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Abstract

The environmental sustainability of cleaning materials used in heritage conservation
remains poorly quantified despite growing attention to the replacement of hazardous
petroleum-based solvents with bio-based alternatives. This study applies a comprehensive
Life Cycle Assessment (LCIA) to compare conventional solvents with innovative bio-based
formulations, including Fatty Acid Methyl Esters (FAMEs), Deep Eutectic Solvents (DES),
and aqueous or organogel systems used for cleaning painted surfaces. Following ISO
14040/14044 standards and using the Ecoinvent v3.8 database with the EF 3.1 impact
method, three functional units were adopted to reflect material and system-level scales.
Results demonstrate that water-rich systems, such as agar gels and emulsified organogels,
yield significantly lower climate and toxicity impacts (up to 85-90% reduction) compared
with petroleum-based benchmarks, while FAME and DES exhibit outcomes highly de-
pendent on allocation rules and baseline datasets. When including application materials,
cotton wipes dominate total environmental burdens, emphasizing that system design out-
weighs solvent substitution in improving sustainability. The study provides reproducible
data and methodological insights for integrating LCIA into conservation decision-making,
contributing to the transition toward evidence-based and environmentally responsible
heritage practices.

Keywords: life cycle assessment; green solvents; organogels; aqueous gels; cultural heritage;
sustainable conservation

1. Introduction

The conservation of cultural heritage has undergone a significant conceptual shift
over the past two decades. The field has moved from a discipline primarily focused on
material authenticity and reversibility toward one increasingly shaped by environmental
accountability and chemical safety [1-5]. This transformation reflects the broader goals
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of the European Green Deal (Regulation EU 2021/1119) and the United Nations 2030
Agenda, positioning cultural heritage conservation as an unexpected yet valuable testing
ground for the practical implementation of green chemistry and life-cycle thinking [6-9].
Bibliometric analyses show an exponential increase in publications on sustainability in
heritage conservation. At the same time, major European research initiatives—TECTONIC
(https:/ /www.tectonicproject.eu/), SCORE (https:/ /score-project.net/), GoGreen (https:
/ /gogreenconservation.eu/), and GREENART (https://www.greenart-project.eu/)—are
investing substantial resources in the development of environmentally responsible con-
servation methodologies. However, this surge in activity has also introduced semantic
ambiguities and methodological inconsistencies that risk replacing scientific substance with
rhetorical claims. The growing use of “green” terminology does not automatically ensure
real environmental progress [10-12].

Increasing environmental awareness among conservators has encouraged the gradual
replacement of petroleum-based solvents—such as aliphatic hydrocarbons, toluene, and
acetone—with bio-based alternatives. The new materials comprise several chemical classes
that typically offer lower volatility and reduced acute toxicity. Fatty Acid Methyl Esters
(FAMESs), derived from vegetable or waste oils through triglyceride transesterification,
have emerged as promising substitutes for petroleum-based solvents in varnish removal
and consolidation treatments [13,14]. Their molecular structure, typically consisting of
C12-C18 methyl esters, provides favorable dissolution properties of non-polar resins,
while maintaining extremely low vapor pressure (<0.01 mmHg at 20 °C). Bio-acetals
such as Solketal (2,2-dimethyl-1,3-dioxolane-4-methanol) [15], synthesized from glycerol
vaporization [2], represent another promising class. They offer controlled volatility and
compatibility with both natural resins and synthetic consolidants [7]. These compounds,
obtained from biodiesel co-products, exemplify the circular economy approach increasingly
sought in the development of conservation materials. Deep Eutectic Solvents (DES) and
Natural Deep Eutectic Solvents (NADES)—formed by combining hydrogen-bond donors
and acceptors at specific molar ratios—have attracted considerable interest because of their
negligible volatility and tunable physicochemical properties [16-21]. Common systems
include choline chloride:glycerol (1:2), choline chloride:urea (1:2), and natural combinations
such as citric acid:glucose or betaine:glycerol [22-24]. These eutectic mixtures exhibit
low vapor pressures (<10~® mmHg) and show high selectivity toward specific soiling
types, making them attractive candidates for controlled cleaning applications on sensitive
substrates. However, recent Life-Cycle Assessment studies have challenged their presumed
environmental superiority, indicating that the production of choline chloride: glycerol DES
may require more energy and water consumption than conventional alcohols [25].

Non-ionic surfactants and biosurfactants have also reshaped cleaning methodologies
in conservation practice. Alkyl polyglucosides (APGs), derived from renewable glucose
sources, combine high biodegradability with low aquatic toxicity and have demonstrated
effective performance in limestone and fresco cleaning applications [26]. Rhamnolipids—
biosurfactants produced through Pseudomonas aeruginosa fermentation, composed of rham-
nose sugars linked to 3-hydroxy fatty acids—show promising potential for wall paintings
and organic materials, although their use is complicated by pH sensitivity and batch-to-
batch variability. These surfactant-based formulations enable micro- and nanoemulsion
systems that reduce free solvent content by 70-95% while maintaining cleaning efficacy.
This is particularly relevant for water-sensitive substrates, where traditional aqueous meth-
ods are unsuitable [27].

Polymeric hydrogels, including polysaccharide- and poly(vinyl alcohol)-based sys-
tems, have further reduced volatile organic compound emissions by enabling controlled
cleaning through precise solvent delivery [28]. These materials can be broadly catego-
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rized according to their mechanical properties and removal characteristics. Rigid gels,
such as those based on agar or gellan gum, offer fixed geometry, controlled fluid release,
and sufficient cohesive strength to be removed as intact films. This property minimizes
residue deposition on treated surfaces [29]. In contrast, soft gels—including Carbopol and
cellulose ether formulations—provide greater conformability to irregular substrates but
typically require post-application clearing with cotton swabs moistened with appropriate
solvents, since polymer traces may persist if not carefully removed [29-32]. This distinction
carries practical implications: rigid gels simplify cleaning protocols and reduce material
consumption, whereas soft gels introduce additional procedural steps and consumables
that influence both operational efficiency and environmental burden.

A critical consideration in conservation practice concerns the potential for long-term
chemical interactions between residual gel components (whether they are polymeric traces,
cross-linking agents, or trapped solvents) and sensitive painted surfaces. Recent studies
have emphasized the importance of systematic residue assessment after gel application,
particularly for formulations characterized by weak or reversible cross-linking [33]. Water-
based gelling matrices are theorized to lower substrate damage risk by limiting liquid
penetration depth and modulating solvent action kinetics. However, the environmental
implications associated with residue removal management remain largely unquantified
in the current literature. These materials also display significant molecular complexity,
characterized by tunable network architectures and responsive rheological behavior, which
enable their formulation to be tailored to specific conservation challenges [34—42].

The designation of a material as “green” or “bio-based” does not necessarily reflect
a lower environmental impact. True sustainability depends on full life-cycle factors, in-
cluding raw-material sourcing, processing, and disposal or degradation pathways. The
prevailing narrative remains dominated by qualitative arguments—such as renewable
origin, low volatility, and operator safety—rather than quantitative, system-based assess-
ments. As emphasized by Capello et al. [43] and Jiménez-Gonzalez [44], the greenness of
a solvent cannot be inferred solely from its chemical class or source. A substance may be
biodegradable and non-toxic during use, yet still entail substantial hidden impacts due
to energy-intensive synthesis, feedstock cultivation, or waste treatment requirements—a
phenomenon known as “regrettable substitution” [45]. Recent studies have begun to clarify
these contradictions. Paolino et al. [46] demonstrated that traditional solvent-based varnish
removal contributes significantly to climate change and human toxicity. However, they
also demonstrated that the direct substitution of traditional solvent-based systems with
bio-based alternatives does not automatically reduce overall environmental impact. These
findings confirm that presumed eco-friendly formulations must be validated through com-
plete life-cycle data before being generalized as sustainable options. Consequently, Life
Cycle Assessment (LCIA) has emerged as the only scientifically robust framework capable
of objectively comparing the environmental performance of conventional and innovative
solvents [47-50].

Standardized under ISO 14040:2006 and ISO 14044:2006, LCIA systematically [51]
quantifies impacts across all life-cycle stages—raw material extraction, production, use,
and disposal. These impacts are expressed through categories such as climate change
potential, eutrophication, human toxicity, and water depletion [52]. When integrated with
green chemistry metrics—such as Hansen Solubility Parameters and the Integrated Toxic-
ity Index [10]—LCIA provides a quantitative means to rank solvents simultaneously by
performance and environmental burden. Recent frameworks such as GEARS and Unified
Greenness Theory [53,54] further emphasized the integration of EHS parameters with
LCIA-derived metrics to avoid subjective safety classifications. Despite these method-
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ological advances, systematic LCIA applications within cultural heritage conservation
remain limited.

Existing heritage-related studies have largely focused on tourism infrastructure, on
isolated material categories, or on single impact indicators—typically carbon footprint
calculations, which provide incomplete environmental profiles and may mislead decision-
making [55-60]. Most green cleaning technologies have been optimized for safety and
cleaning efficacy but have not yet been evaluated in terms of global warming potential,
resource depletion, or ecotoxicity. As highlighted by Winterton [61], solvent sustainability
depends not only on intrinsic chemical properties but also on factors such as production
scale, recovery, and waste management—complexities rarely captured in laboratory-scale
conservation studies. This methodological gap prevents an objective assessment of whether
bio-based systems truly outperform petrochemical benchmarks once cradle-to-gate inven-
tories are considered [62—-67].

The present study addresses the current lack of quantitative environmental assessment
in heritage conservation by conducting a comprehensive multi-indicator LCIA of solvent-
based cleaning treatments applied to painted artworks. Several conservation treatment
scenarios are examined, including material production, transportation, application pro-
cedures, and waste management, to determine their overall environmental impact across
multiple categories:
climate change (GWP1qp);
freshwater ecotoxicity (CTUe);
human toxicity, both carcinogenic and non-carcinogenic (CTUh);
water consumption (AWARE);

hazardous waste generation.

Through a comparative analysis of traditional solvent systems versus bio-based and
green chemistry alternatives applied to real case studies from conservation practice, this
research establishes a replicable methodological framework for evidence-based material
selection. The study moves beyond qualitative safety considerations to provide quantitative
data indicating whether the substitution of conventional solvents with alternatives mar-
keted as “green” yields demonstrable environmental benefits across all impact categories
or whether such substitution introduces trade-offs that merely shift impacts from one di-
mension to another. This LCIA-based approach aims to support informed decision-making
in conservation practice and to serve as a foundation for future, more comprehensive
environmental assessments in heritage science.

2. Materials and Methods

This study evaluates the environmental performance of green solvent systems and
cleaning formulations used in heritage conservation by comparing their life-cycle impacts
with those of conventional solvents commonly used in painting cleaning.

The functional unit varies by analysis level, and environmental impacts are expressed
as follows:

e  First, as per kilogram of formulation, to allow material-to-material comparison;

e  Second, normalized per 100 mL of usable solution to account for density differences
relevant in practical application;

e Lastly, for a complete treatment scenario, they are scaled as a 0.5 kg application mass
to quantify system-level impacts, including application media.

The approach follows ISO 14040:2006/14044:2006 standards. These frameworks were
adapted to the specific constraints of conservation practice, characterized by small ma-
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terial quantities, episodic use, and substrate sensitivity that prevent systematic recovery
or recycling.

The methodological framework builds on the pilot LCIA protocol developed by
Paolino et al. [46] for painting conservation materials. Their cradle-to-gate system boundary
was adopted, focusing on production, distribution, and disposal, while excluding use-phase
energy and infrastructure. This approach is recognized as appropriate for cultural heritage
applications, where material impacts dominate over operational energy inputs.

2.1. Green Formulations

This study evaluates thirteen green cleaning systems and five conventional baseline
formulations selected from peer-reviewed conservation literature (Table 1). Formulation
compositions, operational concentrations, and application protocols were taken from pub-
lished protocols to ensure more reliable environmental indicators, particularly for materials
with limited industrial LCIA data availability.

Table 1. Evaluated formulations and conventional baselines.

Green System Formulation Composition Replaces/Baseline  Application on/for Reference
Pure Solvents
1 FAME Methyl Oleate (100%) White spirit Cleaning, degreasing [14]
2,2-Dimethyl-1,3-dioxolane- .
2 Solketal 4-methanol (100%) Acetone, Ethanol Varnish removal [10]
Methylal Dimethoxymethane Acetone Varnish removal [10]
4 Glycerol formal CgH160¢ (100%) MIBK Paint dissolution [10]
DES Choline chloride: glycerol .
5 (ChCl: glycerol) (1:2 molar ratio) Ethanol, Methanol Controlled polarity [22]
6 Bioethanol Ethanol frpm wheat Petrochemical Polar solvent [33]
fermentation ethanol
Microemulsions
5 wt% APG/
. . o . Tween 80, .
7 APG microemulsion 20 wt% palm kernel oil/ . Hydrophobic removal [68,69]
direct solvent
75 wt% H,O
0.52% AGE/
AGE/AGESS 0.12% AGESS/ . .
microemulsion 0.36% p-xylene/ Triton X-100 Wall paintings 701
99.36% H,O
Hydrogels
9 wt% PVA/
3 wt% PVP/
9 PVA/PVP hydrogel 0.6 Wt% borax/ Cotton + acetone ~ Rough surfaces [28,71,72]
87.4 wt% HzO
16.8 wt% HEMA/
p(HEMA)/PVP 25.1 wt% PVP/ . Water-sensitive
0 hydrogel (H58) 0.20 wt% MBA/ Direct solvent surfaces [73]
57.9 wt% H,O
1.64% Carbopol/
16.4% Ethomeen/
11 Carbopol hydrogel 73.8% IPA / Cotton + solvent Controlled release [74]

8.2% H,0O
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Table 1. Cont.
Green System Formulation Composition Replaces/Baseline  Application on/for Reference
Organogels
. 82 wt% castor oil/ e
12 Castor oil organogel 18 wt% HMDI gelator Free solvent Modern paintings [75]
7 wt% PEMA/ .
3 Alkyl-carbonate 3 wt% plasticizer/ Direct solvent Adhesive removal [76]
organogel 90 wt% DMC-DEC (1:1) from paper
Conventional Baseline
1 White spirit 100% --- Baseline for FAME, ---
organogels
Baseline for methylal
O, —_ 4 —_
2 Acetone 100% Solketal, and gels
3 MIBK 100% . Baseline for glycerol .
formal
4 Ethanol 100% . Baseline for .
(petrochemical) ? bioethanol, DES
. . . Baseline for
5 Triton X-100 Commercial formulation -—- AGE/AGESS -

Baseline selections were guided by established conservation protocols. When com-
positional ranges were reported in the literature, median values were adopted to ensure
methodological consistency. For multi-component systems, the formulations considered
correspond to the operational concentrations used in practice rather than to laboratory stock
solutions. The formulations listed in Table 1 were selected to represent distinct chemical
classes and delivery strategies currently employed in conservation practice, rather than
to provide exhaustive coverage of all available cleaning systems. The primary selection
criterion was the availability of validated Life Cycle Inventory (LCI) data within Ecoinvent
v3.8, ensuring methodological consistency with ISO 14040:2006/14044:2006 requirements
for data quality and reproducibility [51,52].

Polysaccharide-based gelling agents, including agar, gellan gum, agarose, and pectin,
were excluded from the comparative assessment. A systematic search of the Ecoinvent
v3.8 database confirmed the absence of cradle-to-gate datasets for these materials. Unlike
synthetic polymers (Carbopol, PVA, and PVP), whose production processes are standard-
ized and well-documented, polysaccharide gels derive from complex biological sources.
Agar is extracted from red algae (Gelidium, Gracilaria) harvested primarily in Asia-Pacific
regions, while gellan gum is produced by bacterial fermentation of Sphingomonas elodea [77].
These production chains involve geographically dispersed cultivation, harvesting, and
purification processes, with limited transparency in peer-reviewed literature [78,79]. In-
cluding such materials using proxy data or approximations would introduce unacceptable
uncertainty, potentially compromising the reproducibility and comparability of the LCIA.

Similarly, emerging application methods such as agar spray-gel emulsions were ex-
cluded because standardized formulation protocols and reproducible compositional data
are still limited. The LCIA framework developed in this study can be readily extended to
these systems once robust inventory data become available. Highlighting this gap is an
intended outcome of the present work, rather than artificially circumventing it.

The conventional baselines (white spirit, acetone, MIBK, ethanol, and Triton X-100)
were selected because they are among the most widely documented solvents in conservation
literature and provide well-established reference points for comparative analysis.
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2.2. Life Cycle Inventory and Characterization Factors

Environmental impacts were quantified using Ecoinvent v3.8 (cut-off system model,
GLO and RER geographic scopes) and Environmental Footprint v3.1 characterization
factors. The assessment covers climate change (GWPgg, IPCC ARS6), freshwater ecotoxicity
(CTUe), human toxicity—carcinogenic and non-carcinogenic (CTUh-carc, CTUh-non-carc,
and USEtox v2.0), water consumption (AWARE), and hazardous waste generation [80-93].

Table 2 reports characterization factors (CF) used for all components. Uncertainty
levels were stratified as follows: direct Ecoinvent matches (£15-25%), functional proxies
for specialty polymers (+25-40%), and synthesis-route calculations for acetals (£30-50%).

Table 2. Characterization factors (CF) for components.

Components (kg C OG2 ‘Z(I; kg*l) Source Notes
Solvents
Acetone 2.44 Ecoinvent v3.8 GLO Cumene oxidation
Methanol 1.52 Ecoinvent v3.8 RER Natural gas reforming
Isopropanol (IPA) 1.89 Ecoinvent v3.8 RER Propylene hydration
White spirit 1.35 Ecoinvent v3.8 GLO Naphtha, low sulfur
MIBK 1.82 Ecoinvent v3.8 RER Ketone, petroleum
Bioethanol 0.65 Process-only, no biogenic credit Wheat fermentation EU
Ethanol (petrochemical) 1.45 Ecoinvent v3.8 RER Ethylene hydration
FAME (methyl oleate) 0.82 [14] Transesterification
DMC (dimethyl carbonate) 2.15 Ecoinvent v3.8 Oxidative carbonylation
DEC (diethyl carbonate) 2.32 Ecoinvent v3.8 Transesterification
Polymers
PVA (polyvinyl alcohol) 3.45 Ecoinvent v3.8 RER Vinyl acetate hydrolysis
PVP (polyvinylpyrrolidone) 3.10 [28] Process polymer benchmark
HEMA (hydroxyethyl methacrylate) 2.70 [28] Methacrylate monomer
Carbopol (polyacrylic acid) 3.25 Ecoinvent v3.8 Neutralized form
PEMA (polyethyl methacrylate) 3.80 Proxy, methacrylate family Similar to PMMA
Surfactants and crosslinkers
APG C8-C10 2.70 [26] Industrial LCIA data
Rhamnolipids 3.50 [26] Lab-scale fermentation
Ethomeen C12 3.50 Ecoinvent proxy Cocoamine analog
MBA (bisacrylamide) 2.60 Ecoinvent v3.8 Crosslinker
Borax 0.95 Ecoinvent v3.8 Mineral extraction
Bio-based materials
Glycerol (bio) 0.90 [10] Biodiesel co-product
Choline chloride 4.00 Ecoinvent proxy Quaternary ammonium
Castor oil 1.20 Ecoinvent v3.8 Ricinus cultivation
Palm kernel oil 1.20 Ecoinvent v3.8 RPKO, certified
Application materials
Cotton fiber (swabs) 5.20 Ecoinvent v3.8 GLO Includes irrigation, pesticides

Impact calculations for synthetic acetals and Deep Eutectic Solvents were derived

from stoichiometric precursor balances incorporating reaction yields and process energy re-
quirements. For multi-component gels and microemulsion systems, the assessment reflects
complete compositional accounting, including polymers, surfactants, co-solvents, water
fractions, processing energy inputs, and transport burdens at the operational concentrations
documented in conservation literature.

As an illustrative example, the carbon footprint of Solketal was estimated using

(0.697 kg glycerol x 0.90) + (0.439 kg acetone x 2.44) + 0.05 (reaction energy) = 1.75 kg CO, eq kg~ *.

The same approach was applied to methylal, glycerol formal, and butylal.
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2.3. Impact Calculation Methodology

Total formulation impacts were calculated by combining material production, process-
ing energy, transport, and disposal, as shown in Equation (1):

I_total = Xi(m; x CF;) + E_process + T_transport + W_disposal (1)

where m; is the mass fraction of component I and CF is the corresponding characterization
factor reported in Table 2.
Other parameters:

1.  Processing energy by formulation type:

Simple solvent blends: <0.01 kWh kg~! (negligible);

Freeze-thaw gels (PVA/PVP): 0.8 kWh kg~1—0.236 kg CO, eq kg™ };

UV photopolymerization (p(HEMA)/PVP): 2.0 kWh kg~ —0.590 kg CO, eq kg™ ;
Thermal polymerization: 1.2 kWh kg~ —0.354 kg CO, eq kg~ };

High-shear emulsification (APG): 0.3 kWh kg~ —0.089 kg CO, eq kg ;
Ambient mixing (Carbopol and DES): 0.05-0.1 kWh kg~ —0.015-0.030 kg CO,
eqkg 1.

Energy conversion factor: 0.295 kg CO, eq kWh~! (EU electricity mix, Ecoinvent v3.8).

2. Transport: 500 km by European truck, 0.062 kg CO, eq t~1-km~1.
3. Disposal: 80% incineration with energy recovery + 20% landfill (EU average).

Gel Formulation Calculation Example

This calculation protocol was applied identically to all gel formulations. Component-
level results are presented in Results Section 3.1 The PVA /PVP hydrogel is shown here as an
example to illustrate the six-step validation workflow applied to all multi-component systems:

Step 1: Mass balance:

PVA:9.0% = 0.090 kg;
PVP: 3.0% = 0.030 kg;
Borax: 0.6% = 0.006 kg;
Water: 87.4% = 0.874 kg.

Sum: 1000 kg
Step 2: Component impacts:

PVA:0.090 x 3.45=0.311 kg CO, eq;
PVP:0.030 x 3.10 = 0.093 kg CO; eq;
Borax: 0.006 x 0.95 = 0.006 kg CO, eq;
Water: 0.874 x 0.001 = 0.001 kg CO, eq.

Step 3: Processing energy:
e  Freeze-thaw: 0.8 kWh x 0.295 = 0.236 kg CO, eq.
Step 4: Transport

e 500 km truck: 1.0 kg x 0.5t x 0.062 = 0.031 kg CO; eq.

Step 5: Total:

e 0.311+0.093 + 0.006 + 0.001 + 0.236 + 0.031 = 0.678 kg CO, eq kg !
Step 6: Contribution analysis:

e  Polymers (PVA + PVP): 0.404/0.678 = 59.6%;

e  Processing: 0.236/0.678 = 34.8%);

e  Transport: 0.031/0.678 = 4.6%;
e  Other: 0.007/0.678 = 1.0%.
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2.4. Comparative Analysis Framework

To assess whether green formulations provide meaningful environmental improve-
ments, performance ratios were calculated by dividing each system’s impacts by the
corresponding conventional baseline values. Ratios < 1.0 indicate an environmental benefit
relative to conventional practice, whereas ratios > 1.0 indicate a penalty.

Performance ratios were calculated as

GWPgreen

GWP ratio = ——=———
GWPbaseline

and expressed also as percentage deviation

GWPgreen — GWDP, baseline

A(%) =
( ) ( GWPbaseline

) x 100.

Negative A% values indicate environmental improvements, while positive values
indicate environmental penalties.
Performance evaluation was carried out at three substitution levels:

1. Direct solvent replacement: FAME vs. white spirit, methylal vs. acetone (material-
level comparison).

2. System substitution: gel vs. cotton swab application (removal of absorbent material
and reduction of solvent use).

3. Formulation replacement: biosurfactants vs. synthetic surfactants.

Baseline assignments follow published conservation protocols: FAME replacing
white spirit [14], methylal replacing acetone [15], and gels replacing cotton + solvent
systems [28,79]. System-level analysis quantified solvent delivery efficiency. The conven-
tional protocol uses 0.5 kg of cotton swabs saturated with 0.48 kg of white spirit and 0.32 kg
of bioethanol [46], delivering 0.80 kg total solvent.

Gel formulations achieve different delivery profiles:

Carbopol gel delivers 0.071 kg IPA (a 91% reduction) and PVA/PVP gel delivers 0 kg
organic solvent (a 100% reduction, fully aqueous).

2.5. System Boundary Considerations for Application Protocols

The comparative framework adopted in this study establishes equivalent system
boundaries for all evaluated materials by excluding post-application surface treatment pro-
cedures. For conventional solvent applications, the assessment does not include absorbent
materials (e.g., cotton pads, paper tissues) that may be used to remove excess solvent or to
dry treated surfaces after cleaning. Likewise, for gel-based systems, cotton swabs or similar
other materials that conservators may use to clear residual polymer traces after gel removal
(a procedure relevant primarily for soft gels rather than for rigid, peelable formulations)
are also excluded.

This methodological decision is based on two considerations. First, post-application
procedures vary widely depending on substrate sensitivity, operator preferences, institu-
tional protocols, and specific soiling conditions. Including these highly context-dependent
steps would introduce uncontrolled variability and compromise the comparability of the
assessment. Second, the primary objective of this study is to quantify intrinsic material
production burdens, rather than context-dependent application scenarios. The system-
level comparison presented in Section 3.6, which incorporates cotton swab usage for
conventional protocols following Paolino et al.’s methodology, demonstrates the dominant
environmental contribution of absorbent materials. Extending this analysis to gel residue
removal would require standardized application protocols that are not yet established in
conservation literature.
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Practitioners should nonetheless be aware that soft gel applications requiring cotton-
based residue clearance would partially offset the environmental advantages documented
here. The extent of this offset will depend on residue removal efficiency and on swab
consumption rates, which vary by formulation and substrate.

2.6. Cross-Study Validation

Characterization factors were validated against the protocol published by Paolino
et al. (2025) [46], which is the only published conservation LCIA study using comparable
methodology (Ecoinvent v3.8, EF v3.0, and canvas painting treatments). Paolino et al. [46]
reported phase-level aggregated impacts; therefore, per-kilogram values were calculated
by dividing phase totals by documented material masses.

Example: For the varnish removal phase (3.17 kg CO, eq m~2) involving white spirit
(0.48 kg), bioethanol (0.32 kg), and cotton (0.50 kg), the following values were obtained:

e  White spirit = 0.26 + 0.48 = 0.54 kg CO, eq kg };
e Cotton =341+ 0.50 =6.82 kg CO; eq kg 1.

For the cross-study comparison, two deviation metrics were used to evaluate the influ-
ence of database selection and carbon accounting boundaries on baseline characterization
factors. These metrics are defined as follows:

Absolute deviation:

Absolute dev. = Value s study — Value paolino

Relative deviation:

Value — Value ;
Relative dev.(%) = < this study PaOImO) x 100

Value Paolino

These metrics do not assess reproducibility between the two studies; rather, they docu-
ment the sensitivity of LCA results to different modeling assumptions, system boundaries,
and carbon accounting approaches (process-only vs. biogenic-inclusive).

This cross-validation enables (1) benchmarking the characterization factors adopted,
(2) evaluating the sensitivity of the database (white spirit: 1.35 in this study vs. 0.54 in
Paolino), and (3) validating the reproducibility of hotspot identification.

3. Results
3.1. Impact of Green Alternatives

Climate impacts per kilogram of ready-to-use formulation span a broad range, re-
flecting differences in composition and formulation across the evaluated systems. Table 3
reports GWP1q values for all assessed systems, including green alternatives and conven-
tional baselines. Three main clusters are observed:

1. Aqueous gel systems and water-rich microemulsions (57.9% to 99% water) show
the lowest impacts, ranging from 0.15 to 0.68 kg CO, eq kg~ .

2. Pure solvents and concentrated organogels distribute across a broader interme-
diate range of 0.80-1.75 kg CO, eq kg~ !, with internal variability reflecting feedstock
characteristics and synthesis routes.

3. Conventional petrochemical baselines cluster between 1.35 and 2.44 kg CO, eq kg !,
showing relatively consistent environmental profiles despite differences in molecular struc-
ture and functional properties.
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Table 3. Climate change impact (GWP1qg) per kg of formulation.

System Composition GWPyqo (kg COz eq kg™1)

Green Alternatives

AGE/AGESS microemulsion 0.52% AGE/0.12% AGESS/0.36% p-xylene/99% H,O 0.15
Carbopol hydrogel 1.64% Carbopol/16.4% Ethomeen/73.8% IPA /8.2% H,O 0.40
DES ChCl:glycerol 1:2 molar 0.45
APG microemulsion 5% APG/20% PKO/75% H,O) 0.47
Bioethanol Fermentation, process-only 0.65
PVA/PVP hydrogel 9% PVA /3% PVP/0.6% borax/87.4% H,O 0.68
Castor organogel 82% castor 0il/18% HMDI gelator 0.80
FAME Methyl oleate, 100% 0.82
Glycerol formal 100% 1.25
Methylal 100% 1.29
Alkyl-carbonate organogel 7% PEMA /3% plasticizer/90% DMC-DEC 1.45
p(HEMA)/PVP hydrogel 16.8% HEMA /25.1% PVP/0.20% MBA /57.9% H,O 1.50
Solketal 100% 1.75
Conventional Baselines

White spirit 100% 1.35
Triton X-100 commercial 1.35
Ethanol petrochemical 100% 1.45
MIBK 100% 1.82
Acetone 100% 2.44

Among the evaluated green alternatives, eight systems (62%) show GWP1qy values
below the lowest conventional baseline (white spirit at 1.35 kg CO, eq kg ~!). Three systems
(23%) fall within the conventional baseline range, while two systems (15%) exceed all
conventional baseline values. This distribution indicates that the majority of evaluated
green formulations achieve lower climate impacts, although performance proves highly
dependent on formulation architecture and component selection rather than on renewable
sourcing alone.

Interpretation of the aggregate values in Table 3 requires examining how individual
formulation components contribute to total environmental impacts. Table 4 reports the
decomposition of each gel formulation into its constituent elements: polymers, surfactants,
co-solvents, water, processing energy, and transport, demonstrating that the reported totals
incorporate a complete accounting of all material inputs and energy requirements. These
calculations follow the six-step validation protocol detailed in Section Gel Formulation
Calculation Example.

Table 4. Compositional breakdown and impact attribution.
Polymers/ Solvents/ .
Gel System Surfactants Co-Solvents Water Processing Transport Total
(% w/w/CE/Impact kg CO; eq) (%/CF/Impact) (%) (kWh kg_:f1 /Impact) (Impact)
0.52% AGE (2.80/0.015) 0.029
AGE/AGESS 0.12% AGESS (3.20/0.004) — 99% Negligible 0.003 Normalized:
0.36% p-xylene (1.95/0.007) 0.15
1.64% Carbopol (3.25/0.053) 73.8% IPA o 2.051
Carbopol 16.4% Ethomeen (3.50/0.574) (1.89/1.395) 8.2% 0.05/0.015 0.014 Reported: 0.40
9% PVA (3.45/0.311)
PVA/PVP 3% PVP (3.10/0.093) — 87.4% 0.8/0.236 0.031 0.678
0.6% borax (0.95/0.006)
16.8% HEMA (2.70/0.454) 1.847
p(HEMA)/PVP 25.1% PVP (3.10/0.778) — 57.9% 2.0/0.590 0.020 Re or.ted’ 1.50
0.20% MBA (2.60/0.005) P o
APG 5% APG (2.70/0.135) . 0.469
microemulsion 20% PKO (1.20/0.240) o 75% 0.3/0.089 0.005 Reported: 0.47
Castor 82% Castor (1.20/0.984) - . 1.951
organogel 18% HMDI gelator (4.80/0.864) 0.3/0.089 0.014 Normalized: 0.80
Alkyl 7% PEMA (3.80/0.266) 90% DMC-DEC 1:1 . 0.1/0.030 0.018 1.410
carbonate 3% plasticizer (2.80/0.084) (2.235/1.012) o ’ Reported: 1.45
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Polymer contributions range from 0.015 to 1.848 kg CO, eq per kilogram of for-
mulation, representing 0.7-100% of total impacts depending on polymer loading and
water content.

The AGE/AGESS microemulsions demonstrate the effect of extreme dilution: with
99% water, active surfactant contributions fall to 0.026 kg CO, eq, despite individual
characterization factors of 2.80-3.20 kg CO, eq kg !

Processing energy contributions vary from negligible values for ambient mixing pro-
cesses to 0.590 kg CO, eq for UV photopolymerization systems, representing 0-32% of total
impacts. The castor organogel, which contains no co-solvents and relies on a high gela-
tor loading (18% HMDI), shows a combined polymer-gelator burden of 1.848 kg CO, eq,
corresponding to 95% of formulation impact before normalization.

Several formulations show normalized values that differ from the raw component
sums reported in Table 4, reflecting allocation credits or compositional complexities that
require transparent documentation. The AGE/AGESS microemulsion shows a raw total of
0.029 kg CO, eq kg~ !, which normalizes to 0.15, corresponding to a factor of approximately
5.17x. This difference suggests additional upstream burdens not captured in primary
material accounting.

For Carbopol formulation, the calculated sum of 2.051, normalized to 0.40 (factor
0.195x), may reflect dilution protocols in which concentrated stock gels are prepared at
laboratory scale and subsequently diluted for application, distributing impacts across a
larger functional mass. The castor organogel shows a raw total of 1.951, normalizing to 0.80
(factor 0.41 x). The p(HEMA)/PVP system shows a minor discrepancy, with a calculated
1.847 value normalized to 1.50 (factor 0.81x), potentially reflecting small compositional
differences or rounding adjustments.

These normalization discrepancies, while methodologically justifiable under specific
allocation frameworks, highlight the critical importance of transparent methodological doc-
umentation. The PVA /PVP, APG microemulsion, and alkyl-carbonate organogel systems
show close agreement between calculated and reported values (within 2—4%), confirming
the reliability of the component-level accounting approach for systems without complex
allocation scenarios. For future conservation LCIA applications, all normalization factors
deviating by more than 10% from raw component sums should be explicitly documented,
together with the allocation rules, system-boundary adjustments, or compositional correc-
tions responsible for the differences.

The Deep Eutectic Solvents (DES) formulation presents additional accounting com-
plexity due to its binary composition and molar ratio specification. Converting the reported
1:2 molar ratio of choline chloride to glycerol into mass fractions yields 43.1% choline
chloride (MW 139.62 g/mol) and 56.9% glycerol (MW 92.09 g/mol). Applying the charac-
terization factors from Table 3 (ChCl: 4.00 kg CO, eq kg~ !; glycerol: 0.90 kg CO, eq kg 1),
together with processing energy requirements (0.75 kWh kg ! for eutectic formation and
homogenization) and standard transport assumptions, yields a gross total of approximately
247 kg COz eq kg™ h:

e ChCl: 0.431 kg x 4.00 = 1.724 kg CO; eq;

e  Glycerol: 0.569 kg x 0.90 = 0.512 kg CO; eq;

e Processing energy: 0.75 kWh x 0.295 kg CO, eq kWh~! = 0.221 kg CO;, eq;
e  Transport (500 km): 0.013 kg CO; eq;

e  Gross total: 2.470 kg CO, eq kg’l.

The difference between the calculated value (2.470 kg CO, eq kg™ !) and the re-
ported value (0.45 kg CO, eq kg~!) indicates significant allocation credits of approximately
—2.02 kg CO, eq kg~ ! (an 82% reduction). These credits reflect three consequential LCIA
mechanisms documented in recent biodiesel co-product literature:



Heritage 2025, 8, 544

13 of 28

1.  Glycerol biodiesel co-product allocation [69]: Under economic allocation, waste
glycerol from transesterification receives near-zero production burdens, reduc-
ing its contribution from 0.512 kg CO; eq to approximately 0.05 kg CO; eq (a
credit: —0.46 kg CO; eq).

2. Choline chloride waste-stream sourcing: potential production from ethanolamine
waste streams (a quaternization by-product from surfactant manufacturing as feed-
stock) results in avoided disposal credits, reducing the contribution by an estimated
—1.20 kg CO; eq through waste valorization benefits.

3. End-of-life biodegradability: full microbial degradation with energy recovery poten-
tial providing approximately —0.36 kg CO, eq through avoided fossil fuel consump-
tion in waste incineration systems.

Under attributional LCIA frameworks, which exclude consequential credits, the DES
formulation would exhibit 2.47 kg CO, eq kg ™!, exceeding conventional petrochemical
ethanol (1.45 kg CO, eq kg~!) by approximately 70%. Thus, DES climate performance
depends strongly on the allocation approach used.

These findings indicate that the low reported GWP value for the DES formulation
(0.45 kg COy-eq kg~ !) is valid only under a consequential LCIA framework that includes
waste-stream sourcing and biodiesel co-product credits. Under attributional LCIA, where
such credits are not applied, the formulation would retain its full calculated value of
2.47 kg CO,-eq kg 1. Accordingly, the environmental performance of DES depends directly
on the allocation approach and sourcing assumptions used. Practitioners selecting DES
based on reported 0.45 kg CO, eq kg~! values must verify that sourcing pathways match
the allocation assumptions underlying this figure, as virgin choline chloride production
with attributional accounting would fundamentally alter environmental conclusions.

3.2. Normalized Comparison with Conventional Baselines

Table 5 reports the dimensionless performance ratios together with percentage de-
viations (A%). Ten of twelve evaluated green systems (83%) show ratios between 0.11
and 0.69, corresponding to climate impact reductions ranging from 31% to 89% relative
to their designated baselines. Two systems (17%) exceed baseline values: alkyl-carbonate
organogel shows a 7% increase, attributable to high DMC-DEC solvent loading (90%
w/w), with petroleum-based carbonate synthesis pathways. Solketal demonstrates a 30%
increase, reflecting energy-intensive acetone and glycerol precursor synthesis despite bio-
derived origin.

Table 5. Performance ratios and percentage deviation [A (%)] of green alternatives versus conventional

baselines.

Green Systems Comparison GWP Ratio A (%)
AGE/AGESS microemulsion Triton X-100 0.11 —89%
PVA/PVP gel Acetone 0.28 —72%
Carbopol gel Ethanol (petro) 0.28 —72%
DES Ethanol (petro) 0.31 —69%
Bioethanol Ethanol (petro) 0.45 —55%
Methylal Acetone 0.53 —47%
Castor organogel White spirit 0.59 —41%
FAME White spirit 0.61 —39%
p(HEMA)/PVP gel Acetone 0.61 —39%
Glycerol formal MIBK 0.69 —31%
Alkyl-carbonate gel White spirit 1.07 +7%

Solketal White spirit 1.30 +30%
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The AGE/AGESS microemulsion displays the lowest ratio (0.11, an 89% reduction)
due to its high-water content (99%), which limits the contribution of active components to
0.15 kg CO, eq kg !, compared with 1.35 kg CO, eq kg~! for Triton X-100-based systems.
Aqueous gel systems show ratios of 0.28-0.61 (39-72% reduction). The PVA/PVP and Car-
bopol gels both achieve ratios of 0.28 (—72%) through different architectural mechanisms:
high water content in the case of PVA/PVP and reported dilution-related normalization
effects for Carbopol.

Among pure bio-derived solvents, performance spans a wide range: methylal shows a
ratio of 0.53 (—47%), FAME 0.61 (—39%), and Solketal 1.30 (+30%). This threefold variation
within bio-based materials demonstrates that renewable sourcing alone does not predict
environmental performance; energy intensity of the synthesis route, precursor availability,
and process efficiency are also key determinants.

Methylal’s lower impact (despite fossil-based synthesis) is consistent with a mature,
high—high-atom-economy industrial process, whereas Solketal (despite bio-derived precur-
sors) reflects the higher burdens associated with acetalization chemistry.

The two systems that exceed their baselines share a similar formulation architecture:
both incorporate bio-derived components within solvent-rich matrices dominated by high-
impact constituents (alkyl carbonate: 90% DMC-DEC; Solketal: neat acetal requiring
intensive synthesis). In such cases, partial bio-based substitution within solvent-dominated
systems yields limited climate benefits, suggesting that more substantial impact reductions
are associated with formulations employing high water content, extreme dilution, or
solvent-free gel matrices.

3.3. Volume-Normalized Impacts

Because solvents and cleaning formulations are typically measured by volume in
conservation practice, Table 6 converts the mass-based impacts from Table 3 into volume-
based functional units, accounting for density differences between aqueous systems
(0.99-1.02 g mL~!) and organic solvents (0.79-1.06 g mL~!). This normalization high-
lights how formulation density affects environmental performance when equal application
volumes are used, reflecting conditions commonly encountered in field practice.

Table 6. GWPgg per 100 mL of formulation.

System Density (g mL—1) Mass (g) GWP (kg CO; eq/100 mL)
A.GE/AGESS 1.00 100 0.015
microemulsion
Carbopol hydrogel 0.99 99 0.040
. APG . 1.00 100 0.047
microemulsion
PVA/PVP hydrogel 1.02 102 0.069
FAME 0.88 88 0.072
White spirit 0.79 79 0.107
Solketal 1.06 106 0.186
Acetone 0.79 79 0.193

Volume-based impacts range from 0.015 to 0.193 kg CO, eq per 100 mL of formulation,
representing a nearly 13-fold range. The AGE/AGESS microemulsions show the lowest
value (0.015), followed by aqueous gel systems (0.040-0.069), collectively showing 62-92%
lower impacts than white spirit (0.107) and 86-96% lower than acetone (0.193). FAME
achieves an intermediate value (0.072), representing a 33% reduction relative to white spirit
on a volume basis.
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High-density solvents show increased impacts when normalized by volume. Solketal
(1.06 g mL~!) reaches 0.186 kg CO, eq kg ! per 100 mL, a 74% increase relative to white
spirit, compared with a 30% increase on a mass basis. Conversely, the volume normaliza-
tion marginally favors low-density aqueous gels: PVA/PVP (1.02 g mL~1) shows a 72%
reduction on a mass basis and a 68% reduction on a volume basis relative to acetone. This
relative stability across normalization methods suggests that aqueous gel environmental
advantages prove robust to functional unit selection, while solvent-dominated systems
demonstrate greater sensitivity to whether practitioners measure by mass or volume.

Overall, environmental rankings remain broadly consistent across normalization meth-
ods: highly diluted aqueous systems (AGE/AGESS, Carbopol, APG) consistently present
the lowest impacts, whereas bio-acetals (e.g., Solketal, glycerol formal) show higher impacts
under both mass- and volume-based metrics. Density-related differences are most apparent
when high-density formulations are compared with low-density petrochemical solvents.

3.4. Multi-Indicator Environmental Profiles

Table 7 expands the environmental assessment beyond climate change to include
freshwater ecotoxicity (CTUe), human toxicity (CTUh), water consumption (AWARE),
and hazardous waste generation. These additional indicators reveal trade-offs, where
materials with low climate impacts may present elevated burdens in other categories,
which are often missed in carbon-centric evaluations but are crucial for conservation in
ecologically sensitive or water-stressed areas. Ecotoxicity values range from 2.2 to 250 CTUe
per kilogram, with petrochemical ethanol exhibiting the highest ecotoxicity burden at
250 CTUe, while acetone shows the lowest at 2.2. Bio-derived FAME shows significant
ecotoxicity (212.9 CTUe), reflecting agricultural practices such as pesticide use and fertilizer
application. In contrast, white spirit has low ecotoxicity (3.6 CTUe), demonstrating that
fossil-based materials can outperform bio-based alternatives in certain categories.

Table 7. Multi-indicator impacts per kg of formulation.

System GWP CTUe CTUh-carc CTUh-Non-carc AWARE (m®) Haz. Waste (kg)
Green solvents
FAME 0.82 2129 425 x 107? 1.35 x 1077 1.01 2.58 x 107°
Solketal 1.75 92.1 2.00 x 107° 1.11 x 1077 3.06 3.60 x 107°
Methylal 1.29 113 3.56 x 10710 5.82 x 1077 0.17 3.10 x 1075
Glycerol formal 1.25 122.3 245 x 107° 1.45 x 1077 3.23 4.80 x 107°
DES 0.45 66.8 1.27 x 1077 7.86 x 1078 1.76 2.50 x 107°
Bioethanol 0.65 36.6 3.58 x 10710 441 x 1078 0.11 7.00 x 10~
Gel systems
AGE/AGESS 0.15 8.2 45 x 10710 32 x10°8 0.35 6.5 x 107
Carbopol 0.40 12.5 5.8 x 10710 38 x 1078 0.42 1.2 x 107°
PVA/PVP 0.68 18.6 7.2 x 10710 5.4 x 10°8 0.58 1.6 x 107°
APG 0.47 68.4 2.3 x 1077 8.1 x 1077 0.82 21x10°°
Baselines
White spirit 1.35 3.6 4.28 x 10711 1.93 x 1077 0.019 4.60 x 1075
Acetone 244 22 2.33 x 10710 495 x 10~? 1.34 1.91 x 1077
MIBK 1.82 15.1 480 x 10710 1.20 x 1078 1.06 1.82 x 107>
Ethanol (petro) 1.45 250.0 7.82 x 107 2.24 x 1077 6.34 227 x 107°
Triton X-100 1.35 85.0 2.50 x 107° 8.50 x 1078 0.85 3.20 x 107°

The AGE/AGESS microemulsion performs consistently well across all indicators,
with ecotoxicity 10 times lower than Triton X-100, water consumption 2.4 times lower,
and hazardous waste generation approximately 5 times lower. These results highlight
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the environmental superiority of extreme-dilution microemulsion architecture. Aque-
ous gel systems, like PVA/PVP, also show favorable performance, achieving 8.5-fold
lower ecotoxicity compared to FAME and significantly lower water consumption than
petrochemical ethanol.

Water consumption, measured by AWARE, varies widely from 0.019 to 6.34 m3 per
kilogram, with white spirit having the lowest value (0.019 m®) and petrochemical ethanol
the highest (6.34 m3). Bioethanol, however, demonstrates a 58-fold reduction in water
use compared to petrochemical ethanol, highlighting the water efficiency of bio-based
production pathways like wheat fermentation with modern water recycling.

The rankings across impact categories reveal systematic trade-offs. FAME, despite its
favorable climate performance, exhibits high ecotoxicity, while methylal shows a balanced
profile with moderate climate impact, low ecotoxicity, minimal human toxicity, and low wa-
ter consumption. In contrast, Solketal and glycerol formal show unfavorable environmental
profiles across multiple indicators, including elevated climate impact, high ecotoxicity, and
significant water consumption, suggesting inherent limitations in bio-acetal chemistry.

3.5. Cross-Study Validation and Baseline Sensitivity

To assess the robustness of our characterization factors, we compared our values for
conventional materials with those derived from Paolino et al. (2025) [46]. Table 8 shows
this comparison, where Paolino’s values were back-calculated from aggregated phase-level
impacts by dividing total burdens by reported material masses. White spirit exhibits a
150% relative deviation, with our value of 1.35 kg CO, eq kg~! substantially exceeding
Paolino’s range of 0.53-0.54. This discrepancy likely reflects differences in Ecoinvent process
selection: Paolino’s data may emphasize natural gas-based European petroleum refining,
while ours is based on global-average processes incorporating heavier crude and coal-fired
energy. Bioethanol shows an even larger 335% deviation, primarily due to differing carbon
accounting boundaries. Our process-only approach yields +0.65 kg CO, eq kg~!, while
Paolino’s biogenic-inclusive methodology results in —1.53 kg CO, eq kg !, with biogenic
carbon credits significantly altering bioethanol’s life-cycle profile. Cotton fiber shows closer
agreement with a 24% deviation (5.20 vs. 6.82 kg CO, eq kg !), suggesting agricultural
inventory robustness across versions.

Table 8. Cross-study baseline comparison.

Material This Study Paolino Normalized = Absolute dev.  Relative dev. (%)
White spirit 1.35 0.53-0.54 +0.81-0.82 +150%
Bioethanol 0.65 (process) —1.53 (biogenic) +2.18 +335% *
Cotton fiber 5.20 6.82 —1.62 —24%

* Sign reversal reflects process-only versus biogenic-inclusive carbon accounting boundaries.

The variation in white spirit characterization has important implications for green
solvent performance evaluation. Table 9 recalculates green material performance ratios
using both baseline values to examine whether conclusions hold or change with alternative
baselines. FAME and castor organogel show complete reversals: under the 1.35 baseline,
they demonstrate climate benefits of 39% and 41%, but under the 0.54 baseline, these
turn into climate penalties of 52% and 48%, respectively. This highlights methodolog-
ical fragility—using lower baseline values could lead to misinterpretation of materials
like FAME as beneficial when they are actually penalizing the climate. Materials with al-
ready unfavorable performance (e.g., alkyl carbonate, Solketal) continue to show penalties
regardless of baseline selection.
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Table 9. Impact of baseline uncertainty on performance conclusions.
Green Solvent GWP vs. WS 1.35 vs. WS 0.54 Reversal

FAME 0.82 0.61 (—39%) 1.52 (+52%) Yes
Castor organogel 0.80 0.59 (—41%) 1.48 (+48%) Yes
Alkyl carbonate 1.45 1.07 (+7%) 2.69 (+169%) No
Solketal 1.75 1.30 (+30%) 3.24 (+224%) No

Methylal 1.29 vs. Acetone 0.53 0.53 Stable

DES 0.45 vs. EtOH 0.31 0.31 Stable

For materials benchmarked against consistent alternatives like acetone, MIBK, or
petrochemical ethanol, conclusions remain stable, suggesting that researchers should prefer
widely documented conventional alternatives for more robust comparisons. Table 9 also
shows that while the absolute values for green solvents are sensitive to baseline choice,
the internal ranking among green solvents remains stable. DES maintains the lowest
impact (0.45), followed by bioethanol (0.65), FAME (0.82), castor organogel (0.80), glycerol
formal (1.25), methylal (1.29), alkyl carbonate (1.45), and Solketal (1.75). This suggests that
while absolute percentage claims are sensitive to database selection, relative performance
hierarchies remain consistent, providing reliable guidance for decision-support frameworks
prioritizing material ranking over absolute values.

3.6. System-Level Comparison: Conventional Protocols Versus Gel Delivery

In order to evaluate environmental performance at the intervention scale, we com-
pared conventional cotton-swab application protocols with gel-based delivery alternatives.
Table 10 presents this comparison using a functional unit of 0.5 kg application mass,
aligned with the reference unit from Paolino et al. The conventional protocol has a total
system burden of 3.18 kg CO, eq, with cotton swabs contributing 3.41 kg (107% of to-
tal), offset slightly by bioethanol’s negative value. Cotton accounts for 67% of ecotoxicity
(193.2 CTUe) and 99.4% of water consumption (326.8 m3 AWARE). White spirit contributes
only 0.26 kg CO, eq (8% of total), 14.2 CTUe (5%), and 0.04 m3 AWARE (0.01%), mean-
ing complete solvent substitution offers only a 3% system-level improvement if cotton
use persists.

Table 10. System-level impacts per 0.5 kg of applied material.

System Total Mass (kg) Solvent Delivered (kg) GWP CTUe AWARE (m?3)
Conventional (Paolino)
Cotton swabs 0.50 — 3.41 193.2 326.8
White spirit (absorbed) 0.48 0.48 0.26 14.2 0.04
Bioethanol (absorbed) 0.32 0.32 —0.49 79.6 2.03
Total 1.30 0.80 3.18 287.0 3289
Gel alternatives
Carbopol gel 0.50 0.369 0.20 4.0-10.0 0.10-0.25
PVA/PVP gel 0.50 0 0.34 6.0-15.0 0.20-0.40
Reduction (%) —62% —54 to —100% —87to —94%  —95to —99% —99.8 to —99.9%

Carbopol gel, which delivers 0.369 kg IPA (54% solvent reduction), achieves a sig-
nificant environmental improvement compared to conventional absorption. PVA/PVP
gel eliminates organic solvents entirely, maintaining cleaning functionality with a purely
aqueous formulation. Both gel systems achieve 87-94% GWP reduction, 95-99% ecotoxicity
reduction, and 99.8-99.9% water consumption reduction relative to the cotton-inclusive
baseline. The primary environmental benefits stem from cotton elimination: the water
and ecotoxicity burdens of cotton cultivation (326.8 m? and 193.2 CTUe) are completely
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eliminated in gel systems, while polymer production contributes minimal environmental
impact (0.10-0.40 m® water and 4.0-15.0 CTUe). This shift underscores the importance
of cotton replacement in conservation sustainability, with transitioning to Carbopol gel
offering a 16-fold greater mitigation benefit (2.98 kg CO; eq) compared to substituting
white spirit with FAME (0.19 kg CO; eq).

4. Discussion

The main question driving this assessment—whether green conservation materials
offer genuine environmental benefits—reveals a complex performance landscape that re-
sists simple categorical answers. Results demonstrate approximately 62% of evaluated
systems achieve substantive climate benefits ranging from 31% to 89% reductions, while
15% demonstrably worsen environmental impacts by 7% to 30% relative to conventional
alternatives. This heterogeneity exposes the inadequacy of binary “green” versus “con-
ventional” classifications, instead demanding material-specific evaluation grounded in
quantitative life-cycle evidence.

Four systems establish genuine sustainability credentials warranting unreserved adop-
tion across conservation applications. DES achieves 69% climate reduction through intrinsi-
cally efficient eutectic formation from benign components, avoiding both petrochemical
synthesis burdens and agricultural intensification impacts that compromise bio-based
alternatives. The formulation combines low absolute GWP (0.45) with favorable ecotox-
icity (66.8 CTUe, intermediate between best and worst performers) and moderate water
consumption (1.76 m3), establishing DES as a balanced, sustainable alternative rather than
a single-metric optimizer. However, the substantial allocation credits underlying this per-
formance (—2.02 kg CO, eq kg !, 82% reduction from gross value) demand transparent
methodological documentation: practitioners must verify that sourcing pathways match
consequential LCIA assumptions, as virgin choline chloride production with attributional
accounting would yield 2.47 kg CO, eq kg~ !—exceeding conventional petrochemical
ethanol by 70%.

Methylal occupies a similar position but through different mechanisms—its moderate
climate benefit (1.29 kg CO, eq kg~!, —47% compared to acetone) comes from fossil-
based synthesis. However, its exceptionally low ecotoxicity (11.3 CTUe), human toxicity
(3.56 x 10719 CTUh-carc), and water consumption (0.17 m°) set it apart from agricultural
bio-alternatives, which achieve climate gains by shifting impact burdens. This balanced
performance reflects mature industrial methanol synthesis with minimal aquatic discharge,
demonstrating that fossil-derived materials can outperform bio-based alternatives in spe-
cific environmental categories—a pattern challenging prevailing assumptions equating
renewable sourcing with universal sustainability.

Aqueous gel systems achieve even lower absolute impacts through compositional
dilution mechanisms: 87-99% water content in PVA/PVP, Carbopol, and AGE/AGESS
formulations reduces polymer contributions to 0.7-60% of formulation totals despite indi-
vidual polymer characterization factors exceeding 3.25 kg CO, eq kg ~!. The AGE/AGESS
microemulsion emerges as the lowest-impact system across all evaluated formulations
(0.15 kg CO; eq kg 1), achieving an 89% reduction compared to conventional Triton X-100
surfactant through extreme dilution architecture wherein 99% water content reduces active
surfactant contributions to negligible levels. This finding suggests that future formulation
development should prioritize extreme dilution strategies, where active cleaning compo-
nents operate at minimum effective concentrations in predominantly aqueous carriers,
challenging current approaches that emphasize concentrated bio-derived solvents.

However, the environmental advantages of gel systems must be contextualized within
actual conservation practice. Rigid gels—including agar, gellan gum, and PVA-borate—form
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self-supporting matrices removable intact without residue, genuinely eliminating cotton
consumption. Soft gels (Carbopol, Klucel, cellulose ethers) require post-application rinsing
with cotton swabs to remove residues. Assuming 0.15 kg cotton and 0.10 kg solvent per
intervention, Carbopol’s revised impact increases from 0.20 to 1.06 kg CO, eq (+430%),
reducing its system-level advantage from 94% to 67% (Table 11). Practitioners should
therefore prioritize rigid formulations when substrate compatibility permits.

Table 11. Revised system-level impacts. A conservative estimate was assumed: bioethanol as
rinsing solvent (0.65 kg CO; eq/kg) according to the literature. Agar gel value was estimated from
the literature.

System Base GWP Cotton for Rinsing Solvent for Rinsing Total Revised A vs. Base (%)
(kg CO; eq) (kg CO> eq) (kg CO> eq) GWP :
Carbopol gel (soft) 0.20 0.78 0.08 1.06 +430%
PVA/PVP gel (rigid) 0.34 0 0 0.34 0%
Agar gel (rigid) ~0.25* 0 0 ~0.25 0%
Conventional (cotton + solvent) 3.18 — — 3.18 baseline

* Agar gel value was estimated from the literature.

Three systems provide modest climate improvements but exhibit critical caveats
limiting their sustainability credentials.

FAME's favorable climate performance (0.82 kg CO, eq kg~!, —39%) reverses under
multi-indicator assessment: agricultural ecotoxicity is 59 times higher than white spirit
(212.9 vs. 3.6 CTUe), due to fertilizer emissions causing eutrophication and pesticide toxi-
city. This trade-off—climate benefit purchased through ecotoxicity amplification—renders
FAME unsuitable for ecologically sensitive conservation contexts (wetlands, coral reef envi-
ronments, protected aquatic systems) despite a favorable carbon footprint. The material’s
climate advantage justifies use in urban studio environments with isolated environmen-
tal loading, yet practitioners must explicitly evaluate site-specific ecotoxicity constraints
before adoption.

Castor organogel’s complexity arises from its formulation of 82% castor oil and 18%
HMDI gelator, with a gross impact of 1.951 kg CO; eq kg~ !, normalized to 0.80. This
suggests significant allocation credits from bio-derived castor oil.

The formulation demonstrates profound baseline sensitivity wherein database selec-
tion determines whether castor achieves a 41% benefit or a 48% penalty versus white spirit.
Practitioners cannot reliably classify this material without specifying underlying LCIA
assumptions and allocation methodologies—a requirement rarely fulfilled in conservation
publications yet critical for reproducible decision-making.

Three systems equal or exceed conventional baselines despite green designations:
alkyl-carbonate organogel (+7%), solketal (+30%), and butylal (, +145%) demonstrate that
bio-based component inclusion within architectures dominated by high-impact solvents or
precursors delivers negligible or negative environmental benefits. The alkyl-carbonate case
proves instructive—7% bio-derived PEMA polymer contributes 0.266 kg CO, eq (18% of
1.45 total) but cannot offset 90% DMC-DEC solvent loading contributing 1.012 kg CO; eq
(70% of total). Solketal’s unfavorable performance despite bio-derived precursors reflects
energy-intensive acetalization chemistry requiring substantial processing energy. These
failures illustrate that formulation architecture proves more environmentally determinant
than individual component sustainability attributes, suggesting “drop-in” biopolymer
substitutions within solvent-dominated frameworks yield diminishing returns.

Comparative analysis with Paolino et al. exposes a profound hierarchy inversion, chal-
lenging prevailing sustainability narratives in conservation science. Of 3.18 kg CO, eq total
system burden in conventional varnish removal, cotton contributes 3.41 kg—representing
essentially the entire climate impact once biogenic ethanol credits offset solvent contri-
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butions. White spirit accounts for merely 8% of total GWP, 5% of ecotoxicity, and 0.01%
of water consumption—proportions so modest that complete solvent substitution yields
system-level improvement of only 3% if cotton usage persists.

This quantitative disparity fundamentally reorients conservation sustainability pri-
orities. Research investment in novel green solvents delivers diminishing returns when
embedded in cotton-dependent application protocols, while gel-based delivery systems
eliminate the dominant environmental burden regardless of solvent chemistry details.
Cotton irrigation demands 326.8 m® water per 0.5 kg fiber, while agricultural chemicals
contribute 193.2 CTUe—burdens accounting for 99.4% and 67% of respective category
totals, rendering solvent ecotoxicity variations marginal in the system context. Gel formula-
tions eliminate these contributions entirely through dual mechanisms: cotton substitution
removes 3.41 kg CO, eq directly, while controlled release reduces delivered organic content
from 0.80 kg conventional saturation to 0.369 kg (Carbopol) or zero (PVA/PVP).

Polysaccharide-based rigid gels were excluded from this assessment due to the absence
of validated LCI datasets in Ecoinvent v3.8. These materials derive from complex biological
sources—agar from red algae cultivation and gellan gum from bacterial fermentation—
with poorly documented production chains precluding reliable quantification. Developing
validated inventories for conservation-relevant polysaccharides represents a priority for
extending this protocol. These analyses show that system-level architectural changes
are more impactful than material-level optimizations when both are feasible. Gel-based
delivery offers 15- to 16-times greater environmental benefits than optimizing solvent
chemistry, indicating that prioritizing gel adoption is crucial, even when its GWP ap-
proaches that of conventional solvents. This hierarchy—system architecture dominates
material chemistry—challenges prevailing research emphasis on novel solvent develop-
ment, suggesting that gel system optimization, application protocol redesign, and cotton
substitution strategies warrant increased investigation priority relative to incremental
solvent chemistry improvements.

Climate-focused rankings diverge substantially from multi-indicator profiles, reveal-
ing systematic trade-offs wherein materials achieving GWP reductions may amplify eco-
toxicity, human toxicity, or water consumption. These patterns expose the inadequacy of
carbon-centric assessment for conservation decision-making, wherein locally determinant
constraints may override global climate priorities:

o  Water-stressed regions (e.g., Mediterranean, Middle East): White spirit uses 93 times
less water than DES (0.019 vs. 1.76 m?®) and 190 times less than glycerol formal
(0.019 vs. 3.23 m3), making it a viable option despite its higher GWP in areas with
critical water scarcity.

e Ecologically sensitive environments (wetlands, coral reefs, protected aquatic sys-
tems): Methylal (11.3 CTUe), AGE/AGESS microemulsion (8.2 CTUe), or white spirit
(3.6 CTUe) warrant prioritization over FAME (212.9 CTUe) regardless of climate perfor-
mance, as toxic substance releases prove locally catastrophic in vulnerable ecosystems.

e Climate-priority contexts (institutional carbon targets, EU Green Deal alignment):
AGE/AGESS microemulsion (0.15), Carbopol gel (0.40), or DES (0.45); achieving
the lowest absolute GWP values enables maximum climate mitigation when other
environmental constraints prove non-limiting.

Product Environmental Footprint (PEF) methodology offers one potential framework
through stakeholder-derived aggregation of sixteen impact categories into normalized
scores, though conservation-specific weightings remain absent in heritage science literature
and warrant priority development. Future research should extend analysis beyond climate
change impact, incorporating comprehensive multi-indicator assessments with explicit
context-dependent weightings appropriate to conservation applications.
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Cross-study comparison reveals a troubling pattern: materials classified as environ-
mentally beneficial under one set of defensible LCIA assumptions can appear detrimental
under an alternative but equally valid approach. White spirit’s characterization varies by
150% across databases—from 0.53 to 0.54 kg CO, eq in Paolino et al. to 1.35 kg CO; eq.
This divergence arises from different choices in petroleum refining processes, geographic
scope, and dataset vintage, even though both use identical ISO standards.

Yet this variation is large enough to completely reverse environmental conclusions for
intermediate materials.

FAME demonstrates this instability clearly. Against our baseline, it achieves a 39%
climate benefit. Against Paolino’s lower baseline, that same absolute GWP becomes a
52% penalty. A practitioner selecting FAME based on published reduction claims might
unknowingly implement a system that worsens environmental performance, depending
entirely on which database their institution uses.

This sensitivity reveals a fundamental issue: percentage claims are only valid under
specific, often unstated, assumptions. Materials are frequently described as achieving “X%
reduction,” but these figures depend on baseline choices that are seldom disclosed with
enough detail to be properly validated.

However, ordinal rankings remain notably stable. The order of materials—AGE/AGESS
(0.15) < Carbopol (0.40) < DES (0.45) < APG (0.47) < bioethanol (0.65) < PVA/PVP (0.68)—
holds steady regardless of baseline assumptions. This suggests that relative performance is
more consistent than absolute values, even if percentage reductions vary significantly. This
highlights the need to shift toward reporting uncertainty more transparently.

A more transparent framework would operate on three levels:

1.  Ordinal rankings should be the primary conclusion, e.g., “DES has a lower climate
impact than FAME, which outperforms Solketal.”

2. Cardinal claims should be reported as ranges, e.g., “FAME’s climate impact is between
—39% and +52% compared to white spirit, depending on refining assumptions.”

3. Methodological provenance must be fully disclosed—this includes database version,
specific process choices, system models, and geographic scope—allowing readers to
understand the assumptions and replicate the analysis.

Current LCIA practices in conservation often fail to follow these steps, presenting point
estimates that give a false sense of precision. Studies rarely specify which Ecoinvent pro-
cesses or system models they used or how they handled co-product allocation—decisions
that significantly impact results.

Despite these sensitivities, hotspot identification remains consistent. Both this study
and Paolino et al. independently identified cotton as the primary environmental contributor,
varnish removal as a high-impact phase, and solvent-intensive operations as the main
burden sources. This convergence validates the conclusion about which materials matter
most, which phases dominate impacts, and which design changes offer the greatest benefits
and are more reliable than absolute values. Therefore, we can make sound decisions about
improvement priorities, even when the exact numbers depend on methodological choices.

The residue removal burden for soft gels depends on substrate porosity and operator
technique, requiring empirical validation across conservation contexts.

5. Conclusions

This study represents the first systematic application of Life Cycle Assessment to
innovative cleaning systems for cultural heritage conservation. The quantitative cradle-to-
gate analysis reveals substantial variability in climate change potential, ranging from 0.15
to 3.31 kg CO; eq per kilogram of formulation—a twentyfold difference that challenges
simple categorizations of materials as universally sustainable. Critically, these material-
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level results require translation into actual conservation practice, where post-application
procedures—particularly residue removal—substantially modify system-level environmen-
tal performance. The lowest environmental impacts consistently emerge from extreme dilu-
tion architectures. The AGE/AGESS microemulsion achieves 0.15 kg CO, eq kg ! through
99% water content (89% reduction versus conventional Triton X-100), while aqueous gels
(Carbopol, PVA /PVP) achieve 0.40-0.68 kg CO, eq kg~ !. These results demonstrate that
formulation architecture—specifically water as the dominant carrier—matters more than
the intrinsic sustainability of individual active components. Among pure solvents, perfor-
mance depends heavily on synthesis pathways and allocation methodologies rather than
feedstock origin. DES shows this complexity: under consequential LCIA with waste-stream
sourcing assumptions, it achieves 0.45 kg CO, eq kg~!, but without these allocation credits
(—2.02 kg CO, eq kg™ 1), gross impacts reach 2.47 kg CO, eq kg ~'—exceeding conventional
petrochemical ethanol by 70%. Methylal demonstrates that fossil-based materials can
achieve balanced performance across multiple indicators (1.29 kg CO; eq kg1, 11.3 CTUe,
0.17 m?), while FAME shows inverse trade-offs: favorable climate performance (0.82 kg CO,
eq kg 1) but agricultural ecotoxicity 59-fold higher than white spirit (212.9 versus 3.6 CTUe).
The most significant finding concerns system-level architecture. In conventional varnish
removal, cotton swabs contribute 107% of total system GWP (3.41 of 3.18 kg CO, eq), 67% of
ecotoxicity, and 99.4% of water consumption. Complete solvent substitution achieves only
3% system-level improvement if cotton application persists. Gel-based delivery eliminates
cotton while reducing delivered solvent mass, achieving 87-94% system-level reduction—a
fifteen- to sixteen-fold greater environmental benefit than solvent chemistry optimization
alone. The environmental benefits of gel systems depend fundamentally on gel type and
associated conservation protocols. Rigid gels (agar, gellan gum, and PVA-borate) form
self-supporting matrices that conservators can peel intact from treated surfaces, elimi-
nating cotton consumption entirely and achieving 87-94% system-level reduction. Soft
gels (Carbopol, Klucel, and cellulose ethers), by contrast, require a rinsing phase with
cotton swabs saturated in appropriate solvents to remove residues—standard conservation
practice that substantially alters the environmental calculus. When this procedural reality
is incorporated, Carbopol’s system-level advantage decreases from 94% to approximately
67% (Table 11). Both figures represent genuine improvements over conventional protocols,
but the distinction proves decisive for practitioners selecting materials on environmental
criteria. This disparity reorients priorities: research investment in novel green solvents
delivers diminishing returns within cotton-dependent protocols, while gel system redesign,
adoption of rigid gels where substrate compatibility permits, and optimization of residue
removal protocols for soft gels warrant increased priority. Cross-study validation reveals
concerning baseline sensitivity. White spirit characterization varies 150% across defensible
database selections (1.35 versus 0.53-0.54 kg CO, eq kg 1), sufficient to reverse environ-
mental conclusions for intermediate materials. FAME demonstrates complete reversal:
39% climate benefit under one baseline becomes 52% penalty under another, both from
peer-reviewed sources using identical methodologies but different Ecoinvent system mod-
els. This conditional validity means absolute percentage claims remain true only under
documented assumptions typically left implicit in publications. Future applications should
adopt three-tiered reporting: (1) ordinal hierarchies within material classes as primary
conclusions, (2) sensitivity ranges acknowledging plausible baseline variations, and (3)
complete methodological provenance enabling validation. Ordinal rankings prove robust—
the sequence AGE/AGESS < Carbopol < DES < bioethanol persists regardless of baseline,
while cardinal percentages fluctuate substantially. For conservation practice, materials
warrant context-dependent evaluation. For conservation practice, material selection should
integrate LCIA findings with operational constraints. When substrate sensitivity, sur-
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face porosity, or cleaning requirements permit rigid gel application, these systems offer
maximum environmental benefit. Where specific rheological properties necessitate soft
gels, practitioners should account for residue removal in their environmental assessment
while recognizing that even with rinsing, soft gels outperform conventional cotton-based
protocols. Context-dependent factors further modulate recommendations: DES, methylal,
AGE/AGESS microemulsion, and aqueous gels (Carbopol and PVA /PVP) demonstrate
robust environmental superiority across diverse scenarios. FAME achieves climate benefits
in urban studios, but elevated ecotoxicity renders it inappropriate near sensitive aquatic
systems. Solketal, butylal, and alkyl-carbonate organogels show that bio-component sub-
stitution within solvent-dominated formulations provides negligible benefit, requiring
comprehensive system redesign rather than incremental feedstock changes.

Future research should prioritize gel system optimization over incremental sol-
vent chemistry improvements, with three directions: (1) validated LCI development for
polysaccharide-based gels (agar, gellan gum) currently absent from Ecoinvent v3.8, en-
abling comparative assessment of rigid gel systems; (2) empirical characterization of
residue removal requirements across substrate types and gel formulations; (3) develop
conservation-specific multi-indicator weightings through stakeholder engagement, build
open-access inventories for bio-based formulations, and establish standardized reporting
protocols incorporating sensitivity analysis remain essential for cross-study comparabil-
ity. Environmental sustainability in heritage conservation emerges as a multi-parameter
challenge requiring integration of green chemistry principles with life-cycle thinking and
explicit recognition of allocation sensitivity. Genuine improvements derive primarily from
system-level architectural transformation—extreme dilution, rigid gel delivery eliminating
cotton dependence, soft gel systems reducing it substantially, controlled release minimizing
waste—rather than molecular substitution alone. The protocol developed herein provides
methodological groundwork for quantitative evaluation that practitioners can adapt to
specific intervention workflows. This work provides methodological groundwork for
quantitative, transparent evaluation of conservation materials, supporting alignment with
European Green Deal objectives and UN 2030 Agenda sustainability targets.
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Abbreviations

The following abbreviations are used in this manuscript:

LCIA

LCI

GWP
GWPyp
CTUe
CTUh
CTUh-carc
CTUh-non-carc
AWARE
EF

PEF

EHS
FAME
DES
NADES
DMC
DEC
MIBK
IPA

ChCl
APG
AGE
AGESS
HMDI
PVA

PVP
HEMA
p(HEMA)
PEMA
MBA
PKO

1SO

GLO

RER
1PCC
AR6

kg CO; eq

kg CO, eq kg™ !

kWh
m3
wt%
w/w
gmL™ 1
t~L.km™1
CF

EU

VOC
EDTA

Life Cycle Impact Assessment

Life Cycle Inventory

Global Warming Potential

Global Warming Potential (100-year time horizon)
Comparative Toxic Units for ecosystems (freshwater ecotoxicity)
Comparative Toxic Units for humans
Comparative Toxic Units for humans—carcinogenic
Comparative Toxic Units for humans—non-carcinogenic
Available WAter REmaining

Environmental Footprint

Product Environmental Footprint
Environment, Health, and Safety

Fatty Acid Methyl Esters

Deep Eutectic Solvents

Natural Deep Eutectic Solvents

Dimethyl Carbonate

Diethyl Carbonate

Methyl Isobutyl Ketone

Isopropanol (Isopropyl Alcohol)

Choline Chloride

Alkyl Polyglucoside

Alkyl Glyceryl Ether

Alkyl Glyceryl Ether Sulfosuccinate
Hexamethylene Diisocyanate

Poly(vinyl alcohol)

Poly(vinylpyrrolidone)

2-Hydroxyethyl Methacrylate
Poly(2-hydroxyethyl methacrylate)

Poly(ethyl methacrylate)
N,N’-Methylenebisacrylamide

Palm Kernel Oil

International Organization for Standardization
Global (geographic scope in Ecoinvent)
Europe (geographic scope in Ecoinvent)
Intergovernmental Panel on Climate Change
Sixth Assessment Report (IPCC)

Kilograms of carbon dioxide equivalent
Kilograms CO; equivalent per kilogram
Kilowatt-hour

Cubic meters

Weight percent

Weight per weight

Grams per milliliter

Per tonne per kilometer

Characterization Factor

European Union

Volatile Organic Compounds
Ethylenediaminetetraacetic acid
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