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Abstract

Greenhouse gas (GHG) emissions from sanitary waste (SW) are not usually quantified
in institutional inventories, which limits the ability to assess its management and asso-
ciated carbon footprint. This study establishes emission factors (EF) for SW generated
in a higher education institution (HEI), focusing on toilet paper. In 2022, 19 sanitary
waste sources were monitored, obtaining a per capita generation of 3.02 g person~! day !
and an annual total of 356.87 kg of SW. Samples were characterized through proximate
and elemental analyses, applying stoichiometric calculations for two disposal-site degra-
dation pathways: Aerobic: 841.95 kg (total climate indicator) t~! SW, and Anaerobic:
7041.97 kg (total climate indicator) t~!. The arithmetic mean of the aerobic and anaero-
bic EFs was 3941.96 kg (total climate indicator) t~! SW. Based on an estimated annual
mass of 1.12 t yr~!, emissions ranged from 0.35 to 6.71 t yr~! (total climate indicator:
CO;, + CHy-derived CO,e) depending on the scenario. Emissions could be reduced by
over 90% when aerobic degradation or controlled methane capture predominates. The
results suggest that separating SW at its point of generation and ensuring that it undergoes
aerobic or energy-recovery treatment processes can limit its contribution to institutional
GHG inventories. Having material-specific EF enables quantitative comparison among
management strategies and guides continuous-improvement decisions.
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interest in quantifying its contribution and identifying effective mitigation strategies has
increased substantially.

Globally, municipal solid waste (MSW) generation is estimated at 5.5 million t day !,
with per capita values ranging from 0.11 to 4.54 kg person*l da}f1 [1]. In Mexico, MSW
generation reaches approximately 120,128 t d !, with a national per capita average of
0.944 kg person~! day~!, and about 72% of this waste is disposed of in sanitary landfills [2].
In Tabasco [2], MSW generation totals 2471 t d~!, corresponding to 0.867 kg person~! day !,
yet only 2.31% is properly managed relative to national and international standards [3].
Regarding GHG emissions, the waste sector contributes 160,471 Gg CO;-equivalent (CO,e)
globally (5% of total emissions) [1], 29,029 Gg COse in Mexico (4.41%) [2], and 1093 Gg
COye in Tabasco (3.13% of state emissions) [3].

MSW typically consists of inorganic materials with economic value (plastics, metals,
paper, electronics) and organic fractions that are less studied yet environmentally relevant,
such as sanitary waste (SW). Li et al. [4] report the annual per capita consumption of
toilet paper (TP) and its variation according to economic and demographic factors. Re-
ported annual TP consumption in some countries includes 22.68 kg in the United States,
12.57 kg in Eastern Europe, 10.83 kg in Japan, 4.20 kg in Latin America, 2.90 kg in China,
and 0.40 kg in Africa. These values suggest an average TP generation of approximately
0.017 kg person~! day !, with a median of 0.012 kg person~! day .

Sanitary waste (SW) generated in restroom facilities poses health risks due to the
presence of persistent enteric pathogens, requiring appropriate treatment technologies.
Pathogens such as Bacteroides, Faecalibacterium and Prevotella [5], which are associated
with gastrointestinal diseases including salmonellosis, hepatitis, ascariasis, giardiasis,
rotavirus, exhibit high environmental persistence [6]. Therefore, appropriate treatment
methods, ranging from sanitary landfill disposal to incineration and wastewater treatment
are required. In wastewater systems, cellulose from TP can be hydrolyzed and metabolized,
contributing 25.5 4 0.6% CHy from 2.02 g COD L~! day ! [7]. Although landfilling remains
the primary disposal method, TP decomposes slowly because of its cellulose content
and low nitrogen and phosphorus levels [8]. Bridle et al. [9] reported that unbleached
paper degrades 2.8 times faster than bleached paper after six months, indicating that
environmental conditions and the deposition of organic matter (feces and urine) strongly
influence the degradation process.

An understudied aspect of SW is its contribution to GHG emissions, which requires
standardized estimation methods to establish management targets and performance indi-
cators. Clabeaux et al. [10] indicate that assessing GHG emission sources can guide the
formulation of mitigation objectives, strategies, and policies to reduce GHG emissions in
public and private sectors. Emission factors (EFs) are a methodological tool that enable
practical and cost-effective quantification of emissions, expressed in mass units (kg or t) as
COge per unit of material, product, or service [11].

Higher education institutions (HEIs) contribute to sustainability agendas aligned
with the SDGs [12] and increasingly quantify greenhouse gas (GHG) emissions using
carbon footprint (CF) or inventory-based approaches. However, published waste-related
results remain difficult to compare across campuses due to heterogeneous reference years,
activity indicators (e.g., population), and boundary/scope definitions (e.g., Scopes 1-2
vs. Scopes 1-3). To improve transparency, Table 1 summarizes selected HEI studies and
reports the contextual descriptors required for interpretation (year, campus size/population
indicator, waste-related scope, and boundary notes).
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Table 1. Reported GHG metrics for university waste and boundary context (literature benchmark).

Institution (Country) Year(s) Campus Size/Population Waste-Related Scope Keyéf) ?:é:i; ll:;[::tt:lc &
1252 Total 38.8910 tCO,e
USTP-Oroquieta 2022 (avg. students + Campus inventory (Scopes 1-2); 0.0311 tCO,e
(Philippines) [13] & (waste not disaggregated)  cap~!; Scope 2 dominates
employees) .
(electricity)
Solid waste 14.08 tCO,e
yr~! within total CF
Universitas Pertamina Solid waste included (~1352 tCOze yr~1);
(Indonesia) [14] 2017-2018 ND (modeled) inventory-based; WARM
for waste; landfill disposal
modeled
Total CF 8969 tCO,e yr‘l;
Technological University -~ . . 0.4 tCOye person ! yr—1
of Pereira (Colombia) [15] 2017-2018 22,501 people (reported) Waste included in Scope 3 (2017); GHG Protocol
Scopes 1-3
. 7620-8330 tCOze;
ICn;lperlaé Col]l;)ageth)Si?n, FY2018,/19-FY2019 /20 187 staff Dept. CF department boundary;
[ ((]em. ng. Lept (students ND) (waste not isolated) Scopes 1-3 (Scope 3
. dominates)
Total CF 84,925.5 tCO,e

University of Cape Town

Solid waste + paper yr—1; solid waste 595.1 and

(South Africa) [17] 2007 ND products + wastewater paper 278.9 tCOse yr—;
IPCC-based inventory
Total CF ~579 tCO»e;
University of Haripur . . operational boundary;
(Pakistan) [18] ND 3400 students; 410 staff Campus CF (waste minor) waste ~1% of total;
SimaPro/IPCC
EF0.111 tCOe t*
. i . . feedstock; boundary
ﬁmvers.ltl Teknol(?gl ND ND Composting (food + green includes transport +
alaysia (Malaysia) [19] waste) shredding /diesel +
fugitive CH4/N,O

Yildiz Technical University

Domestic waste CO,e

Domestic waste within reported (within total CF);

(Turkey) [20] 2019-2020 34,138 students; 2386 staff campus CF campus boundary;
exclusions noted (e.g.,
Technopark)

. . . MSW generation 31.05 t
Universidad Judrez Campus MSW yr1;146.5 kg d~1;0.07 kg
Auténoma de 1 21 L .

. 2017 2100 people management (recovery + d~ " cap™; stoichiometric
Tabasco—DACBiol di 1 EF for OFMSW
(Mexico) [21] isposal) or +
bibliographic EFs

Note: ND = not disclosed/not reported; reported metrics vary by boundary definition, reference year, and
normalization, limiting direct comparability.

Overall, the literature indicates that waste-related results in HEIs are reported under
heterogeneous boundaries and normalization choices, limiting cross-campus comparisons.
Moreover, sanitary waste (SW) is rarely treated as a distinct waste stream, with SW-specific
emission factors derived from transparent assumptions, which constrains benchmarking
and mitigation planning in HEIs.

Collectively, Table 1 highlights that differences in waste definitions, functional metrics
(total vs. fraction-specific vs. per capita), and declared boundaries limit direct cross-
campus comparison. Importantly, although paper products may implicitly include sanitary
components (e.g., toilet paper), CO,e information specifically focused on sanitary waste
(SW) remains scarce and is often embedded within broader categories rather than treated
as a distinct waste stream. Therefore, SW-specific emission factors are needed to sup-
port consistent estimation and benchmarking of GHG impacts in HEIs. Accordingly, the
objective of this study is to estimate SW-specific emission factors using stoichiometric calcu-
lations and to quantify scenario-based annual results (t yr—!) using a total climate indicator
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(CO; + CHy-derived COze, GWPygo) for SW generated and managed at DACBiol-UJAT
during 2022. This approach enables a transparent comparison of management scenarios
and supports the integration of SW into institutional GHG inventories.

2. Materials and Methods
2.1. Waste Management at CATRE

The study area corresponded to the university community of DACBiol-UJAT (Tabasco,
Mexico). The campus operates a Waste Collection and Treatment Center (CATRE), which re-
ceives solid waste generated from academic and administrative activities. Waste originates
from classrooms, administrative and faculty offices, laboratories (excluding hazardous
laboratories), the library, auditoriums, computer centers, cafeterias, points of sale, and
restroom facilities.

Waste management begins at designated collection points, where custodial staff gather
the material. The waste is then transported to the CATRE according to pre-established
collection schedules. Upon arrival, the waste is identified, quantified, recorded, separated,
and either treated on-site or sent for final disposal through the institutional collection
service, as shown in Figure 1.

Waste generation

Composting
Storage in
generation
areas
Anaerobic Useor
1 digestion commercialization
of the final product

_________ Transportation

Vermicomposting

Waste reception 1
hedule:
Sonecue Entry and I
10:00 - 11:00 hr. receptionof  [—| Quantifi | Sep
13:00 - 14:00 hr. Waste Treatment
17:00 - 18:00 hr. l

' Source
identification

Recoverable
materials

Transportation
Storage (Authorized
Collection Centers)
: . Final Disposal Site
Final disposal }_Gf Centro, Tabasco)

Figure 1. Waste management at CATRE of DACBiol (source: own elaboration).

Sanitary waste (SW) generation was recorded during two academic semesters in
2022: Semester 2022-1 (February—July) and Semester 2022-2 (August-January 2023). Quan-
tification was performed using a digital scale (model HW-200KVWP; capacity: 200 kg;
resolution: 50 g; A&D Weighing, Ann Arbor, MI, USA). Records were initially documented
in a physical logbook and subsequently transferred to digital format for statistical analysis.

The average daily generation (G4) was calculated from the total annual generation
(Gsw), considering the effective working days in the year (D), according to Equation (1):

Gsw
Gy = 1)
D.f

where Ggy is the total SW generated during 2022 (kg), D¢ is the number of effective
working days, and Gy is the average daily generation (kg day!). Per capita generation
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(Gpc) was calculated by dividing the daily generation (Gg4) by the total campus population
(Pt) during 2022, as shown in Equation (2):

Ga

Gpe= 4

()
where Gp. is expressed as grams per person per day.

2.2. System Boundary

This study applies a scenario-based, process-focused boundary limited to emissions
generated during the end-of-life management of sanitary waste (SW) in a university context.
The assessment includes the stoichiometric formation of biogenic CO, and CH, from SW
under aerobic and anaerobic pathways and, where applicable (Scenario B), CHy capture and
combustion. Results are reported using a total climate indicator defined as CO, (factor 1
within the climate indicator) + CHy-derived CO,e (GWP100), following the accounting
convention described below.

The functional unit (FU) is 1 tonne of sanitary waste (1 t SW), used to express emission
factors in kg (total climate indicator) t~1 SW and to scale annual scenario totals using the
annual reference mass (ARM).

This work is not a life cycle assessment; it is a scenario-based end-of-life GHG emis-
sions assessment focused on degradation and methane management at the disposal stage.
It excludes upstream production burdens (e.g., sanitary paper manufacturing) and opera-
tional processes such as collection, transport, and landfill infrastructure /operation. Table 2
presents the included and excluded processes.

Table 2. System boundary definition for the scenario-based assessment (included and ex-
cluded processes).

Category

Included Excluded

SW quantification

Recorded SW (GSW) and annual reference mass
(ARM) normalization

End-of-life degradation (core)

Stoichiometric formation of biogenic CO, and CHy
(aerobic vs. anaerobic)

CHj management & climate

metric

Scenario B: CHy capture and combustion;
uncaptured CHy emitted. Total climate indicator =  CHy oxidation in cover soils (base case)
CO; (factor 1) + CHy-derived COze (GWP1g)

Upstream & operational
processes

Paper manufacturing;
- collection/transport; landfill
operations/infrastructure energy

Note: Excluded processes were not quantified due to lack of site-specific activity data and because the study
focuses on end-of-life degradation pathways and CHy control.

2.3. Stoichiometric Calculations of Sanitary Waste Emission Factors

Representative SW samples were collected following the quartering method estab-
lished in NMX-AA-015-1985 for solid waste. Subsamples of 10 g were subjected to proxi-
mate analysis according to ASTM D2974 to determine moisture (105 °C, 24 h), volatile solids
(550 °C, 2 h), and ash content (800 °C, 1 h) [22,23]. Fixed carbon content was subsequently
calculated by difference.

Elemental composition (C, H, N, and S) was determined using oven-dried samples
analyzed with a Perkin Elmer® PE2400 CHNS/O elemental analyzer (PerkinElmer, Inc.,
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Waltham, MA, USA). Oxygen content was calculated by difference, subtracting the sum of
C, H, N, S, and ash from 100% on a dry-weight basis, as shown in Equation (3).

O =100 — [(C+ H+ N +S) + Ash] 3)

The elemental composition data was used to derive empirical chemical formulas of the
form C,H,OcNgSe. Elemental percentages were converted to molar ratios, and formulas
were normalized to one mole of nitrogen and one mole of sulfur, following the method of
Tchobanoglous et al. [24], where these elements are treated as limiting nutrients during
biological degradation.

Stoichiometric calculations were performed to estimate the theoretical maximum gas
production during aerobic and anaerobic biological degradation [24]. Aerobic conversion
was estimated using Equation (4), and anaerobic conversion applying Equation (5):

4 b—2.—-3 b—3d
C.H,O.N; + ("+46d>oz — aCO, + <2>H20+dNH3 ()
b ¢ 3d e a b ¢ 3d e a b ¢ 3d e

A step-by-step derivation of the stoichiometric coefficients and scaling to the functional
unit (Table 3C) is provided in Supplementary Information S2.

Table 3. Proximate and Ultimate Composition of Sanitary Waste.

Analytics (%) Elementals (%)
A Moisture Volatile Matter Clzflfcc)ln Ash C H (@) N S
9.78 +7.17 91.28 +1.42 239+1.10 6.31+1.53 42.08 + 0.03 6.26 + 0.01 49.91 096 +0.08  0.25 £ 0.02
Process Chemical Formulas Condition
B Aerobic Cs0.98 H17.5109.86 N1 Without sulfur; with water
Anaerobic Cy49.49 H154.38086.92 Ng .82 51 With sulfur; with water

Theoretical gas production from sanitary waste (biogenic CO; and CHy) and CHy-derived COze (GWP1q9)

c Process CO, (tt~1 SW) CHj, (tt~1 SW) CHy-derived COye (t t~1 SW) Total climate indicator (t t~1 SW)
Aerobic 0.8419 - - 0.8419
Anaerobic 0.6595 0.2279 6.3823 7.0419

Note: CO, and CHy4 originate from biogenic carbon in sanitary paper. CHy is converted to CO,e using GWPjqg
(CHy = 28). The reported “Total climate indicator” is computed as CO, (treated with factor 1) + CHy-derived
COze for scenario comparison. For inventory-style reporting, biogenic CO, can be disclosed separately.

Methane (CHy) and carbon dioxide (CO,) were converted to COze units using their
respective global warming potential (GWPqp) values reported by the IPCC (GWPgp = 28
for CHy), as expressed in Equation (6):

COy, = GHG mass x GWP (6)

The SW considered in this study is primarily of biogenic origin (sanitary paper).
Accordingly, CO, and CH,4 generated from SW are biogenic. For inventory-style reporting,
biogenic CO; is disclosed separately following IPCC convention, while CHy is expressed
as COze using GWP1gg (CHy = 28). For scenario comparability, we additionally report a
“total climate indicator” computed as CO; (treated with factor 1) + CHy-derived COge.
This convention avoids ambiguity between physical mass flows (CO,, CHy) and climate-
equivalent metrics (COze).
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Emission factors (EFs) for aerobic and anaerobic degradation were calculated on a
mass basis kg (total climate indicator) t ! SW from the stoichiometrically estimated gas
production, as defined in Equation (7a,b). In Equation (7a,b), mgw denotes the sanitary
waste mass basis (1 t SW) used to express emission factors in kg (total climate indicator)
t~1 SW.

FE (Aerobic) = €02 (7a)
msw
FE (Anaerobic) = CHa (7b)
msw

Total GHG emissions were then estimated by multiplying the annual reference mass
(ARM) by the respective aerobic or anaerobic emission factor (EF), as shown in Equation (8),
yielding values expressed in t yr~! (total climate indicator: CO, + CHy-derived COze).
The recorded annual mass (GSW) is reported for transparency, whereas ARM is used
for scenario-based emission estimates to avoid underestimation due to days without
recorded entries.

kg CO,, = ARM x EF (8)

2.4. Emissions Balance
2.4.1. Reference Mass and Annual Extrapolation

The reference mass (RM) was projected from the SW recorded during the effective
sampling days in 2022 (Dgyp). To obtain an annual estimate, an extrapolation factor (Fgx)
was calculated based on the ratio between total operational days (Dga) and effective
sampling days (Dgy), as expressed in Equation (9). The annual reference mass (ARM) was
then obtained by multiplying the Fgx by the annual SW generation (Ggy), as expressed in
Equation (10): b

EA
Fpx = Dras )

ARM = Fgx X GSW (10)

The reference mass was subsequently used to estimate emissions based on the stoi-
chiometrically calculated EF for each degradation pathway.

2.4.2. The Three Emission Scenarios Evaluated
1.  Scenario A—Anaerobic degradation without CH4 capture

This scenario assumes complete anaerobic degradation with no methane capture. Total
emissions (Sp) were obtained by multiplying the anaerobic EF by the annual reference
mass (ARM), as expressed in Equation (11):

SA = FEanuembic X ARM (11)

2. Scenario B—Anaerobic degradation with 75% CHy capture and combustion

In this scenario, 75% of methane is assumed to be captured and oxidized to CO,,
following IPCC standard practice for landfills with venting/flare systems [25,26]. The
remaining 25% of CHy retains its original GWP1gg (28). The resulting EF was calculated
using Equation (12), and scenario B emissions (Sg) were obtained using Equation (13).

FEresulting = FEgerobic + [0'25 x (FEanaerobic - FEaerobic)] (12)

Sp = FEresulting X ARM (13)

3. Scenario C—Predominantly aerobic degradation (complete oxidation)
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This scenario assumes that SW undergoes primarily aerobic degradation. Total emis-
sions (Sc) were calculated by multiplying the aerobic EF by the annual reference mass
(ARM), as expressed in Equation (14):

Sc = FEgeropic X ARM (14)

A compact one-at-a-time sensitivity analysis (capture efficiency range, +20%
yield /degradability envelope, and a GWP time-horizon note) is reported in Supplementary
Information S1 (Table S1) to document the robustness of the scenario comparisons.

3. Results

Figure 2 shows the distribution of SW generation sources within DACBiol-UJAT,
highlighting the 19 facilities equipped with restroom services that contributed to the
measurements conducted in this study.

SOURCES OF GENERATION OF HEALTHCARE WASTE IN DACBIOL

1.BULDING A 9. ADMINISTRATIVE OFFICES 17. LIBRARY

2. BULDING B 10. BASIC SCIENCES BUILDING 18. UMA OF CROCODILES AND TURTLES
3.BULDING C 11. HERBAL BUILDING 19. "LA CENTRAL" UNIVERSITY CAFETERIA
4.BULDING D 12.LABORATORY H 20. "EL RINCONCITO" UNIVERSITY CAFETERIA
5.BULDING F 13.RESENDEZ POSTGRADUATE BUILDING 21. FRUIT AND WATER KIOSK

6. MULTIFUNCTIONAL LABORATORY 14, AQUACULTURE 22. STATIONERY BUILDING D

7.BULDING CICART 16. CIBIOT 23. CATRE

8 CICART BUILDING LEVEL 3 16.CHARLES DARWIN BUILDING AND

FACULTY OFFICES

Figure 2. Generation sources with sanitary facilities at DACBiol-UJAT (source: DACBiol-UJAT).

A total of 23 waste generation sources were identified across the campus; however, only
19 of them included sanitary facilities and were therefore considered in the SW analysis.

3.1. SW Generation

In 2022, the total MSW generation at DACBiol-UJAT was 17.96 t. While the academic
calendar included 251 operational days, only 204 were considered effective working days,
and SW entries to CATRE were recorded on 80 of those days (Figure 3a).

Annual SW generation was 356.87 kg yr~!, equivalent to 7.5% of the total MSW gener-
ation. The average monthly generation was 35.69 £ 23.20 kg (n = 10), and the daily genera-
tion was 4.46 £ 2.97 kg (n = 80). Considering a campus population of 1477 individuals, the
per capita generation was 3.02 g person ! day 1.
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Figure 3. SW generation at DACBiol during 2022; (a) daily SW generation and average; (b) weekly
average SW generation; (c) monthly average SW generation; (d) SW generation by semester period.
Letters above the means (A, B, AB) indicate the homogeneous groups obtained from the one-way
ANOVA followed by Bonferroni post hoc comparisons. Means sharing at least one letter are not
significantly different (p > 0.05), whereas means with different letters are significantly different
(p < 0.05). In boxplots, the “+” symbol denotes the mean and dots indicate outliers (the horizontal
line within each box represents the median).

The value of 356.87 kg yr~! corresponds to the recorded SW mass on days with
registered entries, whereas the annual reference mass (ARM) represents the extrapolated
annual mass used for scenario-based emission estimates. The ARM, extrapolated from
effective sampling days, was 1.12 t yr~! SW, obtained using the extrapolation factor de-
scribed in Equation (9). This distinction helps avoid underestimation due to days without
recorded entries.

251 actual ef fective days

Ext lation Factor =
xtrapolation Factor 80 sampling days

=314

Annual Reference Mass (SW) = (3.14 x 356.87 kg yr_l) =1.12tyr !

Comparison with other cases may be limited due to differences in institutional activi-
ties, student populations, and the number of effective operational days. Aguilar-Virgen
et al. [27] reported a generation of 18.20 kg week ! in a building with 80 resident students
(0.0325 kg person—! day '), while Smyth et al. [28] reported 2.10 t week ™! of MSW at
a Canadian university, with paper towels accounting for 13% of the total. These values
underscore the variability in SW generation patterns across HEIs.
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3.2. Statistical Analysis of Temporality

The results were analyzed using parametric and non-parametric statistical tests.
Figure 3b—d show the one-way ANOVA results of SW generation behavior over differ-
ent time periods.

Daily SW generation showed no significant differences between weekdays (Kruskal—
Wallis test, p = 0.149). In contrast, one-way ANOVA revealed statistically significant differ-
ences across months (p = 0.006), particularly in April, which showed the largest deviation.

Post hoc Bonferroni analysis grouped the months into three statistically distinct clus-
ters: Group A (March, July, August, November), Group B (April), and Group AB (May,
June, September, October, and December). April formed an independent cluster due to its
markedly higher SW values.

The semester-based analysis showed no statistically significant differences (p = 0.908).
Overall, temporality did not exhibit a statistically significant effect on SW generation,
despite variations observed on specific days and months (Figure 3).

3.3. Limitations in Quantification

A recurring limitation in the quantification process was the frequent mixing of sanitary
waste (SW) with the remaining municipal solid waste (MSW). For biosafety reasons, CATRE
personnel were restricted from handling MSW bags that contained visible SW, which
reduced the amount of usable data and introduced uncertainty in daily records.

To mitigate this issue, waste bags arriving from each sanitary facility were required to
include an inner secondary bag designated exclusively for SW, ensuring proper segregation
and minimizing data loss during subsequent measurements.

3.4. Emission FACTORS (EF) Calculated from SW

Table 3A summarizes the proximate and elemental composition of SW, whereas
Table 3B shows the empirical chemical formulas derived from these data. These formulas
were used to estimate the theoretical stoichiometric production of CO, and CH4 under
aerobic and anaerobic conditions (Table 3C).

Elemental composition values (C, H, O, N, S) were generally consistent with those
reported for toilet paper and similar cellulose-based materials [7,8]. However, nitrogen and
sulfur contents were lower than values reported for fecal matter, particularly nitrogen (5.4%
in Kim et al. [8]), which is expected since the samples consisted primarily of toilet paper
with limited fecal contamination. This composition directly influenced the stoichiometric
gas yields and, consequently, the emission factors reported in Table 4.

Table 4. Calculated EF and Ranges for Sanitary Waste.

Process EF Expressed as Kg
(Total Climate Indicator) t—1 SW
Aerobic 841.95
Anaerobic 7041.97
Arithmetic mean 3941.96

Table 3C summarizes the theoretical yields of biogenic CO, and CHy per functional
unit (1 t SW) under aerobic and anaerobic pathways. In Route A, CO, is included with
a factor of 1 within the total climate indicator, whereas CHy is converted to CHy-derived
COgye using GWPgg (CHy = 28). Accordingly, the anaerobic pathway yields a total climate
indicator of 7.0419 t t—! SW, dominated by CHy-derived CO,e, while the aerobic pathway
results in 0.8419 t t~! SW. For comparison of pathway magnitudes, the sum of these
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pathway totals is 7.883 t t~1 SW; however, this combined value should not be interpreted
as a single-process result.

Table 4 presents the stoichiometrically derived emission factors (EF), expressed as
kilograms of total climate indicator per metric ton of sanitary waste (kg (total climate
indicator) t~! SW), for both aerobic and anaerobic degradation pathways.

Aerobic degradation produced an EF of 841.95 kg (total climate indicator) t~1 SW,
whereas anaerobic degradation yielded a substantially higher EF of 7041.97 kg (total climate
indicator) t~! SW due to methane production. This difference illustrates the strong influence
of the selected degradation pathway on the climate impact of SW.

Using the arithmetic mean of the aerobic and anaerobic EFs, 3941.96 kg (total climate
indicator) t~! SW, annual emissions for the 1.12 t SW yr_1 were estimated at 4.41 t yr_l
(total climate indicator: CO, + CHy-derived COze). As expected, aerobic degradation
produced the lowest emissions, whereas anaerobic conditions resulted in substantially
higher values due to methane formation.

The annual emission estimate of 4.41 t yr—1 (total climate indicator: CO, + CHy-
derived COye) is higher than values reported by other HEIs. Letete et al. [17] reported
1.2 t COze yr~! for paper waste at the University of Cape Town using life cycle assessment
methods, while Aguilar-Virgen et al. [27] recorded 0.297 t COse yr~! in a university resi-
dence in Mexico, and Ullah et al. [18] reported 0.75 t CO,e yr~! for paper waste in Pakistan.
These differences arise from variations in methodological approaches, waste composi-
tion, and the use of stoichiometric methane potentials in the present study, which tend to
produce conservative (higher) emission estimates compared to field-based measurements.

3.5. Emission Scenarios

In Mexico, NOM-083-SEMARNAT-2003 mandates biogas collection and flaring sys-
tems in landfills receiving more than 100 t day ! of waste, with the objective of reducing
GHG emissions from disposal sites. Within this regulatory context, three hypothetical
emission scenarios were developed based on the estimated annual sanitary waste (SW) gen-
eration and the methane management approach applied in each case. These scenarios rep-
resent contrasting degradation pathways and allow evaluation of relative climate impacts
under different CHy control strategies. The results of each scenario are described below.

1.  Scenario A—Anaerobic degradation without CH4 capture
Su= (7041.97 kg COp t *1sw) x (1.12 t swyrfl) x (0.001) = 7.89 t COpyr ™"

2. Scenario B—Anaerobic degradation with 75% CHy capture and combustion

Sp = (738.70 kg COy.) + [(7041.97 — 738.70 kg COzet_15W) x 0.25] = 2314.52 kg COpt 1SW

Sp = (2314.52 kg COZet_15W) x (1.12t5Wyr—1) % (0.001) = 2.59 t COy, yr~
3. Scenario C—Predominantly aerobic degradation (complete oxidation)
Sc = (841.95 kg COZet_15W> (1.12 tSW yr_l) % (0.001) = 0.942 t COp yr~ !

The results of the three scenarios are presented in a comparative bar chart (Excel®
2021; Microsoft 365; Microsoft Corporation, Redmond, WA, USA), using a common vertical
axis (t yr‘l; total climate indicator = CO; + CHy-derived COye) to highlight the relative
magnitude (Figure 4). No additional moisture degradation factors were applied, as the EFs
already incorporate the actual water content in the stoichiometric calculations.
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Aerobic process I
Anaerobic process and methane Emission
combustion reduction

1 2 3 4 5 6 7 8

t yr (total climate indicator)

Figure 4. Scenario-based annual results for sanitary waste management. Values are shown as t yr—!
using the total climate indicator (CO, + CHy-derived CO,e, GWP100).

When comparing the scenarios, the following observations were made:

e Scenario A represents complete anaerobic degradation without methane capture.
Under this condition, emissions reached 7.89 t yr_1 (total climate indicator: CO, +
CHj4-derived COge), the highest among the modeled scenarios due to uncontrolled
methane CHj, release.

Sensitivity note (Scenario A). Because Scenario A is dominated by methane formation,
the total climate indicator is most sensitive to the GWP time horizon used to express CHy
as COye (a shorter horizon amplifies the methane-driven signal). To reflect uncertainty in
waste degradability and the empirical composition/stoichiometric coefficients, a +20%
variation in the stoichiometric gas yields would translate into an approximately propor-
tional change in the Scenario A total, without affecting the qualitative conclusion that
uncontrolled anaerobic degradation represents the highest climate penalty.

e  Scenario B assumes 75% methane capture and flaring, following IPCC recommen-
dations for controlled landfill operations. This scenario resulted in emissions of
259t yr’1 (total climate indicator: CO, + CHy-derived COse), corresponding to a 67%
reduction relative to Scenario A. The remaining 25% of methane, assumed to remain
uncaptured, accounts for the residual climate impact.

Sensitivity note (Scenario B). Methane capture performance is the main driver of
uncertainty in Scenario B. We tested capture efficiencies of 50%, 75% (base), and 90%,
assuming uncaptured CHy is emitted directly. Under this range, Scenario B totals remain
substantially lower than Scenario A, and the total climate indicator varies approximately
linearly with the uncaptured methane fraction (~4.36 t yr~! at 50% capture; 2.59 t yr—!
at 75%; ~1.53 t yr~! at 90%). A +20% variation in stoichiometric gas yields produces
proportional shifts in the absolute total but does not change the scenario ranking.

e  Scenario C, which assumes predominantly aerobic conditions, resulted in emissions
of 0.943 t yr’1 (total climate indicator: CO, + CHy-derived COse), representing an
88% reduction compared with Scenario A. Because aerobic degradation does not
generate methane, emissions are limited to stoichiometrically released CO, during
oxidative decomposition.

Sensitivity note (Scenario C). Scenario C is dominated by biogenic CO, (factor 1 within
the climate indicator) and assumes negligible CH, formation; consequently, the total climate
indicator is comparatively insensitive to the choice of GWP time horizon because methane
plays a minor role. A +20% variation in stoichiometric yields would shift the absolute
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COs-related total proportionally, but Scenario C remains the lowest-impact pathway among
the scenarios considered.

Across the three scenarios, methane was the primary driver of CO,e component under
anaerobic conditions, accounting for approximately 95% of the CHy-derived COze, due
to its high GWPygg. In contrast, CO; (biogenic) mainly contributes to the mass flow of
generated gases, whereas CH, dominates the climate-equivalent metric. Partial methane
capture (Scenario B) considerably mitigates emissions, while aerobic treatment (Scenario C)
nearly eliminates methane formation, limiting emissions to CO, derived from stoichiomet-
ric oxidation. These results are consistent with previous studies reporting the dominant
role of methane control in reducing waste-sector emissions [16-20].

4. Discussion

Overall, the scenario results confirm that the end-of-life degradation pathway is the
dominant driver of the reported total climate indicator (defined as CO, (factor 1 within
the climate indicator) + CHy-derived COse (GWPqq)), and that mitigation is therefore
governed primarily by CHy formation and control rather than by the biogenic CO, mass
flow: under uncontrolled anaerobic conditions (Scenario A), the climate indicator reaches
7.89 t yr—!, whereas partial CH capture and combustion (Scenario B) reduces the indicator
t0 2.59 t yr~! (—67%), and predominantly aerobic conditions (Scenario C) reduce it further
t00.943 t yr—! (—88%).

When contrasted with reported HEI inventories and campus/department carbon
footprints, apparent differences in magnitude are expected because published studies vary
widely in reference year(s), activity indicators, functional metrics (total vs. fraction-specific
vs. per capita), and—critically—declared boundaries/scopes, with waste often aggregated
or treated as a minor contributor relative to electricity, mobility, or procurement, while
paper products (sometimes including toilet paper) may be reported without isolating
sanitary waste as a distinct stream [16-20]. Methodologically, reporting a total climate
indicator (rather than a single “Total CO,e”) improves transparency by making explicit
that only the CHy component is converted to COse, and it clarifies why CH4 dominates
the climate signal under anaerobic pathways even when CO; (biogenic) may represent a
large share of emitted gas mass; in this context, the residual impact under Scenario B is
controlled by the assumed capture fraction (i.e., the remaining uncaptured CHy), so the
most influential assumptions for robustness are the stoichiometric coefficients derived from
the adopted waste composition parameters and the CHy capture performance (and any
oxidation treatment, if later considered).

Practically, these findings indicate that campus sanitary waste management should
prioritize methane avoidance (diversion to aerobic stabilization where feasible) and, where
landfilling is unavoidable, effective CH4 capture/combustion as the main leverage point
to reduce the climate indicator; future work can strengthen cross-campus benchmarking
by refining site-specific composition/degradability inputs, evaluating time-dependent
CHj4 capture performance, and integrating sanitary waste as a distinct stream within
institutional reporting frameworks using harmonized boundaries, without changing the
core conclusions already stated.

5. Conclusions

This study estimated emission factors (EF) for sanitary waste (SW) generated at a
higher education institution (HEI) using a stoichiometric approach. The results showed
that SW, although representing a relatively small fraction of total municipal solid waste
(MSW), can contribute measurably to greenhouse gas (GHG) emissions depending on the
degradation pathway.
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Aerobic degradation resulted in an EF of 841.95 kg (total climate indicator) t~1, whereas
anaerobic degradation produced an EF of 7041.97 kg (total climate indicator) t~! due to
methane formation. Scenario analysis indicated that aerobic treatment or methane capture
and combustion can reduce the total climate indicator by ~67-88% relative to uncontrolled
anaerobic degradation, depending on the methane control achieved. In this convention,
CO, is accounted for using factor 1 within the climate indicator, while only the CHy fraction
is converted to CO,e using GWPj.

The use of material-specific EFs allows a more accurate comparison between waste
management strategies and supports the quantitative integration of SW into institutional
GHG inventories. These results emphasize the relevance of source separation and the
adoption of appropriate treatment technologies to minimize emissions from sanitary waste.

Although the study was conducted at a single HEI, the proposed methodology is appli-
cable to similar institutional contexts and can support improvements in waste management
and emission accounting.
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mdpi.com/article/10.3390/recycling11030061/s1, Table S1: Sensitivity check for scenario-based
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Abbreviations

The following abbreviations are used in this manuscript:

ARM Annual reference mass
CF Carbon footprint
COze Carbon dioxide equivalent

. Academic Division of Biological Sciences, Tabasco
DACBiol-UJAT . . ) )
Universidad Judrez Auténoma de

EF Emission factor(s)

FU Functional unit

GHG Greenhouse gas(es)

GWP100 Global Warming Potential (100-year time horizon)
HEI Higher education institution(s)

IPCC Intergovernmental Panel on Climate Change
MSW Municipal solid waste

OFMSW Organic fraction of municipal solid waste
SW Sanitary waste

TP Toilet paper

WWTP Wastewater treatment plant

Gg Gigagram

kg Kilogram
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