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ABSTRACT

University laboratories are essential for engineering education but often require significant resources in terms of energy, equipment, and
space. This paper presents a comparative Life Cycle Assessment of two models: a traditional measurement laboratory with 20 physical
workstations and an immersive digital twin-based laboratory (IM-MetalLAB) supported by one high-performance workstation and 20 virtual
reality headsets. The study extends the Life Cycle Assessment framework to the triple bottom line, jointly addressing environmental,
economic, and social dimensions.

Results highlight substantial advantages of the immersive model. Energy demand decreases from 18,000 to 7,000 kW h/year, with associated
emissions reduced by more than 60 %. Over a seven-year horizon, electronic waste is reduced from 500-600 kg to about 200 kg. Economically,
capital expenditures drop from approximately 100,000 € to 25,000 €, while annual operating costs fall from 17,000 € to 5,000 €, yielding a
per-student exercise cost four times lower. Socially, immersive access enables remote 24/7 participation, improves completion rates (70 %
vs 56 %) and average grades (27.4/30 vs. 25/30), and eliminates commuting emissions (=~ 24 tCO, /year for 40 students).

The immersive laboratory thus proves to be a sustainable, cost-effective, and pedagogically effective alternative to the traditional activities,
showing how digital twin and virtual reality technologies can support both innovation in teaching and institutional sustainability goals.
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1. INTRODUCTION urements, this operational space offers the oppor-
tunity to directly interact with instruments such
as signal generators, multimeters, oscilloscopes, and
power supplies, fostering the understanding of phe-
nomena related to electrical quantities and signal
transmission, and thus making the transition from
the conceptual to the applicative level tangible. In
the measurement laboratory, through experimental
activity, the student faces real problems that theory

The educational laboratory has always represented
a cornerstone in the university training of technical-
scientific disciplines. Since the beginning of mod-
ern engineering courses, experimental activity has
been considered essential to strengthen theoretical
knowledge. It translates concepts into practical skills
by exposing students to real-world measurement is-
sues [1]. In the field of electrical and electronic meas-
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alone cannot fully convey: background noise, meas-
urement uncertainty, connection errors, the need for
calibration and adjustment of instruments, and the
management of complex experimental data. It is
within this space that the integral growth charac-
terizing the professional identity of the engineer in
the context of electrical and electronic measurements
takes shape.

However, the traditional model of measurement
laboratories today shows increasing limitations, at-
tributable to three fundamental dimensions: eco-
nomic, environmental, and social. The effects of these
criticalities clearly emerge when considering a typical
measurement laboratory, as shown in the following
example:

- From an economic perspective, setting up a
120 m? classroom with twenty complete work-
stations requires an initial investment exceed-
ing 100,000 € [2], [3], to which annual operating
costs of about 17,000 € for maintenance and peri-
odic replacement of equipment must be added.
This makes the traditional model unsustainable
in the long term.

- From an environmental perspective, the simul-
taneous operation of twenty workstations, to-
gether with air conditioning and lighting, results
in an average consumption of 18,000 kW h/year,
corresponding to about 4.5 t of CO4y [4]. Ad-
ded to this is the generation of waste electrical
and electronic equipment (WEEE), estimated at
500—-600 kg every seven years for a single labor-
atory, in a global context which, in 2019, saw the
generation of 53.6 million tons of WEEE, less
than 20 % of which was correctly recycled [5].

- From a social perspective, the need to physic-
ally attend the facility at predetermined times
limits the flexibility of learning and generates
additional emissions related to commuting. For
a class of 40 students, commuting accounts for
about 24 t of CO5 per year, further aggravating
the overall ecological footprint [6].

Taken together, these elements show how the tra-
ditional laboratory model is no longer adequate in
relation to current needs of economic, environmental,
and social sustainability, making a radical rethinking
of teaching and infrastructural methods necessary.

The use of digital technologies for laboratory teach-
ing is not a recent phenomenon. Since the last dec-
ade of the previous century, remote laboratories have
been used [7] [9], allowing students and teachers to
access real instrumentation located within university
campuses via the Internet [10], [11]. These first ex-
periences achieved some success [12], mainly for the
possibility of making equipment accessible remotely,
but they showed significant limitations: interfaces
were often not very engaging, the experience was
reduced to remote control of physical instruments,
and the collaborative and immersive dimension that
characterizes the in-presence laboratory was entirely
missing [13].

With the spread of virtual reality technologies, a
different perspective has opened: the possibility of
creating immersive three-dimensional environments
in which students could not only interact with sim-

ulated instruments but also move within the space,
collaborate with each other, and reconstruct the so-
cial context of the laboratory [14] [18]. In this scen-
ario, the shift from simple static simulations to true
digital twins marked a radical change. Digital twins
are not mere graphic replicas: they are connected
to real physical devices, with near real-time data
updates, allowing observation and manipulation of
instrument behavior with an unprecedented level of
fidelity [19], [20]. This has enabled a learning experi-
ence that integrates the concreteness of measurement
with the flexibility of the virtual environment.

At the same time, the social and institutional con-
text has also pushed in this direction. The growing
attention to sustainability, understood both as cost
reduction and as environmental impact containment,
has made clear the need for alternatives to the tra-
ditional physical laboratory. A further impulse was
generated by the COVID-19 pandemic [21], which
accelerated the digitalization of teaching and made
the use of solutions capable of ensuring training con-
tinuity at a distance more urgent [22].

The most recent proposals of immersive laborat-
ories are situated in this context, in which virtual
reality, digital twins, and IoT protocols converge in
hybrid environments intertwining the real and the
virtual. An example is the IM-MetaLAB, developed
at the University of Naples Federico II and presented
in [16], which integrates a central workstation, VR
headsets, and digital twins connected to real instru-
mentation, offering a training experience accessible
both in presence and remotely [23], [24].

Beyond possible comparisons between the tradi-
tional physical laboratory and the new immersive
environments—particularly with reference to their
educational effectiveness, i.e., the ability to repro-
duce, integrate, or even surpass the in-presence ex-
perience, and to their inclusive potential, aimed at
broadening access and reducing barriers—the ques-
tion raised by the authors is whether, and to what
extent, the immersive model can be configured as
a more sustainable alternative to the traditional in-
presence laboratory.

To answer this question, the Life Cycle Assessment
(LCA) methodology was adopted, integrated with
the triple bottom line model (planet, profit, people),
which makes it possible to jointly assess environ-
mental, economic, and social impacts throughout the
entire life cycle (ISO 14040/44).

In this perspective, two teaching scenarios were
compared involving either a traditional laboratory
or an immersive metaverse laboratory. The object-
ive is not only to estimate the direct impacts of
each model but also to consider the indirect ones of-
ten overlooked—such as emissions related to student
commuting—in order to identify which solution can
represent a more sustainable path for the future of
engineering education.

2. METHODOLOGY

2.1. The LCA approach

The LCA, as established by ISO 14040 and
14044 standards, is structured into four fundamental
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phases: the goal and scope definition, which clarifies
the purpose of the study, the system boundaries, and
the functional unit; the life cycle inventory (LCI),
which involves collecting data related to input and
output flows (materials, energy, emissions, waste);
the life cycle impact assessment (LCIA), in which
these data are translated into environmental impact
indicators (e.g., climate change, resource consump-
tion, acidification); and finally the interpretation,
which integrates and discusses the results, identi-
fying the critical points and possible improvement
strategies.

Figure 1 summarizes the main life cycle phases con-
sidered in this study, adapted to the specific case of
traditional and immersive laboratories. The scheme
integrates the canonical LCA phases (raw materials,
production, use, end-of-life) with elements peculiar
to the educational context, such as student commut-
ing and the management of WEEE, highlighting the
comparative perspective between the two models.
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Figure 1. The life cycle framework adopted in this study, adapted to the com-
parison between the traditional laboratory and the immersive IM-MetaLAB.
The scheme includes raw materials, production, use and energy consumption,
student commuting, end-of-life, and recycling/new cycle.

Traditionally, LCA was conceived as a tool for en-
vironmental analysis, mainly applied to industrial
products. In recent years, however, the need has
emerged for a broader approach, capable of also in-
cluding the economic and social dimensions of sus-
tainability. One such approach is the triple bottom
line (TBL) model, introduced by Elkington in the
1990s [25], which integrates the three key dimensions
of sustainable development: planet (envi-ronment),
profit (economy), and people (society).

Applying LCA in a TBL perspective therefore
means extending the analysis to a Life Cycle Sus-
tainability Assessment (LCSA) [26], which combines
three complementary tools: LCA for the environ-
mental component, Life Cycle Costing (LCC) for the
economic component, and Social LCA (SLCA) for
the social impacts. This extension is particularly rel-
evant when the object of study is not a product in
the strict sense, but a complex educational service,
as in the case of the university laboratory.

Indeed, the laboratory is not limited to the life
cycle of its infrastructures and equipment, but gen-
erates broader effects: on the environmental level
(energy consumption, electronic waste, direct and
indirect emissions such as those from transport), on
the economic level (investment costs, operation and
maintenance, returns in terms of efficiency and ac-
cessibility), and on the social level (skills develop-
ment, access to education, digital inclusion, impacts
on the academic community).

For these reasons, in the present study, LCA has
been extended according to the TBL approach, so
as to capture more completely and consistently the
peculiar nature of the laboratory at the university,
understood not only as technical infrastructure, but
as an educational and cultural service with multi-
level impacts.

2.2. Objectives and scope

The main objective of this study is the comparison
between two models of university laboratories for
electrical and electronic measurements, in order to
evaluate their overall sustainability according to the
extended approach of LCA integrated with the triple
bottom line. In particular, the following scenarios
are compared:

- Scenario A traditional laboratory, consisting
of 20 physical workstations set up in a 120-m?
classroom;

- Scenario B immersive laboratory (IM-MetaLAB)
[27], based on a central workstation and the use
of 20 VR headsets connected to digital twins.

The system boundaries include not only the tech-
nical and environmental aspects related to the equip-
ment (purchase, useful life, energy consumption, and
generation of WEEE), but also the economic com-
ponents (initial investments and recurring operating
costs) and the social and educational components
(acces-sibility, delivery methods, digital inclusion).
This choice makes it possible to coherently consider
both the direct impacts (energy consumption, equip-
ment maintenance, waste disposal) and the indirect
ones, often overlooked, such as emissions from stu-
dent commuting or barriers linked to physical attend-
ance.

The selection of these two scenarios is motivated by
the fact that they currently represent the most con-
crete and realistic alter-natives available for labor-
atory teaching in the university context: on the one
hand, the consolidated traditional model, on the
other, the emerging immersive paradigm, made pos-
sible by the integration of virtual reality, digital
twins, and Internet of Things (IoT) protocols.

2.3. Functional unit

Within LCA, the functional unit represents the
reference parameter that allows system inputs and
outputs to be related in comparable terms, ensur-
ing consistency and significance in the analysis (ISO
14040/44). The choice of the functional unit is par-
ticularly delicate when the object of study is not a
tangible product, but a complex service, as in the
case of university laboratory teaching.
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In this study, the adopted functional unit is
defined as the training of 40 students in one aca-
demic year, with at least 10 practical exercises. This
definition reflects a standardized educational output,
which does not depend on the technology used (tra-
ditional or immersive), but on the expected learning
outcome, and makes it possible to compare the two
models in relation to the same service provided.

In this way, the environmental, economic, and so-
cial impacts are expressed in terms of the same func-
tional unit, allowing a direct comparison between
heterogeneous scenarios. For example, energy con-
sumption and costs are normalized with respect to
the training of a homogeneous group of students,
while social impacts can be interpreted in terms of
accessibility, completion rate of exercises, and per-
ceived learning quality.

This choice therefore makes it possible to go bey-
ond the mere technical dimension of the laboratory,
anchoring the evaluation to the educational service
actually delivered, which constitutes the ultimate
purpose of the system under analysis.

2.4. Data collection

The data collection was designed to meet the
quality requirements established by ISO 14040/44
(see [26]) in terms of temporal, geographical, and
technological representativeness, completeness, con-
sistency, and transparency. As stated above, all data
were normalized with respect to the functional unit
(training of 40 students in one academic year with
at least 10 exercises), so as to ensure comparabil-
ity between scenarios. When information was not
directly available, a conservative criterion was ad-
opted and the sensitivity of the results to the most
influential assumptions was tested.

The main sources include:

- Manufacturers’ datasheets: they provide primary
foreground data for the traditional scenario
(rated power, masses, useful life), and are used
for energy consumption and WEEE estimation
2], [3].

- Literature on remote and immersive laboratories:
it allows parameterization of annual usage hours,
replacement cycles, and teaching practices, as
well as validation of technological assumptions
7], 9], [10], [12], [14], [19].

- International reports: they provide emission
factors, benchmarks, and contextual data for
environmental characterization and European
comparability [4], [5], [6].

- VR headset specifications: they provide primary
data for the immersive scenario (average con-
sumption, mass, lifetime), used in the LCI for
consumption and end-of-life flows [28].

- Energy studies on data centers and networking:
they estimate the indirect overhead of computing
and networking associated with the use of cloud
services and digital twins, included in the LCI
as a specific additional contribution [29].

Datasheets and specifications cover the direct flows
of the devices, international reports provide the char-
acterization factors and benchmarks, scientific lit-
erature anchors the scenarios to realistic teaching

practices, while studies on data centers include the
indirect impacts of the immersive architecture. This
framework ensures source traceability, scenario com-
parability, and interpretative robustness across the
three dimensions of the triple bottom line.

3. LIFE CYCLE INVENTORY

The Life Cycle Inventory (LCI) phase represents
the quantitative core of the LCA analysis. In this
phase, data are collected and systematized concern-
ing all input resources (materials, energy, equipment)
and output flows (waste, emissions, costs) along the
entire life cycle, always referred to the defined func-
tional unit. The objective is to build a solid and
transparent basis of values that allows, in the sub-
sequent phase, the impact assessment (LCIA).

As stated above, two scenarios, related to tradi-
tional and immersive laboratories, are analyzed in
the following; for each scenario, the technical charac-
teristics and investment costs, the estimated energy
consumption, and the generation of electronic waste
(WEEE) at end-of-life are considered and described.

3.1. Scenario A — Traditional Laboratory
3.1.1. Instrumentation and investment costs
Each workstation is equipped with a set of funda-
mental instruments for electronic measurements:
- oscilloscope (= 90 W, unit cost 2000 €),
- function generator (= 50 W, unit cost 1500 €),
- bench power supply (= 60 W, unit cost 500 €),
- digital multimeter (= 5W, unit cost 200 €).
Figure 2 provides a visual overview of the tradi-
tional measurements laboratory: (a—b) students at
the bench during oscilloscope-based activities; (c)
lab layout.
The total cost of a single workstation is therefore:

Coorkstation = (2000 + 1500 + 500 + 200) € ~ 4200 €.

Multiplied by twenty workstations, the total cost
of the instrumentation alone amounts to approxim-
ately:

Cinstrumentation = 20 X 4200 € ~ 84,000 €.

Ancillary setup costs (laboratory benches, cabling,
safety accessories, and shared instruments) must be
added to this amount, which account for an addi-
tional 15-20 %. This leads to a total value close to
100,000 , which represents the typical initial invest-
ment for such a laboratory (Table 1). The average
useful life of the equipment is about 7 years, in line
with what is reported in the literature.

3.1.2. Energy consumption
The total power absorbed by a single workstation
is:

Porkstation = (90 + 50 + 60 + 5) W ~ 205 W.
For twenty workstations, the value is:
Pinstruments =20x 205W = 4.1kW.

To this power demand, the requirements for the
heating, ventilation, and air conditioning (HVAC),
as well as the lighting of a 120-m? classroom must
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Figure 2. Traditional measurements laboratory: (a) students at the bench; (b)
oscilloscope-based activity; (c) lab layout.

also be added, which is estimated to be around 6 kW.
The total required power is therefore:

Ptotal = Pinstruments + PHVAC ~ 10 kW.

Considering an average use of 750 hours/year, the
theoretical energy consumption is:

E = Pyota1 Xt = 10kW X 750 h/year = 7500 kW h/year.

Under intensive use conditions, the actual demand
rises to 15,000-20,000 kW h/year, reflecting longer
exercise cycles and multiple student shifts [30] (Table
2).

3.1.3. Electronic waste (WEEE)
The average weight of a single workstation at end-

of-life is about 44 kg, resulting in a theoretical total
of:

Mol = 20 X 44 kg = 880 kg,

However, considering partial replacement and
gradual decommissioning of equipment, the actual
flow of WEEE generated amounts to 500-600 kg every
7 years (Table 3).

The traditional scenario is,thus, characterized by a
high initial investment, substantial energy consump-
tion including both equipment and auxiliary services,

and a significant generation of electronic waste at
end-of-life.

3.2. Scenario B — Immersive Laboratory (IM-MetalLAB)

Figure 3 provides a visual overview of the IM-
MetaLLAB immersive laboratory: (a) overall immers-
ive scenario; (b) instrument bench in the virtual
environment; (¢) interaction with the digital multi-
meter.

(c)

Figure 3. IM-MetalLAB immersive laboratory: (a) overall immersive scenario;
(b) instrument bench in the virtual environment; (c) interaction with the digital
multimeter.

Note. Schematic redrawn by the authors based on: F. Bonavolonta, A. Liccardo,
R.S. L. Moriello, E. Caputo, A. Monaco, IM-MetalLAB: First step towards a new
metaverse laboratory for teaching fundamental concepts in instrumentation
and measurement, International Conference on Extended Reality, Springer,
2025, pp. 215-223. No third-party image elements have been reproduced.

3.2.1. Instrumentation and investment costs
The immersive configuration includes a central
workstation and 20 VR headsets:
- high-end workstation (power consumption =
1.2kW, unit cost 15,000 €, useful life = 7 years),
- VR headsets (= 10 W each, unit cost 400 €, mass
~ 1 kg, useful life 3—4 years).
The total cost is:

Ciotal = 15,000 € + 20 X 400 € = 23,000 €.

Including accessories and supporting infrastruc-
ture (software licenses, peripherals, cabling), the
initial investment amounts to about 25,000 €. This
value is significantly lower (about one quarter) com-
pared to the traditional laboratory (Table 1).

3.2.2. Energy consumption

The workstation consumes about 1.2 kW. For an
average use of 900 hours/year, the direct consump-
tion is:

E workstation = 1.2kW X 900 h/year =~ 1080 kW h/year.

The value of 900 hours, slightly higher than the 750
hours considered in the traditional scenario, reflects
the greater flexibility of the immersive laboratory,
which allows remote and distributed access to [31].
Students can in fact use the headsets even outside the
standard classroom shifts, making a higher overall
usage time plausible.

The VR headsets have a unit consumption of about
10 W. Considering 20 devices and 900 hours/year,
the result is:

Elcadsets = 20 X 10 W X 900 h/year = 180 kW h/year.

The overhead due to cloud and networking ser-
vices must be added to these values, estimated by
Patterson et al. (2021) [29] as a factor of 4-5 com-
pared to the consumption of the workstation, i.e.,
about 5000-6000 kW h/year. The total energy de-
mand of the immersive scenario is therefore between
6000 and 7000 kW h/year (Table 2). The factor of
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Table 1. Comparison of instrumentation and investment costs in the two scenarios.

Scenario A — Traditional Laboratory

Scenario B - Immersive Laboratory (IM-
MetalAB)

Main components Oscilloscope (90 W, 2000 €)

Function generator (50 W, 1500 €)
Bench power supply (60 W, 500 €)
Digital multimeter (5 W, 200 €)
Total per workstation: 4200 €

Workstation (1.2 kW, 15,000 €)
20 VR headsets (10 W, 400 € each, lifetime 3—4
years)

Number of units 20 complete workstations

1 workstation + 20 headsets

Estimated initial investment 20 X 4200 € = 84,000 €

+ 15-20% accessories (benches, cabling, shared

instruments)
~ 100,000 € total

15,000 € +(20 X 400 € = 8000 €) = 23,000€
+ accessories/software =~ 25,000 € total

Average useful life ~ 7 years (instrumentation)

Workstation = 7 years; headsets 3—4 years

4-5 applied to estimate cloud and networking over-
head is a conservative value derived from general-
purpose data-center workloads, as discussed in [28].
It explicitly includes both computational processing
and the near-real-time synchronization required for
digital-twin updates. A +20 % sensitivity analysis
was conducted on this parameter, confirming that
the immersive scenario maintains a positive energy
balance advantage across the whole range.

3.2.3. Electronic waste (WEEE)

The workstation generates about 20-25 kg of
WEEE at end-of-life in 7 years. The VR headsets
have a shorter useful life (3—4 years), so over 7 years
two replacement cycles are expected: 1 kg X 20 head-
sets X 2 cycles = 40 kg.

The total WEEE for the immersive scenario is
therefore about 200 kg every 7 years, i.e., a reduction
of about 60 % compared to the traditional laboratory
(Table 3).

The immersive scenario presents a significantly
lower initial investment, lower energy consumption
(despite the cloud overhead), and a considerably re-
duced amount of electronic waste compared to the
traditional model (Table 1).

4. LIFE CYCLE IMPACT ASSESSMENT (LCIA)

The Life Cycle Impact Assessment (LCIA) trans-
lates the results of the LCI (inventory) into impact
indicators, consistently with the defined functional
unit and system boundaries. Below, we detail criteria,
assumptions, formulas, and results for the three di-
mensions of the triple bottom line (environmental,
economic, social), including a focus on student com-
muting.

4.1. Environmental dimension

Definitions and method. The climate impact is expressed
in CO, equivalent (C0,e) and calculated from annual
electricity consumption E using an emission factor
of the European electricity mix. We adopt the EEA
2022 average value of 0.25 kgCOZe/kW -h (European
Environment Agency), consistent with the reference
literature [4].

Input data. Annual consumption Scenario A (tra-
ditional): ~ 18000kW - h/year; Scenario B (IM-
MetaLAB): =~ 7000 kW - h/year.

Emission calculation. Annual operational emissions are
obtained as:

C0,e = E X emission factor.
Applying 0.25kgCO, /(kW - h):

Traditional : (18,000 x 0.25) => 4,500kgCOZe/year,
IM-MetaLAB : (7,000 X 0.25) => 1,750kgCO, /year.

The energy difference is = 11000kW - h/year, equi-
valent to = 2750 kgCOZe/year avoided. Over a 7-year
horizon, this corresponds to = 19.25tCO,,, rounded
to = 20tCO,, avoided.

Other environmental flows. WEEE over 7 years: Scen-
ario A =~ 500kg; Scenario B =~ 200kg, with a reduc-
tion of about 60 % in the immersive scenario. These
amounts derive from unit masses and respective es-
timated useful lives in the LCI. Uncertainties were
examined through a +20 % sensitivity analysis ap-
plied to electricity emission factors, usage hours, and
cloud-network overhead coefficients. The comparat-
ive advantage of the immersive scenario remained
consistent across the tested range.

4.2. Economic dimension

Definitions. CAPEX (Capital Expenditure) indicates
capital expenditure (e.g., purchase of instrumenta-
tion, setup). OPEX (Operating Expenditure) indic-
ates recurring operating costs (e.g., energy, mainten-
ance, licenses, replacements).

Summary results. Initial CAPEX: Scenario A
~ 100,000 € (higher) vs Scenario B =25,000 €.
Annual OPEX: Scenario A = 17,000 € vs Scenario B
~ 5,000 €.

Normalized teaching cost. The average cost per exercise
per student is calculated by normalizing to the same
functional unit:

AnnualizedCAPEX + OPEX

Nstudents X Nexercises

COStexercise =

Based on the collected data, orders of magnitude are
obtained: > 40 for the traditional and < 10 for
the immersive. (The “Annualized CAPEX” compon-
ent derives from the technical useful life and amort-
ization practices commonly adopted in academia.)
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Table 2. Comparison of annual energy consumption in the two scenarios.

Scenario A — Traditional Laboratory

Scenario B -
MetalAB)

Immersive Laboratory (IM-

Instrument power 205 W per workstation

20 workstations = 4.1 kW

Workstation 1.2 kW
VR headsets: 20 X 10 W = 0.2 kW

Auxiliary services

Air conditioning + lighting = 6 kW

Cloud + networking overhead equivalent to 4-5X
workstation consumption
(~ 5000-6000 kW h/year)

Total power

~ 10 kW (instruments + HVAC)

~ 1.4 kW (workstation + headsets) + cloud over-
head

Theoretical consumption

10 kW X750 h/year = 7500 kW h/year

Workstation: 1.2 kW X900 h = 1080 kW h/year
Headsets: 180 kW h/year

Actual consumption

Intensive use: 15,000-20,000 kW h/year

Total: 6000-7000 kW h/year

Table 3. Comparison of WEEE in the two scenarios.

Scenario A - Traditional Laboratory

Scenario B — Immersive Laboratory (IM-

MetalAB)

Mass per unit

~ 44 kg per complete workstation

~ 1 kg per VR headset
20-25 kg per workstation

Number of units

20 workstations (complete instrumentation)

20 headsets (2 cycles in 7 years) + 1 workstation

Theoretical total mass 20 X 44kg = 880kg

Workstation ~ 25 kg + (20 X 1kg X 2) = 40kg
Total = 65 kg

Estimated actual mass
replacements)

~ 500-600 kg every 7 years (considering partial

~ 200 kg every 7 years (considering headset re-
placement cycles)

Percentage difference —

~ 60% less than the traditional scenario

4.3. Social dimension

Criteria and indicators. The social dimension is inter-
preted in terms of teaching and accessibility. We
use two operational proxies: (i) completion rate of
exercises, (ii) average grade achieved. These indic-
ators do not exhaust learning quality, but provide

quantitative signals comparable across scenarios.

Results (and caveats). Experimental data reported in
the literature indicate: completion rate 70 % (im-
mersive) vs. 56 % (traditional) [27]; average grade
27.4/30 vs. 25/30.

These data refer to a single academic-year cohort
of approximately 40 students participating in an in-
troductory measurement course that included ten
practical laboratory sessions. The dataset was se-
lected because it corresponds to the functional unit
defined in Section 2.3. These results should there-
fore be interpreted as indicative rather than fully
representative of all possible learning contexts.

These differences are consistent with the greater
flexibility of access and with immersive/distributed
support.

4.4. Student commuting

Why include it? Student commuting is an indirect im-
pact often neglected in comparisons between teaching
models, yet relevant on an annual basis: international
studies indicate a contribution of up to 7 % of total
university emissions [32]. Its inclusion is consistent
with the extended system boundaries adopted in this

study.
Method and formulas. For each student, annual com-

muting emissions are estimated as:
COZ (StUdent) = Dannual X femission'

with annual distance Dannyal = ddaily X Ndays- In the
example: dgaiy = 20km (round trip), Ng,ys = 110,
thus Dyppua1 = 2200km. The emission factor per pas-
senger feomission depends on the mode of transport
(private car, bus, train) and the context (urban/in-
terurban). Literature values range from ~ 0.12 to
0.27kgCOz/km -pax (EEA; see [6]).

Adopted estimate and sensitivity. Assuming a prudential
value at the upper end of the range to cover mixed
use and congestion (e.g., femission = 0.27 I<gC02/km)7
we obtain per student:

2200km x 0.27 kgCOz/(year -km) = 0.6tCO,/year.

For a cohort of 40 students: = 24tCO,/year. Scenario A
includes this contribution, Scenario B reduces it to
nearly zero thanks to remote/hybrid access.

Effect on the overall comparison. Adding commuting to
laboratory energy emissions, the traditional scenario
rises from ~ 4.5tCO,/year to ~ 28.5tCO,/year, while
the immersive remains ~ 1.75tCO,/year (energy) with
commuting = 0. The gap thus widens substantially.

Note on uncertainties and transparency. Results are
sensitive to electricity mix (EEA factors vary by
country/year), usage profiles (hours/year), and trans-
port emission factors. For this reason, we report
assumptions and formulas, and suggest sensitivity
analyses on (a) usage hours (20 %), (b) electri-
city factor (0.18-0.35kgCO,/(kW - h)), (c) commuting
factor (0.12-0.27 kgCO, /km). The qualitative robust-
ness of the comparison (advantage of the immersive
model) holds across the entire range.
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5. DISCUSSION

The analysis clearly highlights that the two labor-
atory models present profoundly different sustainab-
ility profiles (Table 4).

Environmental dimension. The  traditional labor-
atory shows high electricity consumption (=
18,000 kW h/year) and a considerable production
of electronic waste (500-600 kg every 7 years).
Added to this are the indirect emissions linked to
student commuting, amounting to = 24 tCO,/year
for a cohort of 40 students. The immersive scenario
drastically reduces these impacts: consumption is =
7,000 kW h/year, direct operational emissions are
1.75 tCO,/year, and WEEE is about 200 kg/7 years.
Furthermore, thanks to remote access, transport-
related emissions are almost eliminated. This results
in an overall gap that, on an annual basis, goes
from = 28.5 tCO, in the traditional scenario to =
1.75 tCO, in the immersive scenario.

Economic dimension. From a cost perspective, the tra-
ditional laboratory requires an initial investment
four times higher than the immersive one (100,000 €
vs. 25,000 €) and entails annual operating expenses
about three times greater (17,000 € vs. 5,000 €). Nor-
malizing costs to the functional unit (40 students, 10
exercises), the average cost per exercise per student
exceeds 40 € in the traditional scenario, compared to
less than 10 € in the immersive scenario. This high-
lights not only an absolute saving, but also greater
efficiency in the use of economic resources.

Social dimension. The social impact mainly concerns
accessibility and learning outcomes. The traditional
scenario imposes logistical constraints (classroom,
schedules, physical presence) that limit participation
and exacerbate the ecological footprint. The immers-
ive scenario, on the other hand, enables 24/7 remote
access, including students who are distant or have
mobility difficulties. Experimental data confirm this
difference: the completion rate increases from 56 %
to 70 % and the average grade from 25/30 to 27.4/30.
This suggests a measurable improvement in teaching
effectiveness, while not entirely replacing the tactile
and manual experience of the physical laboratory.

To provide an integrated view of the results ob-
tained, Figure 4 shows the main indicators normal-
ized with respect to the traditional laboratory (set
at 100 %). It is immediately evident that the im-
mersive model stands between 25 % and 40 % of the
reference for energy consumption, operating costs,
electronic waste, and invested capital, with an even
sharper reduction in total CO, emissions (= 6% of
the traditional value, thanks to the elimination of
commuting). In a positive countertrend, the aver-
age grade indicator exceeds 100 %, suggesting an
additional educational benefit. This representation
confirms, in a synthetic manner, the advantage of
the immersive laboratory across all dimensions of
the triple bottom line.

Critical synthesis and limitations. The comparison there-
fore shows a clear superiority of the immersive labor-
atory in terms of integrated sustainability (environ-
mental, economic, social) [33]. However, it is import-
ant to recognize the limitations: (i) the immersive

simulation does not fully reproduce the physical ma-
nipulation of instruments; (ii) commuting estimates
depend on local factors (means of transport, aver-
age distance, sustainable mobility policies); (iii) con-
sumption associated with cloud services and data
centers may vary significantly depending on the pro-
vider and geography. Despite these uncertainties,
the order of magnitude of the gap remains robust: in
every sensitivity scenario, the immersive laboratory
shows lower impacts.

Future perspectives. The spread of haptic and multis-
ensory technologies will progressively make the vir-
tual laboratory more realistic, reducing the percep-
tual gap with the traditional one. A hybrid model
therefore appears plausible, in which the physical
experience with real instrumentation is integrated
with low-impact immersive exercises, combining sus-
tainability and educational realism.

6. CONCLUSIONS

The comparison carried out through the extended
LCA approach, integrated with the triple bottom
line model, shows that the immersive IM-MetaLAB
scenario represents a significantly more sustainable
solution compared to the traditional laboratory. In
particular, substantial advantages emerged in terms
of reduced energy consumption, CO5 emissions (both
direct and indirect, including commuting), electronic
waste, and overall management costs. At the same
time, an improvement in the social dimension was
observed, thanks to greater accessibility, flexibility,
and inclusiveness of the learning experience, with
positive effects on educational outcomes.

While recognizing that the physical laboratory
retains an irreplaceable pedagogical value, especially
for hands-on practice and direct contact with real
instrumentation, the results suggest that immersive
solutions should not be seen as a substitute, but
rather as a strategic integration of the traditional
model. In this perspective, hybrid scenarios appear
plausible, in which in-person exercises and metaverse-
based activities coexist, combining sustainability,
effectiveness, and educational realism.

Future developments may focus on three main
directions. On the one hand, technological refine-
ment, with the introduction of haptic and multis-
ensory devices capable of bridging the perceptual
gap with the physical experience. On the other hand,
the expansion of evaluation metrics, including more
detailed indicators of educational effectiveness and
social impact. Finally, large-scale experimentation,
extending the model to different disciplinary and
institutional contexts, in order to validate its gener-
alizability and consolidate its role as a paradigm for
sustainable engineering education in the future.
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Figure 4. Indicators normalized with respect to the traditional laboratory (100 %). The immersive model reduces costs, consumption, emissions, and WEEE to
less than 40 % of the reference, while improving the average grade indicator beyond 100 %. Green bars allow to appreciate the improvement brought by the
immersive laboratory.

Table 4. Summary comparison between traditional and immersive laboratory across the three sustainability dimensions.

Scenario A - Traditional

Scenario B — Immersive (IM-MetalLAB)

Energy consumption 18,000 kW h/year
CO, emissions (energy) 4.5t CO,/year
CO, emissions (commuting) 24t CO,/year
WEEE (7 years) 500-600 kg
Initial investment (CAPEX) ~ 100,000 €
Operating costs (OPEX) ~ 17,000 €/year
Average cost per exercise/student >40€
Completion rate 56 %

Average student grade 25/30

Accessibility

Limited to presence and schedules

7,000 kW h/year

1.75 t CO,/year

~ 0t CO,/year

~ 200 kg

~ 25,000 €

=~ 5,000 €/year
<10€

70 %

27.4/30

Remote, flexible, 24/7
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