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The first two PCA components explained 68.02% of the variance, while technical profession (p =43.78, p < 0.001),
training level (B = 4.10, p = 0.002) and duration of equipment use (f = 0.915, p < 0.001) were positively associated
with the refrigerant identification score (OLS R? = 0.267). Among refrigerators, R-134a was the most frequently
identified refrigerant (15.30% of the total study population), whereas R-22 remained present in 6.2% of air
conditioners. For air conditioners, the composition-based Environmental Pressure Index (EPI) was 0.164377, with
R-410A contributing 37.3% of the index; R-22 accounted for all observed ozone-depletion pressure.

Conclusion: The findings demonstrate substantial gaps in refrigerant knowledge and traceability among equipment
users in Togo. The results support improved technical training, equipment labelling, refrigerant traceability, and
enforcement of existing refrigerant-management requirements.

Introduction:-

The refrigeration and air-conditioning sector is experiencing rapid growth in sub-Saharan Africa, driven by
accelerated urbanization, rising demand for thermal comfort, demographic expansion, gradual improvement in
living standards, and the intensification of heat episodes associated with climate change (IEA, 2018; UNEP, 2022).
In Togo, as in many sub Saharan Africa countries, this dynamic has led to a substantial increase in the number of
refrigeration and air-conditioning installations across residential, commercial, and institutional sectors. This
expansion is accompanied by a significant rise in equipment operating primarily with chlorodifluoromethane
(HCFC-22, R-22) and 1,1,1,2-tetrafluoroethane (HFC-134a, R-134a), both of which are greenhouse gases (GHGs)
with well-documented environmental impacts (Myhre et al., 2013; Velders et al., 2015).

HCFC-22 possesses an ozone depletion potential (ODP) of 0.055 and a global warming potential (GWP) of 1810
over a 100-year horizon, placing it among the controlled substances under the Montreal Protocol. The Kigali
Amendment applies to HFCs and established differentiated HFC phase-down schedules for Parties to the Montreal
Protocol (UNEP, 2016). HFC-134a, although non-ozone-depleting (ODP = 0), has a GWP100 of 1,430 (UNEP,
2023). The Kigali Amendment, adopted in 2016, established differentiated HFC phase-down schedules, including an
80% reduction from baseline by 2045 for Article 5 Group 1 Parties and an 85% reduction by 2047 for Article 5
Group 2 Parties (UNEP, 2016). Despite these international regulatory frameworks, compliance and enforcement
remain uneven in some countries, where outdated equipment continues to operate and refrigerant management
practices are poorly documented (Andersen and Sarma, 2012; UNEP DTIE OzonAction, 2019).

Cooling appliances are widely used in households, businesses, health facilities, hotels, and public institutions, yet
empirical data on refrigerant-use practices in Sub-Saharan Africa remain limited. Key gaps include poor equipment
traceability, continued use of obsolete refrigerants in informal markets, and low user awareness of the substances
contained in their appliances (Andersen and Sarma, 2012; Velders et al.,, 2014). Inadequate knowledge and
insufficient technician training may increase occupational exposure to refrigerants during accidental releases,
particularly in confined spaces, while leaks of high-GWP refrigerants contribute to greenhouse-gas emissions
(Calm, 1996; Anders, 1991; Campbell et al., 1986). In Togo, there is a need to evaluate users’ knowledge about
refrigerant, characterize socio-occupational profiles, and identify factors associated with knowledge levels. Such
evidence is essential for targeted training, risk identification, and effective environmental and public-health
interventions (NRC, 1983; USEPA, 2011).

The present study was designed to address this gap by characterising refrigerant knowledge, traceability and
composition among refrigeration and air-conditioning equipment users in Togo. Specifically, the objectives were:
(1) to assess refrigerant knowledge among users of refrigerators and air conditioners; (2) to characterise refrigerants
reported in current use and their GWP100 and ODP values; (3) to determine sociodemographic and professional
factors associated with knowledge scores; and (4) to quantify composition-based traceability and environmental
indicators for the refrigerants identified in air conditioners.

Materials and Methods:-

Study design and setting:-

A cross-sectional descriptive and analytical study was conducted in 2024 across 10 cities in Togo: the Autonomous
District of Grand Lomé (DAGL) and nine remote area cities (Kara, Dapaong, Sokodé, Atakpamé, Kpalimé, Tsévié,
Mango, Notsé, and Aného). The nine interior cities were selected by simple random draw. The study setting is
characterized by a tropical climate with temperatures frequently exceeding 30 °C, contributing to high demand for
cooling equipment (Agence Nationale de la Météorologie du Togo, 2023).
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Sampling strategy:-

A grid-based spatial sampling design was employed. Sixty cells (grids) were generated across the study area and
numbered for selection, of which 45 were retained to ensure geographic coverage (Cochran, 1977). In DAGL, 15 of
25 cells were surveyed; in the remaining cities, 2 or 3 cells were surveyed (Table 1). Data collection involved
visiting selected sampling locations starting from an accessible point within each grid. The nine interior cities were
selected by simple random draw; within the selected cells, field recruitment followed the survey protocol. This
design provided spatial coverage but should not be interpreted as simple random sampling of individual participants.

Table 1. Number of selected and surveyed grid cells by locality

Location Total number of Number of surveyed
selected grid cells grid cells
DAGL 25 15
Kara 3 3
Kpalimé 3 2
Dapaong 2 2
Atakpamé 2 2
Sokodé 2 2
Tsévié 2 2
Aného 2 2
Notsé 2 2
Mango 2 2
Total 45 34

DAGL:Autonomous District of Greater Lomé

Sample size determination:-

The required sample size was calculated using Cochran's formula for proportions with a finite population correction.
The parameters were: z = 1.96 (95% confidence level), p = 0.5 (maximum uncertainty proportion), and ¢ = 0.04 (4%
margin of error). The initial theoretical sample size was no = 600.25. Adjusting for the total population of N =
8,095,498 (RGPH-5, 2023), the corrected sample size was n = 600.2. To ensure adequate precision while respecting
the grid allocation, a final target sample size of n = 652 was adopted. A sensitivity analysis across margins of error
(3.8-4.0%) gave theoretical sample sizes ranging from approximately 600 to 670. Of the 652 targeted participants,
634 completed the survey (response rate: 97.2%). The 18 non-respondents were distributed across seven sampling
cells and comprised nine individuals who declined participation and nine who provided incomplete responses
subsequently excluded during data quality checks. No formal non-response bias analysis was performed.

Data collection:-

Data were collected using a structured questionnaire administered electronically through the KoboCollect
application (KoboToolbox, 2024), an open-source mobile survey platform widely validated in humanitarian and
public health research (Aryal et al., 2023; Hartung et al., 2010). The questionnaire was developed based on a
literature review of refrigerants and environmental knowledge, adapted from the interim report framework of the
U.S. Environmental Protection Agency (EPA, 1990).A pre-survey involving 30 participants, who were excluded
from the main study, was conducted to assess item comprehension and estimate the average administration time.

Knowledge assessment framework:-

Knowledge was assessed on a six-level ordinal scale (0—5) adapted from the revised Bloom's taxonomy of cognitive
domains (Anderson and Krathwohl, 2001; Bloom et al., 1956). The levels were defined as follows: Level 0 (No
knowledge) corresponds to a complete absence of information on refrigerant use. Level 1 (Very weak) reflects
minimal awareness of refrigerant use but an inability to differentiate basic concepts. Level 2 (Weak) indicates
superficial and limited knowledge with no understanding of environmental and health impacts. Level 3 (Passable)
represents a general but incomplete understanding, with errors on important details. Level 4 (Good) denotes the
ability to recognize refrigerant names, common uses, and potential health and environmental effects. Level 5 (Very
good) corresponds to comprehensive knowledge of physicochemical properties, equipment operation, safety, and
energy efficiency. Ordinal levels were converted to a 100-point continuous scale using the linear transformation:
Score = (Level / 5) x 100, yielding possible values of 0, 20, 40, 60, 80, and 100. Proportions were estimated based
on the number of favorable or unfavorable responses at each level.
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Statistical analysis:-

Categorical variables were described by absolute and relative frequencies. Quantitative variables (knowledge score,
equipment use duration) were summarized using mean, median, standard deviation, and range. Proportions were
reported with 95% confidence intervals calculated using the Clopper—Pearson exact method (Clopper and Pearson,
1934). Differences in equipment use duration across professional categories were assessed by one-way ANOVA,
preceded by Levene's test for homogeneity of variances. Given the non-normal distribution of the knowledge score
(Shapiro—Wilk, p < 0.001), sex-based comparisons of the knowledge score were performed using the Mann—
Whitney U test rather than the parametric t-test. The non-parametric Kruskal-Wallis test was used for multi-group
comparisons of the knowledge score (Kruskal and Wallis, 1952). Because no post-hoc pairwise results are reported
in the present dataset, statistically significant omnibus tests are interpreted as evidence of overall between-group
differences rather than as evidence for specific pairwise contrasts. The significance threshold was set at a = 0.05.

Principal component analysis (PCA) was applied to four coded participant characteristics: duration of equipment use
(X1, years), technical profession (X2, coded 0/1: refrigeration technician or engineer), training level (Xs, ordinal, 1—
4: primary, secondary, technical training, higher education) and non-technical profession (Xa, coded 0/1: civil
servant, merchant, academic, physician, public authority or banker, with the “other” category as reference). Its
purpose was to explore how these characteristics relate to one another and to reduce the number of dimensions
(Jolliffe, 2002). PCA projects the original variables onto principal components, which are linear combinations of
these variables, each capturing a given share of the total variance (Jolliffe and Cadima, 2016). Because respondents’
age was available only as aggregated age classes, it could not be entered at the individual level and was not included
in the PCA. The analysis was performed on standardised variables (correlation matrix) for the 479 respondents with
complete data; 155 respondents with a missing duration of use or an unclassified education level (“other” or not
reported) were excluded. Since the variables were not all continuous, the analysis was treated as exploratory, not as
a formal measurement model of latent variables. In addition, two variables lying close together on a factorial axis
are not necessarily similar. For this reason, the PCA served only to describe participant profiles, while associations
with refrigerant identification were tested separately by multiple linear regression. Sampling adequacy was assessed
with Bartlett’s test of sphericity and the Kaiser—Meyer—Olkin (KMO) index. The components were interpreted in
their unrotated form, without Varimax rotation. In the final R analysis, the first two components accounted for
68.02% of the total variance (PC1 = 42.25%; PC2 = 25.76%).

A multiple linear regression model was then fitted to examine how refrigerant identification related to the identified
determinants (duration of equipment use, technical profession and training level). The dependent variable was a
refrigerant identification score, defined as the number of refrigerants named by the respondent for air conditioners
(R-22, R-410A, R-404A, R-407C, R-32, R-290) and refrigerators (R-134a, R-600a, R-404A, R-406A), capped at
five and rescaled to 0—100 (Score = min(n, 5) / 5 x 100). Three tests agreed that the residuals were heteroscedastic:
Breusch—Pagan (LM = 46.21, p < 0.001), White (statistic = 56.52, p < 0.001) and Goldfeld—Quandt (F = 2.63, p <
0.001). Heteroscedasticity-consistent standard errors were therefore used so that statistical inference would remain
valid (MacKinnon and White, 1985). Of the available estimators (HCO to HC3), HC3 was chosen because it
performs best in finite samples and remains reliable in large ones (Long and Ervin, 2000). Because the refrigerant
identification score was bounded between 0 and 100, derived from a capped count and concentrated at zero (53.7%
of respondents in the regression sample), the linear model was considered an exploratory approximation. HC3
standard errors address heteroscedasticity but not these distributional features; the coefficients should therefore be
interpreted as average adjusted differences rather than as a full model of the score distribution.

The R? reported here is the ordinary least squares (OLS) R2?, i.e. the share of variance explained by the linear
predictor in the standard OLS fit. Because HC3 changes only the standard errors and leaves the coefficient estimates
untouched, this R? is identical to that of an ordinary OLS model and can be compared directly with values reported
in the literature.As a sensitivity analysis, the number of refrigerants named (uncapped count) was modelled using
Poisson and negative binomial regressions with the same predictors. The negative binomial model was retained
because the Poisson model showed overdispersion (Cameron—Trivedi test, p < 0.001; likelihood-ratio test, y*> =
134.7, p <0.001) (Cameron and Trivedi, 2013).

Finally, to quantify the information gap concerning refrigerant identification and its composition-based
environmental context, a Refrigerant Traceability—Environmental Indicator Framework was applied. The framework
integrates established environmental metrics, namely global warming potential (GWPie0) and ozone depletion
potential (ODP), with a traceability measure and a normalised Shannon entropy. GWP100 and ODP are established
environmental descriptors for characterising refrigerants according to their climate and ozone-layer impacts. The
GWP100 values used in this study correspond to the IPCC AR4 basis used consistently across the refrigerants listed
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in the tables. In particular, the environmental performance of refrigerants is increasingly assessed using both GWP
and ODP, alongside other thermodynamic and safety characteristics, when evaluating alternatives for refrigeration
and air-conditioning applications (Tan and Erigen, 2026; Yang et al., 2021). The mathematical framework therefore
enabled the information gap regarding refrigerant identification to be quantified and interpreted in relation to the
environmental relevance and compositional heterogeneity of the refrigerants. Four complementary indicators were
defined: the Traceability Index (T), the Environmental Pressure Index (EPI), the Ozone-Depletion Pressure Index
(ODP)), and the normalised Shannon entropy (Hy). The Shannon entropy component was derived from the
information-theoretic framework introduced by Shannon (1948) and its subsequent application to quantify
distributional heterogeneity and diversity (Jost, 2006). All analyses were conducted using R (version 4.6.0; R Core
Team, 2026).

e Traceability Index (T)
T=1-p NS with, p NS is the proportion of unspecified refrigerants.

e Environmental Pressure Index (EPI)
EPI =% pi x (GWP;/ GWP_max)
pi is the population proportion of refrigerant i; GWP_max is the maximum GWP100 observed.

e Ozone-Depletion Pressure Index (ODP_I)ODP_I = X; p; x ODP;
ODP; is the ozone depletion potential of refrigerant i.

e Normalised Shannon entropy (H N)H N = [-Z; p; In(pi)] / In(k)

Results:-

Knowledge levels regarding refrigerants:-

Among the 634 participants, 67.4% (n = 427; 95% CI: 63.5-71.0%, Clopper—Pearson) of air-conditioner users could
not identify the refrigerant in their equipment (Table 2). This proportion reached 74.0% (n = 469; 95% CI: 70.4—
77.4%) among refrigerator users (Table 3). Weak and very weak knowledge levels accounted for 23.5% and 4.1%
for air conditioners, respectively, and 18.6% and 3.5% for refrigerators. Passable and good knowledge levels
remained marginal (air conditioners: 3.5% and 1.6%; refrigerators: 2.4% and 1.6%). Under the linear transformation
Score = (Level / 5) x 100, the distribution shown in Table 2 corresponds to a mean rescaled score of 13.56 + 20.86
on a 100-point scale (median = 0; IQR = 0 to 40). The distribution was strongly concentrated at the lowest ordinal
levels.

Table 2. Knowledge levels regarding refrigerants in air conditioners (N = 634)
95% CI  (Clopper—

Knowledge level Observed frequency (n) | Proportion (%) Pearson)
Unknown (Level 0) 427 67.4 [63.5-71.0]
Weak (Level 2) 149 23.5 [20.3-27.0]
Very weak (Level 1) 26 4.1 [2.7-6.0]
Passable (Level 3) 22 3.5 [2.2-5.2]
Good (Level 4) 10 1.6 [0.8-2.9]

Total: N =634 (100%)

Table 3. Knowledge levels regarding refrigerants in refrigerators (N = 634)
95% CI  (Clopper—

Knowledge level Observed frequency (n) | Proportion (%) Pearson)
Unknown (Level 0) 469 74.0 [70.4-77.4]
Weak (Level 2) 118 18.6 [15.7-21.9]
Very weak (Level 1) 22 3.5 [2.2-5.2]
Passable (Level 3) 15 2.4 [1.3-3.9]
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. 95% CI  (Clopper—
o

Knowledge level Observed frequency (n) | Proportion (%) Pearson)

Good (Level 4) 10 1.6 [0.8-2.9]

Total: N =634 (100%)

Variability in knowledge on refrigerant across professional groups:-

The Kruskal-Wallis test revealed highly significant overall differences in refrigerant knowledge across professional
groups for both air conditioners (y*(4) = 427.80, p < 0.001) and refrigerators (¥*(4) = 369.90, p < 0.001). Pearson's
chi-square test also indicated a statistically significant association between refrigerant identification status and
professional category (y*(4) = 47.23, p < 0.001, Cramér's V = 0.273). These findings indicate substantial
heterogeneity in refrigerant knowledge across professional groups. However, the omnibus Kruskal-Wallis tests do
not identify which specific professional groups differ from one another; such pairwise differences would require
appropriate post-hoc comparisons.

Knowledge structure and user profiles from PCA:-

Principal component analysis (PCA) conducted on four coded participant characteristics (duration of equipment use,
technical profession, training level, and non-technical profession; n = 479) identified four components. Bartlett’s test
of sphericity was significant (y*> = 212.27, df = 6, p < 0.001) and the KMO index was 0.542, which is low but
acceptable for an exploratory analysis. The first two components had eigenvalues above 1 and accounted for 68.02%
of the total variance, with PC1 explaining 42.25% and PC2 explaining 25.76% (Table 4). PCI1 represented a
professional dimension contrasting technical (loading = —0.865) and non-technical (0.815) profiles, whereas PC2
represented an experience—training dimension defined by training level (—0.744) and duration of equipment use
(—0.690), which varied in the same direction (Table 5). The PCA was exploratory because the variables included
continuous, binary, and ordinal measures, and the components were retained without rotation. From the
eigenvectors, the component scores are PC1 = —0.304 z: — 0.665 z2 + 0.269 z3 + 0.627 z4 and PC2 = —0.680 z: —
0.001 z — 0.733 z3 — 0.016 zs4, where z: to z« are the standardised variables X: (duration of equipment use), X
(technical profession), Xs (training level) and X4 (non-technical profession).

Table 4. Eigenvalues and variance explained by PCA components

Component Eigenvalue (1) Variance explained (%) (Co}l;nulatlve vanance
0

PC1 1.69 42.25 42.25

PC2 1.03 25.76 68.02

PC3 0.84 21.10 89.11

PC4 0.44 10.89 100.00

Table S. Factor loadings of variables in the first two PCA components

Variable PC1 PC2

Duration of use (X1) —0.395 —0.690
Technical profession (Xz) —0.865 —0.001
Training level (Xs) 0.350 —0.744
Non-technical profession (Xa4) 0.815 -0.016

Determinants of refrigerant identification: HC3 robust regression:-
The HC3 robust multiple linear regression model explained 26.7% of the variance in the refrigerant identification
score (OLS R2=0.267, N = 479). The fitted equation for the identification score (Y) was:

Y=-151+0.915-X; +43.78 - X, + 410 - X5

All three predictors were positively associated with the identification score: duration of equipment use (1 = 0.915,
HC3 SE = 0.241, t = 3.79, p < 0.001), technical profession (B = 43.78, HC3 SE = 5.27, t = 8.30, p < 0.001), and
training level (Bs = 4.10, HC3 SE = 1.30, t = 3.16, p = 0.002). The intercept (fo=—1.51, HC3 SE=3.89,t=-0.39, p
= 0.699) was not significant (Table 6). Holding the other variables constant, technical profession was associated
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with an estimated 43.78-point higher identification score, each additional training level with an estimated 4.10-point
increase, and each additional year of equipment use with an estimated 0.915-point increase. These are adjusted
associations and should not be interpreted as causal effects. Because the predictors are measured on different scales,
the raw coefficients should not be interpreted as directly comparable measures of relative predictor importance.

Table 6. HC3 robust multiple linear regression results for the refrigerant identification score (N =479)

Parameter Coefficient () HC3 Std. Error t P
Intercept (Bo) —1.51 3.89 —-0.39 0.699
Duration of use (B1) | 0.915 0.241 3.79 <0.001
gf;g;gg; " 43.78 527 8.30 <0.001
Training level (B3) 4.10 1.30 3.16 0.002

The negative binomial sensitivity analysis confirmed the direction and significance of all three associations:
technical profession (incidence rate ratio [IRR] = 4.74; 95% CI: 3.41-6.58; p < 0.001), training level (IRR = 1.35;
95% CI: 1.16-1.56; p < 0.001) and duration of equipment use (IRR = 1.04 per year; 95% CI: 1.02—1.06; p < 0.001).
Similar results were obtained when the count was capped at five.Thus, respondents with a technical profession
named on average about 4.7 times as many refrigerants as other respondents, after adjustment for training level and
duration of use. Similar results were obtained when the count was capped at five.

Refrigerant use patterns in domestic refrigeration:-

Among the 634 participants, 73.97% (n = 469) of refrigerator users had an unspecified refrigerant, indicating low
refrigerant traceability. A refrigerant was identifiable in 165 cases (26.03%). R-134a was the most prevalent
identified refrigerant (15.30% of the total study population; 58.8% of identified refrigerants), followed by R-600a
(5.52%; 21.2%), R-290 (2.37%; 9.1%), R-404A (1.89%; 7.3%) and R-406A (0.95%; 3.6%). R-406A, which
contains HCFC-22, had a GWP100 of 1,943 and an ODP of 0.057 (Table 7).

Table 7. Refrigerants used in refrigerators and their environmental indicators (N = 634)
Refrigerant g:;f::;lec(; (n) Proportion (%) GWPi0o ODP
Unspecified 469 73.97 — —
R-134a 97 15.30 1430 0
R-406A 6 0.95 1943 0.057
R-600a (isobutane) 35 5.52 3 0
R-290 (propane) 15 2.37 3 0
R-404A 12 1.89 3922 0

Total: N =634 (100%)

Among the 634 air-conditioning users, the refrigerant could not be identified in 427 cases (67.4%), indicating
limited refrigerant traceability and user knowledge. This lack of identification was observed among both participants
who used air-conditioning equipment and those who did not. Among the 207 cases for which a refrigerant was
identified, R-410A was the most frequently reported, accounting for 11.5% of the total study population, followed
by R-22 (6.2%) and R-407C (6.0%). R-32 and R-404A accounted for 4.7% and 3.9%, respectively, whereas R-290
was reported only occasionally (0.3%) (Table 8). The continued presence of R-22 in air-conditioning equipment is
of particular regulatory concern because this hydrochlorofluorocarbon (HCFC) has ozone-depleting properties and is
subject to phase-out under the Montreal Protocol.
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Table 8. Refrigerants used in air conditioners and their environmental indicators

Refrigerant t(')r:cs]fll;:‘r]lec(;f (n) Proportion (%) GWPi00 OoDP
Unspecified 427 67.4 — —
R-410A 73 11.5 2088 0
R-22 (HCFC) 39 6.2 1810 0.055
R-407C 38 6.0 1774 0
R-32 30 4.7 675 0
R-404A 25 3.9 3922 0
R-290 (propane) 2 0.3 3 0

Total: N = 634 (100%)

Exposure profiles by sex, profession, and duration:-
One-way ANOVA revealed significant overall differences in equipment use duration across professional categories
(F(4, 629) = 7.52, p < 0.001). The reported omnibus result indicates that at least one professional category differed
in mean duration, but no post-hoc pairwise results are reported; therefore, specific between-category differences are
not inferred here. The Mann—Whitney U test indicated a significant sex-based difference in the knowledge score (U
= 32,847, p <0.001), with higher scores reported among males. A significant sex-based difference in equipment use
duration was also observed (p = 0.009), with males reporting longer average duration. The sex distribution of the
sample (male 63.2%, female 36.8%) should be considered when interpreting these comparisons. The observed
differences are associations and do not establish causal effects of sex on knowledge or exposure duration (Figure 1).

Refrigerator users | | Air-conditioner users
904
74.0%
B 1 67.4%
g T
E 60+
E 510+
g. i 23.5%
a 3 18.6% z
20 = | //;
10 35% (24 24% 1.6% Ml 1.6%
& % 2 g & & % P B
) ‘5"11%9 \'5.'”‘"% .‘5;7'5@ (f \i-{é:. _q'ﬁ@ éﬁl ﬁ
5 \'LE-‘“ A N \-@-“

Figure 1. Distribution of users and refrigerant knowledge level

Level of knowledge

Level of knowledge E Unknown I_ Very weak Z Weak i:l Passable E Good

Vulnerable groups exposed to refrigerant-related risks:-
Based on the combined analyses, three groups may warrant particular attention in future risk-management
interventions: (i) refrigeration technicians with limited training; (ii) merchants using refrigeration equipment; and
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(iii) households operating older refrigerators or air conditioners containing regulated refrigerants such as R-22 or R-
406A. These groups are identified from the survey characteristics and refrigerant profiles; the present study did not
directly measure refrigerant concentrations, leakage rates, or individual exposure. To address the hypothesis that
users of refrigeration and air-conditioning equipment have limited knowledge of the refrigerants contained in their
units, a composition-based Refrigerant Traceability—Environmental Pressure Framework was applied.

Composition-based environmental indicators for air conditioners:-

Among the 634 air-conditioning users, a refrigerant could be identified for 207 units (32.6%), whereas the remaining
67.4% had an unspecified refrigerant. Among the identified refrigerants, R-410A was the most frequently reported
(n=173; 11.5% of the total study population), followed by R-22 (n = 39; 6.2%), R-407C (n = 38; 6.0%), R-32 (n =
30; 4.7%), R-404A (n = 25; 3.9%) and R-290 (n = 2; 0.3%). Thus, R-410A accounted for the largest proportion of
identified air-conditioning refrigerants. When refrigerant prevalence was weighted by GWPioo, the resulting
population-level EPI was 0.164377. The largest contribution to this index was attributable to R-410A (0.061299;
37.3%), followed by R-404A (0.039432; 24.0%), R-22 (0.028389; 17.3%) and R-407C (0.027111; 16.5%). R-32
contributed 0.008144 (5.0%), whereas the contribution of R-290 was negligible at the reported precision (0.000002).
Notably, R-404A had the highest GWPiw0 (3922), corresponding to the maximum reference value used for EPI
normalisation, but its contribution remained lower than that of R-410A because of its lower prevalence in the study
population. For ozone-depletion potential, R-22 was the only refrigerant with a non-zero ODP (0.055) among the
identified refrigerants. Its contribution to the population-level ODP; was 0.003383, yielding an overall ODP; of
0.003383. All other identified refrigerants had an ODP of zero and therefore made no contribution to this index.
These results indicate that the environmental pressure profile was driven by different refrigerants depending on the
environmental metric considered: the EPI reflected the combined effects of refrigerant prevalence and GWPioo,
whereas ODP; was entirely attributable to the presence of R-22 (Table 9).

Table 9. Refrigerant Distribution and Contributions to the Environmental Pressure and Ozone-Depletion

Indices

Refrigerant | n pi pi (%) | GWPioo GWP,/GWP | EPI ODP OoDP
max contribution contribution

R-410A 73 0.115142 | 11.5 2,088 0.532381 0.061299 0.000 | 0.000000
R-22
(HCFC) 39 0.061514 | 6.2 1,810 0.461499 0.028389 0.055 | 0.003383
R-407C 38 0.059937 | 6.0 1,774 0.452320 0.027111 0.000 | 0.000000
R-32 30 0.047319 | 4.7 675 0.172106 0.008144 0.000 | 0.000000
R-404A 25 0.039432 | 3.9 3,922 1.000000 0.039432 0.000 | 0.000000
R-290 2 0.003155 | 0.3 3 0.000765 0.000002 0.000 | 0.000000
(propane)
Total 207 | 0.326498 | 32.6 — — 0.164377 — 0.003383
identified

N = 634 air-conditioning units; unspecified cases = 427; p_ NS = 427/634 = 0.673502 = 67.4%; GWP_max = 3,922,
corresponding to R-404A; Traceability Index T =1 — 0.673502 = 0.326498 = 32.6%.

Traceability and distributional heterogeneity:-

The quantitative assessment showed low refrigerant traceability among air-conditioning units. The Traceability
Index (T) was 0.3265 (32.6%), indicating that refrigerants were identified for approximately one-third of the units,
while 67.4% remained unspecified. The Shannon entropy was 1.1453, corresponding to a normalised entropy (H_N)
of 0.5886. This value indicates moderate distributional heterogeneity across the seven categories considered,
including the unspecified category. Overall, the indices demonstrate a substantial gap in refrigerant identification
alongside a moderately heterogeneous refrigerant distribution. The key finding is that refrigerant traceability is
markedly limited: only 32.6% of equipment had an identified refrigerant, leaving 67.4% of the study population
without identifiable refrigerant information. This substantial information gap coexists with a moderately
heterogeneous distribution of the refrigerants reported (Hy = 0.5886).

1591




ISSN:(0)2320-5407, ISSN(P)3107-4928 Int. J. Adv. Res. 14(09), September-2026, 1583-1596

Refrigerant-specific contributions to the EPI and ODP:-

R-410A contributed the largest share of the population-level EPI (37.3%), followed by R-404A (24.0%), R-22
(17.3%) and R-407C (16.5%). R-32 contributed 5.0%, whereas the contribution of R-290 was negligible at the
reported precision. These calculations are based on the frequencies and GWP100/ODP values reported in Table 8.
The principal finding was that R-410A was the largest contributor to the composition-based climate indicator,
whereas R-22 was the sole contributor to the observed ozone-depletion indicator (Table 10).

Table 10. Interpretation of the EPI contributions

. o Contribution to total OoDP
Refrigerant EPI contribution population-level EPI (%) ODP contribution
R-410A (HFC) | 0.061299 373 0 0
R-22 (HCFC) 0.028389 17.3 0.055 0.003383
R-407C (HFC) 0.027111 16.5 0 0
R-32 (HFC) 0.008144 5.0 0 0
R-404A (HFC) | 0.039432 24.0 0 0
R-290 (HC) 0.000002 0.0 0 0
Total 0.164377 100.0 — 0.003383

Discussion:-

Refrigerant knowledge gap and refrigerant management:-

The present findings reveal a substantial refrigerant knowledge gap, with 67.4% of air-conditioning users and 74.0%
of refrigerator users unable to identify the refrigerant contained in their equipment. This finding is consistent with
previous evidence that access to technical information is influenced by education, occupation and exposure to
refrigeration technologies (UNEP, 2023; Velders et al.,, 2015; Andersen and Sarma, 2012). Limited access to
technical training and incomplete equipment labelling may contribute to this information deficit in settings where
refrigeration services are partly delivered through informal markets (UNEP DTIE OzonAction, 2019).

Knowledge and refrigerant traceability are complementary but distinct aspects of refrigerant information
management. Knowledge concerns users’ ability to recognise and understand refrigerants, whereas traceability
depends on the availability of reliable information identifying and documenting refrigerants throughout the
equipment life cycle. Previous studies reported limited refrigerant knowledge among consumers and technicians and
highlighted the importance of labelling, training and accessible technical information (Martinho et al., 2022, 2023).
Effective traceability also requires systematic recording of refrigerant identity, inventory, recovery and handling
across stakeholders, supported by appropriate management systems (Hamasaki et al., 2025; Nomura and Kato,
2025). In the present study, the high proportion of unspecified refrigerants (67.4% in air conditioners and 74.0% in
refrigerators) coincided with predominantly low knowledge levels, suggesting a broader information gap. However,
because the individual association between knowledge and refrigerant identification only was not directly tested,
this relationship should be interpreted as conceptual and descriptive rather than causal.

Professional and training factors associated with knowledge:-

The PCA provided complementary evidence on the structure of participant profiles. The first two components
accounted for 68.02% of the total variance, with PC1 reflecting a professional contrast between technical and non-
technical profiles and PC2 reflecting an experience—training dimension, in which duration of equipment use and
training level varied in the same direction. These components should be interpreted as exploratory dimensions of the
observed participant characteristics rather than as validated latent constructs. The HC3-robust regression explained
26.7% of the variance in the refrigerant identification score (OLS R? = 0.267), and duration of equipment use,
technical profession and training level were each positively associated with the score. The convergence between the
PCA structure and regression results indicates that professional and training characteristics are important dimensions
of the observed knowledge distribution, while the regression additionally shows an independent positive association
with experience of equipment use after adjustment for the other predictors.

Composition-based environmental indicators:-

The composition-based analysis provides an additional dimension to the assessment of users’ knowledge by
quantifying the traceability of refrigerants and characterising the environmental structure of the refrigerant
distribution. In the present study, 67.4% of the surveyed equipment had no identifiable refrigerant, corresponding to
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a low Traceability Index (T = 0.326). Taken together with the questionnaire-based assessment of refrigerant
knowledge, this finding supports the hypothesis that users of refrigeration and air-conditioning equipment are
insufficiently informed about the refrigerants contained in their units. Importantly, the traceability analysis adds an
operational dimension to this finding: it shows not only that knowledge is limited, but also that the identity of the
refrigerants present in a substantial proportion of equipment cannot be reliably established from the information
available at the user level.

This result is consistent with previous studies showing that information concerning refrigerants remains insufficient
among both consumers and refrigeration professionals. In a survey of 648 consumers in Portugal, Spain and France,
Martinho et al. (2022) reported limited information concerning the type of refrigerant used in domestic equipment
and the technicians authorised to install or maintain such systems. The authors also observed that the type and
quantity of refrigerant were rarely considered in equipment-purchasing decisions, despite consumers attributing
substantial importance to environmental risks associated with refrigeration gases. Similarly, a subsequent survey of
586 refrigeration technicians found that their knowledge of fluorinated gases was lower than expected and
highlighted the need for more effective information and training programmes (Martinho et al., 2023). The present
findings therefore extend previous evidence by translating this information deficit into a measurable population-
level traceability indicator rather than relying solely on perceived knowledge or reported behaviour.

The environmental indices further show why this information gap matters for refrigerant management. The
composition-based EPI (0.164) indicates that the environmental profile of the identified refrigerants cannot be
inferred from prevalence alone, because refrigerants with markedly different GWP100 values coexist within the study
population. This is particularly relevant for R-410A and R-404A, which have comparatively high GWP values,
whereas R-22 combines a substantial GWP with a non-zero ODP. Previous reviews have emphasised that refrigerant
selection involves simultaneous consideration of climate impact and ozone-depletion characteristics, and that the
transition towards lower-impact alternatives remains technically and environmentally complex (Bolaji and Huan,
2013; Yang et al., 2021). The present framework therefore provides a compact way of linking the information
dimension of refrigerant identification with the environmental characteristics of the refrigerant mixture observed in
the population.

The ODP; value (0.0034) adds a distinct ozone-related dimension to this assessment. Its contribution was entirely
attributable to R-22, consistent with the recognised non-zero ozone-depletion potential of HCFC-22, whereas the
HFCs considered in the study have zero ODP. R-22 has also remained an important refrigerant. The two indicators
capture different environmental dimensions and may therefore identify different priorities within the same
equipment population.

Finally, the normalised Shannon entropy (Hy = 0.589) indicates moderate heterogeneity in the seven-category
refrigerant distribution. Shannon entropy is appropriate for describing the information content or heterogeneity of a
categorical distribution, although its interpretation should remain distinct from that of a direct knowledge score
(Shannon, 1948; Jost, 2006). The central challenge revealed by this study is not refrigerant diversity per se, but the
widespread inability to identify the substance present in each unit. This traceability gap has direct consequences for
end-of-life management, since safe recovery, decommissioning, and disposal all require prior knowledge of the
refrigerant type; its absence elevates the risk of improper handling and uncontrolled release. Compounded by the
technical knowledge gaps documented here, these findings point to a dual priority, namely improving refrigerant
traceability and strengthening technician training, in line with the evidence that skills and training are critical
determinants of refrigerant management quality (Koronaki et al., 2012).

Occupational and public-health considerations:-

Chlorofluorinated and hydrofluorinated refrigerants can reach asphyxiating concentrations in the event of leakage in
confined spaces. Also, repeated exposure has been, indeed, associated with cardiovascular and hepatic effects
(Calm, 1996). Flammable natural refrigerants such as R-290 and R-600a additionally pose explosion risks in
enclosed spaces. Refrigeration technicians may represent a priority group for targeted occupational risk-
management interventions because of their professional involvement in refrigerant handling. However, the present
survey did not directly assess individual exposure, leakage, Personal Protective Equipment use or inhaled
concentrations.Strengthening occupational safety measures, including provision of protective equipment, safe-
handling training, and leak-detection systems, should therefore be considered as a public-health priority in Togo.
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The environmental analysis revealed a heterogeneous refrigerant profile. In refrigerators, R-134a was the most
frequently identified refrigerant (15.30% of the total study population), whereas R-600a and R-290 accounted for
5.52% and 2.37%, respectively. R-134a has a substantially higher GWP100 than these hydrocarbon refrigerants, so
its prevalence should not be interpreted as evidence of a low-impact refrigerant transition. In air conditioners, R-
410A was the most frequently identified refrigerant, while R-22 remained present in 6.2% of units and R-32
accounted for 4.7%. R-406A was identified in 0.95% of refrigerators and had a non-zero ODP. These findings
demonstrate coexistence of refrigerants with markedly different climate and ozone-related characteristics rather than
providing direct evidence of actual emissions or equipment non-compliance. The identification of potentially
vulnerable groups has implications for environmental-health risk management, but the present survey did not
directly measure occupational exposure, leakage, personal protective equipment use, or thermal-decomposition
products. Accordingly, the findings should be interpreted as identifying groups for targeted information and future
exposure assessment rather than as demonstrating increased exposure or toxicity in these groups.

Limitations of the study:-

Overall, this analysis supports the presence of limited refrigerant information among users while providing a
complementary quantitative characterisation of refrigerant composition. Its principal contribution is not to estimate
actual refrigerant emissions, but to quantify the coexistence of an information deficit, traceability limitation and
composition-based environmental indicators. Because equipment charge sizes, leakage rates, service histories and
measured atmospheric concentrations were not available, the EPI and ODP_I should be interpreted as composition-
based population indicators rather than estimates of atmospheric emissions or absolute environmental impacts.

The composition-based EPI and ODP_1I analyses were performed for air conditioners because access to refrigerators
for recording refrigerant quantities was limited. The refrigerator analysis was therefore restricted to refrigerant
identification, composition and reported GWP100/ODP characteristics.

Conclusion:-

This study provides a multicity assessment of refrigerant knowledge and usage patterns among refrigeration and air-
conditioning equipment users in Togo. The findings reveal a substantial information deficit, with 67.4% of air-
conditioning users and 74.0% of refrigerator users unable to identify the refrigerant in their equipment. The PCA
showed that the first two components accounted for 68.02% of the variance, with a principal professional contrast
between technical and non-technical profiles and a complementary experience—training dimension. Technical
profession, training level and duration of equipment use were positively associated with the refrigerant identification
score in the HC3-robust regression, which explained 26.7% of its variance (OLS R?). Among refrigerators, R-134a
was the most frequently identified refrigerant (15.30% of the total study population), while R-22 remained present in
6.2% of air conditioners and R-406A in 0.95% of refrigerators. For air conditioners, the composition-based EPI was
0.164377; R-410A contributed 37.3% of this indicator and R-22 accounted for all observed ozone-depletion
pressure. The findings support improved equipment labelling, technical training, refrigerant traceability and
enforcement of existing refrigerant-management requirements. Future studies should directly measure refrigerant
charge sizes, leakage rates and occupational exposure to enable emission and risk estimates beyond the composition-
based indicators reported here.

References:-

1. Abdi, H., Williams, L.J., 2010. Principal component analysis. Wiley Interdiscip. Rev. Comput. Stat. 2, 433—
459. https://doi.org/10.1002/wics.101.

2. ACGIH, 2023. TLVs and BEIs: Threshold Limit Values for Chemical Substances and Physical Agents and
Biological Exposure Indices. American Conference of Governmental Industrial Hygienists, Cincinnati, OH.

3. Agence Nationale de la Météorologie du Togo. (2023). Bulletin climatologique annuel 2022. Direction
Générale de la Météorologie du Togo, Lomé, Togo.

4. Anders, M. W. (1991). Metabolism and toxicity of hydrochlorofluorocarbons: Current knowledge and needs for
the future. Environmental Health Perspectives, 96, 185—191. https://doi.org/10.1289/ehp.9196185

5. Andersen, S. O., & Sarma, K. M. (2012). Protecting the ozone layer: The United Nations history. Routledge,
London, UK. https://doi.org/10.4324/9781849772266

6. Anderson, L. W., & Krathwohl, D. R. (Eds.). (2001). A taxonomy for learning, teaching, and assessing: A
revision of Bloom's taxonomy of educational objectives. Longman.

7. Aryal, U. R, Sanjel, S., Kafle, O. P., Chhetri, M. R., Shrestha, Y. M., & Dhami, D. B. (2023). Use of smart
mobile and web application KoboToolbox/KoboCollect for community health diagnosis: Sharing experience

1594


https://doi.org/10.1002/wics.101

ISSN:(0)2320-5407, ISSN(P)3107-4928 Int. J. Adv. Res. 14(09), September-2026, 1583-1596

10.

11.

12.

13.

14.
15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

from the remote area of Nepal. Journal of Karnali Academy of Health Sciences, 6(3), 54-58.
https://doi.org/10.61814/jkahs.v6i3.834

Bolaji, B. O., & Huan, Z. (2013). Ozone depletion and global warming: Case for the use of natural refrigerant —
a review. Renewable and Sustainable Energy Reviews, 18, 49—54. https://doi.org/10.1016/j.rser.2012.10.008
Calm, J. M. (1996). The toxicity of refrigerants. International Refrigeration and Air Conditioning Conference,
Paper 157. Purdue University, West Lafayette, IN, USA.

Calm, J. M. (2008). The next generation of refrigerants — Historical review, considerations, and outlook.
International Journal of Refrigeration, 31(7), 1123—1133. https://doi.org/10.1016/].ijrefrig.2008.01.013
Cameron, A. C., & Trivedi, P. K. (2013). Regression analysis of count data (2nd ed.). Cambridge University
Press. https://doi.org/10.1017/CB0O9781139013567

Campbell, D. D., Lockey, J. E., Petajan, J., Gunter, B. J., & Rom, W. N. (1986). Health effects among
refrigeration repair workers exposed to fluorocarbons. British Journal of Industrial Medicine, 43(2), 107-111.
https://doi.org/10.1136/0em.43.2.107

Clopper, C. J., & Pearson, E. S. (1934). The use of confidence or fiducial limits illustrated in the case of the
binomial. Biometrika, 26(4), 404—413. https://doi.org/10.1093/biomet/26.4.404

Cochran, W. G. (1977). Sampling techniques (3rd ed.). John Wiley & Sons, New York, NY, USA.

European Commission. (2020). Assessment of the availability and accuracy of information on the refrigerants
used in heating and cooling applications. Publications Office of the European Union, Luxembourg.

Hansen, M. H., Madow, W. G., & Tepping, B. J. (1983). An evaluation of model-dependent and probability-
sampling inferences in sample surveys. Journal of the American Statistical Association, 78, 776—793.
https://doi.org/10.1080/01621459.1983.10477018

Hamasaki, Y., Busi, A., & Shirasaka, S. (2025). Advancing Refrigerant Circularity with RefNEXT: Digital
Traceability, Leak Monitoring, and Policy Influence. Global Environmental Research, 29(2), 127-132.
https://doi.org/10.57466/ger.29.2 127

Hartung, C., Lerer, A., Anokwa, Y., Tseng, C., Brunette, W., & Borriello, G. (2010). Open Data Kit: Tools to
build information services for developing regions. Proceedings of the 4th ACM/IEEE International Conference
on Information and Communication Technologies and Development (ICTD 2010), 1-12.
https://doi.org/10.1145/2369220.2369236

Institut National de la Statistique et des Etudes Economiques et Démographiques (INSEED). (2023).
Résultatsdéfinitifs du RGPH-5 de novembre 2022. INSEED, Lomé, Togo.

International Energy Agency (IEA). (2018). The future of cooling: Opportunities for energy-efficient air
conditioning. IEA, Paris, France. https://doi.org/10.1787/9789264301993-en

Jolliffe, I. T. (2002). Principal component analysis (2nd ed.). Springer, New York, NY, USA.
https://doi.org/10.1007/b98835

Jolliffe, I. T., & Cadima, J. (2016). Principal component analysis: a review and recent developments.
Philosophical Transactions of the Royal Society A, 374(2065), 20150202.
https://doi.org/10.1098/rsta.2015.0202

Jost, L. (2006). Entropy and diversity. Oikos, 113(2), 363-375. https://doi.org/10.1111/.2006.0030-
1299.14714.x

KoboToolbox. (2024). KoboCollect application. Harvard Humanitarian Initiative, Cambridge, MA, USA.
Koronaki, I. P., Cowan, D., Maidment, G., Beerman, K., Schreurs, M., Kaar, K., Chaer, I., Gontarz, G.,
Christodoulaki, R. 1., & Cazauran, X. (2012). Refrigerant emissions and leakage prevention across Europe —
Results from the RealSkillsEurope project. Energy, 45(1), 71-80. https://doi.org/10.1016/j.energy.2012.05.040
Kruskal, W. H., & Wallis, W. A. (1952). Use of ranks in one-criterion variance analysis. Journal of the
American Statistical Association, 47(260), 583—621. https://doi.org/10.1080/01621459.1952.10483441

Long, J. S., & Ervin, L. H. (2000). Using heteroscedasticity consistent standard errors in the linear regression
model. The American Statistician, 54(3), 217-224. https://doi.org/10.1080/00031305.2000.10474549
MacKinnon, J. G., & White, H. (1985). Some heteroskedasticity-consistent covariance matrix estimators with
improved finite sample properties. Journal of Econometrics, 29(3), 305-325. https://doi.org/10.1016/0304-
4076(85)90158-7

Martinho, G., Castro, P. J., Santos, P., Alves, A., Aragjo, J. M. M., & Pereiro, A. B. (2022). Environmental
behaviours and risk perception of domestic consumers: Refrigeration equipment case study. Cleaner Production
Letters, 3, 100024. https://doi.org/10.1016/j.clpl.2022.100024

Martinho, G., Castro, P. J., Santos, P., Alves, A., Aragjo, J. M. M., & Pereiro, A. B. (2023). A social study of
the technicians dealing with refrigerant gases: Diagnosis of the behaviours, knowledge and importance

1595


https://doi.org/10.1016/j.ijrefrig.2008.01.013
https://doi.org/10.1080/01621459.1983.10477018
https://doi.org/10.57466/ger.29.2_127
https://doi.org/10.1007/b98835

ISSN:(0)2320-5407, ISSN(P)3107-4928 Int. J. Adv. Res. 14(09), September-2026, 1583-1596

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

attributed to the F-gases. International Journal of Refrigeration, 146, 341-348.
https://doi.org/10.1016/j.ijrefrig.2022.11.013

Myhre, G., Shindell, D., Bréon, F.-M., Collins, W., Fuglestvedt, J., Huang, J., Koch, D., Lamarque, J.-F., Lee,
D., Mendoza, B., Nakajima, T., Robock, A., Stephens, G., Takemura, T., & Zhang, H. (2013). Anthropogenic
and natural radiative forcing. In T. F. Stocker et al. (Eds.), Climate Change 2013: The Physical Science Basis
(pp. 659—740). Cambridge University Press. https://doi.org/10.1017/CB0O9781107415324.018

National Research Council (NRC). (1983). Risk assessment in the federal government: Managing the process.
National Academies Press, Washington, DC, USA. https://doi.org/10.17226/366

Nomura, S., & Kato, M. (2025). Advancing Lifecycle Refrigerant Management under Japan’s Act on Rational
Use and Proper Management of Fluorocarbons. Global Environmental Research, 29(2), 99-103.
https://doi.org/10.57466/ger.29.2 99

Papadimitriou, V. C., Portmann, R. W., Fahey, D. W., Miihle, J., Weiss, R. F., & Burkholder, J. B. (2008).
Experimental and theoretical study of the atmospheric chemistry and global warming potential of SO-F.
Journal of Physical Chemistry A, 112(49), 12657—12666. https://doi.org/10.1021/jp806368u

R Core Team. (2026). R: A language and environment for statistical computing (Version 4.6.0). R Foundation
for Statistical Computing, Vienna, Austria.

Shannon, C. E. (1948). A mathematical theory of communication. Bell System Technical Journal, 27(4), 623—
656. https://doi.org/10.1002/j.1538-7305.1948.tb01338.x

Tan, H., & Erisen, A. (2026). Comparative evaluation of MCDM methods and weighting techniques for
refrigerant selection in air-source heat pump systems. International Journal of Thermodynamics, 29(3), 241—
253. https://doi.org/10.5541/ijot.1927650

Tichenor, P. J., Donohue, G. A., & Olien, C. N. (1970). Mass media flow and differential growth in knowledge.
Public Opinion Quarterly, 34(2), 159-170. https://doi.org/10.1086/267786

Tsai, W.-T. (2019). An overview of health hazards of volatile organic compounds regulated as indoor air
pollutants. Reviews of Environmental Health, 34(1), 81-89. https://doi.org/10.1515/reveh-2018-0046

U.S. Environmental Protection Agency (EPA). (1990). Hydrofluorocarbons and hydrochlorofluorocarbons:
Interim report. Office of Toxic Substances, Washington, DC, USA.

U.S. Environmental Protection Agency (EPA). (2011). Exposure factors handbook: 2011 edition. National
Center for Environmental Assessment, Washington, DC, USA. EPA/600/R-09/052F.

UNEP DTIE OzonAction. (2019). The critical role of customs and enforcement officers in the Montreal
Protocol. Compliance Assistance Programme, United Nations Environment Programme, Nairobi, Kenya.
United Nations Environment Programme (UNEP). (2016). Amendment to the Montreal Protocol on Substances
that Deplete the Ozone Layer (Kigali Amendment). UNEP, Nairobi, Kenya.

United Nations Environment Programme (UNEP). (2021). Handbook for the Montreal Protocol on Substances
that Deplete the Ozone Layer (14th ed.). Ozone Secretariat, UNEP, Nairobi, Kenya.

United Nations Environment Programme (UNEP). (2022). Project proposal: Togo
(UNEP/OzL.Pro/ExCom/91/54). Executive Committee of the Multilateral Fund for the Implementation of the
Montreal Protocol, Ninety-first Meeting, Montreal, 5-9 December 2022.

United Nations Environment Programme (UNEP). (2023). Global Cooling Watch 2023: Keeping it chill: How
to meet cooling demands while cutting emissions. Nairobi, Kenya.
https://doi.org/10.59117/20.500.11822/44243

Velders, G. J. M., Fahey, D. W., Daniel, J. S., Andersen, S. O., & McFarland, M. (2015). Future atmospheric
abundances and climate forcings from scenarios of global and regional hydrofluorocarbon (HF C) emissions.
Atmospheric Environment, 123, 200-209. https://doi.org/10.1016/j.atmosenv.2015.10.071

Velders, G. J. M., Solomon, S., & Daniel, J. S. (2014). Growth of climate change commitments from HFC
banks and emissions. Atmospheric Chemistry and Physics, 14(9), 4563—-4572. https://doi.org/10.5194/acp-14-
4563-2014

Yang, Z., Feng, B., Ma, H., Zhang, L., Duan, C., Liu, B., Zhang, Y., Chen, S., & Yang, Z. (2021). Analysis of
lower GWP and flammable alternative refrigerants. International Journal of Refrigeration, 126, 12-22.
https://doi.org/10.1016/j.ijrefrig.2021.01.022

1596


https://doi.org/10.17226/366
https://doi.org/10.5541/ijot.1927650
https://doi.org/10.1086/267786

