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Abstract

The transition toward sustainable facility management requires cleaning systems that
reduce environmental burdens while maintaining high hygienic standards. This study
presents a comparative evaluation of a green cleaning protocol (EVA SmartClean), com-
pliant with the Italian Minimum Environmental Criteria (CAM; D.M. 29 January 2021),
compared with a conventional cleaning system implemented in a civil facility (Adriatico
Guest House, Trieste, Italy; 8260 m2). The assessment integrates a cradle-to-grave Life
Cycle Assessment (LCA), conducted in accordance with ISO 14040, ISO 14044, ISO 14067
and PCR 2011:03 for professional cleaning services, with an extensive microbiological
surface monitoring campaign performed using RODAC plates and swab sampling. The
functional unit was defined as 1 m2 of representative surface maintained clean for one
year. The green protocol achieved a 47.7% reduction in Global Warming Potential (GWP100
based on IPCC AR6 characterization factors), corresponding to −110 g CO2e/m2·year
and −908 kg CO2e/year for the entire facility. Major reductions in climate impact were
associated with chemical consumption (−82.6%), energy use (−49.5%), and textile waste
generation (−92.4%). Microbiological analyses demonstrated that both protocols complied
with reference hygiene thresholds, while the green system achieved reductions in total
mesophilic counts that were comparable or superior across representative surfaces. The re-
sults confirm that environmental optimization in cleaning services can be achieved without
compromising microbiological safety, supporting public procurement policies aligned with
CAM requirements and Sustainable Development Goals (SDGs 12 and 13).

Keywords: sustainable facility management; carbon footprint reduction; hygienic performance;
green cleaning; CAM (Minimum Environmental Criteria); microbiological surface contamination

1. Introduction
Professional cleaning services play a pivotal role in ensuring hygiene, occupational

safety, and user well-being in public and private facilities. However, these services are
resource-intensive, requiring significant consumption of chemicals, water, energy, and
materials, as well as generating waste and greenhouse gas emissions. In the European
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context, Green Public Procurement (GPP) policies and national regulatory frameworks in-
creasingly require environmental performance to be demonstrated through standardized
methodologies, such as Life Cycle Assessment (LCA) [1–3].

Several studies have demonstrated that cleaning services can represent a non-
negligible share of the environmental footprint associated with building operations.
Life Cycle Assessment (LCA) analyses applied to cleaning systems in healthcare and civil
environments have identified key environmental hotspots, including the production and
use of chemical agents, laundering of textiles, energy consumption of equipment, and
operator transportation [4–6]. In particular, previous investigations have reported that
cleaning-related processes can contribute significantly to greenhouse gas emissions and re-
source consumption within facility management systems, especially when evaluated over
extended operational periods. These findings highlight that, although often considered
ancillary activities, cleaning services constitute a relevant leverage point for reducing the
environmental impact of buildings, supporting the integration of sustainability criteria
into operational practices and procurement strategies.

Despite these advances, existing studies present important limitations. Most analyses
focus primarily on environmental impacts without systematically verifying whether re-
duced chemical consumption and energy use may affect hygienic performance. Moreover,
integrated assessments combining Life Cycle Assessment with experimental microbiolog-
ical validation under real operating conditions remain limited, particularly in the context
of CAM-compliant cleaning systems.

In this context, the present study aims to address these gaps by providing an inte-
grated evaluation of environmental and microbiological performance. The innovative
contribution of this work lies in the combined application of cradle-to-grave LCA and
standardized surface contamination monitoring to compare a conventional cleaning
protocol with a CAM-compliant green system under real operational conditions. This
approach enables a simultaneous assessment of sustainability and hygienic efficacy,
directly supporting evidence-based implementation of green procurement criteria in
facility management.

In Italy, the updated Minimum Environmental Criteria (CAM) for cleaning services
(D.M. 29 January 2021) explicitly requires evidence of environmental improvement com-
pared to conventional approaches and, as an award criterion, proof that alternative proto-
cols ensure equivalent or superior hygienic efficacy. This dual requirement-environmental
sustainability and microbiological effectiveness-calls for integrated assessment models [7].
Within the framework of building life cycle assessment (LCA), professional cleaning ser-
vices are part of the use stage, as defined by EN 15978. In particular, routine cleaning
activities fall under Module B2 (Maintenance), as they are required to preserve the func-
tional and hygienic performance of building surfaces over time. At the same time, the
associated energy consumption (e.g., laundering processes and equipment operation)
contributes to Module B6 (Operational energy use). Despite being recurrent and resource-
intensive, these activities are often underrepresented in whole-building LCA studies,
where greater emphasis is typically placed on structural materials and energy systems.
However, due to their frequency and scalability across building portfolios, cleaning ser-
vices represent a non-negligible contribution to the environmental profile of buildings
during operation.

Life Cycle Assessment, standardized under ISO 14040 and 14044, is the most robust
methodological framework for quantifying environmental impacts associated with ser-
vices across their entire life cycle. For climate-related performance, ISO 14067 provides
specific guidance on quantifying carbon footprints. In the professional cleaning sector,
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PCR 2011:03 (version 3.0.2) specifically defines system boundaries, functional units, and
data quality requirements [8–10].

Within the broader framework of sustainable development, as defined by the United
Nations Sustainable Development Goals (SDGs), operational services such as cleaning
play a role in responsible resource use (SDG 12) and climate change mitigation (SDG 13).

Previous research has demonstrated that cleaning services are often dominated by
impacts related to chemical production, energy use in laundering, and equipment man-
ufacturing. Nonetheless, reducing chemical loads and lowering washing temperatures
must not compromise microbial control. Surface contamination monitoring-through
contact plates and swab methods-remains the gold standard for evaluating hygienic
performance in civil environments [11–13]. From a sustainability assessment perspective,
cleaning services also contribute to indirect (Scope 3) emissions, particularly through
the consumption of chemicals, textiles, packaging, and outsourced operational activities.
These aspects are increasingly relevant within ESG reporting frameworks and build-
ing sustainability certification systems such as LEED (Operations and Maintenance),
BREEAM In-Use, and the EU Level(s) framework, which recognize the role of operational
practices in determining environmental performance. Therefore, integrating cleaning
services into building-level LCA models provides an opportunity to identify actionable
strategies for reducing operational emissions without requiring structural interventions.

This study aims to address the current gap between environmental assessment
and hygienic validation in cleaning services by providing an integrated evaluation of a
CAM-compliant green cleaning protocol. Specifically, the study contributes by:

(i) quantifying environmental performance through a cradle-to-grave LCA approach;
(ii) experimentally validating microbiological efficacy under real operating conditions;
(iii) assessing whether environmental optimization can be achieved without compromis-

ing hygiene, in alignment with CAM requirements.

2. Materials and Methods
2.1. Case Study Description

The study was conducted at the Adriatico Guest House (AGH), part of the Inter-
national Centre for Theoretical Physics (ICTP), located in Trieste, Italy. The building
covers 8260 m2 and includes meeting rooms, offices, corridors, guest rooms, reception
areas, bar/cafeteria spaces, and sanitary facilities. The site was selected as representative
of civil cleaning services across surface typologies, occupancy patterns, and cleaning
frequencies. From an operational perspective, the facility includes a heterogeneous mix
of surface types (e.g., high-contact surfaces, sanitary areas, and floor coverings) and
usage intensities, which directly influence cleaning frequency, resource consumption,
and contamination dynamics. These characteristics make the site particularly suitable
for assessing the environmental and microbiological performance of cleaning protocols
under realistic service conditions.

The ground floor layout of the facility is presented in Figure 1.
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Figure 1. Ground floor plan of the Adriatico Guest House building in Grignano, Trieste (TS).

2.2. Description of Compared Protocols

Two systems were analyzed:

• Traditional Protocol: conventional detergents and disinfectants, standard textile mate-
rials, laundering at 60 ◦C, and conventional machinery settings.

• EVA SmartClean Protocol (Green): CAM-compliant detergents with lower impact
formulations, higher-concentration packaging, optimized dosage systems, eco-mode
floor scrubbers, laundering at 40 ◦C, and higher-durability microfiber textiles.

Cleaning frequencies and treated surfaces were identical for both protocols to ensure
comparability.

All collected operational data were normalized to an annual reference period to ensure
full comparability between monitoring windows of different duration.

2.3. Life Cycle Assessment
2.3.1. Goal and Scope

The LCA aimed to compare the carbon footprint of the two protocols. The functional
unit was:

1 m2 of representative surface maintained clean for 1 year.
In alignment with building-level LCA methodologies (EN 15978), the functional unit

is representative of the operational phase of the building, specifically the maintenance of
surfaces during use. The assessed system is therefore attributable to Module B2 (Main-
tenance), while energy-related inputs associated with cleaning processes contribute to
Module B6 (Operational energy use). This positioning enables direct integration of the
results into whole-building environmental assessments and facilitates comparison with
other operational flows.

System boundaries were cradle-to-grave, including upstream (raw materials, manufac-
turing), core (transport, use phase, energy and water consumption), and downstream (waste
treatment and wastewater management) processes [14]. The LCA model was structured
according to a modular framework including upstream processes (raw material extraction
and manufacturing of chemicals, textiles, and equipment), core processes (transport, use
phase, energy and water consumption), and downstream processes (waste treatment and
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wastewater management) as seen in Figure 2. Foreground data were based on primary
measurements collected on site, while background processes were sourced from the Man-
aged LCA Content database (v.2025.2, Sphera). Model parameterisation followed PCR
2011:03 requirements and standard LCA practice.

Figure 2. Schematic representation of the LCA model framework.

Excluded processes were identical in both systems (e.g., PPE, soap dispensers) to
preserve equivalence.

2.3.2. Impact Category

The impact category selected was:

• Global Warming Potential (GWP100), based on IPCC AR6 characterization factors (kg
CO2e), in accordance with ISO 14067 [15,16].

2.3.3. Data Collection

Primary site-specific data were collected during two monitoring windows:

• Traditional protocol: April 2025 (18 days)
• Green protocol: May–June 2025 (29 days).

Data included:

• Chemical consumption (kg)
• Water consumption (m3)
• Electricity use (kWh)
• Textile use and replacement (nr)
• Waste generation (kg)
• Equipment characteristics

Inventory modeling followed PCR requirements.
LCA modeling was performed using LCA for Experts (https://sphera.com/product-

sustainability-software/, accessed on 23 March 2026) software, and the Managed LCA
Content version 2025.2 database, both produced by Sphera.

2.4. Microbiological Sampling and Analysis

Microbiological monitoring was conducted to evaluate and compare the hygienic per-
formance of the traditional and green cleaning protocols under real operating conditions.
Sampling activities were performed in representative civil environments within the Adri-
atico Guest House facility, including meeting rooms, guest rooms, sanitary facilities, bar
and cafeteria areas, reception spaces, and corridors. Both high-contact surfaces (e.g., tables,
chairs, counters, and sanitary fixtures) and floor surfaces were included to capture contami-
nation dynamics across different functional areas and usage intensities [17,18].
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Sampling was carried out under three experimental conditions: prior to cleaning (base-
line condition), after the traditional protocol, and after the green protocol. All procedures
were conducted by trained microbiology personnel using sterile equipment and standardized
operating protocols to ensure repeatability and minimize operator-dependent variability.

Two complementary surface sampling techniques were employed depending on sur-
face geometry and accessibility. Flat, smooth, and non-porous surfaces were analyzed
using RODAC (Replicate Organism Direct Agar Contact) plates containing Tryptic Soy
Agar (TSA), a non-selective medium suitable for enumerating total aerobic mesophilic
microorganisms. The convex agar surface of each plate was brought into direct contact with
the sampling area using a calibrated applicator to maintain uniform pressure. Contact was
sustained for approximately 30 s to standardize microbial transfer. Each RODAC plate sam-
pled an area of approximately 25 cm2. To avoid underestimation of viable microorganisms
due to residual disinfectants, the culture media were supplemented with validated chem-
ical neutralizers that inactivate commonly used sanitizing agents, including quaternary
ammonium compounds, chlorine-based disinfectants, phenolics, and aldehydes [19].

For irregular, curved, or difficult-to-access surfaces-such as washbasin edges, toilet
rims, handles, and structural corners-sterile swab sampling was adopted. Where surface
geometry permitted, a sterile 10 × 10 cm template (100 cm2) was positioned to define a stan-
dardized sampling area. The swab tip was pre-moistened in a neutralizing buffer solution
to improve microbial recovery and counteract residual disinfectant activity. The designated
area was sampled systematically using horizontal, vertical, and diagonal strokes to ensure
complete coverage. Immediately after collection, the swab was transferred into a sterile
tube containing neutralizing solution and transported to the laboratory under controlled
conditions. In cases where the template could not be applied due to surface configuration,
the entire accessible area was swabbed and results were normalized during analysis.

All samples were processed within 12 h of collection. RODAC plates and aliquots
obtained from swab eluates (subsequently plated onto TSA) were incubated under aerobic
mesophilic conditions at 35 ± 2 ◦C for 24–48 h. After incubation, visible colonies were
enumerated manually. Microbial loads were expressed as colony-forming units (CFU) per
sampled surface area and normalized to CFU per 25 cm2 or 100 cm2, depending on the
sampling technique. Plates showing confluent growth were excluded from quantitative
analysis in accordance with standard microbiological practice [20].

Although additional selective and differential media—including Mannitol Salt Agar,
MacConkey Agar, and Sabouraud Dextrose Agar—were used during the broader exper-
imental campaign to detect specific microbial groups, total mesophilic aerobic counts
obtained on TSA accurately reflected overall contamination trends. For clarity, compara-
bility, and consistency of interpretation, only TSA-derived results are presented in this
manuscript. The apparent differences in impact structure between the traditional and green
protocols do not indicate inconsistency, but rather reflect a redistribution of environmental
burdens, where the reduction of high-frequency operational inputs (e.g., chemicals and
energy) in the green system increases the relative contribution of long-life components
without increasing their absolute impact.

Microbial reductions were calculated relative to untreated baseline surfaces and inter-
preted according to established hygiene reference criteria for civil indoor environments.
All laboratory analyses were conducted at the University of Ferrara, Laboratory of Microbi-
ology, under controlled and standardized conditions.

2.5. Statistical Analysis

Microbiological data were analyzed to compare surface contamination levels across the
three experimental conditions (untreated baseline, post-traditional cleaning, and post-green
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cleaning). Colony-forming unit (CFU) counts were first normalized to the sampled surface
area and log-transformed, as needed, to account for the non-normal distribution typically
observed in environmental microbiological datasets. Normality of data distribution was
assessed using the Shapiro–Wilk test. When assumptions of parametric analysis were
satisfied, comparisons between groups were performed using one-way analysis of variance
(ANOVA) followed by post hoc pairwise comparisons with Tukey’s correction. In cases
where normality assumptions were not met, non-parametric equivalents (Kruskal–Wallis
test followed by Dunn’s multiple comparison test) were applied. Statistical significance
was set at p < 0.05.

In addition to absolute CFU values, percentage reductions relative to baseline were
calculated for each protocol and surface category to facilitate performance comparison.
Data were expressed as mean ± standard deviation. Statistical analyses were performed
using GraphPad Prism (version 11, GraphPad Software, San Diego, CA, USA), and all tests
were two-tailed.

This analytical approach allowed assessment of whether differences observed between
cleaning protocols reflected true performance variation rather than random environmental
fluctuation.

3. Results
3.1. Life Cycle Impact Assessment
3.1.1. Carbon Footprint per Functional Unit

The comparative Life Cycle Assessment demonstrated a marked reduction in Global
Warming Potential (GWP100, with IPCC AR6 characterization factors) associated with the
implementation of the EVA SmartClean protocol.

The comparative results for the different assessment scenarios are summarized in
Table 1.

Table 1. Service GWP changes for different scenarios.

System
∆% GWP

EVA SmartClean
vs. Traditional

∆ GWP
EVA SmartClean

vs. Traditional
M.U.

Reduction in GWP of service
per square metre per year

−47.7%

−110 g CO2e/m2 year

Reduction of GWP of service
per site per year −908 kg CO2e/site year

Reduction in GWP of service
per yard for the duration of
the contract (60 months)

−4.540 kg CO2e/site contract
(5 years)

Per functional unit (1 m2 maintained clean for 1 year), the green protocol generated
110 g CO2e less than the traditional protocol, corresponding to a 47.7% reduction in GWP.

When extrapolated to the entire facility (8260 m2), the annual avoided emissions
reached 908 kg CO2e/year, equivalent to approximately 4.54 tonnes CO2e over a five-year
contract period.

The magnitude of reduction indicates that cleaning services, although often con-
sidered operationally marginal in building sustainability assessments, can represent a
non-negligible contribution to Scope 3 emissions in facility management.

3.1.2. Contribution Analysis by Life Cycle Stage

A disaggregated contribution analysis reveals substantial structural differences be-
tween the two protocols.

https://doi.org/10.3390/su18094330
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Traditional Protocol—Impact Structure
The dominant contributors to GWP were:

1. Electricity consumption for laundering (≈30%)
2. Production of cleaning chemicals (≈21%)
3. Production of carts and durable equipment (≈18%)
4. Chemical transport logistics (≈6%)
5. Electricity consumption by floor scrubber machine (≈4%)
6. Textile production and replacement (≈4%)

This profile indicates a system heavily influenced by recurring operational inputs-
particularly chemicals and electricity-intensive washing cycles.

EVA SmartClean Protocol—Impact Structure
For the green protocol, impact contributions shifted toward:

1. Production of durable equipment (≈33%)
2. Laundering energy (≈27%)
3. End-of-life of carts (≈8%)
4. Floor scrubber production (≈7%)
5. Chemical production (≈6%)
6. Electricity consumption by floor scrubber machine (≈6%)

The relative increase in durable equipment’s contribution does not reflect higher
absolute impacts but rather a compression of operational emissions, thereby elevating the
proportional weight of long-life components.

The detailed variations by macro-aspect are reported in Table 2.

Table 2. GWP variations by macro-aspect of the analyzed protocols.

ASPECT
∆% GWP

EVA SmartClean
vs. Traditional

∆ GWP
EVA SmartClean

vs. Traditional
M.U.

CHEMICALS −82.6% −474.8 kg CO2e/site year

ENERGY CONSUMPTION −49.5% −322.6 kg CO2e/site year

TEXTILES −92.4% −73.7 kg CO2e/site year

PROD. AND END OF LIFE
MACHINERY AND TROLLEYS −4.3% −22.1 kg CO2e/site year

WASTE WATER TREATMENT −18.0% −12.9 kg CO2e/site year

WATER CONSUMPTION −17.0% −2.1 kg CO2e/site year

This structural redistribution is a key finding: the green protocol effectively sup-
presses recurring high-impact flows (chemicals and energy), leaving capital goods as the
primary contributors.

3.1.3. Reduction Drivers

The −47.7% GWP reduction can be attributed to synergistic interventions:

(a) Chemical Consumption Optimization

Chemical use decreased by 767.8 kg/year (−92.2%).
Impact reduction was driven by:

• Higher product concentration and controlled dosing
• Larger packaging volumes reducing plastic and cardboard production
• Lower embodied emissions per kg of cleaning solution
• Reduced upstream transport frequency

https://doi.org/10.3390/su18094330
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Chemical-related GWP decreased by 474.8 kg CO2e/year (−82.6%).
This confirms that formulation strategy and dosage management are primary leverage

points in decarbonizing cleaning services.

(b) Energy Consumption

Electricity consumption decreased by 731.6 kWh/year (−49.5%).
Two factors were determinant:

• Laundering at 40 ◦C instead of 60 ◦C
• Eco-mode operation of floor scrubbers

Energy-related emissions decreased by 322.6 kg CO2e/year.
This highlights laundering temperature as a major environmental hotspot in profes-

sional cleaning systems.

(c) Textile Lifecycle Extension

Textile-related emissions decreased by 92.4%, corresponding to −73.7 kg CO2e/year.
This reduction is derived from:

• Increased microfiber durability
• Higher number of washing cycles tolerated before disposal
• Lower textile waste generation (−12.9 kg/year)

Durability enhancement emerges as an underappreciated sustainability lever.

3.1.4. Resource and Waste Indicators

Beyond GWP, the green protocol demonstrated significant reductions across multiple
resource and waste indicators, reflecting a consistent optimization of operational processes.

The observed reductions can be attributed to specific underlying drivers:

• Water consumption (−17%) was primarily reduced through optimization of laundering
processes, including a decrease in the number of washing cycles required due to
improved textile management and higher material efficiency.

• Energy consumption (−49.5%) decreased mainly as a result of lower washing temper-
atures (40 ◦C vs. 60 ◦C) and a reduced number of washing cycles, as well as the use of
energy-efficient equipment operating modes.

• Reduction in differentiated waste (−95.9%) is associated with decreased packaging
waste, driven by the use of more concentrated chemical products and larger packaging
formats, resulting in fewer containers per unit of service delivered.

• Reduction in undifferentiated waste (−73.5%) is primarily linked to improved textile
durability and lower material turnover, reducing disposal frequency.

• Wastewater generation (−17.8%) is directly correlated with reduced water consump-
tion, particularly in textile laundering processes.

These results confirm that the environmental improvements observed are not limited
to carbon footprint reduction but reflect a broader systemic optimization of resource use
and waste generation across the cleaning service life cycle.

A comprehensive summary of annual environmental indicators is provided in Table 3.
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Table 3. Results of the comparative environmental analysis for one year of service delivery on the
entire construction site.

INDICATOR U.M.

EVA
Smart-
Clean

Protocol

Traditional
Protocol

ABSOLUTE ∆
EVA

SmartClean vs.
Traditional

∆%
EVA

SmartClean vs.
Traditional

CHEMICALS CONSUMPTION kg 64.7 832.5 −767.8 −92.2%

WATER CONSUMPTION m3 63.5 76.5 −13.0 −17.0%

ENERGY CONSUMPTION kWh 745.0 1476.6 −731.6 −49.5%

PRODUCTION OF
DIFFERENTIATED WASTE kg 3.2 77.2 −74.0 −95.9%

PRODUCTION OF
UNDIFFERENTIATED WASTE kg 4.6 17.5 −12.9 −73.5%

WASTEWATER PRODUCTION m3 63.1 76.7 −13.7 −17.8%

CAM CONFORMING
PRODUCTS % 100.0% 91.7% - 8.3%

CO2 EQUIVALENT EMISSIONS kg
CO2e 996.4 1904.4 −908.1 −47.7%

3.2. Microbiological Performance
3.2.1. Overall Hygiene Compliance

Microbiological monitoring performed through RODAC plates and swab sampling
confirmed that both protocols complied with accepted hygiene reference thresholds in all
sampled environments.

No post-treatment surface exceeded admissible microbial limits.

3.2.2. Comparative Surface Reductions

When compared to untreated surfaces:

• Both protocols achieved substantial reductions in total mesophilic aerobic counts.
• Across the majority of sampled surfaces, the green protocol achieved microbial reduc-

tions comparable to the traditional protocol, and in some cases, greater reductions
were observed.

• While no overall statistically significant differences were observed between protocols
(p > 0.05), selected high-contact surfaces demonstrated significantly greater microbial
reductions under the green protocol (p < 0.01–0.001).

These findings are particularly relevant in high-contact areas (e.g., sanitary fixtures,
bar counters, meeting tables), where reductions remained robust despite the lower chemical
mass and reduced washing temperatures applied in the green protocol.

Figure 3 shows the results for private bathrooms, while Figures 4–6 report data
from rooms, entrance areas and refreshment zones; Figure 7 shows the results for public
bathrooms and Figures 8 and 9 report data from corridors and meeting rooms

The observed variability in microbial reductions across surfaces can be interpreted
in light of operational and environmental factors. Greater reductions associated with the
green protocol were primarily observed in high-contact surfaces and areas characterized by
higher initial contamination levels, where the combined effect of mechanical removal and
optimized cleaning procedures is more pronounced.

Although the green protocol employs lower chemical dosages and reduced laundering
temperatures, its effectiveness can be explained by a combination of factors, including
improved microfiber performance, controlled dosing systems ensuring optimal product
use, and consistent application procedures. These elements enhance the physical removal
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of microorganisms and improve the efficiency of cleaning actions, partially compensating
for the reduced chemical and thermal inputs.

Figure 3. Bathroom (private) microbial assessment: total mesophilic aerobic counts expressed
as percentage reduction, measured on selected high-contact surfaces following application of the
traditional protocol (TT—Blue) and the green protocol (TG—Green). Data are expressed as mean
values with standard deviation bars. (ns), not significant, *** p < 0.0005, and **** p < 0.0001.

Figure 4. Room microbial assessment: total mesophilic aerobic counts expressed as percentage
reduction, measured on selected high-contact surfaces following application of the traditional protocol
(TT—Blue) and the green protocol (TG—Green). Data are expressed as mean values with standard
deviation bars. (ns) not significant, * p < 0.05.

https://doi.org/10.3390/su18094330
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Figure 5. Entrance microbial assessment: total mesophilic aerobic counts expressed as percentage
reduction, measured on selected high-contact surfaces following application of the traditional protocol
(TT—Blue) and the green protocol (TG—Green). Data are expressed as mean values with standard
deviation bars. (ns) not significant.

Figure 6. Refreshment area microbial assessment: total mesophilic aerobic counts expressed as per-
centage reduction, measured on selected high-contact surfaces following application of the traditional
protocol (TT—Blue) and the green protocol (TG—Green). Data are expressed as mean values with
standard deviation bars. (ns) not significant, **** p < 0.0001.
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Figure 7. Bathroom (public) microbial assessment: total mesophilic aerobic counts expressed as per-
centage reduction, measured on selected high-contact surfaces following application of the traditional
protocol (TT—Blue) and the green protocol (TG—Green). Data are expressed as mean values with
standard deviation bars. (ns) not significant.

Figure 8. Corridor microbial assessment: total mesophilic aerobic counts expressed as percentage
reduction, measured on selected high-contact surfaces following application of the traditional protocol
(TT—Blue) and the green protocol (TG—Green). Data are expressed as mean values with standard
deviation bars. (ns) not significant, * p < 0.05.
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Figure 9. Meeting room microbial assessment: total mesophilic aerobic counts expressed as percentage
reduction, measured on selected high-contact surfaces following application of the traditional protocol
(TT—Blue) and the green protocol (TG—Green). Data are expressed as mean values with standard
deviation bars. (ns) not significant.

These findings support the interpretation that microbial reduction in cleaning systems
is a multifactorial process, in which mechanical action, material properties, and process
standardization play a critical role alongside chemical composition and temperature. How-
ever, it should be noted that the present study was not designed to isolate the individual
contribution of these variables, and further controlled investigations would be required to
quantify their relative influence.

3.2.3. CAM Compliance Verification

The Italian Minimum Environmental Criteria (CAM; D.M. 29 January 2021) require
that environmentally improved cleaning systems demonstrate hygienic performance equal
to or better than that of conventional protocols, particularly when used as an award
criterion in public procurement processes. This requirement implies that environmental
optimization must not compromise microbiological safety.

In the present study, compliance with CAM requirements was assessed through a
comparative analysis of surface contamination levels following the application of both
protocols. As reported in Section 3.2.2 and illustrated in Figures 2–8, both systems achieved
microbial reductions consistent with accepted hygiene thresholds, with no post-treatment
surface exceeding admissible contamination limits.

The concept of microbiological equivalence is supported by the absence of statistically
significant differences between the two protocols across the majority of sampled surfaces
(p > 0.05), indicating comparable hygienic performance. In addition, improved perfor-
mance was observed in selected high-contact surfaces, where the green protocol achieved
significantly greater reductions (p < 0.01–0.001).

Based on these results, the green protocol can be considered fully compliant with
CAM award criteria, as it ensures hygienic efficacy equal to or exceeding that of the
traditional system. These findings demonstrate that environmental improvements—such
as reduced chemical use and lower energy input—can be achieved without compromising
microbiological safety.
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4. Discussion
The present study provides evidence that environmental optimization in professional

cleaning services can be achieved without compromising microbiological safety. While this
conclusion may appear intuitive within sustainability discourse, empirical validation is
rarely conducted through an integrated environmental–microbiological framework. The
combined application of cradle-to-grave Life Cycle Assessment and surface contamination
monitoring offers a multidimensional perspective that extends beyond conventional single-
indicator evaluations [21–23].

4.1. Reframing Cleaning Services as Climate-Relevant Activities

When interpreted within a building life cycle perspective, the results of this study
provide quantitative evidence of the environmental relevance of maintenance activities
during the operational phase. As components of Module B2 (Maintenance) and partially
B6 (Operational energy use), cleaning services contribute to the overall environmental
footprint of buildings and should therefore be systematically included in building LCA
models. The magnitude of the observed emission reductions indicates that optimization of
routine operational practices can generate measurable improvements in building-level envi-
ronmental performance. Cleaning services are typically perceived as operational necessities
with limited strategic relevance to decarbonization. However, the 47.7% reduction in GWP
observed in this study challenges this assumption. When extrapolated over multi-year
public contracts and across large building portfolios, the cumulative emission mitigation
potential becomes substantial.

Unlike structural retrofitting or energy infrastructure interventions, cleaning protocol
optimization operates at the procedural and procurement level. This means that climate
benefits can be achieved through:

• formulation selection,
• dosage control,
• textile durability enhancement,
• and energy-efficient equipment operation,

Without altering the built environment itself. From a systems perspective, this po-
sitions cleaning services within Scope 3 emissions management, an area increasingly
emphasized in ESG reporting and public procurement policy.

Cleaning services are often treated as operational necessities with limited strategic
relevance in decarbonization pathways. However, previous studies have shown that these
activities contribute significantly to resource consumption and greenhouse gas emissions
within building operations, particularly when evaluated over extended time horizons
and across large facility portfolios [24–26]. Similar findings have been reported in both
healthcare and civil environments, where chemical production, laundering processes, and
logistics have been identified as key environmental hotspots [11–13].

These results support the interpretation that cleaning services, although frequently
overlooked, represent a scalable and actionable leverage point for reducing operational
environmental impacts.

The findings, therefore, contribute to a broader reframing of facility management:
operational services are not merely maintenance activities but modifiable environmen-
tal vectors.

4.2. The Central Role of Chemical Flow Reduction

The reduction of over 90% in chemical mass flow under the green system was not
achieved solely through substitution, but through a structural redesign of usage patterns.
This redesign includes the use of concentrated products diluted directly on site, the im-
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plementation of automated dosing systems, and the adoption of textile impregnation
technologies that ensure consistent and optimized distribution of cleaning solutions. These
measures significantly reduce overuse associated with manual dosing and improve pro-
cess standardization.

The importance of this approach is supported by the LCA results presented in
Section 3.1.3, where chemical consumption decreased by 92.2%, corresponding to a re-
duction of 474.8 kg CO2e/year (−82.6% of chemical-related impacts). This represents the
largest single contribution to the overall reduction in Global Warming Potential. These data
indicate that reducing the total mass of chemicals used has a substantially greater effect on
environmental performance than marginal differences in product formulation alone.

This finding suggests that optimization of consumption patterns, rather than sub-
stitution alone, represents a primary leverage point for improving the environmental
sustainability of cleaning services.

This reinforces a fundamental LCA principle: environmental gains are most significant
when material throughput is minimized rather than merely modified [27,28].

4.3. Energy Reduction Without Hygienic Compromise

Lower laundering temperature (40 ◦C vs. 60 ◦C) was a decisive parameter in reducing
electricity consumption. Conventionally, higher washing temperatures are associated with
enhanced sanitization. However, the microbiological results indicate that hygienic efficacy
was preserved.

The results presented in Section 3.2.2 show that the green protocol achieved micro-
bial reductions comparable to, and in some cases greater than, those obtained with the
traditional system, despite the use of lower chemical dosages and reduced laundering
temperatures. This evidence suggests that microbial removal cannot be attributed solely
to thermal input. Rather, it is likely influenced by a combination of factors, including me-
chanical action, microfiber properties, detergent formulation, and process standardization.
While the present study does not isolate the individual contribution of these variables, their
combined effect is consistent with the observed microbiological outcomes.

The results of this study are consistent with previous investigations reporting that
reductions in chemical consumption and optimization of operational parameters represent
the primary drivers of environmental improvement in cleaning systems [29]. In particular,
the magnitude of chemical reduction observed in this study (−92.2%) is in line with or
exceeds values reported in similar analyses, confirming the central role of dosage control
and process optimization.

At the same time, the present findings extend existing literature by demonstrating that
such environmental improvements can be achieved without compromising microbiological
performance, an aspect that has rarely been validated through experimental data under
real operating conditions.

The study demonstrates that thermal intensity can be reduced when these other
variables are optimized. From an environmental standpoint, this is significant because
electricity generation remains a primary contributor to GWP in many professional clean-
ing systems.

The implication extends beyond cleaning: it supports a general sustainability principle
whereby energy-intensive safeguards may be reconsidered if equivalent performance can
be achieved through integrated system design [30].

4.4. Durability as a Sustainability Lever

The marked reduction in textile-related emissions reflects an often-overlooked dimen-
sion of environmental strategy: durability.
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In service-based systems, consumable materials represent recurring environmental
flows. Extending textile lifespan decreases:

• manufacturing emissions,
• waste generation, transport and treatment,
• and replacement frequency.

This aligns with circular economy logic, which prioritizes longevity over disposability.
In this context, microfiber resilience becomes an environmental attribute as relevant as
chemical formulation.

The shift observed in impact structure, where durable equipment becomes propor-
tionally dominant in the green protocol, illustrates a desirable transition from recurrent
consumable impacts toward longer-lived capital goods. While durable goods still carry
embodied emissions, their extended service life distributes impact over longer operational
periods, improving overall efficiency per functional unit.

4.5. Environmental Gains and Microbiological Safety: Dispelling a False Dichotomy

A persistent concern in sustainable cleaning discourse is the perceived trade-off be-
tween environmental responsibility and hygienic assurance. Particularly in high-occupancy
environments, stakeholders may fear that reducing chemicals or lowering washing temper-
atures could weaken microbial control [31].

The microbiological data from this study do not support this concern. Both protocols
complied with hygiene benchmarks, and the green system frequently demonstrated equal
or improved reductions in total mesophilic counts [32,33].

This finding is conceptually important. It suggests that hygiene outcomes are not
linearly correlated with chemical intensity. Instead, effective microbial control depends on:

• correct protocol design
• proper execution
• targeted disinfection
• and standardized monitoring

By integrating LCA with surface sampling, the study provides empirical reassurance
that sustainability-oriented interventions can coexist with public health safeguards.

4.6. Implications for CAM and Green Public Procurement

The Italian CAM framework requires not only environmental improvement but also
proof of equivalent or superior hygienic performance. This dual requirement creates a
higher evidentiary threshold compared to voluntary eco-label adoption.

The present analysis demonstrates that integrated assessment methodologies can
meet this threshold. From a policy standpoint, this reinforces the feasibility of embedding
LCA-based evidence within public procurement processes.

Moreover, the magnitude of avoided emissions supports alignment with:

• SDG 12 (Responsible Consumption and Production),
• SDG 13 (Climate Action),
• and EU Green Deal objectives.

Scaling such protocols across public facilities could meaningfully contribute to
emission-reduction targets without requiring infrastructure modifications. From a car-
bon accounting perspective, the analyzed cleaning processes fall within Scope 3 emissions,
as they are associated with purchased goods, consumables, and outsourced services within
facility management. The demonstrated reductions in chemical use, energy consumption,
and material flows therefore represent actionable levers for organizations seeking to reduce
indirect emissions. Furthermore, these improvements are directly relevant to building
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sustainability certification systems, where operational practices contribute to credits related
to sustainable procurement, resource efficiency, and indoor environmental quality. The in-
tegration of LCA-based evidence into cleaning service design can thus support compliance
with certification requirements while enhancing transparency in environmental reporting.

4.7. Methodological Reflections

From a methodological perspective, the study illustrates the value of combining:

• standardized ISO-based LCA,
• PCR-aligned service modelling,
• and empirical microbiological validation.

Service LCAs pose unique challenges compared to product LCAs due to variability
in operational intensity, occupancy patterns, and intervention frequency. The use of a
defined functional unit (1 m2 maintained clean for 1 year) enhances comparability and
reproducibility.

However, the analysis was limited to GWP. While climate impact is highly relevant,
additional categories such as eutrophication, ecotoxicity, and water scarcity could provide
a more comprehensive environmental profile. Future research should expand impact
coverage to capture potential trade-offs beyond carbon.

4.8. Broader Sustainability Perspective

At a broader level, the study contributes to the understanding that sustainability
transitions often emerge from cumulative optimization of routine practices rather than
disruptive technological innovation alone.

Cleaning services are ubiquitous across sectors-education, hospitality, healthcare,
and public administration. Incremental improvements in chemical dosing, laundering
temperature, packaging reduction, and textile durability may appear modest in isolation.
Yet, when aggregated across national or regional scales, their environmental significance
becomes considerable.

The results, therefore, underscore a strategic insight: operational sustainability is
scalable sustainability.

The innovative contribution of this study lies in the integration of environmental
and microbiological assessment within a single analytical framework. While previous
studies have typically addressed these aspects separately, the present approach provides a
combined evaluation that directly responds to regulatory requirements such as CAM, where
environmental improvement must be demonstrated alongside maintained or improved
hygienic efficacy. This integrated perspective contributes to bridging the gap between
sustainability assessment and operational validation in cleaning services, providing a more
robust basis for decision-making in sustainable facility management.

5. Conclusions
This study demonstrates that environmental optimization of professional cleaning ser-

vices can produce substantial climate benefits while fully preserving hygienic performance.
Through the integration of a cradle-to-grave Life Cycle Assessment and an extensive micro-
biological surface monitoring campaign, the comparative evaluation of a CAM-compliant
green protocol (EVA SmartClean) and a conventional cleaning system provides robust,
empirical evidence that sustainability and sanitation objectives are not mutually exclusive.

From an environmental perspective, the green protocol achieved a 47.7% reduction in
Global Warming Potential per functional unit, corresponding to an annual avoidance of
908 kg CO2e for the investigated facility. The magnitude of this reduction is particularly
significant when considered in the context of multi-year public procurement contracts and
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large facility portfolios. The findings confirm that operational services, often overlooked
in decarbonization strategies, represent an actionable, scalable pathway for mitigating
emissions within facility management.

The most relevant environmental drivers were the drastic reduction in chemical mass
flow, improved dosage control, lower laundering temperature, and enhanced textile dura-
bility. Importantly, these reductions were not achieved through technological overhauls or
structural modifications, but through systemic optimization of procurement choices and
operational procedures. This highlights the strategic role of process redesign and resource
efficiency in service-based sustainability transitions.

Equally important is the microbiological validation of these interventions. Surface con-
tamination analyses confirmed that the green protocol consistently met hygiene reference
thresholds and, in several contexts, demonstrated reductions in total mesophilic counts
equal to or greater than those achieved with the traditional system. The data therefore
dispel the perceived trade-off between reduced chemical intensity and microbial safety.
Lower detergent quantities and decreased washing temperatures did not compromise
hygienic outcomes, underscoring the multifactorial nature of sanitation efficacy and the
importance of protocol design and execution.

The study also provides methodological value by demonstrating the feasibility and rel-
evance of integrating ISO-based LCA modelling with empirical microbiological assessment
for evaluating cleaning services. This dual approach directly addresses the evidentiary
requirements embedded in the Italian CAM framework and offers a replicable model for
Green Public Procurement processes. The results support alignment with Sustainable
Development Goals 12 and 13, reinforcing the role of responsible consumption practices
and climate action within public service delivery.

Some limitations should be acknowledged. The analysis focused on a single case
study and primarily on the climate impact category (GWP100). Although carbon footprint
is highly relevant for policy alignment and comparability, future investigations should
expand to additional environmental impact categories and explore multi-site applications
to strengthen obtained results and consolidate and generalise these conclusions. Long-term
durability assessments and cost–benefit analyses would further strengthen the evidence
base for large-scale adoption.

From a practical perspective, the findings of this study support the adoption of clean-
ing protocols based on optimized chemical dosing, reduced laundering temperatures, and
extended textile lifecycles. Facility managers and procurement stakeholders may leverage
these results to implement CAM-compliant solutions that simultaneously reduce envi-
ronmental impacts and maintain high hygienic standards. The integration of LCA-based
evidence into procurement criteria can further enhance transparency and support informed
decision-making in sustainable facility management.

Overall, the findings confirm that sustainability in professional cleaning is not depen-
dent on disruptive innovation but can emerge from cumulative, evidence-based optimiza-
tion of routine practices. When systematically implemented, such operational improve-
ments have the potential to generate meaningful environmental benefits at scale without
compromising public health safeguards. In this sense, professional cleaning services should
be recognized not merely as maintenance functions, but as modifiable components of
sustainable facility management systems.
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