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Abstract

Industrial ammonia refrigeration systems vary widely in their engineering design, size, scope, and 
technology features. However, they universally experience some level of refrigerant loss throughout 
their operational life. Refrigerant losses from industrial ammonia refrigeration systems originate from 
any number of sources including uncontrolled releases from incidents and accidents, intentional 
releases during maintenance activities, and fugitive emissions. 

This paper discusses methods for finding and quantifying fugitive emissions of ammonia from industrial 
refrigeration systems with the goal of reducing refrigerant losses that occur from these systems. From the 
outset, the working hypothesis is that fugitive emissions represent a significant contribution to the overall 
refrigerant loss rate for industrial refrigeration systems. Since there has not been an organized effort to 
identify and quantify fugitive emissions associated with industrial ammonia refrigeration systems, this 
hypothesis needed to be tested as a prerequisite to establishing approaches to reduce refrigerant losses.

Field work identifying and quantifying refrigerant losses, including fugitive emissions, was performed 
on six (6) industrial ammonia refrigeration systems located at five (5) plants. A total of one-hundred 
seventy-five (175) components were surveyed with one hundred fifty-nine (159) scanned and one 
hundred ten (110) bagged for emission collection. For components surveyed with measurable refrigerant 
fugitive emissions, the average leak rate was 0.086 lbm/year [39 gram/year]. The average of all sampled 
components was 0.035 lbm/year [16 gram/year]. If a hypothetical refrigeration system is comprised of 
1,000 components leaking at this average fugitive emission rate, the total refrigerant loss from fugitive 
emission for this system would total 35 lbm/yr [16 kg/yr]. Comparatively, the average annual total 
refrigerant purchased for the plants surveyed was 1,660 lbm/yr [755 kg/yr]. Based on these findings, 
fugitive emissions, as a refrigerant loss category, are not a significant contributor to annual refrigerant 
loss. The two categories of refrigerant losses that appear to more meaningfully contribute to the annual 
total are accidental releases and intentional venting in conjunction with servicing and maintenance 
activities. No specific assessments for these two loss categories were systematically conducted as part 
of the present study so these loss categories were not separately tracked. Also proposed is a method 
for dynamically tracking the quantity of refrigerant in a system as a means of highlighting occurring 
losses so staff can find and repair the leak source more promptly than current practice.
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Introduction

Fugitive emissions: The unintended loss of refrigerant from a refrigeration system that 

goes undetected.

Refrigerant losses from refrigeration system sources including accidental releases, 

venting during maintenance, and fugitive emissions occur during normal operation. 

Section 608 (40 CFR Part 82, Subpart F) of the Clean Air Act mandates that losses 

of ozone-depleting fluorochemical refrigerants used in industrial systems be under 

30% per year as a threshold that triggers owners to pursue refrigeration system 

leak repairs. Because ammonia has no ozone-depletion potential, it is not subject 

to the regulatory requirements of Section 608. Nonetheless, there is interest within 

the natural refrigeration community to reduce losses of ammonia from refrigeration 

systems as a means of pollution prevention, risk mitigation, and reducing refrigerant 

replenishment costs.

For over a decade, the University of Wisconsin-Madison Industrial Refrigeration 

Consortium (IRC) has gathered anecdotal evidence from the field that indicate 

industrial refrigeration systems exhibit a wide variation in annual refrigerant losses 

that range from 1% to more than 100% per year. This wide variation raises several 

questions. Why is the annual refrigerant loss rate so variable from system to system? 

What is the origin of refrigerant loss from these systems and is there a common 

thread that enables the losses? Is there a reasonable threshold for annual refrigerant 

losses that could be applied to industrial refrigeration systems? To what extent do 

fugitive emissions contribute to the overall annual refrigerant loss rate for industrial 

systems? Answering these questions served as motivation for this project.

Losses of refrigerant from vapor compression-based refrigeration systems can be 

categorized as “known” or “unknown.” Known losses can be either quantified or 

unquantified. Known losses from ammonia refrigeration systems include moderate-

to-large accidental releases as well as venting of ammonia as a part of maintenance 
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activities. In these cases, facility personnel are aware or know that a refrigerant 

loss has occurred. In an accidental release, end-users must quickly determine 

if the quantity of refrigerant released exceeds the reportable quantity threshold 

of 100 lbm [45.4 kg] for anhydrous ammonia so appropriate notifications can be 

contacted. At the federal level, 40 CFR 302 and 40 CFR 355 establish notification 

requirements related to accidental refrigerant releases, while some states and 

local jurisdictions have additional reporting requirements. During an incident 

investigation of an accidental release, end-users will often refine the initial estimate 

of refrigerant quantities released. Known losses that are rarely quantified relate to 

smaller, incidental mechanical integrity failures of seals or joints, or ammonia that is 

discharged or vented during system maintenance activities.

Unknown losses include fugitive emissions and accidental leaks/spills that do not rise 

to the level of triggering an alarm or other notification system. This paper reports on 

a project that examines the prevalence of fugitive emissions in industrial ammonia 

refrigeration systems and assesses their total contribution to the overall losses a given 

refrigeration system may experience on an annual basis (Reindl, et al. 2020a).

In some cases, unknown losses can be masked or hidden by an intervening media. 

Two classic examples of ammonia losses that can occur over relatively long periods 

of time before being discovered are evaporative condenser tube leaks and losses 

through malfunctioning autopurgers. In both cases, the “intervening media” is water. 

Because evaporative condensers circulate water over the outside of the refrigerant 

heat exchanger, smaller refrigerant leaks from the heat exchanger are readily 

absorbed into the condenser water. In the case of an autopurger, non-condensable gas 

(primarily, air) is directed through a water column to absorb expected trace amounts 

of ammonia vapor that co-exist with the non-condensable gas being expelled 

from the air separation chamber of the autopurger. In cases where the autopurger 

malfunctions, larger amounts of ammonia can be discharged from the purger with 

the water column masking the release by absorbing the ammonia. 
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Principles and Technologies for Finding Fugitive Emissions

Given that loss rates are often extremely small, fugitive emissions are difficult to find. 

In the sections that follow, we discuss approaches and equipment that can be used to 

locate refrigerant leaks, even in cases where no ammonia odor is readily detectable. 

More importantly, we show methods of measuring fugitive emissions to quantify 

leakage rates. 

Detecting Ammonia Leaks

Locating and repairing small refrigerant leaks is an important part of safely operating 

any process, particularly one in which the refrigerant poses a hazard. Even small 

refrigerant leaks can indicate a variety of system issues, from a loss of mechanical 

integrity to malfunctioning safety systems to inadequate routine repairs. Small 

refrigerant leaks are most often discovered by qualitative means such as odor, with 

subsequent use of sulfur sticks or an ammonia detector to pinpoint the location. 

There are techniques that can quantitatively measure rates of refrigerant loss from 

small leaks, including fugitive emissions.

Qualitative Leak Detection

The most common way of detecting ammonia leaks is by the presence of ammonia’s 

distinct odor. Once the odor is discovered or reported, plant personnel will follow-

up and pinpoint the leak source using simple tools such as a sulfur stick or litmus 

paper. Sulfur sticks consist of a wick material covered with a sulfur-laced wax. When 

the wick is lit and burning, sulfur liberated by the flame will react with airborne 

ammonia to produce ammonium sulfate which results in a distinct white wispy 

cloud appearance that will help the responding technician locate the leak source. 

Some technicians prefer to rub wetted litmus paper along potential leak sites. The 

presence of ammonia will cause the litmus paper to turn blue, with a darker color 
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change correlating to a higher ammonia concentration due to the alkaline nature of 

ammonia.

Ammonia leaks can be detected in the air using a variety of detector technologies 

such as chemical, photoionization, catalytic bead, and infrared. These technologies 

are commonly deployed in both handheld and fixed devices. For this project, a 

handheld ammonia detector was used to quantification refrigerant leaks in a process 

referred to as “screening.”

Screening involves holding the ammonia detector, preferably with an onboard 

sampling pump and probe, close to the potential leak site (gasketed connections, 

screwed connections, stem packing, etc.). This approach can identify a location with 

ammonia concentration at or above the sensor’s limit of detection. An example setup 

is shown in Figure 1, where a sight glass is being screened for ammonia leakage by 

using the detector’s sampling probe to carefully traverse the face of the glass and 

retaining ring to “sniff” for the presence of ammonia. If ammonia is detected, the 

component is then bagged to quantify the actual leak rate.
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Figure 1. Refrigerant detector equipped with an integral vacuum pump to screen for refrigerant 
emission from a sight glass in the field. 

Fixed-mount refrigerant detectors enable remote monitoring of locations that contain 
refrigeration. In the event of a refrigerant release, ammonia sensors provide a warning to 
personnel for safety, trigger engineering controls, and alert plant personnel so the leak can be 
mitigated. In some cases, measured airborne concentrations of ammonia can be used to 
estimate release quantities during subsequent incident investigation activities. 

Likewise, handheld detectors are used to monitor concentrations during response or 
maintenance activities for safety purposes. Although not required by industry codes and 
standards, many plants have deployed ammonia detectors within pressure relief vent-line 
piping to alert plant personnel if a relief valve has actuated. The sensors used in this application 
typically require a comparatively high limit of detection (4,500 ppm or higher). The high 
detection limit for relief vent line sensors may not detect if one or more relief valves may be 
exhibiting fugitive emissions via refrigerant weeping through valve seats. 

Another potential means of identifying leaks is the use of thermography. Gas detection 
thermography relies on filtering the specific infrared wavelength emitted by the gas molecule 
being targeted and highlighting those wavelengths on a user screen. An uncooled, gas-specific 
prototype unit was employed during this project. The camera was used to visualize controlled 
leaks from a cylinder of anhydrous ammonia. The camera could readily detect leaks at 
comparatively high release rates on the order of 9.8 lbm/day [4.4 kg/day]; however, we did not 
experiment with identifying a lower limit of detection for much lower leak rates more typical of 

Figure 1. Refrigerant detector equipped with an integral vacuum pump  
to screen for refrigerant emission from a sight glass in the field.

Fixed-mount refrigerant detectors enable remote monitoring of locations that contain 

refrigeration. In the event of a refrigerant release, ammonia sensors provide a warning 

to personnel for safety, trigger engineering controls, and alert plant personnel so the 

leak can be mitigated. In some cases, measured airborne concentrations of ammonia 

can be used to estimate release quantities during subsequent incident investigation 

activities.

Likewise, handheld detectors are used to monitor concentrations during response or 

maintenance activities for safety purposes. Although not required by industry codes 

and standards, many plants have deployed ammonia detectors within pressure relief 

vent-line piping to alert plant personnel if a relief valve has actuated. The sensors 

used in this application typically require a comparatively high limit of detection 

(4,500 ppm or higher). The high detection limit for relief vent line sensors may not 
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detect if one or more relief valves may be exhibiting fugitive emissions via refrigerant 

weeping through valve seats.

Another potential means of identifying leaks is the use of thermography. Gas 

detection thermography relies on filtering the specific infrared wavelength emitted by 

the gas molecule being targeted and highlighting those wavelengths on a user screen. 

An uncooled, gas-specific prototype unit was employed during this project. The 

camera was used to visualize controlled leaks from a cylinder of anhydrous ammonia. 

The camera could readily detect leaks at comparatively high release rates on the order 

of 9.8 lbm/day [4.4 kg/day]; however, we did not experiment with identifying a lower 

limit of detection for much lower leak rates more typical of fugitive emissions. The 

release rates required to identify flow on the screen far exceeded the odor threshold 

and could easily be picked up using alternative means such as an ammonia detector 

or sulfur stick.

Finally, ultrasonic detectors are commonly used to pinpoint leaks in compressed 

air systems. We evaluated this technology for its potential application to locate and 

quantify ammonia vapor leaks; however, we concluded it is not sufficiently sensitive 

to detect the low leak rates associated with fugitive emissions.

Quantitative Leak Detection

Once identified, fugitive emissions of ammonia were measured in the field by 

bagging. Bagging involves enclosing a leak site within a plastic bag and inducing 

a flow through the bag across the leak site, as shown in Figure 2. A schematic of 

bagging setup used for larger leak rates during the project is shown in Figure 3. 
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We evaluated this technology for its potential application to locate and quantify ammonia 
vapor leaks; however, we concluded it is not sufficiently sensitive to detect the low leak rates 
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Quantitative Leak Detection 
Once identified, fugitive emissions of ammonia were measured in the field by bagging. Bagging 
involves enclosing a leak site within a plastic bag and inducing a flow through the bag across the 
leak site, as shown in Figure 2. A schematic of bagging setup used for larger leak rates during the 
project is shown in Figure 3.  

  
Figure 2. Shutoff valve on the high-pressure side of an ammonia refrigeration system (left) being 
bagged (right) to quantify refrigerant leakage from the bonnet gasket or stem packing. 
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Figure 3. Diagram of the bagging setup used in the field. 
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The following provides a method for calculating the leak rate for a bagged component 

wherein the microenvironment within the bag is being sampled with an ammonia 

detector using a known gas flow rate, measured concentration, local atmospheric 

pressure, and local temperature (EPA, 1995, pp. 4-9).
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Q is the gas flow rate through the ammonia detector in ft3/hr [liter/min]

MW is the molecular weight of the refrigerant in lbm/lbmol [kg/kgmol],  

ammonia is 17.03

GC is the measured gas concentration in ppmv

P is the local atmospheric pressure in psia [mmHg]

T is the local temperature in °F [°C]



Technical Paper #3 © IIAR 2021 11

Identifying and Quantifying Fugitive Emissions from Industrial Refrigeration Systems

Bagging was found to be an effective way to measure a wide range of refrigerant 

release rates because the air flow through the bag can be controlled using a vacuum 

pump to maintain the mixture within the ammonia detector readable range. The 

ammonia detector used during this project is equipped with two (2) separate sensors: 

a photo ionization detector (PID) for sensing lower concentrations of ammonia 

(0-1,000 ppm) and a catalytic bead sensor for detecting higher concentrations of 

ammonia (4,500 -150,000 ppm). Figure 4 shows the effective leak rate measurement 

range as a function of ammonia concentration over the range of the PID sensor. 

At the upper limit of detection for the PID sensor (1,000 ppm), the maximum leak 

rate corresponds to 0.38 lbm/yr [0.17 kg/yr]. Figure 5 shows the effective leak rate 

measurement range as a function of concentration for the catalytic bead sensor. In 

this case, the lower limit of detection for this sensor is 3% of the lower flammability 

limit (LFL, 4,500 ppm) and the corresponding lowest leak rate is 1.8 lbm/yr [0.82 

kg/yr]. Because the handheld ammonia detector has its own fixed-speed sampling 

pump, decreasing the sampling pump’s flow rate is not an option, as the unit alarms 

and requires a pump restart when a decrease in gas flow rate is detected. Without 

the use of a separate vacuum pump to dilute the bagged concentration of ammonia 

by increasing airflow, there is a gap in leak rate measurement capability using the 

handheld detector alone.



 12 © IIAR 2021 Technical Paper #3

2021 Natural Refrigeration Online Conference & Virtual Expo

 

Figure 4. Ammonia leak rate as a function of sensed concentration within the detection limits of the 
PID sensor for a bagging setup. 

 

0 200 400 600 800 1000
0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

0

0.025

0.05

0.075

0.1

0.125

0.15

0.175

Am
m

on
ia

 L
ea

k 
Ra

te
 [l

b m
 / 

Ye
ar

]

Ammonia Concentration [ppm]

Ammonia Detector Sampling Pump (≈1ft3/hr)[742 cc/min]
Elevation 0 ft

Bagging Setup Limits with Detector Only

PID Sensor Range 0-1000 ppm

0.001 - 0.38 lbm /yr Range

Am
m

on
ia

 L
ea

k 
Ra

te
 [k

g/
Ye

ar
]

0.5 - 172 gram/yr

Figure 4. Ammonia leak rate as a function of sensed concentration within the detection limits  
of the PID sensor for a bagging setup.
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Figure 5. Ammonia leak rate as a function of sensed concentration within the detection limits of the 
catalytic bead sensor for a bagging setup. 

 

A wider range of leak rates can be measured when a separate vacuum pump is deployed, as 
quantified in Figure 6 and Figure 7 and summarized in Table 1. The separate vacuum pump allows 
a greater flow rate of ambient air to be drawn through the bagged component to further dilute 
the ammonia concentration within the bag’s microenvironment. Varying the flow rate allows 
for coverage of the gap noted previously, and extends the measurement range up to 2,000 
lbm/yr [907 kg/yr] of ammonia vapor. For liquid leaks, other means must be used to measure 
the liquid release rate. Refer to IRC (2020b) for further details on measuring leak rates using a 
handheld detector alone or in conjunction with a separate vacuum pump. 
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Figure 5. Ammonia leak rate as a function of sensed concentration within the detection limits  
of the catalytic bead sensor for a bagging setup.

A wider range of leak rates can be measured when a separate vacuum pump is 

deployed, as quantified in Figure 6 and Figure 7 and summarized in Table 1. The 

separate vacuum pump allows a greater flow rate of ambient air to be drawn through 

the bagged component to further dilute the ammonia concentration within the 

bag’s microenvironment. Varying the flow rate allows for coverage of the gap noted 

previously, and extends the measurement range up to 2,000 lbm/yr [907 kg/yr] of 

ammonia vapor. For liquid leaks, other means must be used to measure the liquid 

release rate. Refer to IRC (2020b) for further details on measuring leak rates using a 

handheld detector alone or in conjunction with a separate vacuum pump.
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Figure 6. Bagging setup limits with PID sensor and vacuum pump. 

 

 

Figure 7. Bagging setup limits with LFL sensor and vacuum pump. 
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Figure 6. Bagging setup limits with PID sensor and vacuum pump.
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Figure 7. Bagging setup limits with LFL sensor and vacuum pump. 

100 200 300 400 500 600 700 800 900 1000
0

1

2

3

4

5

6

7

8

9

10

11

12

0

1

2

3

4

5

Am
m

on
ia

 L
ea

k 
Ra

te
 [l

b m
 / 

Ye
ar

]

Elevation 0 ft

Bagging Setup Limits with Vacuum Pump

PID Sensor Range 0-1000 ppm
Flow Range 1-30 ft3/hr [0.47-14.2 liter/min]

Range of Possible Readings

Ammonia Concentration [ppm]

Am
m

on
ia

 L
ea

k 
R

at
e 

[k
g/

Ye
ar

]

0 10 20 30 40 50 60 70 80 90 100
0

200

400

600

800

1000

1200

1400

1600

1800

2000

2200

0

100

200

300

400

500

600

700

800

900

1000

A
m

m
on

ia
 L

ea
k 

R
at

e 
[lb

m
 / 

Ye
ar

]

% of Lower Flammability Limit (LFL=15%)

Catalytic Bead Sensor Range 3-100% LFL

Range of Possible Readings

Elevation 0 ft

Bagging Setup Limits with Vacuum Pump

Flow Range 1-30 ft3/hr [0.47-14.2 liter/min]
Am

m
on

ia
 L

ea
k 

Ra
te

 [k
g/

Ye
ar

]

Figure 7. Bagging setup limits with LFL sensor and vacuum pump.
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Multiple sources contribute to the uncertainty in measuring fugitive emission leak 

rates. A relatively small contribution in uncertainty comes from variations in ambient 

temperature, humidity, and altitude. The primary source of uncertainty is the 

measurement of the total gas flow rate. The leak rate uncertainty due to the gas flow 

meter decreases as the flow rate increases. Two (2) rotameters were used during the 

project included a 0-1,000 cc/min unit and a 0-20 L/min unit, and the uncertainty for 

these flow meters is lowest when the gas flow is kept in the top half of the scale for 

each. 

Leak Rate Measurement Range  

(lbm/year) [kg/year]

Sensor Detection Range

Onboard Pump 

(1 ft3/hr) 

[742 cc/min]

External Vacuum Pump 

(1-30 ft3/hr) 

[0.47-14.2 L/min]

PID 0-1,000 ppm
0.001-0.383

[0.00045-0.174]

0.001-11.3

[0.00045-5.13]
Catalytic 

Bead

3-100% LFL  

(4,500-150,000 ppm)

2-72

[0.91-32.7]

2-2,150

[0.91-975]

Table 1. Summary of fugitive emission leak rate ranges during bagging at sea level pressure.

Fugitive Emissions: Field Experience and Findings

Field work conducted at five (5) facilities included a total of six (6) refrigeration 

systems. Table 2 summarizes key characteristics for each of the plants and their 

refrigeration systems. Detailed refrigerant inventory calculations were performed 

for each system to establish benchmarks for their “maximum intended refrigerant 

inventory.” An analysis of historical ammonia purchases was performed to estimate 

the annual refrigerant loss rate.
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The smallest system was Plant #4, with an operating refrigerant inventory of 5,382 

lbm [2,441 kg], while Plant #3 was the largest with a refrigerant inventory of 38,712 

lbm [17,559 kg]. The annual refrigeration loss estimate for Plant #4 is based solely 

on ammonia purchases totaling 2,166 lbm [982 kg] (40.3%). However, this plant was 

undergoing an expansion with significant piping modifications still in progress during 

the time of our plant visit, so the refrigerant purchases are not solely reflective of 

refrigerant losses. Plant #3 provided a good estimate of the annual refrigerant loss 

quantity at 1,838 lbm [834 kg] (4.8%) because no significant modifications have been 

made to this system over the time period analyzed.  

Plant

System 

Charge  

(lbm)[kg]

Annual losses  

(lbm [%]) 

[kg]

 

Comments

#1
7,500

[3,402]

496 [6.6] 

[225]

Minimal system changes, reasonable loss 

est.

#2
15,726

[7,133]

2,369 [15.1]

[1,075]

NH3 additions are due to system expansion 

biasing apparent loss rate. Estimated steady 

state loss rate is approximately 4.8%/yr.

#3
38,712

[17,559]

1,838 [4.8] 

[834]

Minimal system changes, reasonable loss 

est.

#4
5,382

[2,441]

2,166 [40.3] 

[983]

Plant expansions are biasing apparent 

loss rate higher than expected. Significant 

equipment/piping replacements recently 

completed are expected to reduce annual 

losses.
#5 

(System A)

27,571

[12,506]

1,594 [5.8] 

[723]

System recently underwent consolidation.

#5 

(System B)

15,629

[7,089]

1,518 [9.7] 

[689]

Totals
110,520

[50,131]

9,981 [9.0]

[4,527]

Loss totals are biased high by 3 of 5 plants

Table 2. Key characteristics for six refrigeration systems surveyed during the field-phase of this project.
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The primary purpose of conducting field work at the facilities was to find and 

quantify fugitive emissions of ammonia. A total of one-hundred seventy-five (175) 

different refrigeration system components were surveyed, including one-hundred 

fifty-nine (159) screened and one-hundred ten (110) bagged. Of the 175 components, 

a total of thirty-four (34) items had detectable refrigerant emissions, made up of 

twenty-one (21) sight glasses, twelve (12) system operating valves, and a compressor 

housing. Unexpectedly, the threaded connections, unions, flare fittings, flanges, check 

valves, plugs and pressure relief valves surveyed exhibited no fugitive emissions. 

Items with no detectable emissions were assumed to have a release rate below the 

lowest detectable level for this setup at 0.001 lbm/yr [0.5 gram/yr].

The average leak rates found during the present study are summarized below in Table 

3. Although somewhat arbitrary, a pressure of 80 psig [552 kPag] was chosen as the 

transition from what was considered “low” pressure to “high” pressure. Nominally, 

the qualitative flags for “low” and “high” pressure correspond to the refrigeration 

system’s “high-side” and “low-side.”

In an ammonia refrigeration system during normal operation, condensing pressures 

below and refrigeration loads above 80 psig [552 kPag] are quite rare. For the facilities 

surveyed, the highest refrigeration evaporator pressure was 60 psig [414 kPag], while 

the lowest condensing pressure observed was 110 psig [758 kPag]. The “Average 

Leak Rate” for “All Equipment” corresponds to the one-hundred ten (110) bagged 

components. The “Zero Odor Rate” corresponded to the average leak rate of bagged 

components where ammonia was detected during the bagging process, but no 

ammonia odor was noticed by the staff member conducting the screening/bagging. 

The “Zero Screen Rate” is the average leak rate of bagged components which 

recorded a zero (0) screening value. Clearly, the leak rates on a per-equipment basis 

are quite low and, collectively, they did not approach the actual total refrigerant loss 

rate from each of the five facilities where field work was conducted. For a complete 

list of survey results, refer to IRC (2020a).
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Type
Pressure 

Level

Average Leak 

Rate (lbm/yr) 

[g/yr]

Zero Odor Rate 

(lbm/yr)  

[g/yr]

Zero Screen Rate 

(lbm/yr)  

[g/yr]

All Equipment

All
0.035

[16]
0.002 [0.9] 0.001 [0.5]

High
0.061

[28]
0.002 [0.9] 0.001 [0.5]

Low
0.002

[0.9]
0.001 [0.5] 0.001 [0.5]

Valves
High

0.053

[24]
0.002 [0.9] 0.001 [0.5]

Low
0.001

[0.5]
0.001 [0.5] 0.001 [0.5]

Sight Glass
High

0.090

[41]
0.004 [2] 0.002 [0.9]

Low
0.001  

[0.5]
0.001 [0.5] 0.001 [0.5]

Compressor 

Housing
All

0.009

[4]
- -

Threaded 

Connections
All

None Detected 

(0.001) [0.5]
- -

Flange 

Connections
All

None Detected 

(0.001) [0.5]
- -

Plugs All
None Detected 

(0.001) [0.5]
- -

Pressure Relief 

Valves
All

None Detected 

(0.001) [0.5]
- -

Table 3. Summary of fugitive emissions field survey results.

All plants had at least one component with fugitive emissions; however, we 

concluded fugitive emissions themselves did not rise to a level that accounts for 

significant refrigerant losses occurring for these refrigeration systems. For components 
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surveyed with measurable refrigerant fugitive emissions, the average leak rate was 

0.086 lbm/yr [39 gram/yr]. The average of all sampled components was 0.035 lbm/yr 

[16 gram/yr]. As an example, consider a given system with 1,000 components leaking 

at that average rate, the, fugitive emissions would total 35 lbm/year [16 kg/yr], yet the 

average annual total refrigerant losses for the five plants surveyed had apparent losses 

that were two orders of magnitude higher at 1,664 lbm/yr [755 kg/yr]. Based on our 

findings, fugitive emissions are not a significant contributor to the overall loss of 

refrigerant from industrial ammonia refrigeration systems. It appears that the two 

(2) categories of refrigerant losses that most meaningfully contribute to annual losses 

are accidental releases (small and large) and venting during system maintenance and 

repair.

Leak Rate Estimation of Small Releases

To relate screening values to actual emissions rates, a least squares regression, 

analogous to that of the EPA (1995), can be used. Ideally, this regression is prepared 

for each type or category of equipment; however, the equipment-specific instances of 

fugitive emissions found only produced enough data for regression of refrigerant sight 

glasses found on the high-pressure side of refrigeration systems. These sight glasses 

then dominated the regressions for both “all equipment” and “high-side equipment” 

categories.

The regression for screening all equipment using an ammonia detector drawing 

~1 ft3/hr [472 cc/min] through the sampling pump is shown in Figure 8. It would 

be expected that refrigerant detectors with higher gas flow rates would yield lower 

screening values for the same leak point due to dilution, and higher screening values 

for lower flow rate detectors due to less dilution. The actual relationship would need 

to be investigated further if a screening/bagging relationship is needed for other 

ammonia detectors or sampling flow rates. Most screening was conducted by moving 

the refrigerant detector’s probe tip in the immediate vicinity of the leak site while 
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avoiding obstructing the probe and moving at a rate to accommodate the detector 

response time. Retracting the detector probe tip any distance away from the leak site 

creates lower screening readings for a given leak rate due to dilution of the sample 

drawn. Many small releases are not estimated due to the time required to directly 

measure the release rate coupled with the urgency of stopping known releases. 

Utilizing a least squares regression provides a fast, easy way to estimate release rates 

prior to repair, allowing facilities to better understand losses from these releases.

 

Figure 8. Least squares regression of the screening and bagging values of all equipment for the 
ammonia concentration range from 0-150,000 ppm, the range of the LFL detector. 

DDyynnaammiicc  SSyysstteemm  IInnvveennttoorryy  TTrraacckkiinngg  
The periodic addition of refrigerant to systems will equal the refrigerant losses during the 
interval unless the system has had components added or removed from the system, and the 
refrigerant level after the addition results in the same refrigerant levels in the system’s vessels. 
The concept of dynamically tracking the refrigerant inventory for the system over time can 
result in the ability to identify refrigerant losses. Because this is happening over time, losses can 
be noticed earlier than when compared to the lagging indicator of periodic purchase and 
addition of refrigerant to the system. Since industrial refrigeration systems may go one or more 
years between ammonia additions, a means of tracking refrigerant losses over a shorter time 
horizon would be desirable.  

As refrigerant is lost or removed from the system and refrigerant inventory declines, the 
decline may be detectable by examining the inventory of refrigerant in a portion of a 
refrigeration system that has an uncontrolled refrigerant inventory. In most systems, this is the 
high-pressure receiver (HPR), as illustrated in Figure 9. Since the liquid refrigerant level in the 
HPR can fluctuate as refrigeration system operating conditions change, several liquid 
refrigerant level data points over days or weeks are required to begin establishing a clear trend 
in system refrigerant inventory. This technique is most effective for plants that have consistent 
operational profiles and where HPR level data are collected during periods of normal operation. 

Figure 8. Least squares regression of the screening and bagging values of all equipment for the 
ammonia concentration range from 0-150,000 ppm, the range of the LFL detector.
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Dynamic System Inventory Tracking

The periodic addition of refrigerant to systems will equal the refrigerant losses 

during the interval unless the system has had components added or removed from 

the system, and the refrigerant level after the addition results in the same refrigerant 

levels in the system’s vessels. The concept of dynamically tracking the refrigerant 

inventory for the system over time can result in the ability to identify refrigerant 

losses. Because this is happening over time, losses can be noticed earlier than when 

compared to the lagging indicator of periodic purchase and addition of refrigerant to 

the system. Since industrial refrigeration systems may go one or more years between 

ammonia additions, a means of tracking refrigerant losses over a shorter time horizon 

would be desirable. 

As refrigerant is lost or removed from the system and refrigerant inventory declines, 

the decline may be detectable by examining the inventory of refrigerant in a portion 

of a refrigeration system that has an uncontrolled refrigerant inventory. In most 

systems, this is the high-pressure receiver (HPR), as illustrated in Figure 9. Since 

the liquid refrigerant level in the HPR can fluctuate as refrigeration system operating 

conditions change, several liquid refrigerant level data points over days or weeks 

are required to begin establishing a clear trend in system refrigerant inventory. This 

technique is most effective for plants that have consistent operational profiles and 

where HPR level data are collected during periods of normal operation.
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Figure 9. Zone of a typical industrial refrigeration system that characterized by fluctuating refrigerant 
inventory and controlled refrigerant inventory. 

The HPR vessel operates at the system’s condensing pressure, and the amount of refrigerant in 
the HPR is driven by system dynamics with no active controls used to manage the HPR liquid 
refrigerant level. The dynamic system inventory tracking method presented here relies on these 
refrigeration system dynamics to average out over time so a clearer trend in refrigerant system 
inventory emerges. 

The first step in tracking the dynamic system inventory for a plant is to calculate the total 
amount of refrigerant contained within that system. This is usually referred to as the 
“maximum intended inventory” or “refrigeration system charge.” Calculating the inventory 
requires accounting for all refrigerant contained within all vessels, piping, evaporators, 
condensers, and any other components that make up the refrigeration system. More guidance 
on conducting a refrigerant inventory calculation is provided in a separate document, IRC 
(2020b). 

The next step is to determine which vessels will show trend in refrigerant loss. A basic system 
layout is shown in Figure 9 and is representative of many industrial ammonia refrigeration 
systems. The dashed lines shown in the figure divide the system into two parts: “controlled 
refrigerant inventory” and “fluctuating refrigerant inventory.” In the controlled inventory 
portion of the system, the refrigerant flows and liquid levels are actively managed. Pumped 
recirculation vessels and surge drums attached to gravity flooded evaporators are controlled to 

Figure 9. Zone of a typical industrial refrigeration system that characterized by fluctuating refrigerant 
inventory and controlled refrigerant inventory.

The HPR vessel operates at the system’s condensing pressure, and the amount of 

refrigerant in the HPR is driven by system dynamics with no active controls used 

to manage the HPR liquid refrigerant level. The dynamic system inventory tracking 

method presented here relies on these refrigeration system dynamics to average out 

over time so a clearer trend in refrigerant system inventory emerges.

The first step in tracking the dynamic system inventory for a plant is to calculate the 

total amount of refrigerant contained within that system. This is usually referred to as 

the “maximum intended inventory” or “refrigeration system charge.” Calculating the 

inventory requires accounting for all refrigerant contained within all vessels, piping, 

evaporators, condensers, and any other components that make up the refrigeration 

system. More guidance on conducting a refrigerant inventory calculation is provided 

in a separate document, IRC (2020b).
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The next step is to determine which vessels will show trend in refrigerant loss. A 

basic system layout is shown in Figure 9 and is representative of many industrial 

ammonia refrigeration systems. The dashed lines shown in the figure divide the 

system into two parts: “controlled refrigerant inventory” and “fluctuating refrigerant 

inventory.” In the controlled inventory portion of the system, the refrigerant flows 

and liquid levels are actively managed. Pumped recirculation vessels and surge 

drums attached to gravity flooded evaporators are controlled to maintain a liquid 

level setpoint. Refrigerant make-up to these vessels is started or modulated as the 

level falls below setpoint and stopped when levels rise above setpoint. Evaporators 

tend to run with a relatively constant inventory during their normal cooling mode. As 

discussed earlier, the high-pressure receiver (HPR) does not operate at a controlled or 

fixed refrigerant level. As a result, the HPR is variable and will typically be the first 

vessel to indicate a dynamic trend in lower liquid levels when ammonia is lost from 

the system.

Every refrigeration system is unique, and some system designs/layouts may have 

more than one pressure vessel that must be incorporated into the “fluctuating 

inventory” portion of the dynamic charge calculations in order to provide a more 

accurate estimate loss the rate of refrigerant leaving the system. This can include 

systems with multiple high-pressure receivers; low-side vessels that vary in level such 

as accumulators (i.e., suction traps); or low-side vessels with variable level setpoints. 

Once the uncontrolled vessel(s) have been identified, the vessel size(s) must be 

measured or otherwise obtained from documentation to calculate the vessel’s 

refrigerant inventory for a given liquid refrigerant level. Once these items have been 

established, the dynamic inventory tracking can begin. 

The dynamic inventory tracking involves periodically (e.g., daily) logging the liquid 

level in the HPR. The liquid level in a vessel is usually expressed as the liquid 

height from the bottom of the vessel as the reference point. This process is often 

accomplished during operator “rounds” performed at, nominally, the same time each 

shift or day. Preferably, the refrigeration system is operating normally at the time the 
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liquid level is logged. If the HPR vessel level is logged multiple times a day, each log 

entry can be used in the inventory tracking, or the levels can be averaged to yield a 

single daily level. 

A dynamic inventory tracking tool was created to facilitate the process of trending 

refrigerant losses occurring with an ammonia refrigeration system. The process begins 

with entering the orientation and dimensions of the system’s HPR as shown in Figure 

10. Upon completing the initial setup, the user would click on the “Vessel Levels” tab 

to enter collected data. Figure 11 shows the “Vessel Levels” tab with an example of 

the data entry for the tool that includes date, liquid level, and the system condensing 

pressure for each log condition entry. For each entry, the tool automatically calculates 

the information shaded in blue, including liquid and vapor density for ammonia, 

liquid and vapor volume, and total quantity or charge of ammonia in the HPR based 

on vessel dimensions and properties of ammonia.

 

Figure 10. Initial setup of the dynamic inventory tracking requires entering the HPR orientation and 
dimensions in the “Vessel Dimensions” tab of the spreadsheet. 

 

Figure 11. Example of information taken from the Dynamic Vessel Inventory Tracking tool. 

When several days or weeks or months of data have been collected, the user can click on the 
“Plot Data” button and the tool will automatically generate a plot that includes each of the 

Figure 10. Initial setup of the dynamic inventory tracking requires entering the HPR orientation  
and dimensions in the “Vessel Dimensions” tab of the spreadsheet.
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Figure 10. Initial setup of the dynamic inventory tracking requires entering the HPR orientation and 
dimensions in the “Vessel Dimensions” tab of the spreadsheet. 

 

Figure 11. Example of information taken from the Dynamic Vessel Inventory Tracking tool. 

When several days or weeks or months of data have been collected, the user can click on the 
“Plot Data” button and the tool will automatically generate a plot that includes each of the 

Figure 11. Example of information taken from the Dynamic Vessel Inventory Tracking tool.

When several days or weeks or months of data have been collected, the user can 

click on the “Plot Data” button and the tool will automatically generate a plot that 

includes each of the entries as individual data points as well as a linear trendline 

applied to the entered data, as shown in Figure 12. The tool uses the trendline to 

estimate the annual average refrigerant loss rate (lbm/yr) as well as a curve fit to the 

trendline that includes an estimated daily loss rate based on the slope of the trendline 

(for the case shown in Figure 12, the daily loss rate is 3.1 lbm/day [1.4 kg/day]). 

Users of the tool should carefully inspect the plot of data points and identify if there 

are any outlier points that may be reflective of a data entry error. If errors are found, 

the user can make corrections to the corresponding data in the “Vessel Levels” tab 

and replot.
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entries as individual data points as well as a linear trendline applied to the entered data, as 
shown in Figure 12. The tool uses the trendline to estimate the annual average refrigerant loss 
rate (lbm/yr) as well as a curve fit to the trendline that includes an estimated daily loss rate 
based on the slope of the trendline (for the case shown in Figure 12, the daily loss rate is 3.1 
lbm/day [1.4 kg/day]). Users of the tool should carefully inspect the plot of data points and 
identify if there are any outlier points that may be reflective of a data entry error. If errors are 
found, the user can make corrections to the corresponding data in the “Vessel Levels” tab and 
replot. 

 

Figure 12. Plot of dynamic inventory tracking data showing a downtrend in vessel level totaling an 
estimated loss rate of 1,100 lbm/yr [499 kg/yr]. 

The number of data points required to provide a reliable estimate of ammonia losses varies 
from system to system and can also vary throughout the year. There are times, for example 
during the fall season as system loads lessen, when the HPR may show an apparent 
accumulation of refrigerant inventory. Conversely, other times of year may show a much 
steeper downward trend as loads become more active. 

Additional data logged into the tool will help smooth out the various factors that may confound 
or mask refrigerant losses that are actually occurring. This dynamic inventory calculator is not 
intended to be the decisive measure of refrigerant losses. It is best used as a guide to 
accompany other activities meant to reduce refrigerant losses and alert refrigeration personnel 

Figure 12. Plot of dynamic inventory tracking data showing a downtrend  
in vessel level totaling an estimated loss rate of 1,100 lbm/yr [499 kg/yr].

The number of data points required to provide a reliable estimate of ammonia losses 

varies from system to system and can also vary throughout the year. There are times, 

for example during the fall season as system loads lessen, when the HPR may show 

an apparent accumulation of refrigerant inventory. Conversely, other times of year 

may show a much steeper downward trend as loads become more active.

Additional data logged into the tool will help smooth out the various factors that 

may confound or mask refrigerant losses that are actually occurring. This dynamic 

inventory calculator is not intended to be the decisive measure of refrigerant losses. 

It is best used as a guide to accompany other activities meant to reduce refrigerant 

losses and alert refrigeration personnel to investigate potential refrigerant losses more 

closely if the downward trend in refrigerant accelerates over time.
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It’s important to be cognizant as to how modifications will impact refrigerant 

inventory in a system as equipment is added or removed. When these changes occur, 

they not only alter the distribution of refrigerant within the system, but they also 

alter the trendline of uncontrolled level vessel charge as well. When making system 

modifications, it is recommended that the plant create a new, separate dataset, and 

restart the trending process.

Systems that experience significant seasonal or other operational variations may have 

other options to track refrigerant inventory over time. For a system that is routinely 

shut down, vessel levels could be taken during shut-down times, thereby eliminating 

fluctuations from loads.

Conclusion

Fugitive emissions of ammonia to air from industrial refrigeration do occur, but they 

do not rise to the level of being principally responsible for the refrigerant losses these 

systems experience over time. Accidental releases and venting of refrigerant during 

maintenance activities are the two categories more likely responsible for nearly all 

refrigerant loss during a system’s operating lifetime. Reducing the frequency and 

severity of accidental releases can be accomplished by developing and implementing 

sound mechanical integrity programs that regularly inspect and test components. 

When accidental releases do occur, plants must develop estimates of the quantity of 

ammonia released during the event and then maintain a running total of the release 

quantity for reconciling with future system top-offs. Determining the quantity of 

refrigerant accidentally released can be challenging, but Reindl and Jekel (2016) 

provide guidance for preparing estimates of refrigerant release quantity associated 

with incidents and accidents.

Process owners can also take steps to reduce refrigerant losses associated with 

maintenance activities by recovering and reusing ammonia rather than simply 
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venting the refrigerant to atmosphere or absorbing the ammonia in a water tote 

for later treatment or disposal. Some plants are equipped with specialized “pump-

out systems” where the refrigerant can easily be evacuated from a portion of the 

system in preparation for maintenance. Most plants do not have dedicated pump-

out systems, but those facilities should be capable of making temporary connections 

to transfer refrigerant from a portion of the system planned for service. This avoids 

discharging larger quantities of ammonia from the system. The method of dynamic 

charge calculation introduced in this paper provides a means for plants to identify 

and estimate a system’s refrigerant loss rate to trigger active leak identification and 

repair.

As a target, we propose an annual refrigerant loss rate of the lesser of 5%/yr or 

2,000 lbm/yr as a threshold for unaccounted refrigerant losses that would prompt 

an investigation to find and repair a leak. The 5%/yr loss rate threshold is both 

attainable and reasonable for small-to-moderate size industrial refrigeration systems. 

For large systems, a fixed loss percentage can translate to significant quantities of 

ammonia that should not escape the attention of a plant. In this case, the 2,000 lbm/

yr benchmark would be applied as a threshold to trigger an investigation for leaks 

and initiation of repair as needed.
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