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Abstract: The environmental impacts of buildings are based on the construction products, which
together with their packaging can be assessed as one product system. To reduce the environmental
impacts of buildings, the products and their packaging need to be optimised and analysed using
environmental assessment. The purpose of this study is to assess the packaging related to the product
according to the Life Cycle Assessment method. The environmental assessment was performed
using the Product Environmental Footprint methodology, version 3.0. To compare the primary,
secondary, and tertiary packaging, the results of the climate change indicator were used as a base
to calculate the Package-to-Product (PtP) indicator. Among the considered scenarios to handle the
waste packaging (landfilling scenario, material recovery scenario, energy recovery scenario, and the
mixed scenario), the material recovery scenario is the most preferable and, for most of the packaging
materials, the scenario with the lowest impact. Following the PtP result, the secondary packaging
in the roof tile system has a significant share of the impact of the whole system (16% for the energy
recovery scenario). Moreover, the results confirm the PtP indicator as the appropriate indicator to
analyse the environmental impacts of construction products.

Keywords: carbon footprint; life cycle assessment; package-to-product; construction waste;
environmental assessment

1. Introduction

In the construction industry, the main effort is to reduce the environmental impacts of
buildings using materials and structures which consume less non-renewable resources and cause
low environmental impacts. Moreover, the production of packaging for these construction products
causes damage to the environment, and so managing the construction waste packaging could lead to a
reduction of the environmental impact.

Construction waste packaging is produced during construction works and the reconstruction of
buildings, and its main function is to preserve the quality of construction products and simplify the
transport of products. The ordinary approach to managing this waste on a construction site is described
in the EU Construction and Demolition Waste Protocol [1]. One of the most important steps, which
is recommended by this document, is to separate the packaging and sort it into types and materials
directly on the building site. In addition, it is advisable to prepare a waste management plan before
the construction works start, to manage the waste flow from the beginning. To manage the waste flows
and increase the separation rate, it is important to understand the production patterns of packaging
waste [2]. These activities, such as waste management and the separation of waste on the site, lead to
the reduction of non-reusable waste flows, but this approach does not solve the environmental impacts
caused by the production of packaging.
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According to the hierarchy of waste management, waste prevention is the most favourable
approach. Similarly, the packaging material, which will become a waste material, should be designed
to reduce the amount of waste, which will be produced after the use phase of the packaging material.
Although reaching a low amount of waste is important, the effort should be aimed at reducing all
environmental impacts. Moreover, the environmental impacts should be considered not only in the
use phase, but in the whole life cycle of packaging.

The environmental impacts of packaging can be affected by the type of material used.
Some packaging materials are produced in energy-consuming processes (paper packaging) [3].
Besides, dangerous substances could be released during the life cycle of some materials (aluminium
packaging) [4], and some materials are hard to recycle (composite materials) [5]. Furthermore,
the end-of-life phase, including waste processing and possible avoided loads, influences the
environmental impact [6].

The environmental impacts of construction products are assessed to reduce the impact of the whole
building. For example, voluntary sustainable building certification systems such as LEED (Leadership
in Energy and Environmental Design), BREEAM (Building Research Establishment Environmental
Assessment Method), and SBToolCZ (Sustainable Building Tool-—Czech) evaluate as beneficial the
products with the environmental product declaration (EPD) [7,8]. For the processing of EPD, the data
about package production are analysed. However, these systems do not assess the partial impact of
packaging and are therefore unsuitable for the prevention of the environmental impact caused by the
life cycle of packaging.

To analyse the environmental impacts of products and their packaging together, the Life Cycle
Assessment method (LCA) is suitable as an analytical tool [9]. LCA studies have been conducted on
alternative packaging materials, but the compared function unit and/or described system boundaries
were different [10-12]. In addition, these studies are mainly focused on the packaging for the food
processing industry [4,6]. In the construction industry, the environmental assessment for environmental
product declarations is performed according to the EN 15 804 [13]. Besides, LCA studies in the
construction industry are not only focused on construction materials [14] and products [15], but also on
building elements [16,17] and the whole building [18,19]. Moreover, some of the construction products
are made of secondary materials, and this fact is also considered in the studies [20,21].

Different types of construction products can be assessed using LCA, and it is possible to consider
their specific properties or their specific production. For example, cement production was assessed
concerning the impact of CO, emissions [22]. Several impact categories, including the economic and
social dimensions, were assessed for ceramic tiles [23]. Similarly, the decrease in the results of the
environmental indicators was assessed in the system of brick production, in which organic waste
was used in the cooking process [24]. The influence of the thermal process was also investigated for
foam concrete, and the results of the environmental assessment were compared to those of ceramic
bricks [25]. Besides the structure components, insulation materials [26] and other materials for
interior and exterior [27-29] were assessed. Nevertheless, the comparison of these studies is limited,
mainly due to differently defined system boundaries, considered functional units, and used impact
assessment methods. Another limitation of the studies concerning the environmental assessment of
packaging is their separate comparison of primary and secondary packaging. Moreover, studies about
tertiary packaging, such as wooden pallets, were performed without relation to the product [10,11].
Besides this, the results of an environmental impact assessment for packaging is also affected by the
different end-of-life scenarios [11,12]. Likewise, the whole waste management strategy for packaging
could be compared [30,31]. For the reasons mentioned above, it is clear that there is no study that
comprehensively assesses the environmental impacts of all types of packaging materials of construction
products. Therefore, in this study, we focused on the assessment of the primary, secondary, and tertiary
packaging of the most commonly used construction products. The environmental impacts of the
types and materials of packaging can be compared using the Package-to-Product (PtP) indicator.
This indicator allows us to assess the environmental impacts of the whole life cycle of packaging
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materials related to the environmental impacts of the product. Although this indicator was used for
the environmental assessment of packaging used in the food processing industry, it can also be used for
products and packaging in other industries [32,33]. As was proposed before [32], the climate change
indicator can be used as an indicator for environmental impact assessment according to the Product
Environmental Footprint methodology [34].

In this study, we combine the above-described approaches to analyse the environmental impacts
of 10 construction products and their packaging using the LCA method. The life cycle of packaging
materials is modelled using four end-of-life scenarios: the landfilling scenario, the scenario with
material recovery, the scenario with energy recovery, and the mixed scenario. The compared functional
unit for environmental assessment was defined as “1 kg of product packaged in primary, secondary,
and tertiary packaging”. As an indicator for assessing impact, the climate change indicator was used,
and the results of this indicator were analysed using the PtP indicator to identify the opportunities to
reduce the environmental impact of ordinary construction products and their packaging.

2. Materials and Methods

The Life Cycle Assessment method and the PtP indicator were used as analytical tools for the
environmental assessment of packaging waste produced by the following construction products:
cement, aerated concrete block, clay brick, gypsum plasterboard, mineral reinforcement mortar,
roof tile, mineral wool, ceramic facade panels, expanded polystyrene, and paint emulsion.

2.1. Construction Products

The considered construction products were chosen as examples of representative products and
materials typically used in building constructions. The foundation structure and loadbearing structure,
which are usually made of concrete, are represented by the cement, aerated concrete block, and or clay
bricks. For interior constructions, gypsum plasterboard and mineral reinforcement mortar can be used.
Common products as roof tiles, ceramic facade panels, mineral wool, expanded polystyrene, or paint
are used for exterior constructions or roof constructions.

Each of these products is delivered on the building site in some form of packaging. The packaging
of the considered products was estimated on the base of the market survey conducted by the authors for
this study, using data from product producers and construction contractors. The considered products
and their packaging are described in Table 1.

Table 1. Construction products and their packaging.

Primary Packaging Secondary Packaging Tertiary Packaging
Construction Product Weight of Weight of Weight of

Material Pack. Per1kg Material Pack. Per1kg Material Pack. Per1kg

of Product [g] of Product [g] of Product [g]
Cement (CEM 1 32.5) Paper bag 0.46 HDPE foil 0.07 Wooden pallet 0.69
Mmeralr;ii;‘tfaorrcement Paper bag 4.00 HDPE foil 0.07 Wooden pallet 0.80
Clay brick LDPE 1.11 Wooden pallet 0.67
Roof Tile HDPE foil 11.20 Wooden pallet 0.09
Mineral wool HDPE foil 3.79 Wooden pallet 0.36
Ceramic facade panels Cardboard 0.39 HDPE foil 0.05 Wooden pallet 0.03
EXPa“dﬁsspefg)yStyre“e HDPE foil 7.26 HDPE foil 7.41 Wooden pallet 37.0
Aerated concrete block HDPE foil 0.97 Wooden pallet 0.10

element
Paint emulsion (building, PP foil 20.2 HDPE foil 0.04 Wooden pallet 1.00
exterior, white)

Gypsum plasterboard Wooden pallet 0.79

2.2. Packaging Materials and Types

Regarding the function of packaging, three main types are defined: primary, secondary, and tertiary.
The main function of primary packaging is to protect a product, but it is possible to use it to inform a
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customer or for marketing purposes. In this study, different materials were considered as primary
packaging, such as polypropylene (PP), high-density polyethylene (HDPE), paper, or cardboard.

On the contrary, secondary packaging is used for transporting several primary packages.
As defined in Table 1, HDPE and low-density polyethylene (LDPE) were analysed as secondary
packaging in this study.

Similarly, tertiary packaging is used for product transport. The typical example of this packaging
type is a wooden pallet, which can be used in multiple forms.

2.3. Life Cycle Assessment

The environmental impact of construction products and their packaging was analysed using the
Life Cycle Assessment method [9]. This method is mostly used for the assessment of environmental
impacts caused by processes in the whole life cycle of a product or service, following the international
standards ISO 14 040 and ISO 14 044 [35,36]. In this study, the LCA method was used as an analytical
tool to evaluate all the inputs and outputs of the considered products and their packaging that affected
the environment in the phases of raw resource acquisition, transport of resources to a factory, production
of products and packaging, and end-of-life of packaging.

The environmental assessment is used to describe several impact categories using several
environmental indicators, but in this study, the assessment was focused on the global warming category.
Thus, the result of the impact in this category was evaluated using the indicators described in Table 2,
which follows the Environmental Footprint method, version 3.0 [37].

Table 2. Used indicators to evaluate impact in the climate change category according to the
Environmental Product footprint, version 3.0 [19].

Indicator Unit Description

This indicator describes the impact on climate change

Climate Change kg COz eq caused by emissions of greenhouse gases (GHGs).

Carbon is removed from the atmosphere because of the
process of growing biomass. This indicator described the
impact on climate change, which is allocated to the
carbon released from the biomass (for example by the
burning of biomass) and the carbon removed from the
atmosphere due to the growth of biomass.

Climate Change (biogenic) kg CO; eq.

The result of this indicator corresponds to the impact of
emissions from fossil sources, such as the burning of
fossil fuels. It also includes removals of carbon from the
atmosphere.

Climate Change (fossil) kg CO; eq.

The land use and land use change influence the carbon
stock in the land. This indicator represents the impact of
carbon, which is released to the atmosphere because of
the change of carbon stocks in the land.

Climate Change (land use change) kg CO; eq.

To analyse the relationship between the environmental impact of the product and its packaging,
the Package-to-Product (PtP) indicator was used.

2.3.1. System Boundaries and Functional Unit

Environmental impacts were related to the functional unit of the study, which is defined as “1 kg
of product packaged in primary, secondary, and tertiary packaging”.

The system boundaries of the considered products include raw material supply, transport of
resources, manufacturing of products including the production of packaging, and energy and waste
production. The use phase of the product or the package is excluded from the system boundaries
because it is assumed that the considered products and packaging materials produce no environmental
impact in this phase. The system boundaries also include the end-of-life (EoL) phase of packaging.
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On the contrary, the EoL phase of the product is not included. The investigated system boundaries are
in Figure 1.
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Figure 1. System boundaries of considered Package-to-Product systems.
2.3.2. Assumption Accepted in the Study

e  The process describing the Czech energy mix was used according to data from reference year 2016.

e  Wooden pallets were assumed to be used 25 times.

e  Other materials such as straps, labels, and stickers were neglected for packaging.

e Transport: the distance for transporting the packaging from the packaging manufacturer was
set to 230 km, while the distance for the transporting of the packaging to the removal site was
set in the scenarios as follows: 50 km for landfilling, 150 km for energy recovery, 250 km for
material recovery.

2.3.3. Scenarios Modelling the End-of-Life Phase

The end-of-life phase of each packaging product can be modelled with different scenarios, which
cause different environmental impacts. In this study, the end-of-life phase for packaging was modelled
using the following scenarios: the landfilling scenario, the scenario with material recovery, the scenario
with energy recovery, and the mixed scenario (CZ EoL mix).

In the first scenario, the end-of-life phase of packaging is modelled as the disposal on a landfill
for all types of materials. The scenario with material recovery describes the assumptions that all
materials are recovered. The third scenario, with energy recovery, is modelled as the utilization of
all packaging materials in an incineration plant. The mixed scenario (CZ EoL mix) combines the
other approaches and represents the real waste management situation in the Czech Republic, which is
estimated as follows: 39 wt.% of waste material recovery, 18 wt.% of energy recovery, and 53 wt.%
of waste disposed on a landfill. In this scenario, it is also assumed that 50 wt.% wooden pallets are
expected to be recovered for energy and the other 50 wt.% are disposed on a landfill.

2.3.4. Life Cycle Inventory

Specific data were used to model the management of waste packaging, and generic data from
the GaBi database [20] were used for describing the production of products. Moreover, processes of
waste recycling and waste disposal were modelled using the mentioned generic data. Datasets and
environmental modelling were managed in the GaBi software [38,39]. The considered processes, which
were used for describing the product production processes, are described in Table 3.
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Table 3. Processes from the GaBi database describing the production of the considered construction
products [20].

Construction Product Description of Considered Processes

The process includes the excavation of primary resources,
Cement (CEM 132.5) the production of clinker, and the grinding of cement. The cement is
marked according to EN 197-1.

The process includes the life cycle stages of the production of
primary products, mining, processing operations and input
secondary materials (e.g., recycling processes), their transport to the
factory, and the production itself, including the provision of all
supplies and materials, energy, and the complete waste treatment or
landfilling of residual waste during the production stage.

Mineral reinforcement mortar

Bricks made of clay with the following production steps: extraction
Clay Bricks of clay, processing and moulding of clay, drying, and firing in
a furnace.

Roof tile production covers the cradle-to-gate phase, that is,

the production of raw and auxiliary materials as well as the
production of the roof tiles, including plant operation. The main raw
material is clay.

Roof Tile

Datasets describe mineral wool and glass fibre production using
Mineral wool sedimentary or igneous rocks and various recycled materials. These
materials are melted and then fibres are made.

This dataset represents the production of ceramic facade panels,
which includes material and energy production, the transportation
of raw materials and the actual production phase of the ceramic
wall plate.

Ceramic facade panels

The production of expanded polystyrene (EPS) takes place with the
following steps: frothing of the granulate, treatment in a block
foaming machine in dimensions for various products, post-foaming,
cutting, and piling.

Expanded Polystyrene (PS 30)

The dataset represents the following process steps: preparation,
mixing of primary materials, production and installation of the

Aerated concrete block element corrosion protective reinforcement (for reinforced components),
casting, driving, rubbing and cutting of the block, hardening
using steam

The dataset includes the manufacturing of raw and auxiliary
Paint emulsion (building, exterior, white) materials as well as the processing at the construction site
(solvent emissions).

The dataset represents the pre-processing of the gypsum feedstock,
the thermal process of calcination, mixing stucco with water and
casting it together with paperboards. It also includes the cutting

of boards.

Gypsum plasterboard

2.4. Calculation of PtP Indicator Focused on Carbon Footprint

The PtP indicator was used for analysing the relation between the environmental impact caused
by the product and its package. The PtP indicator was designed as the ratio of the result of the
climate change indicator for the package (CCp,) and the result of the climate change indicator for the
product (CCp;) [33]. Regarding the results of the climate change indicator, the PtP,. as indicator for the
evaluation of the results of the climate change indicator is calculated according to Equation (1).

PtPcc (%) = Z CCpa/ Z CCp; + 100 1)

Nevertheless, the PtP indicator can also be calculated for other impact categories and indicators.
However, in this study, the PtP indicator is calculated based on a result of the climate change indicator
(CC), which was selected as an indicator of the category representing the long-term impact of production
and its emissions on the climate [40].
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Considering different sources of carbon emissions, the PtP indicator was also calculated using
the following indicators: Climate Change (biogenic carbon), Climate Change (fossil), Climate Change
(land use change).

To evaluate the impact on climate change, indicators were calculated following the Product
Environmental Footprint Methodology 3.0. This methodology is recommended by the European
Commission [41].

2.5. Uncertainty Analysis

To ensure the minimum uncertainty of a study and its conclusions, the consistent data should be
collected, and alternative scenarios should be considered. In this study, four scenarios are assessed.
The scenarios assumed that material recovery, energy recovery, and/or landfilling for 100% of all
packing materials are describing the situations with limit values. On the other hand, the mixed scenario
assumed values which were estimated based on the real situation in the Czech Republic and will
probably be changed in the following years.

Therefore, to evaluate the uncertainty of the results of the mixed scenario, the Monte Carlo analysis
was used. This tool analyses the consequences and results of random uncertainties of the normal
or uniform probability distribution for some selected and independent parameters. Using random
numbers from a defined interval for parameters, the Monte Carlo simulation can produce a mean
value of the result and its standard deviation. The lower the standard deviation simulated, the more
certain and robust the results [39].

In this study, the Monte Carlo simulations were set to the normal distribution of numbers in
parameters of packaging waste management. Random values of parameters were examined in the
intervals defined as the value of a parameter in the mixed scenario £10%. The simulation was run in
1000 steps [39].

3. Results

The following tables show the results of the environmental assessment for the considered
construction products and their packaging in four scenarios. In each table, the results of climate change
indicators are presented for the product and four scenarios of waste packaging management. Based on
these results, the results of the PtP indicator are presented in figures for each construction products.

3.1. Aerated Concrete Block Element and Its Packaging

The results of the climate change indicator for the aerated concrete block are presented in Table 4,
together with results for packaging in four scenarios. In this system, the primary packaging is
not considered, but secondary and tertiary packaging caused impact according to this indicator.
In all scenarios, HDPE foil as secondary packaging affects the impact more than tertiary packaging.
The material recovery is the scenario with the lowest impact, even lower than the impact of the
mixed scenario.

The total result of the climate change indicator for the aerated concrete block is 0.487 kg CO,
eq. The highest impact of packaging following this indicator is caused by secondary packaging in
the scenario with energy recovery. The results of this packaging are influenced by the incineration
of material.

On the other hand, the highest PtP result for the biogenic climate change is reached by tertiary
packaging in the landfilling scenario (12.99%), followed by the PtP result of tertiary packaging in the
mixed scenario (5.83%), as shown in Figure 2. Regarding the PtP results of biogenic carbon, the tertiary
packaging in the material recovery scenario causes a beneficial impact (—0.09%). This beneficial impact
presents the influence of growing wood for the wooden pallet, which absorbs atmospheric carbon by
the growing of biomass.
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Table 4. Environmental impacts on the climate change category caused by 1 kg of aerated concrete
block element and its packaging evaluated in four scenarios of packaging waste management.

Aerated Concrete

Block Element CZ EoL Mix Material Recovery
Prim. Sec. Ter. Prim. Sec. Ter.
Climate Change 487 x 107! 000  255x1073  686x 107 000  145x107  597x 10~
[kg CO; eq]
Climate Change
(biogenic) 1.27 x 1073 0.00 124x 1075  7.41x107° 0.00 9.46x 107  —1.26 x107°
- [kgCOzeq]
Climate Change (fossil) 4.85x 107! 000  254x1073  612x10°* 000  143x10°  598x 10~
[kg CO; eq]
Climate Change
(land use change) 3.02x 1074 0.00 1.63x 1076 2.76 x 1078 0.00 1.75x 107  3.13x 1078
[kg CO, eq.]
Energy Recovery Landfilling
Prim. Sec. Ter. Prim. Sec. Ter.
Climate Change 000  464x1073  605%x 107 000  257x10  7.93x 10~
[kg COz eq]
Climate Change
(biogenic) 0.00 873x 107  2.45x1077 0.00 1.47 x 1075 1.65 x 10~*
 [kgCOzeq]
Climate Change (fossil) 000  464x1073  605x 10~ 000  255x1073  629x10°*
[kg CO; eq.]
Climate Change
(land use change) 0.00 6.09 x 1077 -3.96 x 10~° 0.00 1.83x 107  258x1078
[kg CO, eq.]
20 I} Ii
B Climate Change
1.5
10 Climate Change
2 (biogenic)
0.5 I I
0.0 [ ] I [ LI | 1 Climate Change
(fossil)
-0.5
P= TS N S SRS TN = SRS SR S SRS N ™
7] @ 7] v @ ) T U i
H & & 8 &4 2 3 4 8 <2 & & Climate Change (land
P P P A use change)
CZEoL Mix  Material Energy Landfilling

Recovery Recovery

Figure 2. Results of the PtP indicator for 1 kg of aerated concrete block element and its packaging
systems considering four scenarios for the handling of packaging material at the end-of-life (EoL) cycle,
namely the expected EoL mix in the Czech Republic, material recovery, energy recovery, and landfilling.

The results of PtP for the total, fossil, and land use climate change indicators are below 1%.

3.2. Expanded Polystyrene and Its Packaging

Expanded polystyrene is a product that uses primary, secondary, and tertiary packaging. Primary
and secondary packaging (HDPE foil) are handled in the material recovery scenario with the lowest
impact in the total climate change indicator, as shown in Table 5. Following the total climate change
indicator, tertiary packaging (wooden pallet) is managed in the material recovery scenario, with a low
but beneficial impact (—4.77 x 10~* kg CO, eq.). On the contrary, the highest impact according to the
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total climate change indicator is caused by packaging materials in the landfilling scenario. Meanwhile,
the material recovery scenario is, for the considered packaging, the most preferable scenario.

Table 5. Environmental impacts on the climate change category caused by 1 kg of expanded polystyrene
and its packaging evaluated in four scenarios of packaging waste management.

Expanded CZ EoL Mix Material Recovery
Polystyrene
Prim. Sec. Ter. Prim. Sec. Ter.
Cl[llf‘;é%(:hef]“]ge 2.86 191x1072  195x1072  260x10"  1.08x102 110x1072  226x 10!
) eq.
Climate Change
(biogenic) 8.84 x 1073 931x107° 950x107° 281x1072 7.08x107° 722x107° —477x107*
[kg CO; eq]
Chma[fg%gngez(]fowl) 2.85 190x 1072 194x 102 232x1071  1.07x1072 110x1072 227 x 107!
) eq.
Climate Change
(land use change) 416 x 1074 1.22%x107°  125x10™> 1.05x107° 131x107° 133x107°> 1.19x107°
[kg CO, eq]]
Energy Recovery Landfilling
Prim. Sec. Ter. Prim. Sec. Ter.
Cl[llf;éeocizr‘]ge 348x 1072 355x1072  230x10°1  192x1072 196x102  3.01x 10!
) eq.
Climate Change
(biogenic) 654x107°  667x107°  930x10° 110x10™* 112x107*  6.24 x 1072
[kg COz eq]
Chma[fg%g?gez(]fossm 347x102  354x102  230x107'  191x102 195x102 239 x 107!
Climate Change
(land use change) 456 x107%  466x107° -150x107° 1.37x107° 140x10° 9.78x107°
[kg COz eq]]

Regarding the biogenic carbon, the landfilling scenario also has the highest value of the PtP
indicator (705%), which is affected by emissions of biogenic processes in the landfill. Similarly,
the mixed scenario reached a high value (317%), which corresponds to the proportion of waste disposed
on a landfill in this mixed scenario. The results of the PtP indicators for expanded polystyrene are in

Figure 3.
10 " ll ’
§ B Climate Change
6
4
) (i.)ll_jlmtg (;hange
ogenic
o il » I . Lt |l alsl & (bicg
-2
Climate Change
= (fossil)
-6
] J I P J I = U = - U -
é A E & = g &= é A= Climate Change
[} [l a® a®

(land use change)
CZEoL Mix  Material Energy Landfilling

Recovery Recovery

Figure 3. Results of the PtP indicator for 1 kg of expanded polystyrene and its packaging systems
considering four scenarios for the handling of packaging material at the end-of-life cycle, namely the
expected EoL mix in the Czech Republic, material recovery, energy recovery, and landfilling.
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The beneficial result of PtP for the biogenic climate change indicator was reached by the wooden
pallet in the material recovery scenario. Likewise, the beneficial result of PtP for the land use climate
change indicator was reached by the wooden pallet in the energy recovery scenario. Both of these
results represent the influence of wood as a material, which is assessed as beneficial for the bonding of
carbon from the atmosphere.

3.3. Gypsum Plasterboard and Its Packaging

The results of the assessment of packaging for the gypsum plasterboard are in Table 6. In this
system, only the tertiary packaging (wooden pallet) is assumed. Thus, the results for primary and
secondary packaging are not calculated.

Table 6. Environmental impacts on the climate change category caused by 1 kg of gypsum plasterboard
and its packaging evaluated in four scenarios of packaging waste management.

Gypsum

Plasterboard CZ EoL Mix Material Recovery

Prim. Sec. Ter. Prim. Sec. Ter.
Climate Change [kg CO; eq.] 2.08 x 1071 0.00 0.00 552 %1073 0.00 0.00 480% 1073
Climate Change (biogenic) [kg CO; eq.] 1.02x 1073 0.00 0.00 5.96 x 1074 0.00 0.00 -1.01x 1075
Climate Change (fossil) [kg CO, eq.] 2.07 x 107! 0.00 0.00 493x1073 0.00 0.00 481x1073
Climate Change (land use change) 2.65x 1074 0.00 000  222x107 0.0 000  252x1077

[kg CO; eq/]
Energy Recovery Landfilling

Prim. Sec. Ter. Prim. Sec. Ter.
Climate Change [kg CO; eq.] 0.00 0.00 4.87 x 1073 0.00 0.00 6.39 x 1073
Climate Change (biogenic) [kg CO; eq.] 0.00 0.00 1.97 x 1076 0.00 0.00 1.32x 1073
Climate Change (fossil) [kg CO; eq.] 0.00 0.00 487 x 1073 0.00 0.00 5.06 x 1073
Climate Change (land use change) 0.00 000 -319x1078  0.00 000  207x107

[kg CO, eq.]

As in the previous results, the effect of wood as material bonded biogenic carbon is described here.
For this packaging material, the material recovery scenario is the most preferable scenario according to
the total climate change indicator. The same effect is represented by the results of PtP, which are shown

in Figure 4.
5
4 m Climate Change
3
” B u Climate Change
. 1 (biogenic)
0
Climate Change
-1 (fossil)
-
é ﬁ E é ﬁ E é ﬁ :‘E g % E Climate Change (land
e - °* use change)
CZEoL Mix Material Energy  Landfilling

Recovery  Recovery

Figure 4. Results of the PtP indicator for 1 kg of gypsum plasterboard and its packaging systems
considering four scenarios for the handling of packaging material at the end-of-life cycle, namely the
expected EoL mix in the Czech Republic, material recovery, energy recovery, and landfilling.
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3.4. Cement and Its Packaging

Cement, as a product of calcination, of clinker, is produced with a high amount of emissions of
carbon dioxide. In this system, the following packaging materials are considered: paper bag, HDPE foil,
wooden pallet. The result of the total climate change indicator for 1 kg of cement is 0.82 kg CO; eq.
The major source of this carbon dioxide is fossil carbon, according to the fossil climate change indicator,
as shown in Table 7. The result of the fossil climate change indicator is affected mostly by the emission
of carbon dioxide from calcination.

Table 7. Environmental impacts on the climate change category caused by 1 kg of cement and its
packaging evaluated in four scenarios of packaging waste management.

Cement CZ EoL Mix Material Recovery
Prim. Sec. Ter. Prim. Sec. Ter.

Climate Change [kg COy eq.] 828 x 1071 4.82x10™% 163x107* 4.82x10% 447x10™* 107x107* 4.19x1073
Climate Change (biogenic) g oo 104 9835104 799x107 520x10% 255x 10 7.02x107 —8.82x 10~

 [kgCOyeq]
Climate Change (fossil) g7 101 1955104 162x104  430x10°  191x10% 106x104 420 x10-3
[kg CO; eq]
Climate Change
(land use change) 225x107% 891x107 119x107 194x107 880x107 130x107 220x1077
[kg CO; eq]]
Energy Recovery Landfilling
Prim. Sec. Ter. Prim. Sec. Ter.
Climate Change [kg CO; eq.] 125x 1074 345x107*  425x107%  768x107* 190x10™* 557x1073
Chmat‘[ek(;hcaggeeg’;(’gemc) 194x 107 648x107 172x10°0 510x10~* 1.09x107° 1.16 x 10~
5 eq.
Chmz}fg%gngez(]fosm) 124x10* 344x10*  425x1073  257x10°* 1.89x10°* 442x1078
5 eq.
Climate Change
(land use change) 776 x 1077 452x107% —278x10"% 9.84x107 136x107 1.81x1077
[kg COz eq]

On the other hand, the impact of biogenic carbon is almost marginal in the comparison with
the emission of fossil carbon dioxide. Therefore, as shown in Figure 5, the result of the PtP indicator
for biogenic carbon is relatively high for primary and tertiary packaging. In the landfilling scenario,
the PtP (biogenic) result for the wooden pallet is 130% and for the paper bag is 57%. Also in the mixed
scenario, the wooden pallet reached 57%, and the PtP (biogenic) result for the paper bag is 31%.

PEE P

1.5
1 B Climate Change
0.5 ‘ ‘ I
2 0 =i | o N | . I ol d ‘ m Climate Change
| (biogenic)
-0.5 ‘
| Climate Change
(fossil)
-1.5
5 § & 5§ ¢ 8 § § £ 8§ § 8
8 #& = B B = B &S = B B Climate Change (land
~ ~ o ~
use change)

CZEoLMix Material Energy  Landfilling
Recovery = Recovery

Figure 5. Results of the PtP indicator for 1 kg of cement and its packaging systems considering four
scenarios for the handling of packaging material at the end-of-life cycle, namely the expected EoL mix
in the Czech Republic, material recovery, energy recovery, and landfilling.
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Regarding the total climate change indicator, the energy recovery scenario is the most favourable
for the removal of primary packaging. Contrary to this, secondary and tertiary packaging should be
handled by the material recovery scenario. In the comparison of the summarized impact of packaging,
these two scenarios have the lowest impact. The mixed scenario, which represents the combination
of the removal approaches, caused higher summarized damage to the environment and is thus not
appropriate for this system.

3.5. Clay Brick and Its Packaging

The clay brick is packed with LDPE, and wooden pallets are used as tertiary packaging. Primary
packaging is not considered in this system. The results of the impacts are shown in Table 8.

Table 8. Environmental impacts on the climate change category caused by 1 kg of clay brick and its
packaging evaluated in four scenarios of packaging waste management.

Clay Brick CZ EoL Mix Material Recovery
Prim. Sec. Ter. Prim. Sec. Ter.
Climate Change 235%10°1 000 257x10% 469x10% 000 1.67x1073  4.08x 1073
. [kg CO, eq.] .
Climate Change (biogenic) o) 154 000 150x10-° 506x10-* 000 115x105 —8.58 x 10-6
[kg COz eq.]
Climate Change (fossil) 235x 101 000 255x107% 418x10% 000 165x1073  4.08x 1073
[kg CO; eq.]
Climate Change
(land use change) 432%x107° 000 228x107° 1.89x 1077 0.00 210x10™° 214x1077
[kg COz eq.]
Energy Recovery Landfilling
Prim. Sec. Ter. Prim. Sec. Ter.
Climate Change 000 543x10% 413x10% 000 305x1073 542x1073
. [kg CO, eq.] .
Climate Change (biogenic) 0.00 157x107° 167x10® 000 225x107° 1.12x1073
kg COzeq]
Climate Change (fossil) 000 541x10% 413x10% 000 3.03x1073 430x1073
[kg CO; eq.]

Climate Change (land use

-6 _ -8 -6 -7
change) [kg CO, eq.] 0.00 1.62 x 10 2.71 x 10 0.00 3.02 x 10 1.76 x 10

The LDPE foil was handled in four scenarios, and the energy recovery scenario has the highest
impact according to the total climate change indicator (0.00543 kg CO, eq.). Following this indicator,
the managing of wooden pallets reached the highest impact in the landfilling scenario (0.00542 kg
CO; eq.). However, in the summarized results of these two packaging materials, the energy recovery
scenario caused the highest impact.

The results of the PtP indicators are shown in Figure 6. As in the previous results, the PtP (biogenic)
result is high for a wooden pallet in the landfilling scenario (386%) and the mixed scenario (174%).
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Figure 6. Results of the PtP indicator for 1 kg of clay brick and its packaging systems considering four
scenarios for handling packaging material at the end-of-life cycle, namely the expected EoL mix in the
Czech Republic, material recovery, energy recovery, and landfilling.

3.6. Ceramic Facade Panel and Its Packaging

Ceramic facade panels are protected by cardboard and HDPE foil and transported on a wooden
pallet. The results of the impacts for the ceramic facade panels and their packaging are shown in Table 9.
For calculation of impacts, the model of Ceramic facade panel from GaBi database was used [38].
In this model, neither the emissions from a biogenic source of carbon dioxide nor carbon dioxide
emissions from land use are assumed. Therefore, only the results of PtP for the total climate change
indicator and fossil climate change are expressed in Figure 7.

Table 9. Environmental impacts on the climate change category caused by 1 kg of ceramic facade panel
and its packaging evaluated in four scenarios of packaging waste management.

Ceramic . .
Facade Panel CZ EoL Mix Material Recovery
Prim. Sec. Ter. Prim. Sec. Ter.
Cl[llfg‘aéeo(;}g“]ge 1.13 281x 1074 126x107% 222x107%  242x107% 7.15x10° 193 x 107*
Climate Change
biogenic 0.00 207%x107°  616x107 240x107° —920x1077 4.68x1077 —4.07x1077
g
[kg COz eq.]
Climate Change (fossil) 113 261x107%  126x107%  198x10~%  244x10~* 710x107° 1.94x 10~
[kg CO, eq.]
vl .
Climate Change
(land use change) 0.00 -855x 1077 8.09x107% 895x1070 -9.38x1077 864x10% 1.01x107®
[kg CO, eq.]
Energy Recovery Landfilling
Prim. Sec. Ter. Prim. Sec. Ter.
leg‘éeofizr‘]ge 378x 1074 230x107%  196x10*  923x107% 127x107%  2.57 x 10~
Climate Change
(biogenic) -710%x107 432x107 793x10°8 431x107%  727x107 533x107°
[kg CO; eq]
Chme}fg%gngez(]fossm 379%x 1074 229x107%  196x10~%  492x10~* 126x10°% 2.04x10°*
2 .
Climate Change
(land use change) -1.13x107 3.02x107® -128x1077 626x1078 9.04x1078 834x10~°
[kg CO; eq]

According to the climate change (total) indicator, carboard as primary packaging is managed
with the lowest impact in the material recovery scenario (2.42 X 10~* kg CO, eq.). On the contrary,
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the landfilling scenario causes the highest impact (9.23 x 107 kg CO; eq.). These results are affected
by the cardboard containing the carbon from biomass, as well as by the wooden pallet and the paper
bag. The material recovery scenario also reached the lowest summarized impact for all packaging
materials in this system.

0.10
0.08
o 0-06 m Climate Change
°0.04
0.02
0.00 I | I I n I I I I | I Climate Change
- . . - . . - . . - . . (fOSSﬂ)
88 EEEE& 8538
[ [ [ [

CZEoL Mix Material Energy  Landfilling
Recovery = Recovery

Figure 7. Results of the PtP indicator for 1 kg of ceramic facade packaging and its packaging systems
considering four scenarios for the handling of packaging material at the end-of-life cycle, namely the
expected EoL mix in the Czech Republic, material recovery, energy recovery, and landfilling.

The cardboard handled in the landfilling scenario reached the highest results of the PtP indicator
(0.08%), but the contribution of all packaging in this system is rather marginal. This is also affected
by the weight of packaging materials, which were assumed for ceramic facade panels. The weight of
packaging materials per 1 kg of product is the lowest among the considered construction products.

3.7. Paint Emulsion and Its Packaging

The PP foil, HDPE foil, and wooden pallet were assumed as packaging materials for the paint
emulsion. The comparison of their impacts is presented in Table 10. The result of the climate change
(fossil) indicator for 1 kg of paint emulsion is 1.94 kg CO; eq., and it represents the main contribution
to the climate change (total) indicator (1.95 kg CO, eq.).

Table 10. Environmental impacts on the climate change category caused by 1 kg of paint emulsion and
its packaging evaluated in four scenarios of packaging waste management.

Paint

. CZ EoL Mix Material Recovery
Emulsion
Prim. Sec. Ter. Prim. Sec. Ter.
Climate Change ) 4 3 2 -5 -3
[kg CO, eq ] 1.95 5.21 % 10 1.05 x 10 7.03 x 1073 3.00 x 10 5.96 x 10 6.11 x 10
Climate Change
(biogenic) 1.10 x 1072 291x107%  513x107  759x107*  202x10™* 390x107 -129x107°
[kg COz eq]]
Chm"}fgcchgﬁz(]f‘mﬂ) 1.94 517x102  1.05x10% 627x1073  297x1072 592x1075 613 x 1073
Climate Change
(land use change) 1.87 x 1073 373%x107°  674x10°% 283 %1077 3.69%x107°  720x107%  321x1077
[kg CO; eq.]
Energy Recovery Landfilling
Prim. Sec. Ter. Prim. Sec. Ter.
Cl[llizaéeociznlge 953x102  192x10%* 620x1073  519x102 106x10°* 813 x1073
5 eq.
Climate Change
(biogenic) 224x107%  360x107 251x107°  348x10™* 6.06x107  1.69x 1073
g
[kg CO; eq]
Chm*}fgcchg‘;%z(]f‘mﬂ) 950x 102  191x10™* 620x1073  516x102 1.05x107* 644 x1073
Climate Change
(land use change) 1.69x107° 251x1078 —406x10"% 423x107° 753x10°8 2.64x1077

[kg CO; eq/]
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According to the climate change (total) indicator, primary packaging has the highest effect on the
impact of each scenario. Thus, the energy recovery scenario reached the highest impact, because it is
the worse approach to handle the waste PP foil. On the contrary, the material recovery scenario is the
most favourable scenario for this system, because it is also the most favourable way to remove the PP
foil. The influence of the PP foil is based on the amount of foil needed for packaging (20.2 g per 1 kg of
product).

Regarding the PtP (biogenic) indicator, the wooden pallet reached the highest result in the
landfilling scenario (15.4%) and the mixed scenario (6.9%). Following the climate change (total)
indicator, the primary packaging caused 4.8% of the result of the product in the energy recovery
scenario. The results of the PtP indicator are expressed in Figure 8.

]

m Chi
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3.0 ;
X 20 : m Climate Change
10 | ‘ (biogenic)
0.0 . ; . - . - . Climate Change
~1.0 (fossil)
g § 8 § g% 8 § ¢ & § § B
E s E S E S = B S F Climate Change
) (land use change)
CZ EoL Mix Material Energy Landfilling
Recovery Recovery

Figure 8. Results of the PtP indicator for 1 kg of paint emulsion and its packaging systems considering
four scenarios for the handling of packaging material at the end-of-life cycle, namely the expected EoL
mix in the Czech Republic, material recovery, energy recovery, and landfilling.

3.8. Mineral Wool and Its Packaging

In this study, the HDPE foil was assumed as secondary packaging for the mineral wool, combined
with wooden pallet as tertiary packaging. The primary packaging was not considered in this study.
The results of the impacts of mineral wool and its packaging are in shown in Table 11.

Table 11. Environmental impacts on the climate change category caused by 1 kg of mineral wool and
its packaging evaluated in four scenarios of packaging waste management.

Mineral . .
Wool CZ EoL Mix Material Recovery
Prim. Sec. Ter. Prim. Sec. Ter.

Climate Change [kg CO; eq.] 1.46 0.00 9.98x107%  252x1073 0.00 565x107%  219x1073

Climate Change (biogenic) - 3, 103 000 486x105  272x 1074 000  369x1075 -462x107°
[kg COz eq]

Climate Change (fossil) 145 000  993x1073 225x1073 000  561x1073 220x1073
[kg CO; eq]

Climate Change

(land use change) 1.01 x 1073 0.00 639%x107°  1.02x1077 0.00 682x107° 1.15x 1077

[kg COz eq]]
Energy Recovery Landfilling
Prim. Sec. Ter. Prim. Sec. Ter.

Climate Change [kg CO; eq.] 0.00 1.81x1072  223x1073 0.00 1.00x1072  292x1073

Climate Change (biogenic) 000  341x1075  9.00x 1077 000  574x107°  605x 107
- [kgCOzeq]

Climate Change (fossil) 000  181x1072 222x1073 000  996x1073 231x1073
[kg COz eq]

Climate Change
(land use change) 0.00 238x107° —1.46x1078 0.00 714x 107  9.48 x 1078

[kg CO; eq.]
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Following the results of the climate change (total) indicator, secondary packaging caused a higher
impact than tertiary packaging in this system. According to the summarized results of this indicator,
the energy recovery scenario is the worst, and the material recovery scenario is the most preferable.

The wooden pallet as tertiary packaging reached the highest results of the PtP (biogenic) indicators,
i.e., in the landfilling scenario (9.6%) and in the mixed scenario (4.3%). The other results of the PtP

indicators are expressed in Figure 9.

i
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Figure 9. Results of the PtP indicator for 1 kg of mineral wool and its packaging systems considering
four scenarios for the handling of packaging material at the end-of-life cycle, namely the expected EoL
mix in the Czech Republic, material recovery, energy recovery, and landfilling.

3.9. Roof Tile and Its Packaging

As in the packaging system of mineral wool, roof tiles are packaged using HDPE foil and a
wooden pallet. The results of this system are shown in Table 12. In this system, the summarized result
of the climate change (total) indicator confirms that the energy recovery scenario caused the highest
impact and the material recovery scenario is suitable for this system.

Table 12. Environmental impacts on the climate change category caused by 1 kg of roof tiles and their
packaging evaluated in four scenarios of packaging waste management.

Roof Tile CZ EoL Mix Material Recovery
Prim. Sec. Ter. Prim. Sec. Ter.
Climate Change [kg CO2 eq.]  3.33 x 107 0.00 294%x1072 627 x107* 0.00 166 x 1072 545x 1074
Climate Change (biogenic) 4 ng 155 000 143x10%4 677 x10° 000  1.09x107* -115x1076
[kg COz eq.]
Climate Change (fossil) 3.31 x 101 000  292x102 560x107% 0.00 1.65x 1072  5.46 x 10~
[kg COz eq]
Climate Change
(land use change) 1.98 x 107+ 0.00 1.88x107° 253 x 1078 0.00 201x10° 286 x10°8
[kg CO; eq.]
Energy Recovery Landfilling
Prim. Sec. Ter. Prim. Sec. Ter.
Climate Change [kg CO; eq.] 0.00 534x1072 553x107* 0.00 295x 1072 725x107*
Climate Change (biogenic) 000  1.00x10* 224x 1077 000  1.69x10* 150 x 10~
. [kg CO; eq.] .
Climate Change (fossil) 000  533x102 553x107* 000  293x102 575x 107
[kg CO; eq.]
Climate Change
(land use change) 0.00 7.01x107¢ -3.62x107° 0.00 210x1075  236x1078

[kg CO; eq.]
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In this system, the packaging materials reached a high value of the PtP indicators (total, biogenic,
fossil, and land use change) and are expressed in Figure 10. The contribution of HDPE foil was
calculated as 8-15% (based on the selected indicator) in the mixed scenario and the landfilling scenario.
In the energy recovery scenario, HDPE foil contributes 8-16% (based on the selected indicator).
Furthermore, the effect of the wooden pallet cannot be neglected. Tertiary packaging reached almost
14% using the climate change (biogenic) indicator.

B Climate Change
15.0
5 16 Climate Change
N :
5.0 I (biogenic)
L ) ) ) B Climate Change
-5 (fossil)
= U b= o 9] = = U = = 9] =
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(land use change)
CZEoL Mix  Material Energy Landfilling
Recovery Recovery

Figure 10. Results of the PtP indicator for 1 kg of roof tiles and their packaging systems considering
four scenarios for the handling of packaging material at the end-of-life cycle, namely the expected EoL
mix in the Czech Republic, material recovery, energy recovery, and landfilling.

3.10. Mineral Reinforcement Mortar and Its Packaging

The considered system with the mineral reinforcement mortar assumed the paper bag as primary
packaging, HDPE foil as secondary packaging, and the wooden pallet as tertiary packaging. The results
of the impacts are described in Table 13. The model of mortar from the GaBi database [38] was used.
In this model, no sources of biogenic carbon and carbon oxide emissions from land use change were
assumed. Thus, the results of climate change (biogenic, land use change) were not calculated.

Table 13. Environmental impacts on the climate change category caused by 1 kg of mineral reinforcement
mortar and its packaging evaluated in four scenarios of packaging waste management.

Mineral
Reinforcement CZ EoL Mix Material Recovery
Mortar
Prim. Sec. Ter. Prim. Sec. Ter.
Climate Change [kg CO; eq.] 4.00 x 1071 419x10™* 190x107% 563x1073 388x10™* 1.07x107% 489x1073
Climate Change (biogenic) 0.00 246107 923x107  6.07x107%  222x107% 7.02x107 -1.03x 107
[kg CO; eq]
Climate Change (fossil) 400x1070  172x107% 1.89x107%  502x103  166x1074 1.06x107% 490 x 1073
[kg CO; eq]
Climate Change
(land use change) 0.00 775%107  121x107 226x1077 7.65x107 130x107  257x1077
[kg COz eq]
Energy Recovery Landfilling
Prim. Sec. Ter. Prim. Sec. Ter.
Climate Change [kg CO, eq.] 1.09x107%  345x107*  496x107° 668x10* 190x10™* 6.50 x 1073
Climate Change (biogenic) 169%x107  648x107  201x107° 443x107* 1.09x1076 1.35x 1073
[kg COz eq]
Climate Change (fossil) 1.08x 107 344x107*  496x1073 223x107* 1.89x107*% 515x1073
[kg COz eq]
Climate Change
(land use change) 675x 1077 452x107% -325x108 855x1077 136x107 211x1077

[kg CO; eq.]
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Following the results of the climate change (total) indicator, the wooden pallet caused the highest
impact in each scenario. Regarding the summarized results of this indicator, packaging materials are
handled with the highest impact in the landfilling scenario, and the material recovery scenario causes
the lowest impact.

The influence of the wooden pallet is also notable in the results of the PtP indicators, which are
shown in Figure 11. In the landfilling scenario, the wooden pallet reached 1.6% as a result of the PtP
(total) indicator and 1.3% as a result of the PtP (fossil) indicator. In other scenarios, the PtP (total)
results of the wooden pallet were calculated in the range 1.2-1.6%.

2.00
1.50 B Climate Change
3 1.00
5
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0.00 =~ = -— - = B - (fossil)
= 9] b = 9] b = 9] b = 9] b
8 & & 8 & & 8 &8 &8 & &
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Figure 11. Results of the PtP indicator for 1 kg of mineral reinforcement mortar and its packaging
systems considering four scenarios for the handling of packaging material at the end-of-life cycle,
namely the expected EoL mix in the Czech Republic, material recovery, energy recovery, and landfilling.

3.11. Results of Monte Carlo Analysis

To test the robustness of the study, the Monte Carlo Analysis was performed focusing on the
mixed scenario. This scenario was selected as a scenario representing the estimated state in the Czech
Republic and also includes other waste management strategies.

For each production system, the mean value of the climate change indicator was calculated,
and the standard deviations were estimated. The mean values and standard deviations are presented
in Table 14. The mean values represent the results of the production systems, which include the
production of 1 kg of product and the production and removal of its packaging materials.

Table 14. Results of the Monte Carlo Analysis for the mixed scenario (CZ EoL mix).

Product System . Mean Value of the . .
(Including Packaging) Climate Change (Total) Indicator Standard Deviation [%]
[kg CO, eq.]

Aerated concrete block element 0.49 0.009
Expanded polystyrene 3.16 0.093
Gypsum plasterboard 0.21 0.030

Cement 0.83 0.008

Clay brick 0.24 0.041

Ceramic facade panel 1.13 0.002
Paint emmulsion 2.01 0.042
Mineral Wool 1.47 0.011

Roof tile 0.36 0.130

Mineral reinforcement mortar 0.41 0.018

The standard deviation for most of the scenarios is below 0.1%. This shows that the consequence
of the change of input data about packaging materials in range +10% can be neglected.
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Only in the roof tile production system was the standard deviation higher (0.13%). This reflects
the high impact of used packaging per 1 kg of product. In addition, the results of the PtP indicators
are high in different scenarios. However, this probable consequence of the parameter change will not
affect the conclusions of this study. On the other hand, it points to the production system, in which the
packaging materials have a relatively higher influence on the impact of the whole system.

4. Discussion

The report published by WRAP in the field of building waste management compares different
scenarios for the removal of this type of waste. However, it also estimates that 34% (vol.) of the
waste on a building site is waste packaging, and that 60% of wooden pallets are removed as unusable
waste [42]. This waste management approach was also tested in this paper for wooden pallets and
other products.

In this paper, the environmental impacts of 10 construction products and their packaging were
assessed using four end-of-life scenarios for packaging: the landfilling scenario, the scenario with
material recovery, the scenario with energy recovery, and the mixed scenario. Although the impact
of the waste management scenario is relatively low regarding the impact of the production of 1 kg
of the construction product, the most preferable approach can be found for each considered system.
Regarding the results of the climate change (total) indicator, the most preferable approach for the most
considered system is the material recovery scenario. On the other hand, the landfilling scenario causes
the highest impact of packaging in most cases, and the results of the incineration scenario represent
the highest impact in the waste management of packaging in four systems (aerated concrete block,
paint emulsion, mineral wool, roof tile), which are assumed to use HDPE foil and wooden pallet as
packaging materials. Furthermore, the mixed scenario as a combination of these approaches is neither
the most favourable nor the worst scenario for any of the considered products. Mostly, it is affected by
the high proportion of landfilling in this scenario.

Each material has its preferable scenario, in which its impact is the lowest. The environmental
impacts of packaging can be compared regarding their material composition. Such an approach was
used for the packaging materials in the previous study [43]. Following the results of the climate
change (total) indicator, the best scenario for the wooden pallet is the material recovery scenario.
On the contrary, energy recovery was proposed in previous studies as a removal with low impact [11].
Besides, the landfilling scenario reached the highest impacts for this packaging material. In the waste
management of the HDPE foil, the material recovery scenario causes the lowest impact, and the impact
of the energy recovery scenario is the highest for this material. Paper and cardboard are used in three
production systems (cement, ceramic facade panel, and mineral mortar). Paper bags are removed
with the lowest impact in the energy recovery scenario, and the material recovery scenario is the most
suitable approach for the removal of cardboard. LDPE foil and PP packaging are preferentially handled
in the material recovery scenario.

The impact of packaging is expressed using the PtP indicator, which is related to the impact
of packaging on the impact of the production of 1 kg of the product. In the comparison with the
previous study focusing on the PtP indicator for the food processing industry, the results of the PtP
indicator for construction products are relatively lower. This is affected by the high impact caused by
1 kg of construction product and the low weight of the packaging. For example, the maximal load
of a wooden pallet is in the range of 1500 to 2000 kg of construction products, and it can be used
multiple times. Despite this, the wooden pallet reached high results of the PtP (biogenic) indicator
mainly in the landfilling scenario for several construction products (expanded polystyrene, gypsum
plasterboard, cement, clay brick). These products were modelled with low impact in the climate change
(biogenic) indicator.

The use of the PtP indicator was appropriate for the systems with roof tiles, mineral mortar,
and paint emulsion, where the packaging materials are associated with a relatively higher impact.
In these systems, the results of the PtP indicator can be used to reduce the environmental impact of the
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production system using suitable waste management. For example, the material recovery of waste
from packaging in the system with roof tile will reduce the impact of all considered systems, as shown
in Figure 10. Furthermore, the PtP result can be used to determine the packaging, whose further
optimization should be performed to reduce the environmental impacts. For example, in the paint
emulsion system, the primary packaging caused a significantly higher impact than the other kinds of
packaging. According to these results, the PtP can be appropriate to certain construction products.

Study Limitation

The study may be limited by the data about the production processes of products and by the input
data about packaging. General production processes from the Gabi database [38] were used, and input
data about packaging were estimated based on the market research. The study and its conclusions and
results should be interpreted in light of this limitation.

For the purpose of tracking the source of carbon dioxide emissions, the Environmental Footprint
methodology, version 3.0, was used, and the study focused on the results of the climate change indicator
as a representative indicator, which attracts a great deal of attention nowadays. The conclusions of the
study are limited by this indicator, and further research is needed on other impact categories.

5. Conclusions

The LCA was performed, and the PtP indicator was calculated for 10 construction products
and their packaging. The environmental impacts expressed using the climate change indicator were
modelled using four scenarios. For most products, the material recovery scenario was the most
suitable. Compared to that, the landfilling scenario reached the highest impact for most of the products.
The scenario with energy recovery was preferable for handling the paper bag packaging. As a
combination of these three scenarios, the mixed scenario was modelled to represent the estimated state
of removal in the Czech Republic. Considering the results of the impacts for each packaging material,
it can be concluded that it is appropriate to manage packaging materials in different scenarios.

The Monte Carlo analysis was used to test the robustness of the study, and it also shows that roof
tiles are products whose packaging has a significant influence on the impact of the whole system.

The conclusions of this study are limited by the Product Environmental Footprint Methodology,
version 3.0, which was used to analyse the impacts of using the climate change indicator as a base to
calculate the PtP indicator. However, the results of the PtP indicators point to packaging materials
in the considered system, which should be further investigated to reduce the environmental impacts
of waste packaging management on a building site. Moreover, the PtP indicator was confirmed as a
useful indicator to analyse the environmental impacts of construction products.
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