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Abstract

Energy audits directly provided the industrial sector with reduced energy costs and avoided emissions. Still, they also lead
to far-reaching indirect and induced local, regional, and national benefits. This paper aims to present the techno-economic-
environmental analysis to achieve decarbonization through implementing industrial energy efficiency at micro and macro
levels. An integrated techno-economic-environmental methodology is developed. Case studies of micro-level carbon reduc-
tion efforts through industrial energy efficiency technologies are presented. The broader macroeconomic and environmental
effects of technology on society are analyzed using data from 206 energy audits of industrial compressed air systems con-
ducted over 13 years. The impacts show that energy-efficient improvements lead to direct cost savings for manufacturers,
boost economic activity across sectors, and affect carbon dioxide emissions both short-term and long-term in the region.
Given their extensive benefits, energy audits significantly influence policymaking. We devised a methodology to link micro-
level energy audit data with macroeconomic and environmental analyses to quantify these cascading benefits. The economic
scenario analysis shows that $228 M has been saved from direct industrial energy savings from implementing all compressed
air recommendations in the studied periods and the region. In addition, the investment made through manufacturers would
create 2,025 jobs and $383 M annually, cascading regional economic impacts. The environmental analysis shows that the
regional manufacturers have directly avoided about 2.8 M metric tons of carbon dioxide emissions.

Keywords Energy Efficiency - Industrial Compressed Air - Energy Audit - Decarbonization - Environmentally Extended
Input—output Analysis

1 Introduction for implementing energy assessment recommendations

(ARSs) to save energy through industrial energy efficiency

The energy crisis of the 1970s was a pivotal event in the his-
tory of industrial manufacturing in America. A spike in oil
prices, natural gas shortages, and electrical utility monopo-
lization caused this crisis [1]. The pressure of the situation
landed on manufacturers to decrease energy consumption
and carbon emissions [2, 3]. To resolve such a crisis, the
government created policies and programs to start the shift
to cleaner manufacturing [4]. One of these programs is the
United States Department of Energy’s (US-DOE) Industrial
Assessment Center (IAC). The IACs provide a framework
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principles. Such a framework allows facilities to see the
long-term benefits of the implementations since it may
be daunting to make such an investment without know-
ing the return [5]. There are also programs to help cover
the costs of implementing ARs through energy efficiency
rebates and other incentives [6]. However, a study showed
that industrial energy audit programs are one of the most
effective tools to reduce industrial energy use, which can
identify savings of about 20% [7]. Through energy audits,
the industry is provided with knowledgeable information and
calculations about energy efficiency measures, enabling it
to invest in savings opportunities and increase its energy
efficiency [8, 9]. Energy audits also educate employees on
the importance of energy efficiency, which initiates positive
change, not just in energy savings [10]. This leads to wide-
spread knowledge about energy efficiency, and such induced
effects can be observed in company culture, the economy,
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the environment, and the population at large [11]. Therefore,
improving energy efficiency leads to improvements in other
areas, which is important for states with lots of manufactur-
ing [12]. In the United States, Ohio is a prime example of
this, as its economy is powered by manufacturing, with 17%
of the state’s GDP coming from the manufacturing industry.
Nationally, regionally, and locally, the benefits of support-
ing energy-efficient practices in manufacturing can be seen
at all levels and in all sectors [13]. This research focuses on
industrial facilities because it is the largest energy consumer,
making up more than 30% of the total in those categories
[14]. Compressed air systems (CAS) are vital to manufactur-
ers but consume much of their total energy.

As a result of literature reviews, no studies investi-
gated the macroeconomic impacts of CAS investment at
the regional and community level. Our study distinctively
explores the economic and environmental impacts of energy
efficiency assessments, uniquely applied at both techno-
logical and societal scales, through an integrated macro-
economic model. It harnesses rich, real-world data from
industrial energy-efficient CAS systems, collected via our
specialized energy assessment services over the last ten
years. Our primary objective is to showcase the multifaceted
benefits of industrial energy efficiency from diverse angles,
including energy engineering, energy auditing schemes,
and broad macro-economic impacts. This research provides
essential foundational insights for subsequent studies aimed
at enhancing and scaling industrial energy efficiency meas-
ures to secure expansive environmental and economic gains.

Section 2 reviews the state-of-the-art technical research,
Sect. 3 summarizes the methodology adopted for this paper,
and Sect. 4 shows the example of the micro-level carbon
reduction efforts through industrial energy efficiency tech-
nologies. Lastly, Sect. 5 demonstrates the broader macro-
economic and environmental impacts of technology imple-
mentations on society.

2 Literature Reviews

Within manufacturing, approximately 70% of companies uti-
lize compressed air systems (CAS), accounting for 10-20%
of all energy use in U.S. industrial manufacturing [15, 16].
Implementation of ARs that are focused on CAS can lead
to savings of 20-50% [17-19]. CAS is often inefficiently
used in many industrial manufacturing processes [20]. In
implementing energy-efficient measures to CAS, facilities
could shave a large percentage of their utility bills each year
while reducing their environmental impact. A plethora of
research focused on the technical development of the energy
efficiency improvement of CAS and their potential impacts
on equipment. A research stated that reducing a compres-
sor’s discharge pressure is cost-effective and has a quick
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return on investment [21]. Many facilities have a higher pres-
sure setpoint than needed because of safety factors, lack of
knowledge, or not realizing the impact of the setpoint on the
system [22]. A research found that ensuring a stable pressure
not only lowers energy consumption but also helps to main-
tain reliable production quantity and quality [23]. In CAS,
leaks contribute to a large amount of wasted energy; the US-
DOE approximates that 20-30% of a compressor’s output
can be wasted because of leaks in the system [24, 25]. Not
only are these leaks a huge waste of energy, but they can also
lead to other problems in the system. Such problems could
be unstable system pressure, malfunctions, and increased
equipment run time [26]. A human may locate leaks without
equipment by listening for and following the ‘hiss’ sound
of air leaking out of small holes commonly found in joints,
elbows, and equipment extensions [27]. However, ultra-
sonic leak detectors can detect levels of sounds that are too
quiet for a human to hear [26]. The research found that by
using such methods to find and repair leaks periodically, an
acceptable leakage rate can be met, and savings can be near
40-50% of original energy consumption [28]. Many other
factors influence the efficiency of a CAS. A research found
that having proper maintenance of any system will lead to
the reliability and longevity of the system [29]. Another way
to decrease compressed air usage is to use a colder outdoor
air supply for air compressors [30]. This reduces compressor
work since compressing colder air is easier than warm air
[31]. A research confirmed that the compressor size should
match the compressed air demand for the facility [32]. An
oversized compressor creates unneeded energy usage, but
facilities may be tempted to do this to account for future
expansions or safety factors. If a facility has multiple com-
pressors, it is important to stage them to optimize efficiency.
A study found that depending on the number of compres-
sors and the modulation method of each compressor, certain
compressors can be shut off, the modulation method can be
changed, or the order can be switched around to account
for the needed demand at any time [33]. Many studies con-
firmed the effectiveness of a variable speed drive (VSD) as
a modulation method for compressors [33-36]. A VSD will
automatically match the demanded load level, along with
smooth starting, high reliability, and a longer compressor
life [37]. Airstreams from an open tube will have a lower
velocity because of the larger discharge area. This air stream
can be amplified by having a smaller discharge area, pro-
vided by the air-saver nozzle, while increasing exit velocity
and a more direct stream. A study found that utilizing air-
saver nozzles can reduce energy consumption in applica-
tions by 30-60% [15]. Many other researchers introduced
ways to increase the energy efficiency of CAS through the
improvement of ancillary equipment, such as upgrading
the performance of drying [38, 39], filter substitution [40,
41], and installing extra air storage [42]. Recovering heat
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from compression and utilizing it for the other parts of the
industrial process is also a great way of saving energy for
CAS [43, 44]. Some researchers found non-energy benefits
of EE-CAS, such as reduced cost of overhauling, lubrication
along with increased productivity, and an improved work
environment [45, 46].

Despite ARs leading to substantial savings, some com-
panies still hesitate to implement them. Such barriers may
include a long payback period for the project, lack of infor-
mation regarding the specifics of the implementation, lim-
ited funding, inaccurate cost estimates, and standardized
inventories [47]. Misunderstanding where the savings of the
purchase come from will lead to unintentionally not imple-
menting the AR and, therefore, not seeing the savings from
it [48]. To avoid this, the auditor needs to understand the
company's internal process and provide realistic recommen-
dations for their facility [49]. While barriers associated with
implementation costs may exist, programs and policies are
in place to assist and encourage companies to adopt energy-
efficient practices [50]. A recent study found that implement-
ing energy-efficient lighting could have increased by 40%
if utility rebates in the region were given [51]. The state of
Ohio in the U.S. currently has 81 programs available [52].
Another research study found that rebate programs directly
support manufacturers, service providers, the local economy,
and other upstream industries [53]. By shifting their focus
from short-term gains to long-term sustainable development,
sustainability becomes part of a company’s culture [54].

While previous studies [55, 49] have examined the
broader economic impacts of industrial energy efficiency
measures, none have utilized Environmentally Extended
Input—Output Analysis to comprehensively assess the sys-
temic economic, environmental, and societal impacts of
these measures. In addition, while numerous studies have

Fig. 1 Overall framework of the methodology

explored the technical feasibility of the CAS system as
investigated in this literature review, our work uniquely
addresses the broader systematic impact of CAS energy effi-
ciency improvements on macroeconomic and societal levels,
an area previously unexplored in existing research.

3 Methodology

Figure 1 shows the framework of this study. The first step
of the framework is the energy audit. This research investi-
gates audits conducted at 206 participating manufacturing
facilities between 2008 and 2021, performed by the Uni-
versity of Dayton Industrial Assessment Center. Histori-
cal EE-CAS ARs collected. Of the 503 total compressed
air recommendations, 359 were focused on the operations
category, and the other 144 were focused on the hardware
category. Energy savings in the micro-factory levels are
calculated and collected for all industries audited, and
various investment costs for CAS implementations, such
as material, equipment, and labor, are quantified. These
values are assigned to corresponding economic sectors
for the macroeconomic analysis. The regional economic
input—output (EIO) analysis was adopted to estimate the
direct, indirect, and induced economic impacts of imple-
menting EE-CAS in the region. Direct impacts accrued
from the direct manufacture of new equipment required to
implement EE-CAS. Indirect impacts are generated from
the supply chain impacts associated with manufacturing
the CAS system or associated service industry activities.
Induced impacts result from increased incomes, which are
spent directly and indirectly on the community. Equation 1
is the main formula that captures the cascading economic
impacts of CAS investment throughout various economic
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sectors. A plethora of research is performed to model eco-
nomic systems with the EIO, it is not the scope of this
paper to discuss in detail the specifications of EIO.

AX; = (I —A) Ay, 1)

where i is the economic sectors, AX; is the total industry
output change ($), A is unitless industry transaction matrix,
and Ay, is increased final demand ($) caused by the CAS
investment throughout the regional economic sectors. Total
economy-wide environmental impacts of EE-CAS imple-
mentation can be found using Eq. 2 which is the backbone
of the Environmentally Extended Input Output Analysis
(EEIO) [56, 57].

A(COy); = Repn);AX; )

where i is industry sectors, R, is the CO, intensity of each
sector, amount of emission per dollar production. The EIO
analysis examines three scenarios. The first scenario will be
the impact of current CAS in the region; only implemented
ARs will be used in this analysis. The second scenario will
be the current technical potential of EE-CAS in the region;
all ARs, implemented or not, will be used in this analysis.
Lastly, the third scenario will be the total technical potential
of EE-CAS in the future for the region.

4 Micro-level Facility Impacts of EE-CAS
Implementation

This section introduces a streamlined version of EE-CAS
recommendations to showcase the micro facility-level eco-
nomic and environmental impacts of the CAS implementa-
tion. Table 1 lists some common assessment recommenda-
tions (ARs). The recommendations for CAS are split into
two categories: hardware and operation; hardware ARs
focus on equipment changes, and operation ARs focus on
adjustments to the current process. Due to the page limit,
we were unable to include all 14 ARs. Instead, we fea-
tured a streamlined version of the calculation for each of
the six selected ARs in this section. Our objective was to
highlight the high-impact CAS ARs that we frequently
encounter, choosing those that are particularly popular due
to their higher return on investment and shorter payback
periods. This selection aims to give readers a representa-
tive insight into the most effective and impactful ARs. All
the data presented in this study has been collected directly
using equipment for energy audits or provided by facility
energy managers during the assessment. Additionally, we
have analyzed the baseline energy consumption of each
manufacturer using robust statistical and analytical meth-
ods developed by the UD-IAC.
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Table 1 Example of EE-CAS recommendation (* indicates selected
AR for this paper)

EE recommendations Assessment recommendations

Hardware o Install compressor air
intakes in the coolest loca-
tions*

o Install common header on
compressors

o Install adequate dryers
on airlines to eliminate
blowdown

o Upgrade controls on com-
pressors*®

o Install direct acting units in
place of CAS in the safety
system

o Use/purchase optimum
sized compressor*

e Use compressor air filters

Operation e Reduce the pressure of CAS
to the minimum required*
o Eliminate leaks in inert gas
and CAS lines/valves*

e Cool compressor air intake
with heat exchanger

e Remove or close off
unneeded CAS lines

o Eliminate or reduce CAS
usage*

o Substitute CAS cooling
with water or air cooling

e Do not use CAS for per-
sonal cooling

4.1 Hardware: Install Compressor Air Intakes
in the Coolest Locations

During the visit to a manufacturing plant, the audit team
noticed that the air compressors were compressing hot air.
The compressors were rejecting heat to the facility but were
located near the plant boilers, giving off a large amount of
waste heat. Therefore, the compressors were compressing
hot air. Compressors must work harder to compress this hot
air because air expands at higher temperatures. Cooler air is
easier to compress, resulting in energy, cost, and emission
savings. Assuming polytropic expansion, this relationship
reduces to one of the absolute temperatures of the intake air.
This relationship can be found using Eq. 3.

B = (ahigh — )/ Xpigh = (Thigh — Tjow )/ Thigh (3)

where f is the fractional savings, @ j,,, is the power draw
at high temp, a ,, is the power draw at low temp, 7, is
the average compressor inlet temp, and t |, is the average
outdoor temp.

The audit team recommended installing ductwork to sup-
ply outdoor air to the air compressors. This will allow the air
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compressors to compress the cooler outdoor air rather than
the warm air from the plant boilers. With fractional savings
of 3.7% for this facility, the annual savings associated with
this AR are listed in Table 2. Overall, implementing this AR
resulted in an annual cost savings of $2,801 and reduced
carbon dioxide emissions by 36 tonnes annually.

4.2 Hardware: Upgrade Controls on Compressors

The audit team also identified two distinct periods of com-
pressor operation. The first period was during normal week-
day production hours, and the other was during weekend
non-production hours. Figure 2 shows the current draw of
the compressors during both periods. During normal week-
day production hours Fig. 2a, the main compressor, com-
pressor #1, spent most of the time fully loaded, compressor
#2 loaded and unloaded regularly, and compressors #3 and
#4 spent most of the time unloaded. In general, the lead

compressor should be the primary source of compressed
air, and the backups should be turned on and supply air
only when the lead compressor cannot meet the plant’s air
demand. Therefore, for production hours, compressors #1
and #2 should be loaded, and compressors #2 and #3 should
be shut off. During normal weekend non-production hours
Fig. 2b, compressor #1 spent most of the time fully loaded,
while the other compressors were either unloaded or turned
off. For this low-use period, compressor #1 can handle an
entire load of compressed air demand. As such, the other
three air compressors should be turned off. However, only
compressors #2 and #4 were shut off. Therefore, compressor
#3 should also be shut off during this time.

All of the air compressors were set to similar activation pres-
sures. Since air compressors operate at their highest efficiency
when fully loaded, staging the activation pressures too closely
will cause the compressors to work against each other. To ensure
the backup air compressors do not unnecessarily load, it may be

Table2 Annual savings
associated with supplying
outdoor air to the air

Type Size (hp)

Electrical energy Electrical
savings (kWh)

CO, emissions
savings (tonnes)

Total cost savings
demand savings

kW)
compressors
Gardner Denver 150 20,623 3.4 18 $1,400
Sullair 150 20,623 34 18 $1,400
Total 300 41,246 6.9 36 $2,801
Fig.2 Compressor current draw 450
over six-hours 400
g 350
£
< 300
2
S 2%
£ 200
3 150
2 100
g 1 n
50 -
0 L] L I L]

— Total

—— Compressor#1  — Compressor#2 —— Compressor #3 Compressor #4
(a)
250
g 0 Nrﬂw-“ e o~
H
2 150 s e SO N it > i ~
5
£
o
£ 100
3
s}
Z
= 50
0
— Total —— Compressor#l —— Compressor#2 —— Compressor #3 Compressor #4
(b)
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Fig. 3 Traditional staging with
set point control

Compressor

#1
110 == Compressor
#2
105 =1 Compressor
—~ #3
2100 == Compressor
S #4
85 -1~ Production minimum requirement ------==-=---- - mmm— oo ooooooooo
xU R il
Table.3 Ann.ual.saving.s Recommendation Energy Demand Avoided Total cost savings
assoglated with improving Savings Savings o,
staging controls (KWh) (kW) (tonnes)
Production hours—load compressor #2 & shut 154,800 21.5 109 $13,277
off compressors #3 and #4
Non-production hours—turn off compressor #3 40,872 - 29 $2,375
Total 195,672 21.5 138 $15,652
advisable to lower the load activation pressure of each backup 100
air compressor in order of compressor capacity. Figure 3 shows
a typical staging pattern for four air compressors. The audit team
recommended improving the controls on the air compressors so 0T ="

that they are properly staged and not working against each other.
This may involve decreasing the load activation pressure of the
backup compressors. Compressor #1 should have an activation
pressure between 100-110 psig (when visited, all compressors
were at this range), compressor #2 should be between 95-105
psig, compressor #3 should be between 90-100 psig, and com-
pressor #4 should be between 85-95 psig.

Therefore, the audit team recommended that compressor
#2 should be loaded, and compressors #3 and #4 should be
shut off during normal weekday production hours. Also, the
audit team recommended shutting off compressor #3 dur-
ing normal weekend non-production hours. Table 3 lists
the annual savings associated with this AR. Since most of
the compressed air usage occurs during production hours,
improving the staging controls for this time period is where
most of the savings come from, resulting in $13,277. How-
ever, improving the staging controls for non-production hours
also has significant savings of $2,375, making the total sav-
ings $15,652 annually while reducing carbon dioxide emis-
sions by 138 tonnes annually.

4.3 Hardware: Use / Purchase Optimum Sized
Compressors

Additional compressors consisted of one 30-hp compres-
sor and two 50-hp compressors (main compressors), used to
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Fig. 4 Part-load efficiencies by compressed air control type

compress air for product blow-off, vacuum machines, and air
jets. The 30-hp compressor operated as the trim compressor
in load/unload control. A trim compressor is a supplement to
the main compressor. The 30-hp compressor was often used
and was very old, resulting in frequent maintenance issues.
Figure 4 displays the different efficiencies at part-load oper-
ation for the different control types. Load/unload control
is more efficient than modulation control, but the fraction
power at zero-load for a compressor operating in load/unload
is still about 50%. A variable frequency drive (VFD) is the
most efficient way to control at partial. A VFD compressor
motor slows down or speeds up to meet plant air demand.
Therefore, a VFD can achieve the constant pressure output
of modulation mode with maximum energy savings at low
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loads, and it has a higher part load efficiency, meaning that it
uses less power at part-load than a load/unload compressor.

Switching to a new VFD compressor would also provide
more reliability since there were many maintenance issues
with the current compressor. Thus, installing a 30-hp VFD
compressor would result in more reliable operation and
energy, carbon dioxide emissions, and cost savings. Table 4
lists the annual savings associated with this AR.

4.4 Operations: Reduce the Operating Pressure
of Compressed Air to the Minimum Required

The audit team noticed that the plant was continuously
served by an additional constant speed 150-hp compressor
and a variable speed 75-hp compressor. The compressors
operated in modulation, meaning that the constant speed
150-hp compressor worked as the main compressor to pro-
vide the facility with 115 psig compressed air. The vari-
able speed 75-hp compressor operated as trim, meaning that
when the main compressor could not meet the pressure set-
point, this variable speed compressor began to load. The
highest pressure of compressed air needed in the plant was
90 psig. To account for line loss, the pressure setpoint must
be slightly higher (approximately 10 psig) than the highest
pressure of compressed air. Line loss is the pressure lost
inside a CAS, commonly through leaks in the line providing
compressed air.

The cost penalty for operating at high system pressures is
found using fractional savings. This calculation is shown in
Eq. 4, which relates the high and low discharge pressures to
the inlet air pressure to find the associated savings with lower-
ing the pressure.

_ j'Zhigh ! A‘ZZUW ! j'Zhigh 1
= () -G AEE) ) @

where /3 is the fractional savings, Ay, 18 the high discharge
pressure, 4 5, is the reduced discharge pressure, 4, is the
inlet air pressure, and # is the isentropic expansion of air
constant, which is 0.2857.

The audit team recommended lowering the pressure set-
point of compressed air from 115 to 100 psig. Lowering the
operating pressure of the compressors resulted in energy, cost,
and carbon dioxide emission savings. Implementing this rec-
ommendation would allow the air compressors to operate at
a sufficient pressure level while being more energy efficient.
With the fractional savings of 7.5%, the annual savings associ-
ated with this compressed air pressure reduction are listed in
Table 5. Annually, the facility would save $6,841 and reduce
its carbon dioxide emissions by 91 tonnes.

4.5 Operations: Eliminate Leaks in Inert Gas
and Compressed Air Lines/Valves

The air compressor leaks comprise up to 30% of the typical
load in plants. In discussion with the facility personnel, a con-
servative 15% of compressed air was estimated to leak. Leaks
in the CAS increase the compressor’s load, resulting in excess
energy consumption. The audit team recommended purchas-
ing an ultrasonic leak detector, which greatly aids in detecting
compressed air leaks. Ultrasonic leak detectors are available
for purchase and range from $300 to $1,000.

In order to calculate the average compressed air consump-
tion of the compressors, the average power draw must be cal-
culated first. Equations 5 and 6 show the calculations for each
of these, estimating the amount of compressed air savings from
checking for and fixing leaks.

Table4 Annual savings associated with replacing the compressor ~ %avg = V X dxVExe )
with a VFD compressor
Compres- Size (hp) Annual Savings Havg = Uy X0 6)
sor type ; -
Electrical ~Electrical CO, Total cost h is th d is th 1 Si
energy demand  emissions where a ,,, 1s ' e average power raw, v 1s the vo tagej, 18
(kWh) (kW) (tonnes) the current, ¢ is the phase, € is the power factor, avg 18 the
average consumption, and @ is compressed air output [58].
VFD 30 73,080 1044 22 $4.969 Leaks were estimated to account for 15% of the load, and
savings estimated that 50% of the leaks would be fixed. With
Table§ Annual sa\{ings from Size (hp)  Previous set- Proposed set- Saved Saved CO, Avoided Total cost savings
lofwermg the operating pressure point (psig)  point (psig) Energy Demand (tonnes)
of the compressors (KWh) (kW)
150 115 100 68,765 7.8 61 $4,561
75 34,383 3.9 30 $2,280
Total - - 103,148 11.8 91 $6,841
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the recommendation of establishing a monthly preventative
maintenance program to identify and fix compressed air leaks,
the associated energy, cost, and carbon dioxide emissions sav-
ings are shown in Table 6. With the cost savings of $9,940,
the simple payback for purchasing an ultrasonic leak detector is
relatively small, making this AR more desirable to the facility.
The facility would also reduce carbon dioxide emissions by 165
tonnes per year.

4.6 Operations: Eliminate or Reduce Compressed
Air Usage

The facility had forty blow-off guns that utilized compressed
air to blow off parts. The blow-off gun consisted of a short
pipe with a quarter-inch diameter opening at the end. Because
of this large opening in the blow-off gun, the compressed air
discharged is not focused, and a large volume is wasted. Air-
saver nozzles work by entraining surrounding air into the air
stream and can amplify the compressed airflow up to 25 times.
Thus, air-saver nozzles achieve an air flow and cooling capac-
ity greater than straight tube nozzles with significantly less
compressed air. In addition, air saver nozzles meet all Occu-
pational Safety and Health Administration (OSHA) require-
ments for compressed air guns and blow-offs, whereas open
pipes may not meet OSHA requirements. One type of air-saver
nozzle is the Venturi nozzle. Figure 5 shows the benefits of
installing such a nozzle, such as an amplified flow rate and a
more direct streamlining of air coming out. As it is illustrated,
an input of 10 cfm of air into a tube with no nozzle only ampli-
fies the flow to 40 cfm (4 times). But, with a Venturi nozzle on
the end of the tube, with the same input of 10 cfm of air into
the tube, the flow is now amplified 25 times to be 250 cfm.
Not only is the flow amplified much greater with the Venturi

nozzle, but the output air is also more direct than with no
nozzle, allowing the user to get the job done more efficiently.

The average compressed air consumption was found
using Eq. 7, which is then used to calculate the reduc-
tion in compressed air from using the air saver nozzles,
shown in Eq. 8. In order to calculate the savings, the cur-
rent usage must be found, which then allows for the proper
reduction in usage to be calculated.

6 =8835Xw* X (A+14.7)X u 7

p=0—(ux0) 8)

where o is the average CA consumption, o is the nozzle
diameter, 4 is pressure, u is the average number of blow-off
guns in operation at any time, @ is the reduction in com-
pressed air, and € is the total number of blow-off guns.
Installing air-saver nozzles would cause the facility to
consume less compressed air, resulting in energy, carbon
dioxide emissions, and cost savings. The audit team recom-
mended installing air-saver nozzles on all 40 blow-off guns.
With a calculated compressed air reduction of 82 scfm, the
facility would save $7,962 annually while reducing its car-
bon dioxide emission by 91 tonnes yearly. Table 7 lists the
annual savings associated with this AR.

5 Broader
Macroeconomic-environmental-societal
Impacts of EE-CAS Implementation

This section presents the results of the macroeconomic
impact of implementing EE CAS. Specifically focusing on
206 audited facilities in Ohio, 503 CAS recommendations

Table 6 Annual savings

. L o7 Type Quantity  Size (hp)  Electricity Demand CO, Total cost savings

associated with identifying and Save (kWh)  Save (kW)  Avoided
fixing compressed air leaks (tonnes)

Gardner Denver 1 350 84,462 115.7 75 $4,492

Sullair 2 150 51,211 70.2 45 $2,724

Total 3 650 186,904 256 165 $9,940
Fig. 5 Comparison of applica- _
tions with no nozzle vs. with No nozzle
Venturi nozzle 10 cfm s 40 cfim

80 psig ons

Venturinozzle -———> \V‘/,————*

10 cfm

250 cfim

80 psig R — // \\
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Table 7 Annual savings associated with installing air-saver nozzles

Average Com- Annual Savings

com- pressed - - -
pressed air Electrical Electrical CQ2 . Total cost
air con- reduction  Snergy demand  emissions

sumption  (scfm) (kWh) (kW) (tonnes)

(scfm)

190 82 102,637 16.4 91 $7.962

were made. 203 of these recommendations were imple-
mented, thus resulting in an overall implementation rate of
40.4%. The timeframe of the data assessed is between 2008
and 2021. Table 8 summarizes the total costs, energy sav-
ings, and the avoided CO2 emission directly from the indus-
tries after implementing the EE-CAS. The implementation
costs include labor and material costs. Hardware ARs focus
on equipment changes such as installations and upgrades.
Operation ARs focus on adjustments to the current process,
such as removing equipment and reducing or eliminating
usage. The total implementation cost is found by combin-
ing the total labor and material costs, resulting in a total
implementation cost of approximately $3 M if all 503 ARs
were implemented.

Table 9 lists the allocated monetary values on the five
economic sectors associated with the CAS implementa-
tion for economic input—output analysis. The inputs are the
industries involved in implementing ARs and the associ-
ated investment or implementation costs for the ARs. The
implementation of CAS ARs was narrowed down to focus
on 5 main industries, of which 2 were labor related and the

Table 8 Summary of costs and savings

other 3 were material related. Of the total 503 CAS ARs in
this analysis, the implementation of each AR was able to
be assigned to one, or two, possible industries. For exam-
ple, if an AR included buying new equipment and installing
it, the investment was split into two industries, with one
responsible for the manufacturing of the equipment/parts
and the other being responsible for the labor of installing the
equipment/parts. Scenario 1 is the case of 203 implemented
UD-IAC CAS recommendations. Scenario 2 is the case of
all 503 CAS recommendations implemented. Scenario 3 is
when all Ohio manufacturing facilities implement EE-CAS.

Figure 6 displays a reduced version of the monetary
impacts on 546 economic sectors for scenario 3. The hori-
zontal axis indicates selected economic sectors. Not all 546
sectors appear due to the space limit. The sectors have been
filtered on the graph to only display those with a total eco-
nomic impact greater than $1 M. The vertical axis indicates
the monetary impact (USD). The total direct economic
impact is $205 M. Three industries with the largest direct
economic impacts are industrial machinery and equipment
repair and maintenance, industrial valve manufacturing, and
air compressor manufacturing. It is logical that the economic
activities of these three sectors saw a direct increase due
to the enhanced production capabilities of the equipment
and CAS system, which resulted from the energy efficiency
improvements achieved through ARs. The total indirect
economic impact is $76 M. The three industries with the
largest indirect economic impacts are the management of
companies and enterprises, wholesale (machinery, equip-
ment, and supplies), and wholesale (other durable goods and
merchant wholesalers). These examples represent economic

Type of investment # of ARs Labor Material Cost Savings Elect. Saving  Elect. Demand Cco,
(MWh) Saving (kW) Avoided
(tonnes)
Operation 359 $802,768 $1,192,164  $2,097,205 33,165 33,217 25,981
Hardware 144 $430,708 $641,634 $1,276,852 21,118 15,140 16,326
Total 503 $1,233,476 $1,833,798  $3,374,057 54,283 48,357 42,307
Tab!e 9 Direct industries where Industry (NAICS) Investment
the investments are made for
three scenarios Scenario 1 Scenario 2 Scenario 3
Construction of new manufacturing structures (238220) $20,005 $246,673 $16,646,801
Industrial machinery and equipment repair and mainte- $87,353 $986,804 $66,594,865
nance (236210)
Air compressor manufacturing (333912) $89,383 $672,991 $45,417,092
Industrial valve manufacturing (332911) $22,321 $797,631 $53,828,477
Industrial controls manufacturing (334512) $109,025 $295,003 $19,908,373
Total $328,087 $2,999,101 $202,395,608
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sectors that supply parts and equipment to the three direct
sectors outlined above. Their production levels subsequently
increase in response to the heightened production or mainte-
nance of the energy-efficient CAS system. The total induced
economic impact is $101 M. The three industries with the
largest induced economic impacts are dwellings, hospitals,
and insurance sectors. Induced economic impacts reflect the
ripple effect of increased cash flow throughout communi-
ties, as the income earned is distributed across society. For
instance, with the expansion of the CAS system, companies
that have directly and indirectly increased their production
distribute their enhanced profits by hiring additional staff
or offering higher compensation to their current employ-
ees. These employees, in turn, inject more money into the
community by engaging in various economic activities, such
as spending on entertainment, education, and housing, and
many others.

Figure 7 shows a breakdown by percentage of the selected
top industries influenced by the implementation of EE-CAS.
This graph does not display dollar amounts as in Fig. 6.
Instead, its purpose is to illustrate the percentage distribu-
tion of the economic impact on a specific sector, catego-
rized into direct, indirect, and induced impacts. This analy-
sis is to offer insight into how improvements in CAS affect
various economic sectors through cascading impacts. This
information is valuable for policymakers and investors as
they prioritize and assess the effects of different industrial
energy efficiency investments. The highest directly impacted
industries were the construction of new manufacturing struc-
tures (NAICS: 238220), industrial controls manufacturing
(NAICS: 334512), air compressor manufacturing (NAICS:
333912), industrial machinery and equipment repair and
maintenance (NAICS: 236210), and industrial valve manu-
facturing (NAICS: 332911). Three of these industries are
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involved with substantial investments into manufacturing
associated with parts of compressed air recommendations;
the other two industries are associated with substantial
investments into the labor required for implementing com-
pressed air recommendations. The industry sectors highly
impacted indirectly were wholesale, management, and
transportation. Sectors that advanced from induced impacts
include restaurants (full-service and limited-service), owner-
occupied dwellings, hospitals, offices of physicians, and ten-
ant-occupied housing. These sectors are mildly impacted;
due to increased job security, more individuals can eat out
at restaurants, have access to health care, and can afford to
buy/invest in real estate.

Many EE-CAS improvements involve the installation of
new equipment or a change in operation. Therefore, there
will be an initial spike in the economy-wide emissions in
the year of the implementation due to increased direct,
indirect, and induced economic activity. Figure 8 displays
carbon dioxide emission generated for scenario 3 when EE-
CAS investments were implemented in 2008. The horizontal
axis shows some names of the economic sectors, but not all
sectors appear due to the limited space. The vertical axis
shows the amount of carbon dioxide emissions (tonne) gen-
erated by the increased economic activities from each sec-
tor. The three sectors with the largest direct environmental
impacts are the construction of new manufacturing struc-
tures, air compressor manufacturing, and industrial valve
manufacturing. These three sectors deal with implement-
ing CAS improvements, so it is logical that these imple-
mentations would directly add emissions to these sectors
through increased economic activity. The three sectors with
the largest indirect and induced environmental impacts are
electric power transmission and distribution, electric power
generation (fossil fuel), and truck transportation. The overall
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Fig.8 Overall environmental impacts of selected industry sectors

carbon dioxide emission generated is 30,431 tonnes of gen-
erated carbon dioxide emissions. Of these, 1,572 tonnes
are from direct emissions, 16,118 tonnes are from indirect
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emissions, and 12,741 tonnes are from induced emissions.
The key insight from Fig. 8 is that reducing industrial energy
consumption through EE-CAS improvements initially leads
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to a temporary, economy-wide increase in CO2 emissions
due to heightened production and service activities across
all economic sectors.

Figure 9 shows the economy-wide industrial sector
emissions for Ohio each year (red dots) compared to the
total Ohio emissions after the implementation of ARs from
energy audits in each year from 2008-2020 (green bars).
Each green bar shows the total number of emissions for
Ohio, taking into account the base Ohio emissions and sub-
tracting the emissions avoided over the years, accrued from
the cumulative implementation of CAS system improve-
ments each year. It’s important to note that a significant drop
in Ohio industrial emissions in 2009 can be observed due to
a devastating global economic collapse, often referred to as
The Great Recession. As a result, many businesses suffered
to stay alive or keep production numbers up, along with high
unemployment. Because of this, decreased emissions were
recorded in 2009 [59]. From this graph, it can be observed
that if all CAS system improvements were implemented each
year, Ohio would be able to significantly reduce their emis-
sions. It is critical for Ohio (or any state/organization) to
increase their implementation of improvements, and con-
tinue to do this over the years, in order to take full advantage
of the savings that CAS systems provide.

Figure 10 compares the economy-wide carbon dioxide
emissions before and after implementing EE-CAS. The
“before” values were gathered from historic data detailing
industrial carbon dioxide emissions in Ohio for each year
studied in this research [60]. The “after” values were cal-
culated by taking these base numbers for each year, adding
carbon dioxide emissions generated each year from imple-
menting audit ARs, and subtracting avoided carbon dioxide
emissions from implemented audit ARs of each year. The
avoided carbon dioxide emissions presented in this graph

Fig.9 Industrial emissions in 45
Ohio compared to cumulative
avoided emissions from audits 40
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are cumulative for each year, meaning that the avoided emis-
sions in 2008 are solely the avoided emissions from the 2008
audits, while the avoided emissions in 2020 are the total of
all avoided emissions from 2008-2020 audits. From this, it
is seen that the total economy-wide carbon dioxide emis-
sions decrease each year and rise to 8% by the end of the
period examined. The percentage reduction in each year is
calculated by taking the after value divided by the before
value. The reduction steadily increases each year, mean-
ing more emissions are avoided every year. The emissions
avoided by energy savings outweigh emissions added by
increased economic activities. While there may be an initial
increase in emissions, long-term avoided emissions make the
implementation pay off economically and environmentally.
Once the transition period into the new equipment and/or
operation is completed, avoided emissions will be experi-
enced and make up for the generated emissions.

Figure 11 displays the projected impacts for the three sce-
narios. It also depicts the estimated avoided carbon dioxide
emissions from these three scenarios. As a reminder, S1 is
the actual implemented ARs at the audited facilities, S2 is
if all the ARs were implemented at the audited facilities,
and scenario 3 is if all Ohio manufacturers implemented all
of these ARs. As shown, 2.8 M tonnes of carbon dioxide
would be avoided for S3 which is equivalent to the annual
emissions generated from 354,430 houses. All three scenario
recommendations significantly reduced carbon dioxide emis-
sions. With the overall potential emissions generated being
30,431 tonnes and overall potential emissions avoided being
354,430 tonnes, it is clear that implementing EE-CAS will
pay off economically and environmentally.

Figure 12 compares the cascading economic impacts of
implementing the EE-CAS recommendations. The value of
the impacts increases with each consequential scenario. This
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shows that expanding industrial energy efficiency will not
stop at the facility level; the impacts will continue to grow
and be seen on a larger level. Subsequently, it shows that
the impact of scenario 3 would create 2,025 jobs. In the
input—output analysis, a combination of models and exten-
sive datasets are used to calculate employment impacts.
Primary components include 1) an input—output model, 2)

a social accounting matrix, and regional economic data. An
input—output model describes the flow of goods and services
within an economy. It shows how output from one industry
serves as input to another and how these interactions lead
to output, including employment. The model captures the
local economic structures and interactions. Social Account-
ing Matrix (SAM) provides a more detailed representation of
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the flow of payments across an economy. It includes all eco-
nomic transactions from households, government entities,
and industries. The SAM is crucial for capturing induced
effects, the economic impact resulting from the re-spending
of incomes earned in direct and indirect activities. In addi-
tion, detailed regional economic data is utilized, such as U.S.
Census Bureau data from the Economic Census and County
Business Patterns, which provide detailed industry-specific
information. Employment and wage data from the Quar-
terly Census of Employment and Wages and Occupational
Employment Statistics under the Bureau of Labor Statistics
(BLS) is utilized. Regional income and product account
data stem from the U.S. Bureau of Economic Analysis
(BEA). In addition, economic multipliers are derived from
the I-O model and SAM, tailored to Ohio. Multipliers can
vary significantly based on regional economic conditions
and the interconnectedness of industries within that region.
Different types of multipliers exist for output, income, and
employment, reflecting how economic activities resonate
through the economy. Further information on how to esti-
mate job creation can be found in many macroeconomic
textbooks regarding input—output methodology and SAM
methodology.

6 Conclusions

This study employed data gathered from 503 ARs regarding
industrial CAS in Ohio facilities and evaluated the impact
of industrial energy audits at micro and macro levels. Over
the 13 years, Ohio manufacturers have saved around $1 M in
energy costs from implementing EE-CAS ARs provided by
UD-IAC. We showcased some streamlined versions of the
engineering analysis to account for potential dollar savings,
simple payback periods, and avoided carbon emissions. All
the investment dollars made by industries for implement-
ing EE-CAS were allocated to the corresponding NAICS
economic sectors to quantify the implementation's direct,
indirect, and induced impacts.

Of 206 audited manufacturers in Ohio, an implementa-
tion rate of 40.4% was achieved with compressed air sys-
tem recommendations. If a 100% implementation rate of
all 503 CAS recommendations were achieved, the audited
manufacturers would save $3.4 M. If all Ohio manufactur-
ers implemented EE-CAS, annual savings of about $228 M
would be achieved. The total economic impact (direct, indi-
rect, and induced) of implementing compressed air system
recommendations is $383 M annually. This number shows
that implementing energy efficiency in manufacturing causes
widespread economic benefits.
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In addition, the overall potential emissions generated
from implementing CAS improvement was 30,431 tonnes,
while the overall potential emissions avoided was 354,430
tonnes; therefore, it is clear that implementing EE-CAS will
pay off, both economically and environmentally. Information
like this enables companies to implement recommendations
for their benefit and society’s larger economic and environ-
mental benefit. Through these results, it is seen that encour-
aging sustainable CAS has the ability to impact society at
both micro and macro levels.

The purpose of an energy audit is deeper than providing
basic recommendations; ARs must be facility-specific in
order to provide the most accurate energy and cost savings
calculations. This also provides increased information to
the facility personnel, avoiding miscommunication between
the audit and implementation of ARs. Effective follow-up
post-audit is necessary for this to occur. Providing informa-
tion specific to each audited facility makes the translation
of information efficient. An example is for the auditor to
use the same metrics as the facility personnel, so there are
no necessary conversions where misinformation may occur.

The studied 206 manufacturers represent only about
3% of manufacturers in Ohio. The impacts would be sig-
nificantly greater if the program could cover a larger range
of facilities. Implementing ARs has been hard to achieve
because many facilities are uncertain about implementing
recommendations because of existing barriers. The main
barriers are a long payback period for the project, lack of
information regarding the specifics of the implementation,
limited access to capital, inaccurate cost estimates, and
standardized inventories. To eliminate the barriers to adopt-
ing energy efficiency, programs, and policies, such as rebates
and incentives, have been created to assist and encourage
companies to invest in these practices. To provide more ben-
efits to SMEs, governments can devise utility-incentivized
programs.

It’s critical for these programs to be used, as increased
implementation rates have been proven with access to these
programs. Rebate programs provide monetary assistance to
companies trying to implement energy-efficient practices to
overcome the burden of large implementation costs. Rebate
and incentive programs can range from local electric pro-
viders to statewide or federal energy initiatives. Not only
do these programs allow for economic benefits to the direct
industries associated with the implementation of ARs, but
economic benefits are also seen by other industries that do
not have a direct association with the implementation of
ARs. Because many governments worldwide steadily recog-
nize the need for sustainability and the climate crisis, there is
no better time than now for manufacturers to invest in energy
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efficiency. While the rush to reach net-zero carbon emis-
sions may be ambitious, it is achievable through the correct
actions and will benefit all citizens. This will require federal,
state, and city leadership support, technological innovations,
and societal efforts at all levels.

Our key findings are highly relevant to the environmental,
social, and governance (ESG). First, the maximum environ-
mental potential would result in a significant reduction in
carbon dioxide emissions (354,430 metric tons) in Ohio.
If all Ohio manufacturers implemented EE-CAS, annual
savings of about $228 M would be achieved. The total eco-
nomic impact (direct, indirect, and induced) of implement-
ing compressed air system recommendations is $383 M
annually. This number shows that implementing EE-CAS
in manufacturing causes widespread economic benefits as
well. This reduction aligns with environmental sustainability
goals. Second, our results showed the potential of creating
more than 2,025 jobs in Ohio. Job creation can have a posi-
tive social impact by improving employment opportunities
and contributing to the economic well-being of the com-
munity. This aligns with the social sustainability component
of ESG. Third, while our study doesn't explicitly discuss
governance aspects, we touched on the economic analysis
of various scenarios related to industrial energy efficiency.
Governance in the context of ESG often includes responsible
decision-making. This study could be seen as an example
of responsible research and analysis to assess the economic
and environmental impacts of different industrial energy
efficiency scenarios.

7 Discussion

By elucidating the mechanisms and effects described in our
studies, we pave the way for a broader application of these
principles across various disciplines. The methodologies
and approaches developed in this work are designed to be
scalable and adaptable, encouraging other researchers to
tailor them to their own topic of interest. For example, it
can be readily available to apply to investigate the broader
economic, environmental, societal impacts of any emerg-
ing technology by integrating the micro level technology
data along with the macroeconomic and EEIO methodology
presented in this work. The potential for these methodolo-
gies to be integrated into more comprehensive models or to
be used in conjunction with emerging technologies could
dramatically increase the efficiency and impact of research
in our field and beyond. In conclusion, the work presented
in this article is not merely a recount of our findings; it is
an invitation to inspire and catalyze further research. It is

our hope that this work will ignite the curiosity and drive
of other researchers, leading to valuable innovations and a
continued pursuit of knowledge that benefits us all.

Nomenclature A: Direct requirement matrix; a,,,: Power draw (aver-
age); ay,,: Power draw at high temperatures; a,,,: Power draw at
low temperatures; f: Fractional savings; 6: Current; e: Power factor;
: Phase; n: Isentropic expansion of air constant; 0,,,: Average com-
pressed air consumption; 4,: Inlet air pressure; 4,,,,: High discharge
pressure; 4,,,: Reduced discharge pressure; v: Voltage; 7,,,,: Aver-
age compressor inlet temperature; 7,,,: Average outdoor tempera-
ture; w: Compressed air output; x: Industry output vector ($); y: Final

demand vector ($)
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