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ABSTRACT

The management of cultural heritage requires continuous preventive conservation measures, which are often
expensive and can be impactful to the environment. Cultural heritage preventive conservation is currently
experiencing the development of highly innovative techniques to improve the sustainability performance of
materials (including nanomaterials) used in such activities. However, the impacts on human health and the
environment that may result from the production and use of such (nano)materials are still largely unknown. The
aim of this study is to assess the potential environmental and economic life cycle impacts of an innovative
product called “Novel Archive Box” in which nanotechnology is applied for the preventive conservation of
cultural objects stored in museum. Results based on the life cycle of one Novel Archive Box performed through
the ReCiPe 2016 midpoint and endpoint method demonstrate a greater impact related to raw materials sourcing,
including transport. The present work highlights the importance of applying screening Life Cycle Assessment and
Life Cycle Costing to innovative products, since their early stage of development (e.g., prototype level), to
support their further improvement and steer the arts and culture sector toward increasingly sustainable solutions.

1. Introduction

Preventive conservation is defined by the International Centre for the
Study of the Preservation and Restoration of Cultural Property
(ICCROM) as “all measures and actions aimed at avoiding and mini-
mizing future deterioration or loss. They are carried out within the
context or on the surroundings of an item, but more often a group of
items, whatever their age and condition. These measures and actions are
indirect: not interfering with the materials and structures of the items or
modifying their appearance.” (ICCROM, 2022).

The standards set by museums for preventive conservation in many
situations require highly airtight display cases for exhibiting works,
storage boxes made of wood and archival boxes for storage in ware-
houses (Lucchi 2018). These containers can all be considered as
semi-closed systems, which on the one hand protect objects, while on the
other create a “microclimate” that can result in the release of volatile
organic compounds (VOCs) or other gaseous pollutants that can cause or
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even promote the degradation of art materials (e.g. paint pigments)
especially when composed of complex materials typical of contemporary
artworks (D’Agostino et al., 2015).

In addition to the release of gaseous pollutants, degradation can also
be promoted by fluctuations in the relative humidity and temperature;
therefore stabilization of climatic conditions is indispensable for the
preservation of artifacts (Boersma 2016).

In this context, nanotechnology can provide innovative and prom-
ising solutions to prevent and counteract the degradation processes of
cultural objects and achieve long-term preservation of the cultural
heritage (Baglioni et al., 2021). However, while preventive conservation
is central to this process, it must be balanced against efforts to reduce the
negative impacts of unsustainable resource use, waste generation, and
climate change (Subramanian et al., 2015). Therefore, there is a clear
need of a proper assessment and management of innovative
nano-enabled products’ environmental implications throughout their
life cycle (Brunelli et al., 2021), to guarantee the adoption of safe and
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sustainable preventive conservation measures. A sustainable approach
towards new materials and new technologies is now an unavoidable
condition in all areas of innovation and production as set by the Euro-
pean Green Deal and the EU Action Plan Towards zero pollution for air,
water and soil (European Commission 2021). Cultural heritage actively
contributes to the sustainable development of our society and is recog-
nized as a key of modern sustainability on the same level as other sectors
(Di Turo and Medeghini 2021). To promote a sustainable approach to
cultural heritage preventive conservation, attention should be paid to
the impact assessment of all phases: from the environmental impacts
generated by the production of the chemicals and devices used for
restoration to the management of the waste resulting from such activ-
ities (Balliana et al., 2016).

Currently, sustainability is assessed by applying widely established
tools for quantitatively determining the environmental (e.g., Life Cycle
Assessment, LCA), economic (e.g., Life Cycle Costing, LCC), and social
(e.g., Social Life Cycle Assessment, s-LCA) impacts of products, pro-
cesses, and services across the entire life cycle (Caldeira et al., 2022a).
The main current reference in the European landscape is the “Safe and
Sustainable by Design chemicals and materials” framework by the Joint
Research Center (JRC). This JRC report proposes a hierarchical stepwise
approach in which safety aspects are considered, followed by environ-
mental, social and economic sustainability aspects. This tiered approach
also refers to information requirements since data availability is limited
at the first stage of the research process. The framework foresees the
assessment of the entire life cycle of a chemical or material, including
the design phase and considering among others its functionality and end
use (Caldeira et al., 2022b).

However, while the use of sustainability tools is spread in many in-
dustrial sectors, in the field of cultural heritage conservation it is still in
its infancy (Blundo et al., 2018). In 2019, Semenzin et al. proposed a
new framework for assessing the sustainability of nano-enabled prod-
ucts for the conservation of works of art that implement the Safe by
Design concept. It adopts a tiered approach, which includes both
screening and advanced assessment tools, to guide product developers in
the development of innovative and sustainable nano-based products
starting from the first stages of the innovation process (Semenzin et al.,
2019). In such framework, LCA, LCC and s-LCA, are indicated as
advanced tools for sustainability assessment, which are applicable when
quantitative information become available about the products’ life
cycles.

While the application of LCA in the cultural heritage sector showed a
recent growth (Blundo et al., 2014; Turk et al., 2017; Settembre Blundo
et al., 2018; Franzoni et al., 2018; Mohaddes Khorassani et al., 2019;
Sanchez et al., 2023), to the best of authors’ knowledge only one LCC
application on the production of materials or technologies for art con-
servation exists (Settembre Blundo et al., 2018).

This late response triggered the inclusion of sustainability assess-
ment in the recently closed EU H2020 APACHE project (GA 814,496)
aimed at supporting small and medium-sized museums in the use of
appropriate technologies for preventive conservation, moving toward
reducing the environmental impacts and costs of implementing and
maintaining the control of climatic conditions and the presence of
gaseous pollutants in the long-term storage of a wide range of cultural
heritage artifacts, all from a sustainability perspective. The main output
of the APACHE project was the design and production of several pro-
totypes that use cost-effective nanotechnology for the active storage of
artworks and cultural objects in different museum environments; their
sustainability was evaluated through screening Life Cycle Assessment
(LCA) and Life Cycle Costing (LCC).

The aim of this paper is to assess, through LCA and LCC methods, the
potential environmental and economic life cycle impacts of the APACHE
innovative “Novel Archive Box”, a corrugated cardboard box which
enables an “active” preventive conservation of works of art. The box
includes Sensor transponder, Relative humidity (RH) and Temperature
(T) regulators and VOCs adsorbent, in which nanotechnology is applied,
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all developed in the frame of the research project. Therefore, this study
represents the first example of both life cycle environmental and eco-
nomic sustainability assessment of an innovative product for the pre-
ventive conservation of cultural objects. This work outlines the
importance of applying screening Life Cycle Assessment to innovative
products, since their early stage of development, to support their further
improvement and steer the arts and culture sector toward increasingly
sustainable solutions.

2. Materials and methods

The objective of the LCA and LCC study was to evaluate the envi-
ronmental performance and cost, from the manufacturer’s perspective,
from cradle to grave, of the “Novel Archive Box” complete of sensor
transponder, RH and T regulators and VOCs absorbent, as described in
paragraph 2.1.1. Screening Life Cycle Assessment (LCA) and Life Cycle
Costing (LCC) were used to estimate the environmental and economic
impacts along the life cycle, as the study was carried out at an early stage
of product development.

LCA (ISO 14040:2021 and ISO 14044:2021) allows the assessment of
the potential environmental impacts associated with a product, process,
or service throughout its entire life cycle, from raw material extraction
and processing, through manufacturing, transport, use and disposal.
Attributional or consequential approaches can be used. Attributional
LCA estimates what share of the global environmental burdens belongs
to a product and allocation is performed by partitioning environmental
burdens of a process along the life cycle. Consequential LCA estimates
how the global environmental burdens are affected by the production
and use of the product and allocation is avoided through the application
of system expansion (Ekvall et al., 2016). In this study, LCA was per-
formed following an attributional approach since the main objective was
to quantify the current environmental impacts of the product.

LCC does not have a general standard that provides guidelines for its
application; it is a management technique that aims at classifying and
assessing costs according to the stages shaping the life cycle of a product
or system (Knauer and Moslang 2018). Indeed, LCC aims not only to
calculate the costs of acquiring raw materials, but also the costs of
operation, maintenance, and final disposal (Hunkeler et al., 2008); thus,
decision makers can act to improve the economic indicators of the sys-
tem’s life cycle (Toniolo et al., 2020). In the scientific literature, three
possible types of LCC emerge, namely conventional LCC, environmental
LCC, and societal LCC (Hunkeler et al., 2008). The conventional LCC is
the assessment of all the costs associated with the life cycle of a product.
The focus of the evaluation is on real, internal costs and sometimes the
costs of the end of life are not included. Environmental LCC also includes
environmental externalities and multi-stakeholders perspective. Societal
LCC adds all costs covered by anyone in the society, whether today or in
the long-term, through the inclusion of preferably all external costs in a
monetarized form (Neugebauer et al., 2016). In this study a conven-
tional LCC analysis, from the producers’ point of view, was performed.

The LCA and LCC primary data were collected through specific
questionnaires completed by the producers of the Novel Archive Box and
of its components.

2.1. Goal and scope definition

The goal of the LCA and LCC study was to evaluate both the envi-
ronmental performance from cradle to grave of the Novel Archive Box,
and its overall costs from the point of view of the producers. The Novel
Archive Box, namely a corrugated cardboard box which enables an
“active” preventive conservation of works of art thanks to the inclusion
of a Sensor transponder, RH and T regulators and VOCs adsorbent, was
specifically developed for detection, monitoring and maintenance of
microclimate parameters and air composition (T, RH and gaseous pol-
lutants) ideal for the conserved object (Gawade et al., 2021). For this
LCA and LCC study “1 Novel Archive Box” was defined as the functional
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unit.

2.1.1. Novel Archive Box

The box, i.e. the basic structure of the final product, is a corrugated
cardboard box with the dimensions of 25 x 18 x 14 cm (L x W x H),
including four “pockets” for the placement of the RH and T regulators,
VOCs adsorbent and sensor transponder mentioned above and described
in the following paragraphs.

2.1.1.1. Temperature regulator. Temperature regulator is characterized
by polymer-based compounds consisting of Phase Change Materials
(PCMs), functional materials capable of absorbing and releasing a large
amount of heat during phase transitions (cycles of heating/cooling). In
the Novel Archive Box, the application of a nano-PCM film to a piece of
corrugated cardboard enables the T regulation within the relatively
small box environment.

2.1.1.2. Humidity regulator. The humidity regulator is based on poly-
vinyl alcohol (PVA) and has been formulated with nano-agent cross-
linkers and catalysts arranged on a membrane, which is able to absorb a
larger amount of moisture than its surface area.

2.1.1.3. VOCs adsorbent. The VOCs absorbent consists of three raw
materials: Fibrillated Cellulose, Colloidal Silica, and Polyethylenimine
(Nanocellulose/Silica/PEI). The chemical and physical properties of
nanocellulose and silica, such as high specific surface area, and the
uniformly distributed PEI with a large number of functional groups,
enhance the adsorption capacity of the material to capture NO5 as well
as other gases.

2.1.1.4. Sensor transponder. The electrochemical sensor included in the
Novel Archive Box is capable of detecting changes in the conditions of
the different parameters measured in the air and, unlike those already on
the market, reduce heat loss allowing for greater product efficiency. The
sensor then sends the collected information to a receiving system by
Near Field Communication (NFC). NFC technology is a short-range
wireless communication technology and is essential for monitoring the
internal microclimatic conditions of a closed archive box with no need to
open it and to use batteries (Gawade et al., 2021).
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2.2. System boundaries

The diagram of the system under consideration is illustrated in Fig. 1.

In the LCA study the environmental impacts related to the Upstream,
Core and Downstream stages of 1 Novel Archive Box are considered. All
the main materials/components were purchased from different Euro-
pean countries: Italy, Sweden, Greece and Ireland. From these countries
the main materials/components were transported by truck and aircraft
to Germany where the manufacturing core process of the Novel Archive
Box take place. The Novel Archive Box is assembled with the 4 com-
ponents previously described: Temperature regulator, Humidity regu-
lator, VOCs adsorbent and Sensor transponder. The production facility,
in the Core stage, involves three main processes: cutting, assembly and
folding. As depicted in Fig. 1, at Core stage used electricity and produced
waste (the latter mainly due to packaging materials) are considered. At
the end of the production, the Novel Archive Box is shipped from Ger-
many to any country that needs it.

Since the Novel Archive Box is a prototype, for its end-of-life an
incineration process is assumed.

For the LCC, the costs relative to Upstream (i.e., main materials/
components and their transport) and Core (i.e., cutting, assembly, and
folding) stages were considered. The shipment costs to other countries
were not available and therefore were not included in the assessment.
The costs related to the use and the end-of-life of the Novel Archive Box
are not borne by the producer and consequently were not considered.

2.3. Life cycle inventory

For both LCA and LCC, primary data were collected in 2021 through
specific questionnaires completed by the producers of the Novel Archive
Box and of its components.

However, since both the final product and its components are pro-
totypes, i.e. working models of an object not developed at large scale,
several assumptions were made.

More specifically, information on product formulation, i.e. propor-
tion of raw material composition, and personnel-related costs were
provided with the highest level of accuracy. Assumptions were made for:
transport of the main materials/components and of the final product,
produced quantities, duration of the components and final product’s

1 1
1 1
Upstream i Core I Downstream
1 1
T T
1 1
1 o 1
Main materials/ : Electricity :
components : :
9 Europe 1 1
Corrugated : / Production Facility \ :
Board \l\ 9 Germany 1
@ Cork (Ireland) I 1 U
se
e | |
transponder 1 1
9 Goteborg (Sweden) : :
VOCs 1 Assembly 1
adsorbent /—i/ :

9 Athens (Greece) 1 1 End of Life
Humidity | | : Folding : by Incineration
regulator 1 \ 1

9 Naples (ltaly) 1 1
Temperature - : l :
regulator 1 1
1 1
1 1
L ERIEEC 9 Geographical location
=) Road and air transport

Fig. 1. Upstream, Core and Downstream-Use stages of the life cycle of Novel Archive Box.
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lifecycle, type and frequency of their maintenance, methods of disposal,
and costs related to raw materials’ production, use, maintenance and
disposal. Such data will be available when the Novel Archive Box will be
at higher TRL (Technology Readiness Level).

2.3.1. Life Cycle Assessment (LCA) inventory
The assumptions made in the LCA study are the following.

e The means of transport by truck used for the transport of raw ma-

terials, main materials/components and the final product is:

“Transport freight, lorry 16-32 metric ton, EURO5 {RER}| transport,

freight, lorry 16-32 metric ton” from Ecoinvent 3.6.

Carriage by air for the transport of the four components from Ireland,

Sweden, Greece and Italy (Fig. 1) was modelled as: “Transport,

freight, aircraft, very short haul {GLO}| transport, freight, aircraft,

belly-freight, very short haul” from Ecoinvent 3.6.

e Where the waste treatment process was not indicated, treatment as
municipal solid waste from Ecoinvent 3.6 was assumed for the spe-
cific countries producing T and RH regulators and VOCs adsorbent:
“Municipal solid waste {specific country} | market for municipal
solid waste”, while the process “Municipal solid waste (waste sce-
nario) {RoW}| treatment of municipal solid waste, incineration” was
used for the sensor transponder and the Novel Archive Box.

Both the Novel Archive Box and its components were considered in
its entirety and used with their background in the evaluation of impacts
(Table 1). Table 1 reports all the LCA processes selected from the

Table 1
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Ecolnvent database v3.6 to model raw materials, water and energy
sources and waste for both the Novel Archive Box and its four
components.

2.3.2. Life Cycle Costing (LCC) inventory

The following costs of producing “1 Novel Archive Box” (i.e. Core
stage only) were considered: i) personnel cost, ii) cost of main materials
and components including the cost of their transportation (as split fig-
ures were not available for all the components), iii) cost of energy, iv)
cost of waste collection and treatment, v) cost of water used, v) cost for
the equipment maintenance borne by the producer. The costs of the
transportation of the final product to customers were not included as
they were not available. In Fig. 1, such transport activities are part of the
Downstream stage.

2.4. Life cycle impact assessment

Both LCA and LCC were carried out with the use of the SimaPro LCA
software developed by PRé Sustainability and the database Ecolnvent
Version 3.6 (Wernet et al., 2016). ReCiPe 2016 Endpoint and Midpoint
methods were jointly used to calculate environmental impacts (Huij-
bregts et al., 2017). As the methods do not include characterization
factors specific for nanoparticles release (Salieri et al., 2019), for this
screening LCA nanomaterials were modelled as bulk materials.

For LCC, plausible costs as well as specific calculation methods were
defined in the software.

LCA processes from Ecolnvent database v3.6 used to model the Novel Archive Box and its components.

Type Raw materials

Process name in Ecolnvent 3.6 (Cut-off) database

Temperature regulator

Material Cardboard
Polybutylacylate(PBA)
Cellulosa (CELL)
Phase Change Materials (PCM)
Packaging for further shipment

Energy

Waste

Humidity regulator
Material

Water

Energy

Waste

VOCs adsorbent
Material

Energy
Waste

Sensor transponder
Material

Energy

Waste

Novel Archive Box
Material

Energy
Waste

Electricity
Waste of the production

Polyvinylalcohol (PVA)
Pyromelitic dianhydride (PMDA)
Maleic Acid (MA)

Sulfuric Acid

p-toluenesulfonic acid (p-TSA)
Clynoptilolite

Distilled water

Electricity

Waste of the production

Fibrillated Cellulose

Colloidal Silica
Polyethylenimine (PEI)
Packaging for further shipment
Electricity

Waste of the production

Waste water

Electronic components
Carboard packaging material
Electricity

Waste of the production

Temperature regulator
Humidity regulator
VOCs adsorbent

Sensor transponder
Corrugated cardboard
Electricity

Waste of the production
End of life

Corrugated board box {RER}| production

Butyl acrylate {RER}| production

Cellulose fibre, inclusive blowing in {GLO}| market for

Soil pH raising agent, as CaCO3 {GLO}| lime to generic market for soil pH raising agent
Corrugated board box {RER}| production

Electricity, medium voltage {IT}| market for

Waste packaging paper {SE}| market for waste packaging paper

Vinyl acetate {RER}| production

Sulfuric acid {RER}| production

Maleic anhydride {RER}| production by catalytic oxidation of benzene
Sulfuric acid {RER}| production

Benzaldehyde-2-sulfonic acid {GLO}| benzaldehyde-2-sulfonic acid production
Zeolite, powder {RER}| production

Water, deionised {Europe without Switzerland} | market for water, deionised
Electricity, medium voltage {GR}| market for

Municipal solid waste {GR}| market for municipal solid waste

Cellulose fibre, inclusive blowing in {GLO}| market for
Activated silica {GLO}| production

Ethylamine {RER}| production

Corrugated board box {RER}| production

Electricity, medium voltage {SE}| market for

Waste packaging paper {SE}| market for waste packaging paper
Municipal solid waste {SE}| market for municipal solid waste

Electronic component, active, unspecified {GLO}| production

Corrugated board box {RER}| production

Electricity, medium voltage {EI}| market for

Municipal solid waste {RoW}| treatment of municipal solid waste, incineration

PCM treated corrugated cardboard

PVA membranes

VOCs adsorbent

Sensor transponder

Corrugated board box {RER}| market for corrugated board box

Electricity, medium voltage {DE}| market for

Municipal solid waste {DE}| market for municipal solid waste

Municipal solid waste {RoW}| treatment of municipal solid waste, incineration
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3. Results and discussion
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Fig. 2. Novel Archive Box LCA midpoint results.
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Fig. 3. Novel Archive Box LCA endpoint results.

for the extraction of metals, which mainly affects human health and
ecosystems. This process also involves a large consumption of water that
can no longer be used, and this aspect, along with the extraction of raw
materials, negatively affects resource consumption.

The VOCs adsorbent results the second main components for envi-
ronmental impacts caused. The damage to human health is mainly caused
by both materials involved, cellulose and colloidal silica, and waste,
which mainly impact on human non-carcinogenic toxicity. This is mainly
due to both materials productions. The production of cellulose involves
a large consumption of water, the use of fossil fuels and the release of
CO4 emissions. While for silica, the environmental impacts are mainly
affected by the treatment of production waste.

The impact caused by PCM treated corrugated cardboard, which has
the function of Temperature regulator, is due to the large amount of
energy used to produce a very low amount of product by weight. For this
Novel Archive Box component also the use of cardboard produced
through water consumption and use of fossil fuels.

The contribution of Core and EoL waste treatment does not exceed
2% and is most impactful on the damage category of human health. The
contribution of electricity consumption related to the energy core de-
mand does not exceed 0.45% of the total impact and is most impactful
on resources.

3.1.1. Sensitivity analysis
Since many of the main assumptions were made for transports, it was

decided to further investigate the contribution of this process through a
simple sensitivity analysis.

In particular, three main scenarios were identified and modelled
selecting LCA processes available in Ecoinvent 3.6 (Cut-off) (Spielmann
et al., 2007).

The first is a baseline scenario, which corresponds to the already
presented study assumption involving a 16-32 metric ton lorry for
transport by truck (Transport freight, lorry 16-32 metric ton, EURO5
{RER}| transport, freight, lorry 16-32 metric ton) and a very-short haul
(Transport, freight, aircraft, very short haul {GLO}| transport, freight,
aircraft, belly-freight, very short haul) for the carriage by air.

The second, called Worst case, corresponds to scenario in which a
EURO 4 unspecified size lorry is considered for the road transport by
truck (Transport, freight, lorry, unspecified {RER}| transport, freight, lorry,
all sizes, EURO4 to generic market for), while for the carriage by air a short
haul aircraft is used (Transport, aircraft, short haul {GLO}| transport,
freight, aircraft, belly-freight, short haul).

The third and last one is the Best case scenario in which a EURO 6
unspecified size lorry is considered for the road transport by truck
(Transport, freight, lorry, unspecified {RER}| transport, freight, lorry, all
sizes, EUROG6 to generic market for), while for the carriage by air a me-
dium haul aircraft is used (Transport, freight, aircraft, medium haul
{GLO}| transport, freight, aircraft, belly-freight, medium haul).

For each scenario, three possible transport distances were hypothe-
sized: A) standard routes, which correspond to the distances assumed in
the study (i.e., estimated average distances based on knowledge about
the location of departure and arrival sites); B) best routes, where standard
routes were decreased by 20%; c) worst routes, where standard routes
were increased by 20%.

As shown in Table 3, the obtained results did not highlight significant
differences among the three scenarios. While changing the type of road
and air transport (with different emission standards for trucks and dis-
tance classes for aircrafts), there is no substantial change in the overall
results. The same applies to the 20% difference in transportation dis-
tances, which did not result in significant changes in any of the calcu-
lated environmental impact categories.

3.2. Life Cycle Costing (LCC) results

This section reports the life cycle costs borne by the producer of “1
Novel Archive Box”.

The economic impact is illustrated in Fig. 4 according to 8 cost cat-
egories: raw materials and transport, water, energy, wastes, packaging
and transport, personnel, services, and equipment maintenance.
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Table 3
Novel Archive Box LCA sensitivity analysis results.
Impact category Baseline Worst case Best case
A B C A B C A B C
Global warming - kg CO2 eq 1.50E+01 —0.15% +0.15% —0.20% —0.32% —0.09% —0.27% —0.38% —0.42%
Stratospheric ozone depletion - kg CFC11 eq 8.32E-06 —0.12% +0.12% —0.24% —0.36% —0.24% —0.24% —0.24% —0.12%
Ionizing radiation - kBq Co-60 eq 1.13E+00 —0.09% 0.00% —0.09% —0.09% 0.00% —0.09% —0.09% —0.09%
Ozone formation, Human health - kg NOx eq 3.53E-02 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00%
Fine particulate matter formation - kg PM2.5 eq 3.19E-02 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00%
Ozone formation, Terrestrial ecosystems - kg NOx eq 3.58E-02 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% —2.86%
Terrestrial acidification - kg SO2 eq 6.24E-02 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00%
Freshwater eutrophication - kg P eq 2.39E-02 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00%
Marine eutrophication - kg N eq 1.27E-03 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00%
Terrestrial ecotoxicity - kg 1,4-DCB 3.59E+01 —0.44% +0.44% —0.37% —0.75% 0.00% —0.42% —0.78% +0.39%
Freshwater ecotoxicity - kg 1,4-DCB 6.37E+00 0.00% 0.00% —0.02% —0.02% 0.00% —0.02% —0.02% 0.00%
Marine ecotoxicity - kg 1,4-DCB 8.38E+00 0.00% 0.00% —0.01% —0.01% 0.00% —0.01% —0.01% 0.00%
Human carcinogenic toxicity - kg 1,4-DCB 1.16E+00 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00%
Human non-carcinogenic toxicity - kg 1,4-DCB 1.06E+02 —0.01% +0.01% -0.01% —0.02% —0.01% —0.01% —0.02% —0.01%
Land use - m2a crop eq 3.92E-01 —0.26% 0.00% 0.00% —0.26% 0.00% 0.00% —0.26% 0.00%
Mineral resource scarcity - kg Cu eq 3.41E-01 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00%
Fossil resource scarcity - kg oil eq 4.01E400 —0.20% +0.20% —0.25% —0.40% —0.10% —0.33% —0.45% —0.50%
Water consumption - m3 1.20E-01 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00%
4. Discussion
Equipment maintenance | . . .
The results obtained by the LCA study allowed to identify the po-
servces [l tential environmental impacts of the Novel Archive Box, divided ac-
personnel [ cording to main material (i.e. corrugated cardboard), components (i.e. T
packaging and ransport ] regulator, RH regulator, VOCs adsorbent, Sensor transponder) and
wiies: | specific processes (i.e. Core energy, Core waste, End of Life).
astes
Overall, the results showed that the upstream phase provides the
ey [ highest contribution to the environmental impact of the Novel Archive
water [ Box. In particular, the Sensor transponder is the component contributing
Raw materialsand ransport [N the most, due to the raw materials (e.g., rare metals) that compose its
v 1n aon son aom son son vom s son 100 electronic parts. However, the results uncertainty is quite high as
detailed information about used raw materials, production process and
e o _ travelled distances were not made available. As an example, modelling
aw materials and transpor e
of the Sensor transponder had to be simplified because, on one hand, not
0% 1%  20%  30%  40%  SO%  60%  70%  80% 9%  100% enough detailed information on the electronic parts (including e.g. NFC

W Corrugated cardboard M Temperature regulator W Humidity regulator W VOCs adsorbent Sensor transponder

Fig. 4. Novel Archive Box LCC results with percentage of costs for each
cost category.

Percentage results are reported for each cost category and their sum
represents the 100% of costs to produce “1 Novel Archive Box™.

Since the major contribution is provided by raw materials and trans-
port category, which accounts for 74.9% of the total cost, in Fig. 4 the
contributions to this cost category of the main materials and components
(i.e., Corrugated cardboard, Temperature regulator, VOCs Adsorbent,
Sensor transponder, Humidity regulator) is also depicted.

As result, the most expensive “Raw materials and transport” are
associated to the Sensor transponder (44%), followed by the Humidity
regulator (33%) and the Corrugated cardboard (20%). In general, those
costs are related to the purchase of the raw materials, involving high
production costs.

Regarding the other cost categories, Personnel contributed for 6.9%,
followed by Water (6.8%), Energy (3.79%), Service (3.38%), Packaging
and related transport (1.98%) and Equipment maintenance (0.57%).

The cost of personnel derives from the cost of labour (per hour) in
different countries and the time (hours) needed for the specific pro-
duction. However, it should be noted that all the components and the
final products are prototypes, therefore the produced quantities used in
this study are estimates. The same applies also to the input data used for
the other cost categories. This means that the performed LCC can be
considered preliminary and could be improved once more detailed
economic information will be available.

loop antenna and NFC radio) of the hardware prototype were provided.
On the other hand, in the Ecoinvent database only one process was
available to model an electronic component such as the Sensor tran-
sponder (Electronic component, active, unspecified {GLO}| production).
Upstream phase modelling can surely be improved, and results uncer-
tainty be reduced once more primary data will be available, i.e. moving
from a prototype to a more advanced development stage.

The lack of relevant Ecoinvent processes was also the reason for not
performing a sensitivity analysis on the raw materials used in the
different components. Instead, it was performed on upstream and core
transports, for which several assumptions were made. However, the
obtained results did not highlight any significant difference when
changing type of road and air transport as well as transportation
distances.

Another limitation of this study refers to the inclusion of specific
nanotechnology data. Currently, LCI data for nanomaterials and nano-
enabled products are scarce. Indeed, despite the ongoing research ef-
forts to assess both nanomaterials (eco)toxicity and release into the
environment, there is a lack of specific characterization factors (CF) to
be used in life cycle impact assessment (LCIA) (Salieri et al., 2018).
Moreover, accurate information about the end-of-life management of
waste nanoproducts are missing (Nizam Nurul Umairah et al., 2021).

The results of the LCC study are also preliminary and can be
improved once more detailed information will be available. Moreover,
since a conventional LCC approach was applied, which assessed only
internal costs, a possible improvement could be the inclusion of exter-
nalities as some critical raw materials (i.e., materials of high economic
importance and high supply risk)(Rodger et al. 2017) are used in the
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production of the Novel Archive Box components.

Finally, another aspect that could be evaluated in the future is the
social dimension of sustainability. However, this is probably the most
difficult aspect to address at a prototype stage and so far, the least
evaluated (Stoycheva et al., 2022).

5. Conclusions

The screening LCA and LCC study evaluated the environmental and
economic implications of “1 Novel Archive Box™ along its life cycle. The
Novel Archive Box, namely a corrugated cardboard box which enables
an “active” preventive conservation of cultural objects thanks to the
inclusion of Sensor transponder, RH and T regulators and VOCs adsor-
bent, has been specifically developed for detection, monitoring and
maintenance of microclimate parameters and air composition (T, RH
and gaseous pollutants) ideal for the conserved objects.

Regarding environmental impacts (both at midpoint and endpoint
levels), obtained results highlighted that the upstream phase provides
the major contribution, and in particular the materials used for both the
Novel Archive Box and its components, and their transport. Indeed, in
some cases (e.g., for the Sensor transponder) critical raw materials are
used, which have significant impacts on several midpoints, including
those related to the quality and quantity of water resources. On trans-
port, for which several assumptions were made, a sensitivity analysis
was performed resulting in negligible differences among three scenarios
characterized by different types of road and air transport as well as
transportation distances.

Regarding economic impacts, also the evaluation of the costs borne
by the producers showed a major contribution by the raw materials and
transport category.

However, it must be noted that for both LCA and LCC the obtained
results are preliminary as the level of details provided at this early stage
of the Novel Archive Box development is quite low. Nevertheless, they
provided useful insights for improving such innovative product in the
next development stages.

Future LCA and LCC applications will surely benefit from a larger set
of primary data, and will probably reflect changes in the production
process (e.g., to adapt it to large-scale production), and in the final se-
lection of raw materials (e.g. characterized by less impactful extraction
methods), and suppliers (e.g., geographically closer to the
manufacturing site).

To conclude, LCA proved to be a useful tool in a screening phase for
assessing potential environmental impacts of innovative materials,
products and technologies in order to select cleaner production pro-
cesses, avoid hazardous materials, maximise the efficiency of the energy
used for production and for the product in use, and design waste man-
agement and recycling.

Although there are still some critical aspects that need to be
addressed in future studies, LCA and LCC of innovative products, at the
prototype development stage, can support research, development, and
optimization by steering the arts and culture sector toward increasingly
sustainable solutions.

This study is the first attempt to conduct both life cycle environ-
mental and economic sustainability assessment of an innovative product
for the preventive conservation of cultural objects, and as such it pro-
vides a basis for future research. In the ongoing HEU GREENART project
(GA 101060941) a similar methodological approach is being adopted to
further improve some of the innovative products developed in APACHE,
by using green materials and low-energy consumption production routes
to boost their sustainability. In GREENART, the methodology is even
more comprehensive as it follows the recently published EU JRC SSbD
(Safe and Sustainable by Design) for chemicals and materials framework
(Caldeira et al., 2022b), which has immediately become the reference
framework at EU level in the field of sustainable chemistry.

Cleaner Environmental Systems 9 (2023) 100124
Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Data availability
No data was used for the research described in the article.
Acknowledgments

The present work has been conducted within the EU Horizon 2020
APACHE project (https://www.apacheproject.eu/) "Active & intelligent
Packaging materials and display cases as a tool for preventive conser-
vation of Cultural Heritage" Grant Agreement Number 814496.

The authors would like to thank the producers participating in the
project for their willingness and cooperation in collecting data to carry
out the study that is the subject of this article.

More specifically we thank: Dr. Manfred Anders (ZFB - Zentrum fiir
Bucherhaltung) for the data on "Novel Archive Box"; Dr. Marino Lav-
orgna (CNR-IPCB - Institute for Polymers, Composites and Biomaterials,
Naples-Italy) for the data on "Temperature regulator"; Dr. Romain
Bordes (Chalmers University of Technology) for the fata on “VOCs
absorber”; Dr. John Buckley, Dr. Dinesh Gawade and Dr. Daniela Iaco-
pino (T-UCC - Tyndall Institute, University of Cork) for the data on
“Sensor transponder"; NTUA (National Technical University of Athens)
for the data on "Humidity regulator”.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.cesys.2023.100124.

References

APACHE, 2019. Active & intelligent PAckaging materials and display cases as a tool for
preventive conservation of cultural heritage. Retrieved. https://www.apacheproject.
eu/.

Baglioni, Michele, Poggi, Giovanna, Chelazzi, David, Baglioni, Piero, 2021. Advanced
materials in cultural heritage conservation. Molecules 26 (13). https://doi.org/
10.3390/molecules26133967.

Balliana, Eleonora, Ricci, Giulia, Pesce, Cecilia, Zendri, Elisabetta, 2016. Assessing the
value of green conservation for cultural heritage: positive and critical aspects of
already available methodologies. Int. J. Conserv. Sci. 7 (Speciallssuel), 185-202.

Blundo, Davide Settembre, Ferrari, Anna Maria, Pini, Martina, Riccardi, Maria Pia,
Francisco Garcia, José, Fernandez Del Hoyo, Alfonso Pedro, 2014. The life cycle
approach as an innovative methodology for the recovery and restoration of cultural
heritage. J. Cult. Herit. Manag. Sustain Dev. 4 (2), 133-148. https://doi.org/
10.1108/JCHMSD-05-2012-0016.

Blundo, Settembre, Davide, Anna Maria Ferrari, , Alfonso Fernandez del Hoyo,
Riccardi, Maria Pia, Fernando, E., Muina, Garcia, 2018. Improving sustainable
cultural heritage restoration work through life cycle assessment based model. J. Cult.
Herit. 32, 221-231. https://doi.org/10.1016/j.culher.2018.01.008.

Boersma, Foekje, 2016. Preventive conservation - more than dusting objects? An
overview of the development of the preventive conservation profession. J. Inst.
Conserv. 39 (1), 3-17. https://doi.org/10.1080/19455224.2015.1136463.

Brunelli, Andrea, Calgaro, Loris, Elena, Semenzin, Cazzagon, Virginia, Giubilato, Elisa,
Marcomini, Antonio, Badetti, Elena, 2021. Leaching of nanoparticles from nano-
enabled products for the protection of cultural heritage surfaces: a review. Environ.
Sci. Eur. 33 (48) https://doi.org/10.1186/512302-021-00493-z.

Caldeira, R. Farcal, Moretti, C., Mancini, L., Rauscher, H., Rasmussen, K., Riego, J.,
Sala, S., 2022a. Safe and sustainable chemicals by design chemicals and materials.
Framework for the Definition of Criteria and Evaluation Procedure for Chemicals
and Materials.

Caldeira, R. Farcal, Moretti, C., Mancini, L., Rauscher, H., Rasmussen, K., Riego, J.,
Sala, S., 2022b. Safe and sustainable chemicals by design chemicals and materials.
Review of Safety and Sustainability Dimensions, Aspects, Methods, Indicators, and
Tools.

Di Turo, Francesca, Medeghini, Laura, 2021. How green possibilities can help in a future
sustainable conservation of cultural heritage in europe. Sustainability 13 (7), 1-14.
https://doi.org/10.3390/su13073609.

D’Agostino, Vanessa, Alfano, Francesca Romana D’Ambrosio, Palella, Boris Igor,
Riccio, Giuseppe, 2015. The museum environment: a protocol for evaluation of



M. Menegaldo et al.

microclimatic conditions. Energy Build. 95, 124-129. https://doi.org/10.1016/j.
enbuild.2014.11.009.

Ekvall, Tomas, Azapagic, Adisa, Finnveden, Goran, Rydberg, Tomas, Weidema, Bo P.,
Zamagni, Alessandra, 2016. Attributional and consequential LCA in the ILCD
handbook. Int. J. Life Cycle Assess. 21 (3), 293-296. https://doi.org/10.1007/
s11367-015-1026-0.

European Commission, 2021. Pathway to a Healthy Planet for All. EU Action Plan:
‘Towards Zero Pollution for Air, Water and Soil.”” COM, 2021, p. 400. Final 22.

Franzoni, Elisa, Volpi, Lucrezia, Bonoli, Alessandra, Spinelli, Rosangela,

Gabrielli, Rossana, 2018. The environmental impact of cleaning materials and
technologies in heritage buildings conservation. Energy Build. 165, 92-105. https://
doi.org/10.1016/j.enbuild.2018.01.051.

Gawade, Dinesh R., Ziemann, Steffen, Kumar, Sanjeev, Iacopino, Daniela,

Belcastro, Marco, Alfieri, Davide, Schuhmann, Katharina, Anders, Manfred,
Pigeon, Melusine, Barton, John, O’flynn, Brendan, Buckley, John L., 2021. A smart
archive box for museum artifact monitoring using battery-less temperature and
humidity sensing. Sensors 21 (14). https://doi.org/10.3390/521144903.

Huijbregts, Mark A.J., Steinmann, Zoran J.N., Elshout, Pieter M.F., Stam, Gea,
Verones, Francesca, Vieira, Marisa, Zijp, Michiel, Hollander, Anne, van
Zelm, Rosalie, 2017. ReCiPe2016: a harmonised life cycle impact assessment method
at midpoint and endpoint level. Int. J. Life Cycle Assess. 22 (2), 138-147. https://
doi.org/10.1007/s11367-016-1246-y.

Hunkeler, David, Lichtenvort, Kerstin, Rebitzer, Gerald, 2008. Environmental Life Cycle
Costing. SETAC. Webster, New York, USA.

ICCROM, 2022. Iccrom - international Centre for the study of the preservation and
restoration of cultural property. Preventive Conservation. Retrieved. https://www.
iccrom.org/section/preventiveconservation.

ISO 14040, 2021. Environmental Management - Life Cycle Assessment - Principles and
Framework. ISO 14040:2021.

ISO 14044, 2021. Environmental Management - Life Cycle Assessment - Requirements
and Guidelines ISO 14044:2021.

Khorassani, Mohaddes, Sara, Anna Maria Ferrari, Pini, Martina, , Davide Settembre
Blundo, Fernando Enrique Garcia Muina, Francisco Garcia, José, 2019.
Environmental and social impact assessment of cultural heritage restoration and its
application to the uncastillo fortress. Int. J. Life Cycle Assess. 24 (7), 1297-1318.
https://doi.org/10.1007/511367-018-1493-1.

Knauer, Thorsten, Moslang, Katja, 2018. The adoption and benefits of life cycle costing.
J. Account. Organ. Change 14 (2), 188-215. https://doi.org/10.1108/JAOC-04-
2016-0027.

Lucchi, Elena, 2018. Review of preventive conservation in museum buildings. J. Cult.
Herit. 29, 180-193. https://doi.org/10.1016/j.culher.2017.09.003.

Neugebauer, Sabrina, Forin, Silvia, Finkbeiner, Matthias, 2016. From life cycle costing to
economic life cycle assessment-introducing an economic impact pathway.
Sustainability 8 (5), 1-23. https://doi.org/10.3390/5u8050428.

Cleaner Environmental Systems 9 (2023) 100124

Nizam Nurul Umairah, M., Hanafiah, Marlia M., Kok, Sin Woon, 2021. A content review
of life cycle assessment of nanomaterials: current practices, challenges, and future
prospects. Nanomaterials 11 (12), 1-27. https://doi.org/10.3390/nano11123324.

Jan-Markus, Rodger, Kjer, Louise Laumann, Pagoropoulos, Aris, 2017. Life cycle costing:
an introduction. Life Cycle Assessment 373-399. https://doi.org/10.1007/978-3-
319-56475-3_15.

Salieri, Beatrice, Turner, David A., Nowack, Bernd, Hischier, Roland, 2018. Life cycle
assessment of manufactured nanomaterials: where are we? Nanolmpact 10,
108-120. https://doi.org/10.1016/j.impact.2017.12.003. December 2017.

Salieri, Beatrice, Hischier, Roland, Quik, Joris T.K., Jolliet, Olivier, 2019. Fate modelling
of nanoparticle releases in LCA: an integrative approach towards ‘USEtox4Nano.

J. Clean. Prod. 206, 701-712. https://doi.org/10.1016/j.jclepro.2018.09.187.

Sanchez, Sarah A., Nunberg, Sarah, Cnossen, Kris, Eckelman, Matthew J., 2023. Life
cycle assessment of anoxic treatments for cultural heritage preservation. Resour.
Conserv. Recycl. 190 (November 2022), 106825 https://doi.org/10.1016/j.
resconrec.2022.106825.

Semenzin, Elena, Elisa Giubilato, Elena Badetti, Marco Picone, Volpi
Ghirardini, Annamaria, Hristozov, Danail, Brunelli, Andrea, Antonio, Marcomini,
2019. Guiding the development of sustainable nano-enabled products for the
conservation of works of art: Proposal for a framework implementing the safe by
design concept. Environ. Sci. Pollut. Res. 26 (25) https://doi.org/10.1007/511356-
019-05819-2, 26146-58.

Spielmann, Michael, Bauer, Christian, Dones, Roberto, Villigen Matthias Tuchschmid,
2007. Transport Service, vol. 14. Diibendorf.

Stoycheva, Stella, Zabeo, Alex, Pizzol, Lisa, Hristozov, Danail, 2022. Socio-economic life
cycle-based framework for safe and sustainable design of engineered nanomaterials
and nano-enabled products. Sustainability 14 (9). https://doi.org/10.3390/
sul4095734.

Subramanian, Vrishali, Elena, Semenzin, Hristozov, Danail, Zondervan-van den
Beuken, Esther, Linkov, Igor, Marcomini, Antonio, 2015. Review of decision analytic
tools for sustainable nanotechnology. Environment Systems and Decisions 35 (1),
29-41. https://doi.org/10.1007/5s10669-015-9541-x.

Toniolo, Sara, , Roberta Chiara Tosato, Gambaro, Fabio, Ren, Jingzheng, 2020. Life Cycle
Thinking Tools: Life Cycle Assessment, Life Cycle Costing and Social Life Cycle
Assessment.” Life Cycle Sustainability Assessment For Decision-Making: Methodologies
And Case Studies, pp. 39-56. https://doi.org/10.1016/B978-0-12-818355-7.00003-
8.

Turk, Janez, , Alenka Mauko Pranji¢, Tomasin, Patrizia, Skrlep, Luka, Antelo, José,
Favaro, Monica, , Andrijana Sever Skapin, Bernardi, Adriana, Ranogajec, Jonjaua,
Chiurato, Matteo, 2017. Environmental performance of three innovative calcium
carbonate-based consolidants used in the field of built cultural heritage. Int. J. Life
Cycle Assess. 22 (9), 1329-1338. https://doi.org/10.1007/s11367-017-1260-8.

Wernet, Gregor, Bauer, Christian, Steubing, Bernhard, Reinhard, Jiirgen, Moreno-
Ruiz, Emilia, Weidema, Bo, 2016. The ecoinvent database version 3 (Part I):
overview and methodology. Int. J. Life Cycle Assess. 21 (9), 1218-1230. https://doi.
org/10.1007/s11367-016-1087-8.



	Environmental and economic sustainability in cultural heritage preventive conservation: LCA and LCC of innovative nanotechn ...
	1 Introduction
	2 Materials and methods
	2.1 Goal and scope definition
	2.1.1 Novel Archive Box
	2.1.1.1 Temperature regulator
	2.1.1.2 Humidity regulator
	2.1.1.3 VOCs adsorbent
	2.1.1.4 Sensor transponder


	2.2 System boundaries
	2.3 Life cycle inventory
	2.3.1 Life Cycle Assessment (LCA) inventory
	2.3.2 Life Cycle Costing (LCC) inventory

	2.4 Life cycle impact assessment

	3 Results and discussion
	3.1 Life Cycle Assessment (LCA) results
	3.1.1 Sensitivity analysis

	3.2 Life Cycle Costing (LCC) results

	4 Discussion
	5 Conclusions
	Declaration of competing interest
	Data availability
	Acknowledgments
	Appendix A Supplementary data
	References


