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Abstract

The plastics industry sector is a massive contributor to greenhouse gas emissions. In this
context, it is important to find alternatives to valorise plastic polymer waste, since 63.0% of
the plastics produced between 1950 and 2015 were incinerated or disposed of in landfills.
This study aims to evaluate the environmental and economic performance of a polymeric
control panel for a domestic boiler. The environmental assessment was conducted using the
Life Cycle Assessment (LCA) methodology from a cradle-to-grave perspective, allowing
the identification of the hotspots of the panel under analysis in two scenarios: virgin
panel (VP) and recycled panel (RP). The economic evaluation was performed through
a techno-economic analysis (TEA) considering both operating expenditures (OpEx) and
annualised capital expenditures (CapEXx) allocated to the functional unit. The VP scenario
used 100.0% virgin polymer, while the RP scenario used 70.0% virgin polymer and 30.0%
internal recycled polymer. The analysis shows a clear synergy: substituting a portion of
virgin polymer with recycled PC/ABS reduces both environmental impacts and production
costs, while also increasing the sustainability. The results support internal recycling as a
practical circularity strategy that can improve environmental performance. The RP scenario
is both the environmentally preferable and the economically better option. Additionally,
the consistency of results across both LCA and TEA indicates that the identified hotspots
represent leverage points for future interventions to amplify benefits to further improve
sustainability. For instance, further decarbonization of the Portuguese electricity grid or
increased reliance on on-site PV electricity would strengthen the environmental profile
of both scenarios. At the same time, continued optimisation of recycling processes could
enhance cost savings.

Keywords: polycarbonate; acrylonitrile butadiene styrene (ABS); domestic boiler; life cycle
assessment; techno-economic analysis

1. Introduction

Climate change is one of the most significant global environmental challenges, primar-
ily driven by rising greenhouse gas (GHG) emissions. Global GHG emissions reached a
record 53.0 Gt CO; eq in 2023, a 1.9% increase from 2022 [1]. There is a direct correlation
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between economic growth and, consequently, energy consumption, leading to increased
carbon emissions [2,3]. The plastics industry accounted for approximately 1.8 Gt CO; eq in
2023, corresponding to nearly 4.0% of global GHG emissions [4]. Projections suggest that
this share will continue to grow, with the plastics industry potentially responsible for up to
15.0% of total GHG emissions by 2050 [5]. Despite the rising emissions, recycling and reuse
rates remain low: it is estimated that only about 7.0% of all plastic produced worldwide be-
tween 1950 and 2015 was recycled, while approximately 63.0% was incinerated or disposed
of in landfills, and around 30.0% remains in use [6]. The European Parliament [7] reported
an increase in plastic recycling rates in Europe, rising from 25.2% in 2005 to 40.7% in 2022.
In contrast, this upward trend has not been observed globally; OECD statistics [8] indicate
that only 9.0% of plastic waste was recycled worldwide in 2019.

Plastics are widely used across multiple industrial sectors, including packaging, con-
struction, automotive manufacturing, and electronic equipment [9]. This persistent reliance
on using plastics is mainly due to their properties, such as high impact resistance, hardness,
and high moldability [9]. Among the different types of plastic polymers, polycarbonate
(PC), a thermoplastic, is one of the most used in engineering applications, due to its com-
bination of, e.g., transparency, high impact resistance, and high thermal stability [10-12].
Although PCs are used in the engineering sector, there are some challenges regarding
their use due to their limited processability [13]. Efforts to enhance PC processability can
compromise key material properties—such as impact resistance and hardness—thereby
increasing brittleness and failing to meet the technical requirements of demanding engineer-
ing applications [14-16]. To overcome these challenges, polymer blending has emerged as
a strategy to enhance PC’s overall performance. Acrylonitrile butadiene styrene (ABS) has
been used to increase PC hardness at lower temperatures, improve resistance to physical
ageing, and reduce sensitivity to thickness and notch radius, which are critical to enhancing
PC processability [17,18]. Consequently, the PC/ABS blend not only overcomes the pro-
cessing limitations of pure PC but also results in a material with superior processability [15].
An additional advantage of the PC/ABS blend lies in its thermoplastic nature, as both PC
and ABS can be reversibly melted and reprocessed without significant loss of properties,
therefore facilitating recyclability [19,20].

Life Cycle Assessment (LCA) is an international methodology for assessing envi-
ronmental impacts along the life cycle of products [21,22]. This methodology has been
used to determine the potential environmental impacts of PC [12], ABS [17], and PC/ABS
blend-based products [23]. Zhou et al. [12] quantified the environmental impacts of PC
produced in China, following a cradle-to-gate perspective, identifying that the production
of bisphenol A required for PC production was the primary contributor to global warming
(GW), water depletion, and fossil depletion impact categories. The American Chemistry
Council [17] conducted an LCA study, following a cradle-to-gate perspective, to identify
hotspots in ABS production, reporting that approximately 80% of the GW impacts stem
from the production of monomers used to make ABS, mainly styrene, while for acidifica-
tion, eutrophication, and photochemical smog formation the hotspot is the energy used in
the process of ABS production. Broeren et al. [23] evaluated and compared the environ-
mental performance of a flame-retardant printing panel made from a PC/ABS blend with
a non-flame-retardant printing panel produced solely from ABS, using a cradle-to-gate
perspective and focusing on the GW and non-renewable energy use (NREU) categories.
The authors found that polymer production is the primary hotspot across the two impact
categories, with the PC/ABS blend showing lower GW impacts and higher NREU impacts
than the ABS-only panel. Although there are a few LCA studies on PC and ABS production
and their derived blending products, none have focused on the polymeric control panel of
a domestic hot water boiler, and none have used internal recycling material to quantify the
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benefits of this procedure. Also, since this blend is widely used in industry, the results of
this study provide insights that can be expanded to a diverse range of products.

This study aims to evaluate the potential environmental impacts of producing a do-
mestic boiler control panel, as exposed in Figure 1, under two scenarios: (i) the baseline
using a 100% virgin PC/ABS blend and (ii) an alternative case incorporating 30.0% inter-
nally recycled PC/ABS from internal regrinding. Alongside the LCA, a techno-economic
analysis (TEA) is also applied to evaluate the economic performance of both scenarios.
Aligning the TEA with the functional unit and the cradle-to-grave system boundaries used
in the LCA enables a direct comparison of environmental and economic outcomes, thereby
providing a complementary perspective for decision-making. While LCA assesses the
environmental impacts of the product life cycle and identifies environmental hotspots, TEA
quantifies material, energy, and waste-related costs to determine whether integrating recy-
cled polymers yields tangible financial benefits, as well as capital expenditures associated
with manufacturing equipment and photovoltaic electricity generation systems. Regarding
industrial production the synergy of both methodologies results in a more robust and
sustainable analysis for decision-makers.

Figure 1. Components of the control panel for a domestic hot water boiler: (1) front part; (2) rear part;
(8) upper part; (4) lower part; (5) service key; (6) buttons. Assembled control panel.

2. Materials and Methods

The environmental assessment was conducted using the LCA methodology in accor-
dance with ISO 14040 and ISO 14044 [21,22] (ISO, 2006a, 2006b). TEA focuses on operating
expenditures (OpEx), including raw and ancillary material costs, electricity consump-
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tion from the Portuguese grid and from on-site photovoltaic (PV) panels, and internal
closed-loop recycling costs.

2.1. Systems Analysed, Functional Unit and System Boundary
Two scenarios were evaluated as follows:

- VP (virgin panel): Control panel for a domestic hot water boiler produced with 100.0%
virgin PC/ABS blend.

- RP (recycled panel): Control panel for a domestic hot water boiler produced with
70.0% virgin PC/ABS blend and 30.0% recycled PC/ABS blend (closed-loop internal
regrinding).

Table 1 presents the formulation of the PC/ABS blend. The PC offers enhanced thermal
and impact resistance, while ABS offers moldability and tenacity.

Table 1. PC/ABS blend composition for the control panel of a domestic hot water boiler.

Formulation Unit Value
PC % 57.6
ABS % 38.4
Masterbatch % 4.0
SAN (styrene-acrylonitrile) % 1.3
ABS % 0.9
2-6-di-tert-butylphenol % 0.4
Titanium dioxide Y% 0.3
Pigments Yo 1.1

The bold is for the 3 polymers that compound the polymer blend, while the non-bolded is the components of the
masterbatch.

Table 2 summarises the physical properties (melting point, moulding temperature,
density, and tensile strength) of the PC/ABS blend under study. These properties are
ensured in both scenarios because the recycled material content is below 30.0%, which does
not result in significant changes in the blend’s physical properties [24,25]. The addition of
recycled material does not change the mechanical properties of PC/ABS blend in scenarios
where toughness is not a critical parameter [26]. The incorporation of recycled PC/ABS
blend reflects operational conditions already adopted in the company without reported
processing difficulties or product-quality issues, increasing the sustainability of the process.

Table 2. Physical properties of the PC/ABS blend.

Physical Properties Unit Value
Melting point °C 240-270
Moulding temperature °C 60-80
Density g/cm3 1.18
Tensile strength MPa 50-60

The functional unit (FU) is a control panel for a domestic hot water boiler, weighing
1.25 kg. A cradle-to-grave perspective was applied. Figure 2 shows the system boundary
of the scenarios analysed.

This system boundary encompasses: the (i) extraction and processing of raw and
ancillary materials; (ii) injection, (iii) stamping, (iv) assembly and (v) end-of-life. Injection
encompasses a drying pre-stage, in which the PC/ABS blend is dried at 80 °C for approxi-
mately 4 h until a humidity of 0.02% is reached, followed by injection. The polymer blend
is packed in a polyamide (PA) big bag with polyamide and PE shrink film and transported
on a wooden pallet.
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At the injection stage, the blending is heated until 240 °C, producing the several
components of the control panel: (1) front part, (2) rear part, (3) upper part, (4) lower part,
(5) service key, and (6) buttons. Mechanical stamping, with stamping ink, is applied only to
components 1 (front) and 6 (bottom). At the assembly stage, several elements are assembled,
including a screen, a lightning pointer, a conduction filament, all made of polymethyl
methacrylate (PMMA), a protective bonded polyethylene (PE) film, bolts, a fuse, and
metallic filaments. The internal transportation of the material through the different stages
is carried out in kraft paper boxes with polypropylene (PP) foam sheets, with a lifespan
of 11 years. Regarding the RP scenario, an additional stage is needed: regrinding the
PC/ABS blend waste recovered from internal injection operations (closed-loop recycling).
The recycled material was obtained from PC/ABS-based products manufactured within
the company. No additional environmental burdens were assigned to this material, as the
environmental impacts associated with PC/ABS production were allocated exclusively
to the virgin polymer. The recycled fraction was therefore considered free of upstream
production burdens to avoid double-counting.

The packaging of ancillary materials was excluded from the system boundary because
it accounted for less than 1.0% of the total input material mass, as was the fuse. The
transport of workers and machinery, as well as the production of capital goods (including
buildings, machinery, and equipment), were also excluded. The use stage was also excluded
from the system boundaries due to its negligible expected contribution to the overall
environmental profile of the control panel. Unlike active electrical or electronic components,
the polymeric control panel does not consume energy, require consumable materials, or
generate direct emissions during operation. Furthermore, no significant maintenance
activities are typically required throughout its service life.

Raw and ancillary materials

O O

Raw and ancillary materials

Production Production
| Injection | Injection |
Stampi :
| apine | | Stamping |
| T
| Assembly | | Assembly |
| I

v v
Control panel for a domestic hot water boiler Control panel for a domestic hot water boiler

End-of-Life

Caption:@ Transport ---- Out of the system boundaries

Figure 2. System boundary of the production of the control panel for a domestic hot water boiler for
the VP and RP scenarios. VP: virgin panel; RP: recycled panel.
2.2. Inventory Analysis

Table 3 presents the inventory data for the production of the control panel for a
domestic hot water boiler. All data are average primary data obtained from a survey of a
plastic engineering mill in Portugal.
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Table 3. Inventory data to produce the control panel for the domestic hot water boiler under study.

Unit VP RP
Inputs
Raw materials
Virgin PC kg 7.24 x 1071 5.07 x 107!
Virgin ABS kg 483 x 107! 3.38 x 1071
Virgin masterbatch kg 4.83 x 1072 3.38 x 1072
Recycled PC kg - 217 x 1071
Recycled ABS kg - 1.45 x 1071
Recycled masterbatch kg - 1.45 x 1072
Ancillary materials
Stamping ink kg 147 x 1074 147 x 1074
Thinner (stamping) kg 292 x 1075 292 x 107°
Lubricating oil kg 5.00 x 10~° 5.00 x 10°
Bolts kg 6.99 x 1073 6.99 x 1073
Synthetic rubber buttons kg 352 %1073 3.52 x 1073
PMMA components kg 1.59 x 1072 1.59 x 1072
Bonded film kg 1.40 x 1074 1.40 x 104
Metallic filaments kg 2.16 x 1072 216 x 1072
Packaging (raw materials and
internal packaging)
Big bag (PA) kg 8.41 x 1073 5.89 x 1073
Wood pellet kg 1.79 x 1072 1.26 x 1072
Shrink film (PE) kg 7.75 x 1073 5.42 x 1073
Foam sheet (PP) kg 425 x 1074 3.00 x 1074
Kraft paper kg 6.76 x 1074 522 x 1074
Electricity
Injection (grid) kWh 2.68 x 100 2.68 x 100
Stamping (grid) kWh 6.52 x 1073 6.52 x 1073
Assembly (grid) kWh 5.89 x 1073 5.89 x 1073
Grinding (grid) kWh - 2.60 x 1072
Injection (PV) kWh 7.45 x 1071 7.45 x 1071
Stamping (PV) kWh 1.98 x 1073 1.98 x 1073
Assembly (PV) KWh 1.63 x 1073 1.63 x 1073
Grinding (PV) kWh - 7.20 x 1073
Outputs
Product
Control panel for a.domestic hot ke 1.25 % 10° 1.25 % 10°
water boiler
Waste
Polymer waste kg 543 x 1072 5.43 x 102
Big bag (PA) kg 8.41 x 1073 5.89 x 1073
Wood pellet kg 1.79 x 1072 1.26 x 1072
Shrink film (PE) kg 7.75 x 1073 5.42 x 1073
Foam sheet (PP) kg 425 x 1074 3.00 x 1074
Kraft paper kg 6.76 x 1074 5.22 x 1074

Data for the production of raw and ancillary materials and packaging were sourced
from the Ecoinvent database version 3.11 [27]. Data on the environmental impacts of the
trucks and aircraft used to transport raw and ancillary materials were also sourced from the
Ecoinvent database. Waste treatment of packaging materials was based on Portuguese data,
in accordance with the report from the Portuguese Environment Agency (APA) regarding
recycling. The types of transport and distances travelled for raw and ancillary materials
are shown in Table 4. Electricity supplied from the grid was modelled according to the
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Portuguese electricity mix [28], while on-site photovoltaic (PV) electricity generation was
modelled using data from the Ecoinvent database version 3.11 [27]. In the present study,
the electricity demand was met by a combination of 78% grid electricity and 22% on-site PV-
generated electricity. A representative European end-of-life (EoL) scenario was developed
based on recent European plastic waste management statistics [7,29], since no primary
data regarding the EoL of a control panel was available. The scenario considered the main
treatment routes currently applied to plastic waste in Europe, namely mechanical recycling,
incineration, and landfill disposal.

Table 4. Transport profile for the raw and ancillary materials.

Inputs Distance (km) Type of Transport
Raw materials
PC/ABS blend 2249 Freight lorry, Euro 6 (16-32 t)
Ancillary materials
Stamping ink 162 Freight lorry, Euro 6 (16-32 t)
Thinner 162 Freight lorry, Euro 6 (16-32 t)
Lubricating oil 188 Freight lorry, Euro 6 (16-32 t)
Bolts 803 Freight lorry, Euro 6 (16-32 t)
Rubber buttons 202 Freight lorry, Euro 6 (16-32 t)
Rubber buttons 11,167 Freight aircraft
PMMA components 150 Freight lorry, Euro 6 (16-32 t)
Bonded film 148 Freight lorry, Euro 6 (16-32 t)
Metallic filaments 179 Freight lorry, Euro 6 (16-32 t)

The types of transport and distances travelled for raw and ancillary materials are
shown in Table 4.

2.3. Impact Assessment

The impact assessment was performed for nine different environmental impact
categories—global warming (GW), terrestrial acidification (TA), freshwater eutrophica-
tion (FE), marine eutrophication (ME), mineral resource scarcity (MRS), fossil resource
scarcity (FRS), fine particulate matter formation (FPM), human toxicity (HT), and water
consumption (WU)—using the characterisation factors from the ReCiPe 2016 midpoint
v.1.01 method [30]. The impact categories were selected based on their relevance to the
environmental burdens typically associated with the plastics industry. These categories
capture the most significant impacts across the product’s life cycle, including emissions
and resource extraction. SimaPro version 10.3.0.1 [31] software was used for inventory and
impact assessment modelling.

2.4. Techno-Economic Analysis

TEA was used to assess economic performance and it provides a methodological
framework that relates process performance to costs and revenues, typically from an
investor perspective, and is widely used to assess the viability of technologies, processes
and products [32]. It is a methodology that requires adaptation to the specific technology
and decision context, emphasising cost and market analysis [33-35].

The total production cost of a control panel for a domestic hot water boiler was
calculated as the sum of operating expenditures (OpEx) and annualised capital expen-
ditures (CapEXx) allocated to the FU. OpEx comprises raw materials, auxiliary materials,
packaging, transport, electricity consumption, labour costs, and maintenance activities.
CapEx comprises the annualised depreciation of production equipment, the acquisition
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cost of manufacturing equipment, and the acquisition cost of the photovoltaic electricity
generation system.

Unit prices for PC, ABS, masterbatch, ancillary materials, packaging and transport
were based on supplier data and expressed in euros (without inflation). Analysis also
included labour costs, equipment maintenance costs, acquisition costs of manufacturing
equipment and annualised depreciation of production equipment. In contrast, electricity
prices reflect the effective tariff the company pays for grid-supply and the levelized cost
of PV generation. The other waste materials (packaging) are also recycled outside the
company, and, as an assumption, valued at zero cost.

The economic assessment focuses on manufacturing-related costs and excludes EoL
management expenses, which may vary significantly across regions due to waste manage-
ment systems, regulatory frameworks, and producer responsibility schemes.

3. Results and Discussion
3.1. Environmental Impacts

Table 5 shows the results of the impact assessment for the two scenarios under study,
and Figure 3 presents the contribution of each life-cycle stage to the total impacts.

Table 5. Total impacts of producing a control panel for a domestic hot water boiler.

) Scenario

Impact Category Unit = RP
Global warming kg CO, eq 8.62 x 10° 6.54 x 10°
Terrestrial acidification kg SO, eq 1.73 x 1072 1.26 x 1072
Freshwater eutrophication kgPeq 3.17 x 1073 2.71 x 1073
Marine eutrophication kg N eq 7.50 x 1074 6.94 x 1074
Mineral resource scarcity kg CU eq 2.68 x 1072 2.01 x 1072
Fossil resource scarcity kg oil eq 3.28 x 10° 2.35 x 10°
Fine particulate matter formation = kg PM 2.5 eq 6.43 x 1073 471 x 1073
Human toxicity kg 1,4-DCB 9.89 x 10° 8.05 x 10°
Water use m? 742 x 1072 561 x 1072

100%

60%

20%

WRaw

rial W Ancillary materials

Injection  WGrinding M Stamping

Assembly W Transport mEol

Figure 3. Relative contributions to the environmental impacts of the production of a control panel
for a domestic hot water boiler. GW: global warming, TA: terrestrial acidification, FE: freshwater
eutrophication, ME: marine eutrophication, MRS: mineral resource scarcity, FRS: fossil resource
scarcity, FPM: fine particulate matter formation, HT: human toxicity, WU: water use.

The results indicate that the RP scenario has the best environmental profile across all
impact categories, reducing impacts relative to the VP scenario by 29.3% (FRS) to 7.4% (ME).
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Regarding the VP scenario, the raw materials are the primary hotspot across seven
out of the nine impact categories analysed, accounting for 55.3% (HT) to 86.4% (FRS) of the
total impacts in those categories. In comparison, the EoL was the hotspot in the other two
categories analysed, accounting for 46.2% (FE) and 72.4% (ME) of the total impacts in those
two categories. Regarding the RP scenario, the raw materials are also the primary hotspot
across seven of the nine impact categories, accounting for 47.3% (HT) to 83.7% (FRS) of the
total impacts in those categories. In comparison, the EoL was the hotspot in the other two
categories analysed, accounting for 54.0% (FE) and 78.2% (ME) of the total impacts in those
two categories.

For freshwater eutrophication (FE) and marine eutrophication (ME), EoL processes
become the dominant hotspot. This behaviour is primarily associated with the landfill and
incineration routes considered in the representative European EoL scenario. In landfill
systems, nutrient-related emissions may arise from leachate formation, while incineration
can lead to nitrogen oxide emissions during thermal treatment. These emissions are key
contributors to eutrophication-related impact categories, explaining the higher relative
importance of the EoL stage compared to other life-cycle phases in FE and ME indicators.

Regarding the raw materials, for both scenarios, the hotspots are associated with
the production of the PC/ABS polymer blend, particularly PC production (mainly due
to bisphenol A). This contribution dominates all of the nine impact categories analysed,
accounting for 38.0% (WU) to 53.5% (MRS) in the VP scenario and 35.2% (WU) to 51.5%
(FRS) in the RP scenario. The contributions towards the ABS production range from
3.0% (MRS) to 37% (WU) in the VP scenario, and from 2.8% (MRS) to 34.2% (WU) in the
RP scenario. While the masterbatch contributes less than 10% in all categories for both
scenarios.

The injection is the second-largest contributor in three out of nine impact categories
(TA, FPM, and WU) in both scenarios, with a contribution between 7.9% (TA) and 17.2%
(WU) in the VP, and between 10.8% (TA) and 22.7% (WU) for the RP, mainly because
of the electricity consumption. Grid electricity contributes approximately 95.0% of the
environmental impacts of the injection moulding phase, while photovoltaic electricity
accounts for the remaining 5.0%. This is mainly due to the fossil fuel share in the Portuguese
electricity mix, primarily natural gas and fuel oil.

The ancillary materials are the second-largest contributors to MRS, accounting for
16.5% and 21.9% in the RP and VP scenarios, respectively. This occurs mainly through the
extraction of mineral resources to produce metallic components (bolts and filaments).

Under the VP scenario, transport contributes less than 1.0% to ME, and up to 6.7% to
GW. Similar contributions are observed under the RP scenario, ranging from < 1.0% (ME)
to 6.3% (GW). The contributions of stamping, assembly, and grinding remain below 1.0%
across all impact categories in both scenarios.

Overall, the results indicate that reducing the raw materials consumption (virgin
PC/ABS blend) constitutes the most effective strategy for improving the environmental
performance of this type of product and increase sustainability. While manufacturing
processes, electricity consumption, and transport contribute to specific impact categories
(mainly WU and MRS), their influence remains secondary to that of polymer production.
Also, the results also demonstrate that EoOL management—Ilandfill and incineration—plays
a significant role in eutrophication-related categories. These findings suggest that the most
effective mitigation pathways involve increasing the use of internally recycled materials,
reducing reliance on virgin polymer production, and promoting waste management sys-
tems with higher recycling rates and lower reliance on landfill and incineration. Such
measures would directly address the main life-cycle hotspots identified in this study while
maintaining the industrial feasibility of the manufacturing process.
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3.2. Comparison with Other LCA Studies

Other LCA studies have evaluated the environmental burdens of different products
made from a PC/ABS blend, including automotive parts and exterior covers for electronic
equipment (e.g., printers). However, it is important to note that comparisons between these
studies and the present study should be approached with caution, as impact categories,
system boundaries, impact assessment methods, and other methodological aspects were
considered.

Broeren et al. [23] evaluated the environmental performance of two panels from an
early-stage multifunctional printer design using a cradle-to-grave approach. One panel
was flame-retardant and composed of a PC/ABS blend, whereas the other was non-flame-
retardant and made primarily of ABS. In both cases, additives (i.e., materials incorporated
into the panel that were not part of the polymer matrix/blend) accounted for 11.0-20.0% of
the total panel mass.

The reported GW results, based on characterisation factors from the Intergovernmental
Panel on Climate Change (IPCC), ranged from 6.3 to 7.3 kg CO, eq/kg for the PC/ABS
panel and from 7.1 to 7.5 kg CO, eq/kg for the ABS panel, depending on additive content.
Although the use of different IPCC Assessment Reports may introduce some uncertainties
in cross-study comparisons, the values reported by Broeren et al. [23] are comparable to
those obtained in the present study, particularly for the VP scenario (6.9 kg CO, eq/kg),
while remaining higher than those obtained for the RP scenario (5.2 kg CO, eq/kg). The
close agreement between the impact results obtained for the VP scenario analysed in this
study and those reported by Broeren et al. [23] for the PC/ABS panel further supports the
representativeness of the data and modelling assumptions adopted herein. Nevertheless,
the differences in results may be attributed to methodological and technological factors.
First, although both studies adopted cradle-to-grave system boundaries, their end-of-
life assumptions differ. Broeren et al. [23] modelled EoL treatment through incineration,
whereas the present study employed a representative European EoL scenario based on
recycling, incineration, and landfill disposal [7,29].

Similar trends have also been reported in LCA studies of injection-moulded engi-
neering plastic components. Tinz et al. [36] investigated injection-moulded parts made
of engineering thermoplastics, including PC, ABS. They highlighted that environmental
impacts are predominantly driven by polymer production rather than by the injection
moulding process itself (which consumes energy). These findings are consistent with those
of the present study, in which virgin PC/ABS production was identified as the dominant
hotspot across most impact categories, and injection moulding contributed a comparatively
minor share of total impacts.

Finally, the lower impacts observed for the RP scenario are strongly associated with
the allocation approach adopted in the present study, which does not assign environmental
burdens to recycled material. As a result, the environmental impacts in the RP scenario were
mainly associated with reprocessing operations, whose contribution was comparatively
small relative to virgin material production. From a broader perspective, these findings
are consistent with sustainable circular economy principles applied to engineering plastics.
The results confirm that strategies focused on reducing virgin polymer demand, such as
internal mechanical recycling, represent an effective approach for lowering environmental
impacts in injection-moulded products.

3.3. Techno-Economic Analysis Results

Table 6 summarises the data for both scenarios, detailing material flows, unit con-
sumption, and associated costs across polymer inputs, ancillary materials, and electricity
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use. Transportation costs are already included in the purchase price of raw and ancillary

materials.

Table 6. OpEx and CapEx cost calculation (VP scenario vs RP scenario).

Inputs VP RP Weight VP Cost RP Cost Varci‘;fiton
(kg) (kg) Variation (%) € © (%)
OpEx
Raw materials
Virgin PC 7.24 x 107! 5.07 x 107! —-30.0 2.66 x 100 1.87 x 10° —-30.0
Virgin ABS 4.83 x 107! 3.38 x 1071 —30.0 1.78 x 10° 1.24 x 10° -30.0
Virgin masterbatch 4.83 x 1072 3.38 x 102 —30.0 1.78 x 1071 1.24 x 1071 —-30.0
Recycled PC - 217 x 1071 - - 0.00 x 100 -
Recycled ABS - 1.45 x 107! - - 0.00 x 10° -
Recycled masterbatch - 1.45 x 1072 - - 0.00 x 10° -
Ancillary materials
Stamping ink 147 x107% 147 x107* 0.0 10 10 0.0
Thinner (stamping) 292 x 1072 292 x 1072 0.0 7.00 x 10 7.00 > 10 0.0
Lubricating oil 5.00 x 107° 5.00 x 107° 0.0 5.00 x 1077 5.00 x 1077 0.0
Bolts 6.99 x 1073 6.99 x 1073 0.0 9.47 x 1072 9.47 x 1072 0.0
Synthetic Rubber buttons 3.52 x 1073 3.52 x 1073 0.0 1.06 x 1071 1.06 x 107! 0.0
PMMA components 1.59 x 1072 1.59 x 1072 0.0 8.17 x 1072 8.17 x 1072 0.0
Bonded film 1.40 x 104 1.40 x 10~* 0.0 1.16 x 1072 1.16 x 1072 0.0
Metallic filaments 2.16 x 1072 2.16 x 1072 0.0 3.16 x 1072 3.16 x 1072 0.0
Packaging (raw materials and internal packaging)
Big bag (PA) 8.41 x 1073 5.89 x 1073 —30.0 295 x 107 2.07 x 107° —30.0
Wood pellet 1.79 x 1072 1.26 x 1072 —30.0 6.30 x 107° 441 x 1073 —-30.0
Shrink film (PE) 7.75 x 1073 542 x 1073 —-30.0 271 x 107° 1.90 x 1075 —-30.0
Foam sheet (PP) 4.25 x 1074 3.00 x 10~* —30.0 1.45 x 107° 1.02 x 107 —30.0
Kraft paper 6.76 x 1074 522 x 107* —30.0 1.81 x 107° 1.27 x 107° —30.0
Electricity
Injection (grid) 2.68 x 10° 2.68 x 10° 0.0 4.05 x 10~1 405 x 107! 0.0
Stamping (grid) 6.52 x 1073 6.52 x 1073 0.0 9.65 x 1073 9.65 x 1073 0.0
Assembly (grid) 5.89 x 1073 5.89 x 1073 0.0 8.89 x 1073 8.89 x 1073 0.0
Grinding (grid) - 2.60 x 1072 - - 6.54 x 1073 -
Injection (PV) 745 x 107! 745 x 1071 0.0 3.72 x 1072 3.72 x 1072 0.0
Stamping (PV) 1.98 x 1073 1.98 x 1073 0.0 9.70 x 10~* 9.70 x 10~* 0.0
Assembly (PV) 1.63 x 1073 1.63 x 1073 0.0 820 x 1074 820 x 1074 0.0
Grinding (PV) - 7.20 x 1073 - - 6.00 x 10~* -
Labour
Labour costs - - - 2.61 x 10° 2.61 x 10° 0.0
Maintenance
Machinery equipment - - - 3.96 x 1072 3.96 x 1072 0.0
PV panels - - - 9.00 x 10~* 9.00 x 104 0.0
CapEx
Equipment depreciation - - - 8.00 x 102 8.00 x 102 0.0
Machinery equipment - - - 149 x 1071 149 x 10~ 0.0
acquisition
PV panels acquisition - - - 7.15 x 107! 7.15 x 1071 0.0

The cost of producing one control panel for a domestic hot water boiler decreases from
9.01 € in the VP scenario to 7.62 € in the RP scenario, a 15.4% reduction (Figure 4). The most
substantial cost reductions arise from substituting a virgin PC/ABS blend with a recycled
PC/ABS blend. In the RP scenario, virgin PC/ABS blend consumption decreases by 30.0%.
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Figure 4. Relative cost of the production of a control panel for a domestic hot water boiler.

Ancillary materials—such as stamping ink, thinner, lubricating oil, bolts, synthetic
rubber buttons, PMMA filaments, bonded film, and metallic filaments—do not seem to
change in consumption across scenarios. This similarity arises because the material inputs
used are independent of polymer composition and relate solely to the assembly processes.
As a result, their contribution to total costs remains unchanged in both scenarios. Regarding
some ancillary materials, namely the stamping ink and its thinner, it was not possible to
separate the expenses, so the values represent the ensemble.

Packaging materials associated with polymer supply—such as big bags, wooden
pallets, shrink film, foam sheets, and kraft paper—are included under ancillary materials
and decrease by 30.0% in the RP, consistent with the reduction in virgin polymer in this
scenario. Material substitution accounts for the largest share of savings, reinforcing the
economic benefits of promoting closed-loop recycling. Reductions in packaging require-
ments provide additional cost savings in the RP scenario, further strengthening the overall
economic results.

Electricity consumption from grid and PV for injection, stamping, and assembly
remains constant across both scenarios. Grinding of the recovered polymer results in an
electricity cost of 0.0066 €/FU for grid electricity and 0.00060 €/FU for PV electricity. Despite
this additional energy demand, its contribution to total cost is marginal, demonstrating
that the economic burden associated with the internal recycling operations is lower than
the savings achieved from reduced virgin material use, as shown in Figure 4.

Labour costs, depreciation, maintenance, and equipment acquisition for the RP sce-
nario change less than 1%. Regarding annualised capital expenditures the changes are
also less than 1% because the same manufacturing infrastructure and photovoltaic system
were used in both. The additional costs for collection, sorting, and quality control activities
included in the RP scenario accounted for less than 2% of the total costs for the remaining
production stages (injection, stamping, and assembly). Even after accounting for these
additional operations, the overall production costs for the RP scenario remained substan-
tially lower than those of the VP scenario. Consequently, the differences observed in total
production cost were primarily driven by reductions in operating expenditures (mainly in
the polymer costs) rather than changes in capital investment requirements.

Overall, the economic assessment indicates that reducing virgin PC/ABS consumption
is the main driver for improving the cost competitiveness of the control panel. The results
demonstrate that the additional operations associated with internal recycling, including
grinding and quality control, have a negligible impact on total production cost compared
with the savings from reducing virgin polymer demand. Furthermore, because the existing
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manufacturing infrastructure can be maintained without requiring substantial additional
investments, internal recycling can be implemented without significantly increasing capital
expenditures. Internal recycling strategies represent a sustainable, technically feasible
and economically attractive approach for manufacturers seeking to reduce production
costs while simultaneously supporting more sustainable circular economy objectives and
reducing dependence on virgin raw materials.

Finally, although the results provide robust insights into the environmental and eco-
nomic performance of the analysed control panel, some limitations should be considered
when interpreting the findings. First, the inventory data were obtained from a specific
industrial partner and therefore reflect the characteristics of a particular manufacturing
system, including its supply chain configuration and electricity consumption patterns.
Therefore, the absolute environmental and economic results should not be directly extrapo-
lated to other industrial contexts without accounting for differences in production systems,
energy supply, and waste management practices. Nevertheless, the overall trends identified
in this study are expected to remain applicable to similar injection-moulded PC/ABS blend
products.

Furthermore, some modelling assumptions may influence the absolute environmental
results, particularly those associated with the Portuguese electricity mix, the representative
European EoL scenario, and the cut-off allocation approach applied to internally recycled
material. However, a sensitivity analysis was not performed because the primary objective
of this study was to compare two production scenarios under identical modelling conditions
rather than to evaluate the uncertainty associated with individual parameters.

4. Conclusions

The environmental and economic performance of a polymeric control panel for a
domestic hot water boiler produced in Portugal was evaluated for two scenarios: 100.0%
virgin PC/ABS blend (VP scenario) and 70.0% virgin PC/ABS blend and 30.0% recycled
PC/ABS blend (RP scenario).

Compared with VP, the RP scenario reduced environmental impacts by 7.4-28.3%
across the assessed impact categories (minimum: 7.4% in ME; maximum: 28.3% in FRS). In
both scenarios, raw material production was the dominant hotspot in seven out of the nine
impact categories analysed (GW, TA, MRS, FRS, FPM, HT, WU), while the EoL was the
hotspot in the other two categories (ME, FE), highlighting the virgin polymer production as
the main leverage point for impact reduction, while also indicating the relevance of waste
treatment processes in eutrophication-related impacts.

The environmental benefits of the RP scenario are primarily driven by the reduced
demand for virgin PC/ABS, which constitutes the most impact-intensive stage of the
product life cycle. In contrast, internal grinding operations associated with recycling
accounted for less than 1.0% of total impacts across all impact categories, indicating a
negligible influence on the overall results.

These findings highlight two key mitigation pathways for reducing the environmental
footprint of PC/ABS-based components: increasing the use of internally recycled poly-
mer to displace virgin material consumption, and improving EoL. management through
enhanced recycling rates, after the panel use.

The TEA corroborated the environmental results. The incorporation of recycled
polymer reduced operating expenditures from 8.07 € to 6.68 € per panel. When capital
expenditures were included, the total production cost decreased from 9.01 € to 7.62 € per
panel, corresponding to a reduction of approximately 15.4%. The savings were primarily
associated with lower virgin polymer demand, while capital-related costs remained practi-
cally unchanged between scenarios. Overall, the combined LCA-TEA results demonstrate
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synergy: internal recycling simultaneously improves environmental sustainability and
economic competitiveness.
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