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Climate change is a critical environmental issue for this and
future generations. Natural and human-induced activities have
already warmed the global average surface temperature by 1.1°C.
There is international agreement that climate change requires an
immediate response before the planet reaches a point after which it
cannot recover. As the primary driver being a change in the earth’s
atmosphere, it is vital that companies, countries, and individuals
do whatever is possible to reduce this condition. Greenhouse gases
(GHG) are emissions including carbon monoxide, methane, sulfur
dioxide, fluorinated gases, nitrous oxide, and others which are
released into the atmosphere through both natural and industrial
processes [1]. They are linked to environmental pollution and
atmospheric temperature rise. Along with nitrogen, oxygen,
helium, and other gases, they envelop the Earth as a blanket.
GHG provides protection and predictable weather patterns
by allowing ultraviolet and infrared wavelengths to warm the
earth’s surface and then mediating its escape back into space.
Human activities, primarily through the combustion of fossil
fuels, have upset the balance of the natural system allowing for
an increase in atmospheric GHG. Due to an abundance of these
gases the atmosphere can hold more heat, thus increasing the
global temperature.

Carbon dioxide (CO,) is a gas of great concern due to its abundance
and robust emission profile when created through commercial
activities during energy production. Increased CO, emissions have
led to higher concentrations of it in the atmosphere. In 2021, CO,
accounted for near 80% of all U.S. greenhouse gas emissions.
Prior to expansive industrialization, and its compensatory rise
in fossil fuel demand, CO,, when released into the environment,
was absorbed by the forests and the oceans. As GHG output has
increased, the equilibrium between reabsorption and atmospheric
presentation has fallen out of balance.

With the environment having reached and surpassed its limit
for natural CO, absorption, Net Zero goals and methods are
being adopted to help diminish industrial GHG expression [2].

These methods encompass artificial reabsorption coupled with
technological improvements intended to reduce industrial CO,
expression. Achieving the desired Net Zero goals on an industrial
and global scale will require both primary and supplemental
technologies. Although large-scale commercial reductions are
vital, applying innovative science may be the most difficult to
implement due to technological adoption resistance and financial
costs. It is apparent that all industries need to look at the means to
reduce their energy waste through existing system improvement
by methods that can be implemented quickly and without
excessive costs. Typically, the energy savings and improvement
in functionality should compensate for the integration costs, thus
allowing for a net sum gain rather than expense.

Heat Exchangers are Industry’s low Hanging Fruit

A heat exchanger is a device that is used to transfer heat between
aprocess and a cooling fluid during an industrial application. The
term “thermal manipulation” best describes what a heat exchanger
does. Although simplistic in design, their operational condition
can significantly impact the day-to-day energy consumption of an
industrial process and its carbon footprint. It is not their function
but rather their malfunction, due to processes such as fouling, that
heat exchangers can affect CHG emissions and energy expenditure.

Heat exchangers are foundational devices found in large numbers
in all industries including nuclear power, chemical production,
petroleum refining and propulsion generation. Typically robust,
they are designed to compensate for potential inefficiencies
to minimize excessive downtime or diminished functionality.
Exchanger parameters to be considered for optimum function are
exchanger size, plate surface area and importantly, cooling water
flow characteristics. Unfortunately, even though sufficient design
margins are anticipated, certain conditions, such as cooling water
fouling (as seen in figurel), can elicit increased energy draw and
thus excessive GHG. The results of this degrading functionality
are expressed through reduced heat transference and increased
back pressure within the cooling water system.
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Figure 1: Biological Foul Formation

For a heat exchanger to function efficiently, it requires clean heat
transfer surfaces and unimpeded cooling water flow. Fouling
occurs when contaminants within the cooling water adhere and
solidify on heat transfer surfaces and in flow spaces. This condition
begins immediately after a clean heat exchanger is brought
online. Although not immediately apparent, as foul formations
increase in density or dimension, there is an ever-decreasing
function expressed by the exchanger. Each exchanger requires
a specified cooling water volume, speed, and pressure to ensure
heat extraction. This is not achieved if there is impeded flow space
or misdirection away from heat transfer surfaces. Obstructions
reduce flow volume which causes increased back pressure across
the exchanger. Furthermore, on heat transfer surfaces, the foulants
function as thermal insulators reducing the transfer of heat from
one fluid to another. Sensors will demand greater water flow
from the cooling water pump as a response to a temperature and
pressure rise. To compensate, the pump increases water output
necessitating increased energy draw. This energy is typically from
a source that uses fossil fuel combustion for electrical energy
production. Even a small, incremental rise in pump demand due
to foul formation can often translate to measurable increases
in GHG generation (see figure2). There is an ever-increasing
decline in function (and corresponding increase in energy draw)
that continues until an acute condition, such as total malfunction,
requires an emergency disassembly. Unfortunately, due to the
importance of a heat exchanger within a process system, they are
not readily taken offline to clean and are typically tolerated until
and when an issue arises.

Increasing biofilm thickness produces
additional CO,
(assuming thermal conductivity of biofilm = static water)
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Figure 2: Correlation between the Biofilm Thickness Atmospheric
Release of CO,

The above graph is from one of the many papers that have

indicated the relationship between heat exchanger fouling and

its environmental impact [3,4]. The paper concluded the following.

»  “...the presence of unwanted deposits on heat transfer surfaces
in power station steam condensers can increase the discharge
of greenhouse gases. The extent of the increase is of course
dependent upon the thickness of the deposit.”

*  “The loss of heat recovery and the additional energy for
pumping represent a loss of thermal efficiency. When fuel
combustion supplies energy, additional greenhouse gas
emission will result.”

For decades, industry has borne the financial expense and
challenges presented by heat exchanger fouling because of the
difficulty of remediation or prevention. It was understood that
there was a fiscal impact of maintenance, repair, excessive energy,
and loss of process which could reach .25% of an industrialized
country’s GNP due to fouling [5]. These challenges were tolerated
since the results of these inefficiencies were only felt by the facility.
It was the advent of climate change and an understanding that each
malfunctioning heat exchanger offers a compounding impact on
environmental global events. It is now universally accepted that
there is a need to reduce GHG expression from industrial process
systems by utilizing a sustained method to prevent fouling in heat
exchangers.

Nanobubbles

Nanobubbles (NBs) are nanoscopic gaseous structures having a
diameter of less than two hundred nanometers that can exist in
liquids or interact or attach to submerged surfaces. They are of
great interest for industrial and medical real-world application in
that they offer longevity and stability in water while providing
high gas transfer rates [6]. They undergo Brownian motion within
a fluid which is the random dispersal of particles suspended in
a medium. Unlike macro or micro bubbles that will rise and
coalesce, this pattern is comprised of random movement by the
bubbles in all directions within a fluid and vessel. This enables
them to continuously stimulate physical, biological, and chemical
interactions between the bubble surfaces and components within
the fluid through contact, electrostatic interaction, or penetration
[7]. It is this capability that has been shown to induce the removal
of fouling mineral sites on surfaces and cause free floating
fouling agents to not bind [8,9]. This motion also provides for the
volumetric presentation of the bubbles throughout a fluid stream
and due to their size a much greater surface area than microbubbles.
These capabilities were evident at a study performed to alleviate
pitting caused by sulfate-reducing bacteria at the Three Mile
Island Nuclear Power Station where NB presentation reduced and
eliminated surface foul [10]. Furthermore, NBs have been used
to clean stainless-steel surfaces of foulants which are commonly
found in many fluids borne industrial processes [11].

In recent years, there has been an ever-growing interest on how
nanobubbles have an effect on heat exchanger function and fouling.
This is a logical extension from the prior research performed that
indicates micro and/or macro bubbles will have a foul inhibiting
effect within heat exchangers, improve heat transfer and disrupt
biofilms [12-14]. Unfortunately, the presentation of larger bubbles
into a flow stream can create conditions that are deleterious or
non-productive within a system. Bubbles will coalesce within a
horizontal flow stream thus reducing or eliminating the potential
for lower or side pipe surface interaction. Furthermore, air pockets
can occur within a high point or pipe bend which can influence
fluid flow creating back pressure. Dependent of system design, if
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these bubbles are introduced prior to a pump, they could interfere
with pump function or create cavitations potentially causing
damage. Although the presentation of air micro or macro bubbles
may be offered as a dynamic system purge, it will not provide for
the benign, systemic benefits that NBs may offer.

As previously mentioned, fouling is an insidious condition that
begins immediately after a newly cleaned system is brought back
online. Therefore, it is imperative that an anti-fouling technology
be utilized that would operate during heat exchanger function and
NBs may hold promise. There are numerous studies that indicate
that NBs are capable of foul remediation through their interaction
with crystalline fouling structures and the inactivation of microbes
within biofilms [15,16]. Although NBs may have foul remediating
or preventative capabilities, they may also maintain or improve
heat transfer through varying means such as the creation of wake
zones, disrupting insulating foul formations and increasing the
thermal conductivity of a fluid [17,18]. It has been shown that NBs
can allow for more efficient heat transfer through the disruption of
boundary layers and the creation of micro-convections within the
fluid. When presented into a fluid, NBs have led to improved heat
transfer rates when compared to a fluid without nanobubbles [19].

For small-scale scientific investigation or low volume applications,
the method of nanobubble creation is determined by the bubble
size desired. To generate nonspecific high-volume bulk fluid
nanobubbles for use in large commercial applications various
methods have been utilized [20]. These may include liquid flow
generators that use membranes, static mixing, swirling liquid
flow, shearing and pressurized dissolution to create nanobubble
emulsions of significant density [21]. These techniques for
nanobubble creation require water flow manipulation or excessive
energy use. Alternating magnetic fields, vapor infusion and other
benign methods can create dense emulsions of NBs continuously,
without excessive expenditure of energy or water [22,23].
Regardless of method chosen, the unique characteristics of NBs
present themselves as a potential means to reduce the impact of
fouling.

The Important Role of Heat Exchangers on Net Zero Goals
The ever-growing global concern about excessive expression of
GHG into the atmosphere, particularly from industry, has begun
arevolution whereby corporations are becoming environmentally
aware. Due to external forces such as public acceptance and
financial pressure, companies utilize tools, such as their ESG
score (in which “E” stands for Environmental) to identify the
potential areas of improvement. The relevance of ESG reporting
has grown as investors and other corporate stakeholders desire to
invest in or work with companies that wish to undertake the current
environmental, economic, public health and social justice crises.
Additionally, ESG reporting provides a roadmap offering guidance
to the public and consumers by which to measure the company’s
environmental and social stance. Consumers are now driven by
how and where a product is manufactured and that process’s
impact on the environment. An unbiased source available to those
concerned about registered ESG ratings is the CDP (the Carbon
Disclosure Project) which is a non-governmental organization
that focuses on environmental factors.

The environmental portion of a company’s ESG score reflects its
carbon footprint, energy efficiencies, greenhouse gas emissions,
waste management and water usage. This portion identifies how
a company performs as a steward of the physical environment
and its use of innovation. This is vital since climate change and

Net Zero goals figure very prominently in ESG discussions and
application. This score will illuminate a company’s utilization
of natural resources and the effect that their operations will have
on the environment, which is of great concern to all populations
and generations. The relationship between industrial actions and
global warming has become obvious. The increased frequency
of weather-related events like wildfires, hurricanes, floods, and
heatwaves is apparent on social media and newscasts. Of significant
importance therefore is industry’s integration of innovative and
technologically adept methods that can impact GHG expression.
The race to achieve Net Zero CHG emissions has begun with an
internationally agreed upon goal for mitigating global warming
by the second half of the century. The Paris Agreement concluded
that it could be achieved by net zero emissions of CO2 by 2050.
To achieve this, industry will need to look at all aspects of their
process systems and uncover not only the cutting edge but also
the mundane GHG savings that may offer significant impact.

The correlations between heat exchanger function, its energy
use and greenhouse gas expression are clear. Although there are
numerous methods to reduce a company’s carbon footprint, none
are as direct as the improvement in function of a benign device
such as the heat exchanger. The Yale School of Environment
states that “Every bit of waste heat recycled into energy saves
some fuel.” Thermal management is one of the key indicators
of environmental stewardship. Integrating technology that offers
improved heat exchanger sustainability and functionality can help
allow a company to claim ESG leadership. It is obvious that the
costs associated with complying with many Net Zero goals can
be daunting, so it is vital to integrate those technologies that offer
the best, most easily attainable results. Improving heat exchanger
performance does this while achieving meaningful energy and
carbon savings, continually, without excessive intervention or
costs and should improve the Innovation portion of a company’s
Environmental ESG score.

Author’s Note

As mentioned within the paper, global warming and carbon
dioxide expressions have an insidious, generational impact.
While researching and writing this paper it was vital that the
younger generation have both input and review. I relied upon
their passion and concerns to understand the urgency presented
by global warming.

For information regarding vapor infusion please reach out to the
author.
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