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B Introduction

The world faces extreme environmental issues such as cli-
mate change and energy depletion. These issues can be solved
by progressively replacing fossil fuels with clean or renewable
energy like hydrogen, solar, wind, waves, etc. However, some
of these types of energy are either unstable or not efficient
enough for people to rely on them fully. Solutions include
improving the generators used and the power grid to make re-
newable energy a reliable source of electricity. The first solution
seems more practical, so this research focuses on what genera-
tors to use for solving the problems mentioned. After reading
and analyzing documents, linear generators appear to be a po-
tential candidate for complementing renewable energy. They
can power up quickly whenever renewable energy sources are
down, making them more reliable.

Linear generators resolve the problems mentioned above.
They are stable and efficient, run on clean energy, produce zero
carbon emissions when running zero-carbon fuels, are stackable,
and do not depend on weather.! However, few people realize
the existence of the linear generator and even fewer know its
merits. This paper aims to compare mainstream electricity gen-
erators with linear generators to see how they compare with
available data. This comparison would permit an analysis of
whether linear generators could contribute an important new
generation solution to the energy crisis and climate change and
inform people of the linear generator’s potential.
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Figure 1: Electricity source (Ember, 2023).2

Figure 1 is a graph of fuel sources used to generate electricity.
In 2022, 61.23% of global electricity was generated by fossil
fuels: 35.55% from coal, 22.50% from natural gas, and 3.18%
from other fossil fuels. 29.59% of global electricity came from
renewable energy: 4.55% from solar, 9.19% from wind, 14.99%
from hydrogen, 2.38% from bioenergy, and 9.19% from nucle-
ar.? Most electricity comes from fossil fuels like coal, natural
gas, gasoline, etc. This shows that the world is far from a de-
carbonized world and there is a need to shift electricity sources
from fossil fuels to renewable energy.

Fossil fuels used in the present:

The principle of fossil fuel generators is that fuels like coal,
natural gas, diesel, gasoline, and propane are burned to create
steam or other kinetic energy. After combustion, they spin a
shaft connected to the turbine and generator. The generator
will then start producing electricity through magnetic induc-
tion.>”

Fossil fuels have the advantages of being easy to store and
transport and being more stable. However, they have disad-
vantages such as they pollute the environment throughout the
obtaining and using process, are explosive, and will deplete one
day. Specifically, oil will last 50 years, natural gas 53 years, and
coal 114 years.*’
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Clean energy used in the present:

Clean energy includes solar, wind, and hydrogen energy,
among other more experimental sources.® While solar energy
has the advantages that it costs little to operate and maintain
and produces little carbon dioxide, it has the disadvantage that
it highly depends on the weather.”® Solar energy is produced
when the sun shines onto a solar panel, and energy from sun-
light is absorbed by the photovoltaic cells in the panel. This
energy then creates electrical charges that move in response
to an internal electrical field in the cell, producing an electric
flow.1!

Wind energy has the advantage of low operating cost;
however, the disadvantages include the turbines being visual
pollution, producing noise, and being costly. Also, the location
of wind turbines is limited.'*"3 The process of how electricity is
produced by wind is that wind turns the propeller-like blades
of a turbine around a rotor, which spins a generator, generating
electricity.*

Hydrogen fuel cells produce electricity by combining hydro-
gen and oxygen atoms and reacting across an electrochemical
cell to produce electricity, resulting in water and small amounts
of heat.” While other renewable energy sources exist, this pa-
per will limit the discussion to these three because they are
currently the most proliferated and promising.

Linear generator:
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Figure 2: Linear generator (Svrek, 2023).*
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The linear generator is a newer and less well-known re-
newable energy technology that recently entered the market.
Figure 2 is a diagram of the linear generator’s components.
Linear generators are a kind of generator whose oscillators,
containing magnets, run in a linear direction with an air spring
on both sides. This is in contrast to traditional generators that
have turbines that spin in a circular motion.

First, fuel and air enter a closed chamber with movable end
walls. Next, those end walls move toward each other, compress-
ing the mixture of fuel and air. As this happens, the molecules
within the mixture collide faster until they break apart and
reform into different molecules, releasing the energy stored in
their chemical bonds. That energy causes the new molecules
to collide even faster and more often, not just with themselves
but also with the chamber’s walls, raising the pressure in the
chamber.’ The air springs on the two sides will be pressured
after the first reaction, pushing the oscillator toward the mid-
dle and compressing the fuel entered from the ports. The
oscillators, which have magnets attached to them, will then
move back and forth with the help of air bearings that reduce
friction. The horizontal copper coil surrounding the container
to the oscillator will generate electricity while the oscillators
move back and forth due to magnetic induction. Outside of

this chamber, the control computer controls the input of fuel
to allow linear generators to work optimally.!

Linear generators, compared to traditional generators, have
a lot of advantages. First, linear generators can run on various
tuels, including green hydrogen, green ammonia, biogas, etc.
This versatility means that cleaner, more affordable options
can be easily swapped in depending on market conditions.
Second, when running on zero-carbon fuels, they do not pro-
duce carbon emissions and nearly zero nitrogen oxides. Third,
their efficiency is relatively high. Fourth, linear generators do
not burn fuels as they work in a flameless environment, thus
avoiding the creation of significant nitrogen dioxide. Fifth,
because of their low emissions, small size, and ease of por-
tability, they do not have the typical location dependency of
other power generators. Linear generators are also different
from other equipment for renewable energy like solar panels
and wind turbines. Instead of turning natural energy sources
like the sun or wind into electricity, linear generators consume
fuels and turn them into electricity. As a result, they have the
advantage of being stable as they are not weather-dependent.!

The linear generators discussed in this paper are made by
Mainspring Energy, Inc. Mainspring is a company aiming to
allow its commercial and industrial customers to use 100% re-
newable fuels with the ability to integrate onsite generation and
grids by designing innovative products. Moreover, it has con-
ducted and studied several environmentally friendly projects
to speed up the process of reducing emissions and increasing
resilience. According to a spokesperson of Mainspring, “The
likely users are commercial and industrial businesses such
as grocery stores, cold chain distribution centers, fleet EV
charging facilities, biogas-producing facilities like wastewater
plants, landfills, and dairies, as well as larger users like data
centers and very large utilities.”"’

B Methods

This paper aims to showcase the traits and data of several
common generators and compare them to linear generators.
Thus, the methodology used in this paper is reviewing, com-
bining, and comparing existing documents from websites and
literature. For fossil fuels, this research compared coal, natural
gas, diesel, gasoline, and propane. For renewable energy, this
research compared solar, wind, and hydrogen as they are the
most commonly used fuel or source of clean energy. As for
what metrics to compare, capital cost, efficiency, carbon emis-
sion, combustibility, and weather dependency are included.
Capital cost affects the consumer’s choice of purchase. Effi-
ciency determines the level of emissions and can also affect
the amount of fuel used and its overall cost. The efficiency
discussed in this paper is fuel efficiency, which is the amount of
electricity output theoretically divided by the electricity output
in reality. Carbon emission is also considered since the world’s
trend is to become carbon neutral. When using each generator,
it is necessary to indicate how harmful carbon emissions are to
the environment. Combustibility correlates to safety concerns
and carbon emissions, especially when using generators that
run on traditional fossil fuels. Safety is always a priority, mak-
ing it an indispensable factor to consider. Weather dependency
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could affect its effectiveness based on the region the generators
are in and affect the amount of energy loss through transpor-
tation. The data used in this research was filtered from reliable
websites. When there were two or more data from different
websites, the one with a more detailed calculation process was
chosen. When data were provided in different units, they were
standardized wherever possible.

Some information was obtained by interviewing experts
Sumedha Weerasuriya and a spokesperson of Mainspring for
more detailed information. Weerasuriya joined Mainspring
nine years ago as a mechanical engineer and is familiar with
the workings of the linear generator. Findings are reported in
Table 1 of the next section.

B Result and Discussion
Table 1: Comparison of electricity generators.

Generator Capital cost | Efficiency | Carbon Combustibility Weather
emission
(USD) dependency
(g/kWh)
Linearts= Unknown 45% 0g/kWh Non- Not dependent
combustible
Fossil Fuels
Coalnzx 1.8m-4.5m 33% 388g/kWh Combustible Not dependent
Natural gas 2200-25000 | 19% 177g/kWh Combustible Not dependent
Dieselzssx 3200-24000 | 27% 1270g/kWh Combustible Not dependent
Gasoline 500-3200 19.3% 240g/kWh Combustible Not dependent
Propane 2200-21000 | 22.3% 211g/kWh Combustible Not dependent
a (whole-
house)
Renewable Sources
Solar panel 3000- 15-20% 50g/kWh Non- Depends on
4000/kW combustible sunlight
(first year)
Wind turbine=» 800-950/kW | 30-50% 11g/kWh Non- Depends on wind
combustible
Hydrogen fuel 360-520/kW | 40-60% 0g/kWh Non- Not dependent
cellisszs combustible

Table 1 shows how current electricity generators compare
with each other. Coal plants are the most efficient among fos-
sil fuel generators but still less efficient than linear generators.
However, coal plants are carbon-intensive because they emit
the second most carbon emissions every kilowatt hour. In con-
trast, natural gas generators are the least efficient. Nonetheless,
they produce only 46% of the carbon emissions that coal plants
produce every kilowatt hour. Solar panels are the least efficient
among the renewable energy generators and have similar effi-
ciency as natural gas and gasoline generators. This implies that
solar panels can replace natural gas and gasoline generators
while maintaining the electricity output in regions with suffi-
cient sunlight. Hydrogen fuel cells have the highest efficiency
among all electricity generators in the comparison and are al-

most two times more efficient than most fossil fuel generators.
They are also more efficient than linear generators and do not
produce carbon emissions as well. Hydrogen would be an op-
timal choice for a decarbonized world if storage systems and
electricity transmission are not considered.

Regarding the linear generator, the following compari-
son section is divided into two sections: linear generators
compared with fossil fuel generators and linear generators
compared with renewable energy generators. This can better
indicate whether linear generators are worth using before and
after global decarbonization.

Compared with fossil fuel generators, linear generators have
the highest efficiency, while natural gas generators have the
lowest. This indicates that linear generators can produce more
electricity with the same amount of fuel input. As for carbon
emissions, linear generators have no carbon emissions when
running zero-carbon fuels. Meanwhile, traditional fossil fuel
generators emit various amounts of carbon dioxide, with die-
sel generators emitting the most. Linear generators work in a
flameless, low-temperature condition while every other fossil
fuel generator works in a condition that produces flame as they
go through combustions when producing electricity. This in-
dicates linear generators provide a safer working environment.
To summarize, linear generators have many advantages over
fossil fuel generators: high efficiency, zero carbon emission, a
low-temperature, flameless reaction, and the ability to run and
switch among multiple fuels, making it a better option than
fossil fuel generators.

Compared with renewable energy generators, linear gener-
ators rank second in efficiency, while hydrogen fuel cells have
the highest. As for carbon emissions, all produce either zero
or a small amount of carbon emissions that could be ignorable
compared to fossil fuel generators. Only hydrogen is flamma-
ble among the three renewable energies, causing more concern
about its production process. To summarize, linear generators
are not exceedingly prominent in their efficiency while having
the merits of all other renewable energy generators. Addition-
ally, they do not depend on the weather.

Based on the result, linear generators outcompete fossil fuel
generators. They are on par with renewable energy generators
on most metrics evaluated, showing their potential to replace
existing generators after being introduced to the public. The
only gap in this research is whether the capital cost of linear
generators will hinder their wider use. According to a spokes-
person of Mainspring, preliminary estimates show that the
linear generator is similar in cost to a traditional generator.
However, it is still too soon to have an accurate estimate be-
cause the pricing of linear generators is very new and changes
across regions of the world, over scale, type of purchase, and
over time. Still, this early indication implies that capital cost
will not be a linear generator’s future disadvantage. In sum-
mary, linear generators are the better option than fossil fuel
generators in this paper as they are more efficient, environ-
mentally friendly, and safer.

Next, how do linear generators compare with tradition-
al renewable energy generators? Linear generators are not
weather-reliant, unlike solar panels and wind turbines that
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only function effectively in areas with consistent sunlight and
wind in moderate climates. However, linear generators are
a highly viable complement to renewable energy generators
rather than a competitor given the sheer amount of clean ener-
gy needed. They can track solar and wind power and instantly
ramp up to generate the required power as other sources of
power decrease, making them an optimal option to make up
for the disadvantages of renewable energy generators.

The result seems to support the idea that hydrogen fuel cells
are the better option. However, that would not be the case if
electricity transportation and fuel storage were considered.
Hydrogen fuel cells run on hydrogen, which requires a storage
system with huge volumes to store hydrogen in gaseous form,
and the storage system is expensive.* The storage system cost
is 0.0042/kWh per day.*” Though it may not sound like much,
the global electricity usage in 2021 was 25343 billion kWh.*®
This means that if the world uses 100% hydrogen throughout
2021, approximately 29 million USD would have had to be
spent a day to store hydrogen, making it unrealistic. Moreover,
it hydrogen fuel cells are stored far from electricity-demanding
areas, the electricity will decrease due to energy loss through
transportation across transmission lines. To show that energy
loss should not be underestimated, during a 100 km transmis-
sion, 0.7%-1% of energy is lost.*” California, for example, lost
about 1.97 x 10 kilowatt hours of electrical energy (6.8% of
the total amount of energy used in California the whole year,
worth approximately 2.4 billion USD) through transmissions
and distribution in 2008.* Linear generators, in contrast, are
connected by fuel lines or tanks, allowing them to be installed
where the electricity demands are. This not only saves the
expense of the expensive storage that hydrogen needs, since
linear generators run on many fuels other than hydrogen, but
also minimizes the electricity loss through long-distance trans-
portation. Added to its flameless safe working condition, linear
generators could be a better option than hydrogen fuel cells.

One drawback of the linear generator is that it currently
exists only in commercial sizes. According to a spokesperson
of Mainspring, “Mainspring’s linear generator is not designed
for individual residential use at a single home or a small store.
However, it is conceivable that a smaller-scale linear generator
could be designed for these smaller-scale uses. Some people
have even theorized about using smaller scale versions for au-
tomotive uses like cars and trucks.” Perhaps in the future, with
more technological advancement, the linear generator can be
used individually, similar to the progress seen with solar ener-
gy technology. Another disadvantage of the linear generator is
that it is as clean as the fuel it consumes. If the process of pro-
ducing its fuels, such as pure hydrogen or ammonia, is carbon
intensive, then the electricity produced by the linear generator
is less environmentally friendly overall. Luckily, much progress
is being made to produce cleaner fuels that the linear generator
can consume, such as producing green hydrogen using elec-
trolysis from renewable energy rather than burning fossil fuels.

B Conclusion
In pursuit of producing less harm to the environment and
maintaining the stability of electricity, linear generators have

the potential to be broadly used. Linear generators have several
advantages: high efficiency, produce zero carbon emission and
nearly zero nitrogen oxide emission, have a flameless electric-
ity generating process, are not weather dependent, and do not
require a storage system. Based on the results, linear genera-
tors could be a potential solution toward a decarbonized world
while ensuring a stable electricity source, which makes it worth

being noticed by the public.
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