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1 Introduction

1.1 Muon g-2 Experiment

The MC-1 building is a laboratory building located at
Fermilab that is the home to the Muon g-2 experiment.
The goal of the project is to measure the muon mag-
netic anomalous moment to a precision of 140 parts
per billion (ppb). This is an unprecedented endeavor
that will allow for a high precision comparison of the
standard model’s prediction and experimental value of
the muon magnetic anomaly. If the difference is statisti-
cally significant this could mean there is undiscovered
physics beyond the standard model.
A muon (µ) is an elementary particle and is part

of the lepton classification in the standard model of
physics. Muons are very similar to electrons in that
they both have an electric charge of −1 and a spin
of 1

2 . One major difference between electrons and
muons is that muons are about 207 times heavier. The
muon magnetic anomalous moment is defined as aµ =
g−2
2 where g is the muon’s gyromagnetic ratio or “g-

factor”. This number is essentially a measure of the
muon’s precession frequency when in the presence of
a magnetic field. Physicist can measure the muon’s
g-factor to a very high precision and have found it to
differ from 2 by about 0.1%. This difference is what
the muon magnetic anomaly represents and is where
the g-2 project gets its name.
To experimentally measure the muon magnetic

anomaly, the g-2 experiment sends a group of polar-
ized muons into the storage ring via the inflector. Once
inside the ring these bunches of muons are accelerated
and subjected to a magnetic field of about 1.45 T. To
store the muon beam onto the central orbit for mea-
surements to be taken, three electromagnetic kickers
provide pulses of high voltages to the beam to “kick” it
onto the desired orbit. Four quadrupoles provide verti-
cal focusing of the beam to keep muons from spiraling

out of the ring under the presence of the magnetic field.
Calorimeters, trackers, and other detectors found along
the ring measure the energy, momentum, and other
properties of the muons and other decay particles. The
major components of the storage ring can be found in
Figure 1 [2].

Figure 1: Layout of the storage ring showing the location of the
kickers (blue), quadrupoles (red), and calorimeters
(labeled C)

1.2 Energy Audit

An energy audit is an assessment of a building’s energy
consumption. These audits are performed to track a
buildings energy usage to determine any ways to im-
prove the energy efficiency of the building. They pro-
vide many benefits that include a reduction in energy
costs and carbon footprint, an increase in equipment
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life as well as an improvement in comfort for building
occupants. The typical steps in an energy audit are
detailed below.

• Data Collection

This is the stage where you gather all historical en-
ergy consumption data as well as any information on
equipment inventory.
• On-site Visit

Here is where you visit the building location and col-
lect information on the building specifications like the
square footage, construction material, and more. Un-
fortunately, because Covid-19 I was unable to visit the
site and do an inspection, but I still collected as much
information as I could for this step.

• Analyze Data

The next step is to analyze the data and determine a
breakdown of the energy consumption by system.

• Propose Recommendations

After doing the analysis it is now time to propose a list
of any recommendations on how to improve the energy
efficiency of the building.

• Report Results

Once all the other steps are completed all the informa-
tion from the audit is compiled into a report

2 Methods

To collect historical data on electricity consumption
the Power Monitoring Expert or PME tool was used and

access to this tool was provided by the FESS depart-
ment. This tool allows FESS to monitor the electricity
consumption of all Fermilab buildings, separately, on
an hourly basis. This hourly data is only available for
24 hours and after that period historical electricity con-
sumption can only be seen for daily usage. Figure 2 is a
screenshot of the PME tool showing the daily electricity
consumption of MC-1 for 2019 shown in light blue and
the 2020 consumption shown in dark blue.
Natural gas consumption was obtained from the on-

site gas meters that are manually read monthly. The
FESS department provided those totals. The g-2 exper-
iment’s eLog was also used to determine the buildings
daily operation conditions. This allowed the opportu-
nity to see when the experiment was collecting data
and all equipment was running and when the experi-
ment was shut down and certain subsystems were off.
The different running conditions could then be com-
pared to determine what the energy consumption of
each subsystem is. This step was vital for creating the
energy consumption breakdown for the building.
Often times energy consumption of a building is

compared to local weather data to gain a better under-
standing of the heating and cooling needs of an area
during the analyzation period. To access this data, the
National Oceanic and Atmospheric Administration’s cli-
mate and weather search tool was used. The weather
data was then used to determine degree days of a re-
gion which is what is used to compare against energy
consumption. Degree days measure how hot or cold
a location is by comparing the average outdoor tem-
perature to a standard temperature of 65 °F. The more
extreme the outside temperature is, the higher the
number of degree days.
The two types of degree days are heating degree

days (HDD) and cooling degree days (CDD). A heat-

Figure 2: PME tool
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ing degree day is calculated by subtracting the outside
temperature from 65 °F. These days primarily occur
during the winter when heating of a building is neces-
sary. Cooling degree days are the opposite of heating
degree days and are calculated by subtracting 65 °F
from the outside temperature. These are days that
primarily occur during the summer months when air
conditioning is necessary. Generally speaking, a high
number of degree days typically results in higher levels
of energy use for heating and cooling.

HDD = 65°F − Toutside

CDD = Toutside − 65°F

3 Results

3.1 Building Description

The MC-1 building completed construction in 2014 and
has an area of around 13,461 square feet. The building
has two floors and a basement where the main ring is
located. Figure 3 is a view from the first floor looking
out into the basement without the ring there during
construction. Figure 4 shows the basement with the
ring in place. Figure 5 is a shot of the exterior of MC-1.

Figure 3: View from the High Bay out into the basement

Figure 4: Basement with ring in place

Figure 5: Exterior of MC-1

3.2 Lighting Subsystem Description

Information on the lighting subsystem was obtained
during the data collection portion of the audit. The
lighting fixture schedule is shown in Figure 6 below.
The majority of the lights used at MC-1 are basic fluo-
rescent lights, compact fluorescent lights which are a
more efficient version of normal fluorescent lights, and
metal halides. In addition, there is one LED used at
MC-1 and it’s for an exit sign. LEDs are the most effi-
cient bulb type while metal halides are the least. This
information was very useful, and is what allowed for a
more in-depth analysis of this system for the audit.

3.3 Energy Consumption Analysis

Monthly electricity consumption for MC-1 for 2019
versus cooling degree days and heating degree days
was determined and the results are shown in Figure
7. The green bars represent the monthly electricity
usage while the blue line shows the cooling degree
days and the red line shows the heating degree days.
Summer shutdown for the experiment happens from
mid-July through September. The decrease in electric-
ity consumption that occurs during these months is
due to the shutdown where electricity demand drops
off significantly since most of the equipment needed
for data collection are turned off. This is not due to
changing heating and cooling needs during the sum-
mer and therefore had no correlation with the decrease
in heating degree days.
Monthly natural gas usage for MC-1 for 2019 also

compared to cooling degree days and heating degree
days is shown in Figure 8. Here it is seen that natural
gas is only used during the fall and winter months
from November to March. This graph does show a
correlation between heating degree days and natural
gas usage since it’s during the same period that heating
degree days rise, and natural gas usage also rises.
MC-1 used a total of 1,006,158 kWh of electricity

and 145 therms of natural gas in 2019. To estimate the
total utility costs spent in 2019 for MC-1, an overall site-
wide average cost of $0.0467/kWh for electricity and
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Figure 6: Lighting Fixture Schedule for MC-1

Figure 7: Electricity consumption for MC-1 for 2019 vs. CDD
and HDD

$0.32/therm for natural gas were used. Using these
values, the total utility cost came out to be $47,033.98.
These totals are shown in Table 1.

Table 1: MC-1 Energy Consumption Totals and Intensities

MC-1 Energy Consumption
Electricity
(kWh)

Natural Gas
(therms)

$ Energy

1,006,158.00 145 $47,033.98

kWh/sq.ft. therms/sq.ft. $/sq.ft
74.75 0.01 $3.49

While these raw totals can be helpful, it’s best to
look at these values in terms of their intensities. Using
just the raw totals of energy consumption to compare

Figure 8: Natural Gas consumption for MC-1 for 2019 vs. CDD
and HDD

buildings or to measure energy efficiency does not take
into account building size and use. The use of energy
intensity indicators provides the ability to equalize the
way that energy use is compared between different
types of buildings and to evaluate the means of reduc-
ing overall energy consumption. The bottom row of
numbers in Table 1 gives energy intensity values for
MC-1 by dividing the energy consumption and costs
by the area of the building. Lower energy intensities
are better because this means the building is using less
energy per square foot.
It’s useful in an energy audit to see how the building

being audited compares to other buildings that have
a similar purpose. To make this comparison, a tool
called Target Finder provided by ENERGY STAR was
used. The tool allows one to input building information
of the audited site to see how it compares to other
similarly classed buildings. Since MC-1 is considered a
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laboratory, it was compared with the national average
of laboratories in the U.S. Figure 9 shows these results.
On the left side of the graph we see MC-1’s energy use
intensity or EUI and estimated greenhouse gas (GHG)
emissions. On the right are the same values but for the
median laboratory in the U.S. It is seen that MC-1 has
a lower energy intensity and emits about 33.7% less
greenhouse gases than the median lab. This puts MC-1
in a great position.

Figure 9: MC-1 vs other U.S. Laboratories

The pie chart shown in Figure 10 gives an estimate
of the how the energy is used in MC-1. The energy
used for process includes all the components necessary
to power the ring and collect data. This makes up al-
most 39% of the energy used. The lighting subsystem
accounts for almost 1% of the energy used. The cat-
egory “HVAC and other” which includes subsystems
like the DAQ make up around 60% of the consumption.
This category includes all the subsystems that could
not be teased using the eLog. To breakdown the en-
ergy consumption of MC-1 even further, more detailed
information on equipment wattage ratings would be
required.

Figure 10: Energy consumption breakdown by subsystem

Heating, ventilation, and air conditioning (HVAC)
as well as lighting provide opportunities for energy
efficiency improvements, although these are limited,
since these systems must still operate at levels that do
not disturb the main purpose of the building which
is running the g-2 experiment. But the equipment
can still be improved to become more energy efficient
which can provide savings.

3.4 Energy Reduction Proposal: LEDs

I recommend that MC-1 replace the existing lighting
equipment with LEDs. LEDs are much more energy
efficient than fluorescent and metal halide lamps and
would reduce yearly energy costs if used. To deter-
mine these potential savings, estimates of how much
money MC-1 currently spends on lighting each year
were first determined. Next estimates of how much
MC-1 would spend yearly if LED alternatives were used
were determined. Some assumptions made to make
these estimates were that all lights in the building are
on for 16 hours a day, 365 days a year and the price
of electricity remains constant. The LED alternatives
used for this analysis could replace the current bulbs
without having to change any of the current fixture
equipment. This reduces the cost of implementing this
proposal down to just changes in material costs for the
LED bulbs. The results of this analysis are that MC-1
could reduce its current lighting consumption down
from 7634.63 kWh and $356.54 to 2918.25 kWh and
$136.28. This is a reduction of about 62%. Table 2
summarizes these results.
If MC-1 were to replace the current lighting with

LEDs they could reduce their annual electricity con-
sumption by 4716.38 kWh. The annual material costs
would increase by $1.83 per year since the LED replace-
ments are more expensive than the current bulbs, but
they would reduce their energy costs by $220.26. In
the end they would be spending $218.42 per year less
on lighting. Further research into this proposal showed
that normal LEDs do not perform well in high radiation
areas. Radiation hardened LEDS would be needed for
high rad areas in MC-1 which is the main ring area,
but for common areas, regular LEDs should still be a
suitable alternative. Rad hard LEDs are currently being
researched and manufactured and a recent paper on
this subject was published by CERN that looked into
designing rad hard LEDs for accelerator tunnels [1].

4 Conclusion

The recommendation proposed to replace existing
lighting equipment with LEDs would reduce MC-1’s
electricity consumption for lighting by 62%. It should
be noted that radiation hardened LEDs would be nec-
essary for high rad areas in MC-1. Further RD on this
technology provides a new exploration into green de-
signing that would allow more businesses and entities
the opportunity to be more environmentally friendly.
While only one energy savings recommendation was

evaluated and proposed, an in-depth analysis into the
energy consumption of other subsystems at MC-1 could
provide more opportunities to reduce the building’s
energy consumption and make it more energy efficient.
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Table 2: Current lighting system electricity consumption vs LED alternative electricity consumption
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A Appendix

This section includes an image of the Excel workbook
that was used to make all calculations and analyze the
data for the energy audit.
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Figure 11: Excel spreadsheet used to analyze the data
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