely detecting hydrocarbon
releases from offshore pipelines using
techniques that rely on the relative ad-

Early detection of small liquid or gas hydrocarbon leaks or spills could lessen
the likelihood of a major release incident.
However, organic contaminant sensors
are difficult to employ under certain settings due to material- or function-related
constraints usually associated with background concentrations, mass-transfer,
and detection limitations. In addition,
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appropriate anodic and cathodic reactions should be combined. This enables
the technology to be used for detection
of organic pollutants, such as oil spills,
and the communication of such. Several years of operational experience have
been reported for other applications, including in biochemical oxygen demand
sensors [17]. Because microbial systems
have already proved useful for remediating toxic substances—such as phenols
and petroleum compounds [23]—they
should be explored for novel applications
in extreme settings.

Figure 4. (A) A microbial biosensor with mixed bacterial consortium in the anode chamber
and a microalgae biocathode in the cathode chamber; (B) a “mutag BioChip 25™” with a carbon felt electrode used to concentrate microalgae biofilm; and (C) in-situ oxygen generation
by microalgae cells residing on the electrode.

environmental variations in temperature,
barometric pressure, and relative humidity play an important role in subsurface
environments [12]. Our research focuses
on developing a self-sustained microbial (living-cell) sensor platform suitable
for harsh or remote environments, such
as those found at deep-water subsea
infrastructure, onshore surface and subsurface pipelines, and hydrocarbon processing plants.

variety of hydrocarbons and organic compounds (e.g., crude oil, natural gas, refined gasoline) can be used as substrates
in laboratory studies to understand voltage generation potential and to optimize
and stabilize sensor operations for different target petroleum products [15].

A microbial electrochemical cell (biosensor) was developed in order to harness
the benefits of biodiversity in microbial
populations and in their metabolic functions, thus creating a variety of electrochemical cells suitable for applications
in varying environmental settings. The
biosensor was created using exoelectrogenic bacteria that survives on organic
matter in an anode and a phototrophic,
autotrophic, or sulfur-reducing bacterial consortium in the cathode—enabling
continuous transfer of electrons from one
compartment (anode) to the other (cathode) [14].

As shown in Figure 2, the oxidation-reduction potentials present in the marine,
sediment, and above-ground onshore
environments provide numerous opportunities for utilizing natural processes
to simultaneously detect and communicate hydrocarbon releases. Microbial
fuel cells (MFCs) have been used to run
and power remotely-operated biological oxygen demand sensors [17]. Sediment-based MFCs have also been used
for powering a meteorological buoy, wireless temperature sensors [18], and other
environmental sensors [19]. MFCs have
also functioned as power sources for remote sensors, digital wrist watches [20],
light-emitting diodes for internal lighting [21], and basic phone/smart phone
charging [22].

This arrangement generates a voltage
across a resistor which can be set or
tuned to identify possible contamination by hydrocarbon compounds. The
increased availability of organic compounds within the microbial biosensor
cell will generate high voltage spikes. A

To overcome the restricted lifetime of
batteries used in traditional, non-biological sensors, microbial sensor technology
can be used as a telemetry system that
transmits signals to remote receivers.
To develop an effective and reliable biological sensor based on this technology,

Our research approach is depicted in Figure 3. Three different types of immobilized microbial sensors will be developed
to adapt to deep marine saline and sediment environments as well as surface
and subsurface environments. These microbial sensors use exoelectrogenic bacteria (anode) as well as anammox and
microalgae (namely, Chlorella Vulgaris
sp. [cathode]) as anode and cathode
consortia [24-26]. The specific objectives
are:
• to develop centimeter-scale microbial
electrochemical cells (see Figure 3a)
suitable for marine/soil/surface environmental settings using various combinations of exoelectrogenic, autotrophic,
and phototrophic microbial consortia;
• to evaluate the performance of the biosensors in terms of voltage generation
potentials through the use of hydrocarbon- and petroleum-based compounds
(see Figure 3b);
• to optimize biosensor performance by
varying environmental settings, including pH, water depth, temperature, and
substrate/nutrient concentrations; and
• to develop a sensor platform using voltage-to-acoustic signal transfer, data
acquisition, and signal processing (see
Figure 3c).
Our mi crobi al bi osensor pr ot ot ype,
shown in Figure 4, was used to carry out
a series of experiments that build upon
the findings of our previous research on
biofilm development and experimental
procedures [27, 28]. After a stable biofilm had been produced in the biosensor
and a stable voltage achieved (under the
reference physiological settings), the unit
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was subjected to various concentrations
of gasoline (by volume/volume) in both
anode and cathode chambers in order to
mimic real-world conditions of a hydrocarbon release into the environment.
The microbial sensor ’s response to
various gasoline concentrations during
more than 1,000 hours of operation can
be seen in Figure 5. The first six experiments (represented by the blue columns
in Figure 5) were performed to allow for
the start-up and establishment of a stable
biofilm in both anode and cathode chambers; achievement of this is confirmed
by the voltage generated by the cell.
The maximum voltage (peak) produced
by the cell was 0.1201 V at a chemical
oxygen demand (COD) concentration of
500 mg/L. Three repetitive cycles were
conducted which yielded an average response value of 0.1151 V. The microbial
sensor was then subjected to a very low
concentration of gasoline with 10 percent
ethanol (0.04% v/v, shown in purple in
Figure 5). The response of the microbial
sensor remained the same, demonstrating that it was not sensitive to a very low
level of gasoline concentration.
In the next experiment, the gasoline concentration was increased by 2.5 times
(i.e., 0.1% v/v) from the previous experiment. The response of the sensor was
significantly affected by the gasoline, resulting in a 23 percent reduction in the
response (shown in green in Figure 5).
When the concentration was increased
by 10 times (i.e., from 0.1% to 1% v/v
ratio), the response was decreased by
37% from its original gasoline test level (shown in red in Figure 5). Following
these experiments, the microbial sensor was returned to its original condition (without the addition of gasoline).
Overall, a linear relationship was observed between the voltage response
and the gasoline concentrations of 0%
and 0.04%. An exponential relationship
was observed for the voltage response
between 0.04% and 1.0% v/v.
Another set of experiments was conducted at low COD concentrations to
understand the response of the microbial
sensor under low substrate conditions
(shown in purple in Figure 5). There was
a 57 percent reduction in voltage at 0.1%
v/v gasoline addition at a COD concentration of 30 mg/L. The sensor was able

Figure 5. Response of a microbial-microalgae sensor with respect to the varying COD (30
mg/L and 500 mg/L) and Gasoline concentrations (0-1% v/v).

to recover its voltage response when
the media was replaced with a low COD
wastewater without a gasoline addition.
A matrix of experiments is required to
further develop response relationships
to variations of hydrocarbon compounds.
For example, gasoline with 10 percent
ethanol, which contains a mixture of long
chain hydrocarbons, was used as a model compound in this research.
Diesel has a different composition, however, and a microbial sensor will exhibit
a different response when exposed to
it. Therefore, a series of experiments
and optimization studies are required to
develop a robust microbial sensor that
would produce stable and reliable responses when exposed to hydrocarbon
releases from a wide array of fuel types.

Future Perspective
The proposed microbial electrochemical
cell (biosensor) platform produces a voltage spike or sink in response to a certain
environment. Moreover, sensors using
different types of microbes can be used
to detect an array of target molecules.
Researchers have identified several microorganism groups that readily degrade
hydrocarbons, especially in aquatic and
marine environments [29, 30].
Recent research suggests that Alcanivorax borkumensis marine bacteria in particular are specialized in utilizing alkanes
for growth. Several other microorganisms

belonging to bacteria, yeast, and fungi groups have also been identified for
their potential to degrade crude oils and
hydrocarbons [29]. Several members of
these communities could be employed in
the microbial sensor platform to develop
a substantial and traceable response to
the availability of hydrocarbons.
While this is an attractive approach, little knowledge exists on this microbial
community structure and their function
in environments exposed to oil, gasoline,
or natural gas spills and leaks [31]. Future research efforts should focus on developing a deeper understanding of the
functional genes responsible for oil degradation in marine and soil environments.
If this knowledge is developed comprehensively, midstream petroleum companies, pipeline network operators, and
government and military leaders in the
homeland defense community may be
able to quickly, accurately, and precisely
respond to small hydrocarbon releases
before a rupture threatens economic, environmental, and energy security.
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