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ABSTRACT

Critical materials are essential to the glob
environmental, and market pressures.
ranging from lithium, cobalt, and ni

y ce supply risks from geopolitical,
cand/nion identifies 34 critical materials,
teri@@to rare earth elements for magnets, and

modular constructio
can improve both r

iticality of their materials. This study addresses that gap by applying
ficators to a case study: the ZEROENERGYMOD project module,

without compromising function. The structural frame and internal partitions
contributed 72 % of total thermodynamic rarity, largely due to nickel in stainless steel.
Photovoltaic modules and hydrogen systems, though lighter in mass, showed elevated rarity
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from tellurium, platinum, and iridium. Hydrogen storage offered higher energy density
(MJ/kWh) than lithium iron phosphate batteries under the studied conditions.

Replacing stainless steel with coated carbon steel where feasible, favouring wind over
photovoltaics in suitable contexts, and developing alternative photovoltaic technologies can
reduce critical material use without compromising function. These strategies demonstrate how
thermodynamic rarity metrics can be integrated into sustainable module design to address
multiple Sustainable Development Goals.

KEYWORDS

Ecodesign; Critical Raw Materials; Circular Economy; Sustainability; Recycla eSqurce
efficiency; Renewables.

INTRODUCTION

The sustainable use of essential material resources is an Jmgrod 8lobal priority as
technology-intensive sectors such as large-scale data infr S ic mobility, and
renewable energy systems expand worldwide. This fac jously researched by
several studies. The environmental impacts of raw ma ption across industries,
highlighting the urgency of improving resource ef] ; The supply risks for strategic
minerals, linking them to geopolitical dependencié ce volatility [2]; The material flows
in renewable energy technologies, identifyin ; lated to critical elements [3]; The

lifecycle impacts of high-tech product
interventions to reduce material intensity; tor-specific efficiency strategies and
tracking global trends in resource d g [6] or quantifying the vulnerability of
renewable energy technologies to crifical raw magrial supply chain disruptions [7].

Materials essential to the econ
materials. From the perspe
published by the Europé
presented. The lates 1S
materials for Europe

osgsupply may be at some risk are known as critical
e state of the art related to critical materials, the reports
Pn stand out. Since 2010, five updates have been
n 2023 and included up to 34 critical and strategic

The main concl§§
materials cqQ

an be drawn from this report is that the dependence on critical
, as evidenced by the increase in the list of critical materials from
4. The current list highlights the presence of light rare earth elements
are earth elements (HREESs), semiconductors and electronic components

r, Nb, Sc, Ti, V, W), and materials for battery construction (Co, Mn, Li).
otable, and concerning that, this list includes elements as basic and fundamental
my as copper, nickel, magnesium, and aluminium.

The concentration of the production of these materials in a limited number of countries and
potential changes in foreign policy increases the risk of sudden interruptions and, therefore,
strategic exposure. To address this vulnerability, it is evident that circular economy measures
need to be promoted to encourage the efficient use of critical materials. In this regard, it is
essential to note that although circular economy policies have been developed for several years,
much remains to be done as the functional recycling rates for most critical metals are still
practically non-existent [9].



For all the reasons mentioned above, it can be asserted that technologies increasingly require a
greater diversity of materials for their manufacturing, many of which are scarce at a geological
level. Furthermore, despite being abundant, many materials have such high demand, low
recyclability, and concentrated supply in a few regions that they are equally considered critical

[51, [10].

Many studies have analysed the dependence of various technologies on critical materials.
Notable among them are those focused on technologies necessary for the carbon-free energy
transition, such as renewable energies and electric mobility.

there is a lack of systematic analysis addressing the criticality of m
self-sufficient habitable modules — a gap this work seeks to fil

benefits of eco-design interventions,
showing both environmental and str. ¥ Popescu et al [18] emerging sustainable
materials and advanced recyclin complement eco-design strategies, further
reducing environmental impa gicalily. These principles are directly applicable to
modular construction, wher

modules based on containers. This studyses the

perspective, applied
i ach [19], which is used for the first time in an energy-self-

thermodynamic rg
sufficient habital
aiming to e [QNCe equipment to be more environmentally sustainable and resilient
to Europe's @ependciie critical materials. This research aligns directly with United Nations
ent Goal 7 (Affordable and Clean Energy), Goal 9 (Industry, Innovation
nd Goal 12 (Responsible Consumption and Production), by proposing
, self-sufficient modular designs that reduce reliance on critical resources
ging performance.

an
ate
o
Appl ermodynamic rarity indicators to guide material selection can significantly reduce
reliance on scarce resources without compromising technical performance. This will serve to
response the following questions: Which subsystems contribute most to overall material
criticality in the studied module?; How do alternative energy storage technologies affect
thermodynamic rarity outcomes? And Which eco-design measures can be implemented to
lower critical material use while maintaining functionality and aligning with relevant United
Nations Sustainable Development Goals?
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CASE STUDY DESCRIPTION

The case study is the demonstrator built as part of the ZEROENERGYMOD project financed
by the LIFE program [20]. In this project, a habitable, demountable and modular module has
been designed and built from 20-foot containers. Figure 1 presents the floor view of the module.

/ \: - Entrance

——— .l

E—‘ ot Ii J

i { l ,,,,, :

Pt = = = = = R g
T |
==

: (2B || /P u 1 I ‘:
I gt ' .

Figure 1: Floor view of ZE WD demonstrator
The module is built from the union of S O feet each one. This configuration
offers a total useful surface area of 70 i m? are rooms, 14,4 m? is the facilities
2 .

g gystem using solar photovoltaic modules (5,4 kWp) and small
. hu Agddition, lithium-ion batteries (LiFePOs with 14,4 kWh) and a
ti8g, stgfage and use system are available for energy storage. It is also

Olled mechanical ventilation system provides air conditioning with
ered by aerothermal energy.

it has its own po
wind turbine (3
hydrogen €

e noted that the module requires 90% less energy than existing modules,
igh level of thermal insulation of Passivhaus standards. It is self-sufficient, as

of the enlCrgy systems.
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rmy facilities in
, and adjustments
oved to the Spanish
conditions will also be

ﬁu‘rent state of ZEROENERGYMOD in its location in Zaragoza (Spaln)

1 to point out that the application of the module is valid beyond the defence sector.
m is helpful for any need where it is necessary to install a fast, energy-efficient
housing solution. Therefore, schools, temporary hospitals or housing in areas affected by
natural disasters are perfect applications for this construction solution.

MATERIALS AND METHODS

Their material composition is first assessed to calculate the criticality of the components. In
this sense, the metals used in the main components of the habitable module are analysed. The
analysis excludes plastics, polymers or fibres that may be used in construction elements.
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Given that the objective is to analyse the criticality of the singular components of
ZEROENERGYMOD in order to propose eco-design measures, the following components are
considered as study components: Solar photovoltaic installation; Small wind turbine; Batteries,
Fuel cell; Electrolyser; Self-supporting structure and Internal partitions.

The selection of these elements is based on the fact that they have been identified as emerging
technologies by the European Commission, and at the same time, their future development may
be conditioned by the sufficiency of material resources [21]. On the other hand, construction
materials like sandwich panels used in the structure are analysed due to their high contribution
to the total weight of the module.

The methodology was designed to align with SDG 7, SDG 9, and SDG 124 1fying
material efficiency in off-grid renewable systems, comparing alternative age
technologies, and identifying eco-design measures to reduce critical raw ihdepeilidence.
This alignment ensures that the assessment framework directly address drgets for
clean energy, sustainable industry, and responsible consumption.

Thermodynamics as a tool for measuring resource efficie

plex product based
5, S as Rare Earth Elements
(REE), semiconductors, or alloying elements. To adg S&ssue, an alternative method was
proposed grounded in the second law of the i & the concept of exergy. This
method introduces an indicator known as t rarity (or simply rarity), which

assigns a physical value to minerals based g@Mneters: (1) their relative abundance
in nature and (2) the net energy require ine them

By applying this indicator, valuable nictals likeWgose n the platinum group or refractory metals
are found to be orders of magn rer tign cOmmon metals like iron or aluminum. This
indicator is purely based on t erties of the commodity, making it universal,

It’s essential to first di Nhaffetgl P¥0duction to understand how rarity is calculated. The
primary production o 1
and the physical

are captured through thermodynamic rarity: the exergy cost (kJ) required
ine minerals and the natural advantage provided by concentrated mineral
ed exergy replacement costs. Both the "cradle to gate" and "grave to cradle"
are vital, as the former emphasises efficiency—indicating that reducing embodied
exergies can lead to cost-effectiveness—while the latter highlights conservation by advocating
for preserving valuable and scarce minerals through exergy replacement costs.

Thermodynamic rarity is calculated as the sum of exergy replacement costs and embodied
exergy costs (see Figure 4). Assuming no technological changes, rarity remains constant.
Historically, mineral deposits were abundant and highly concentrated (resulting in high natural
bonuses and low exergy replacement costs), making mining and beneficiation relatively easy
with low embodied exergy costs. However, as the most accessible resources have been



exploited, the industry now faces the challenge of mining lower-grade ores, requiring more
profound and, consequently, more energy-intensive efforts (thus decreasing the natural bonus
and increasing embodied exergies). In some instances, technological advancements can
partially mitigate the effects of declining ore grades [24]. Thermodynamic rarity, therefore,
represents the exergy resources required to obtain a mineral commodity from ordinary rock
using current technology.

Exergy Cost (kWh)
¢ Thanatia
[ 3
Landfills
Nal\.mll__=
Thermod. Bonus
Rarity -
Mine
Minets | Post-beneficiation
marilft;ost*l \ /
=0 X Xg %=1

Ore grade

Figure 4: Thermodynamic r
given mineral commodity

ntsihe exergy cost (kWh) needed for producing a
market, i.e., from Thanatia to the mine and then
ource Valero and Valero [19]

Rarity measures in ef€ _ the impact of using those raw materials in any application,
considering the gpam al*ores in the earth and mining and beneficiation energies.
Thermodynamic al0gs for the 24 metals analysed in this study are included in Appendix

iency has been tested with other products such us laptops, smartphones or
[26], [27].

Identification of the most critical components and eco-design proposals

To apply this thermodynamic approach, it was necessary to calculate the criticality of the main
components, such as solar installation, fuel cell, or module envelopes. The criticality is
calculated by using the thermodynamic rarity [kJ].To assess the thermodynamic rarity of each
component, it is necessary to have the metal composition for each one. To do it, a table (see
Table 1) was built in which the quantity of each studied metal for each component is
represented.



Table 1: Example of the table to make the thermodynamic assessment

Metal 1 e Metal n

Component 1

Component n

Data from the metal composition of each component come from manufacturers'
by reviewing scientific literature. Once this table is built, the thermodynamic rarit

metal. In equation 1 is presented the method. Where A is a component, 1 is
Rarity is expressed in kJ/gr and 1 is the studied metal.

Rarity (A) = Yi=; m(i) - Rarity (i)
Eco-design measures are proposed Based on identifying the m
metals responsible for this criticality.
RESULTS

The results are presented below, organized by se
material composition, the first section includ
criticality assessment based on the thermo
proposals.

Main components of the module a eta

The study components of the mogdftleqre listgd in‘table 2.

he main studied components

Quantity
glar pv modules. Monocrystalline. Pmax 12 units
 turbMg N, Output AC. 3000 W. 1 unit
LiFePO4. Capacity 3,6 kWh/ud. 4 units
H: production 1,07 kg/24 h. H2 production 1 unit
at 35 bar max.
DC voltage 48 V. Power 2500 W. Fuel cell 1 unit
type PEMFC.
Sandwich panel:
Out face (Stainless steel with 2 mm of
Self-supporting thickness) 94.08 m?2
structure Inner face (Painted steel with 2 mm of ’
thickness).

Internal insulation with high density wool.
Sandwich panel:

Internal partitions Faces (Painted steel with 2 mm of 14,4 m?
thickness).
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Internal insulation with PUR.

From this table, using both manufacturer’s data sheets and scientific literature, the list of the main
materials for each component was compiled (see Table 3). For each component metals are ordered
by their mass contribution.

Table 3: Metal composition of each component

Component Metal Mass (kg)
Fe 1.930,2064
. Cr 423,0589 {
Self-supporting structure Mn 52,8824 manufg
Ni 237,9707

Fe 2.746,1489

Internal partitions Mn 53,3505 urer datasheet
Mo
Cu
Sn
Ag .
Mg metal composfugn for
Solar PV installation cd monocrystalline
modules according to
[5]
1 0,0059
a 0,0005
8,1000
1 2,5200 adapted from metal
Small wind tur Fe' 0,5160 composition to wind
Ni 0,3330 turbines from [5]
Nd 0,1828
Dy 0,0146
Fe 11,5200
Batfeg P 5,7600 [28]
Li 1,4400
Zr 0,2800
Ni 0,0800 [29]
Fuel cell Y 0.0800
Pt 0,0028
Ti 1,5840
Al 0,0810 [30]
Electrolyzer Ir 0.0023
Pt 0,0015
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It must be noted that except for iron, all metals included are considered critical or strategic by the

European Commission [7].

Criticality assessment

From the metallic composition of each component and using the thermodynamic rarity values of each metal, the criticality of each
component and the contribution of each metal to that value is calculated. Table 4 compares the contribution of each metal to the
mass and the thermodynamic rarity of each component. Table 4: comparison between the contribution of the

mass and the thermodynamic rarity of each metal

Component Metal Mass (kg) 1\(/{)Zs)s Thﬁ;ﬁ:;{;ﬁl;m T mgdynamic
Fe 1.930,2064 73,00% 61.766,6058
Self-supporting Cr 423,0589 16,00% 17.303,1 @5
structure Mn 52,8824 2,00%
Ni 237,9707 9,00% 68.,50%
Fe 2.746,1489 97,80% 87,29%
Internal partitions Mn 53,3505 1,90% 3,87%
Mo 8,4238 7 8,84%
Cu 22,5585 8,12%
Sn 2,8080 1,31%
Ag 0,7182 418,5534 6,63%
M 0,2889 42,1014 0,04%
Solar PV Cdg 0,0329 212,1468 0,22%
installation
Te 0,0 71.701,1395 74,10%
In 8.843,2074 9,14%
Ni 0,02% 4,5025 0,00%
Ga 0,00% 407,6071 0,42%
Cu 69,43% 2.822,0400 57,72%
Al 21,60% 1.665,7200 34,07%
Small wind turbine ke 4,42% 16,5120 0,34%
0,3330 2,85% 252,4140 5,16%
0,1828 1,57% 122,4492 2,50%
0,0146 0,12% 9,7686 0,20%
11,5200 61,54% 368,6400 20,72%
Batteri 5,7600 30,77% 2,0160 0,11%
i 1,4400 7,69% 1.408,3200 79,16%
0,2800 63,23% 567,2604 6,47%
Fuel cell 0,0800 18,07% 60,6400 0,69%
Y 0,0800 18,07% 108,5600 1,24%
Pt 0,0028 0,63% 8.036,0367 91,60%
Ti 1,5840 94,92% 321,7421 2,89%
Electrolyzer Al 0,0810 4,85% 53,5410 0,48%
Ir 0,0023 0,13% 6.457,5295 57,98%
Pt 0,0015 0,09% 4.305,0196 38,65%
10

Journal of Sustainable Development Indicators



In the case of the self-supporting structure, it can be seen that although Fe contributes 73 %
of the mass in terms of thermodynamic rarity, the most critical metal is Ni with a contribution
of 68,5 %. In the internal partitions, it is also significant to analyse how Mo, whose
contribution to the mass is only 0,3 %, accounts for 8,84 % of the Rarity.

From the perspective of energy generation systems, it is worth noting that in the case of PV
panels, despite being a metal with a very low mass contribution (0,1%), Te accounts for 74,10%
of the Rarity.

Regarding the battery, it is also remarkable that the Li accounts for 79,16 % of
although its mass contribution is only 7,69 %.

Finally, the high criticality of platinum group metals in hydrogen systems has
the fuel cell case, Pt accounts for 91,6 % of the Rarity, while in the case
Pt account for 96,65 %.

To have an overview of the criticality of each component analysed
the value of the thermodynamic rarity of each one of them and
terms to the total value.

percentage

Table 5: Comparison between the contribution to the tot,
each of the studied compo

jc modulus rarity of

Thermody rity NThermodynamic Rarity

Component (%)
Self-supporting structure 54,03%
Internal partitions 20,66%
Solar PV installation ) 19,86%
Small wind turbine 838,90 1,00%
Batteries 778,98 0,37%
Fuel cell 8.772,50 1,80%
Electrolyzer 11.137,83 2,29%
Total 487.317,4735 100,00%

It is observed th al component is the external enclosures. In this regard, it is

important to M made of stainless steel to withstand extreme weather conditions,
which is w h demand for Ni. On the other hand, it is significant that the solar
installati 1 9,86% to thermodynamic rarity, a value resulting from its demand for
metalSgg odynamic rarity, such as Te or In. Finally, even though H> generation
and s require metals with high thermodynamic rarity, such as Pt or Ir, the small

ntit anded mean that the contribution of these systems to the entire habitable module

Finally, a comparison is made between the final value of the analysed systems' thermodynamic
rarity and the module's estimated energy consumption. In this regard, it is worth noting that the
module is built to Passive House standards, meaning its maximum annual energy consumption
is 120 kWh/year [31]. Considering the total area of the module (71 m?) and comparing it to the
thermodynamic rarity (135.365 kWh), it can be stated that at least 15 years of operation are
needed for the module's energy consumption to exceed the thermodynamic rarity of the studied
components.



Ecodesign proposals

Based on the obtained results, the following eco-design recommendations can be formulated
for future units:

o In terms of construction materials, Ni (Nickel) has a very high impact on rarity. This is
due to the use of stainless steel to operate in adverse climatic environments. However,
it is recommended that for less demanding locations of the module, painted steel should
be used instead. When comparing the stainless steel panel with the painted 1 panel,
it is observed that the former has a thermodynamic rarity value of 99,55 hile
the latter is 35,85 MJ/kg.

o Regarding the use of batteries, the use of LiFePO4 batteries ensureg
the overall rarity is not very significant. This is highly important & 1 Nath
of batteries, such as NMC333 (0,10 kg/kWh Li; 0,40 kg/k Whe#i h Mn; and
0,40 kg/kWh Co), had been used, the thermodynamic rarity W@ th i
have multiplied by 39.

o If battery storage system is compared with H> pr
can also be drawn. In this case the module is equip th a%0,7 kg H» storage system
at different pressure levels. On the other hag@™gas LiFePOyq batteries with a total
capacity of 14,4 kWh. Considering a fu cncy £ 60 % it can be stated that in

d system, conclusions

the H> system has a storage capacit ompared to the 14,4 kWh of the
cd energy for each system we have
,4 MJ/kWh compared to 93 MJ/kWh

Olar PV has a rarity of 17.918 MJ/kW, while small-
W. This represents an 11 times greater impact per unit

dy should be expanded to consider the productivity of each
location to assess which is more cost-effective in terms of
. In this regard, it is also recommended to evaluate other

acial over crystalline silicon. On the other hand, and from the perspective of
the power generation systems, it is recommended that in case of doing so,
ind part should be oversized.

DISC ON

The thermodynamic rarity assessment applied to the ZEROENERGYMOD module offers new
insights into material efficiency strategies for modular, energy-self-sufficient construction. The
results confirm that the structural frame and internal partitions are the primary contributors to
system-level rarity, driven largely by nickel content in stainless steel.

In renewable generation subsystems, our finding of higher rarity intensity for the photovoltaic
array compared with the small wind turbine is coherent with CRM-focused studies that identify



Te, In, and Ag in PV metallisation as persistent criticality drivers, while wind systems
concentrate their rarity in copper, aluminium, and rare-earth magnets. Where wind resources
are favourable, prioritising small-scale wind generation can improve resource efficiency; for
PV, the most effective levers lie in silver-thrift strategies, substitution of critical
semiconductors, and improved end-of-life recovery — measures also identified in recent
technology-specific eco-innovation reviews.

For storage technologies, the case-specific outcome that compressed hydrogen exhlblts lower
rarity per kWh than LiFePOs batteries aligns with CRM analyses that note the
fractions of Li and, in some chemistries, Ni and Co in batteries, versus the low P
in fuel cells and electrolysers.

indicator does not address toxicity, socio-economic risks, or carbon e

complement, rather than replace, LCA or social-LCA approaches. Res
product-specific parameters such as alloy composition, catalyst lo
and the rarity values used are static, potentially decreasing ov
improve. Non-metallic materials were excluded from calcul
the benefits of substitution strategies involving composite

tive to
y under-estimate

CONCLUSIONS

The dependence of new technologies on critical
renewable technologies, electric mobility, digi
certain materials.

t. The exponential growth of
drogen is increasing the demand on

re Carefully studied during the design phase. In
this sense, it has been demon ying the concept of thermodynamic rarity has

responsible.

This work applied,
container-based,

1me, a thermodynamic rarity-based assessment to a
ient habitable module designed for defence applications.

rioritising wind generation over photovoltaics in suitable contexts, and advancing
photovoltaic technologies with reduced critical element content could significantly lower
reliance on scarce resources without compromising functional performance.

These eco-design strategies contribute directly to United Nations Sustainable Development
Goal 7 (Affordable and Clean Energy) by enabling cleaner, autonomous energy systems; to
Goal 9 (Industry, Innovation and Infrastructure) by fostering innovative design and materials
solutions; and to Goal 12 (Responsible Consumption and Production) by promoting efficient,
responsible use of critical materials.



The methodological framework developed here offers a replicable pathway for integrating
thermodynamic rarity metrics into sustainable modular construction, applicable to both defence
and civilian contexts. Future work should expand rarity databases, refine material substitution
options, and conduct pilot implementations with industry partners to accelerate the adoption of
these strategies in real-world production.
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A+B

A - Embodied B- Exergy Replacement Thermodynamic Rarity

Exergy Cost
Ag 1.566,00 7.371,00 8.937,00
Al 34,40 627,24 661,64
Cd 542,40 5.898,00 6.440,40
Cr 36,40 4,50 40,90
Cu 56,70 291,70 348,40
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Dy 384,00 348,00 732,00
Fe 14,10 17,75 31,85

Ga 610.000,00 144.828,00 754.828,00
In 3.320,00 360.598,00 363.918,00
Ir 2.870.013,09 2.870.013,09
Li 432,00 546,00 978,00
Mg 0,00 145,73 145.73
Mn 57,00 16,00

Mo 148,00 908,00

Nd 592,00 78,00

Ni 234,00 524,00 Q S,

P 0,35

Pd 2.870.013,09 .870.013,09
Pt 2.870.013,09 2.870.013,09
Sn 26,60 452,95
Te 589.405,30 2.825.104,30
Ti 196,45 203,12

Y 1.198,00 1.357,00
Zr 1.371,50 2.025,93
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