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Abstract: This article describes research done within the CIRCE2020 project, implemented under
the Interreg CENTRAL EUROPE 2014–2020 Programme. The main aim is to present the results
of a life cycle assessment (LCA) and life cycle costing (LCC) carried out for a recycling plant in
Wielkopolska. From the LCA perspective, the analyzed recycling plant performs two functions;
therefore, two research approaches were adopted: from the final waste management perspective
(Approach 1) and from the production of secondary products (Approach 2). From the first perspective,
the total environmental impact for the reference flow (215.140 kg of multi-material waste) was
552.32 Pt. When focused on the second perspective, the environmental impact for the production of
plastic boards (3.073 boards) reached 659.58 Pt. The difference in the obtained values results from the
fact that the second analysis, besides waste processing, included additionally the generation of raw
materials corrected by the quality factor. The total production cost of boards made of multi-material
waste was PLN 165,957.23. Energy consumption is the main cost-generating element of production
and also the most important environmental hot spot. To increase environmental efficiency and reduce
costs, the use of technology allowing for the reduction of energy demand should be considered first.

Keywords: circular economy; life cycle assessment; life cycle costing; circular footprint formula

1. Introduction

Construction of a business model based on the circular economy (CE) assumptions is among one
of the greatest contemporary challenges. CE is a concept that assumes rational use of raw materials by
letting them circulate in the economy as long as this is justified economically and environmentally.
CE is one of the areas of corporate social responsibility (CSR). The talking point in CSR-related papers
is the relationship between corporate social responsibility and circular economy as a consequence of
limited sources and environmental problems [1–3]. This approach improves business sustainability by
reinserting waste into the supply chain to manufacture products on-demand in different industries [4–7].

Implementation of the circular economy (CE) principles is among the priorities of the European
Union, which is reflected in the currently undertaken initiatives. Examples of such actions include the
CIRCE2020 project. The CIRCE2020 is R&D and implementation project that has been implemented
since 2017 under the Interreg CENTRAL EUROPE 2014–2020 Programme by a consortium of partners
from Poland, Italy, Austria, Hungary, and Croatia.
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The main objective of the project was to introduce innovative models of raw material supply
chain management based on the circular economy concept. Under CIRCE2020, technological solutions
for waste management that fit into the idea of CE were examined, implemented, and then tested
in companies in Wielkopolska. Polish experts involved in the project included scientists from the
Poznań University of Economics and Business who were responsible for conducting the life cycle
assessment (LCA) and life cycle costing (LCC) for selected waste streams. Parallel works were
carried out by the other project partners in the Veneto Region in Italy, Tyrol in Austria, Dalmatia in
Croatia, and the Tatabanya Industrial Park in Hungary. This article describes research done within
the CIRCE2020 project. These studies focused on selected waste streams generated in Wielkopolska,
mainly multi-material plastic packaging.

Life cycle management tools can be used to support a circular economy business model [8–10].
Application of LCA and LCC in the circular economy context is discussed in the literature from
both methodological and practical viewpoints [11–15]. There are many case studies investigating
implementation of LCA and LCC in the waste management field [16–18]. The papers are focused on
eco-efficiency measurement. The results demonstrate that the integration of LCA and LCC can provide
key arguments for sustainable policy making and indicate technological innovations that have the
potentials to improve sustainable businesses. The presented article fits into this subject. The main
aim of the paper is to describe the results of LCA and LCC carried out for a recycling plant interested
in the processing of mixed plastics. Presented LCA and LCC studies were carried out in the first
quarter of 2019 (2018 was the reference period). The LCA and LCC studies were carried out in a fully
methodologically consistent manner, for identical system boundaries, and for the same functional unit.

However, the presented paper touches also on the issue linked with multifunctionality, which is a
problem that needs to be faced in LCA study. Taking into account the multifunctionality of such an
activity, the LCA study was divided into two variants (Approach 1 and Approach 2), which made
it possible to verify whether and to what extent the perspective of the study and the inventory data
modelling affect the final results. The second variant of the LCA study was modelled using the
circular footprint formula (CFF). CFF was developed as part of methodology aiming at measuring the
environmental performance in the life cycles of products and organizations (Environmental Footprint
Initiative) [19]. CFF is an equation consisting of several parameters that may be considered difficult for
business practice. Application of CFF in LCA is an important point in the scientific discussions on
the LCA methodology; however, industrial case studies are so far rarely described. An interesting
example is a building case study where the end-of-life modelling with the use of CFF for the CEN
standards (EN 15804+A1) was proposed [20]. The case study described in this article demonstrates the
use of CFF in a different context. The paper presents how to use CFF in a specific case when a recycling
plant is also a producer of secondary product and how to interpret the results. Basically, two issues are
described: process multifunctionality and product multifunctionality.

2. Materials and Methods

2.1. Waste Selection

The first stage of the CIRCE2020 project was to quantify the waste produced in the region of
Wielkopolska in Poland, to identify the waste streams with the highest potential for recycling. Selection
of relevant flows was based on:

• the opinion of experts with a background in waste management;
• the results of brainstorming sessions with AM Trans Progres and external experts;
• data provided by waste management companies operating in Wielkopolska;
• guidelines of the EU Action Plan on Circular Economy;
• goals defined in the Waste Management Plan for Wielkopolska Region for 2016–2022, along with

the Investment Plan;
• the quantity of waste (according to the European Waste Catalogue) generated in Wielkopolska.
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Waste flows generated in 2016 in the Wielkopolska region have been inventoried and distinguished
(Table 1). As produced in the largest amount, the following three types of flows have been recognized
as the most suitable for recycling and circularity: plastic packaging (EWC 15 01 02), waste plastic (EWC
07 02 13), and mixed packaging (EWC 15 01 06). A need for developing new recycling technologies
focused on treating these waste flows has been identified and assumed as a goal in the CIRCE project.

Table 1. List of relevant waste flows identified in Wielkopolska.

EWC Waste flow
Quantity Produced in the

Wielkopolska Region
tonne/2016

02 07 02 Wastes from spirits distillation—diatomaceous earth 264.26
02 07 99 Waste not otherwise specified—diatomaceous earth 1104.04
04 02 22 Wastes from processed textile fibers—faux leather 4378.74
07 02 13 Waste plastic 20,215.38
12 01 05 Plastic shavings and turnings from automotive 1696.45
12 01 13 Welding wastes from automotive 1253.56
15 01 02 Plastic packaging 60,640.38
15 01 06 Mixed packaging 20,089.97
16 01 19 Plastic raw materials from end-of-life vehicles 3058.10
17 03 80 Tar paper/roofing felt 579.83
19 09 05 Saturated or spent ion exchange resins 9.22

Source: Own elaboration.

Based on the conducted analysis of waste, two companies dealing with plastics processing
in Wielkopolska were selected. Both entities were interested in implementing, on a large scale,
a technology allowing the use of mixed waste plastic streams. For them, the LCA and LCC studies
were the prerequisites and stimuli for the expansion of their business. Below, the most important
assumptions and results of the research carried out for one of the two recycling plants are presented.
With this example, the identified difficulties in implementing LCA and LCC are also discussed.

2.2. Goal and Scope

The research focused on multi-material plastic waste (mainly packaging). Due to its heterogeneity,
it is very difficult to process this waste to separate individual polymers and produce a homogeneous
regranulate. Therefore, for this waste type, landfilling or co-incineration are the most common forms
of final management. Taking into account the circular economy guidelines, technology has been
developed in which the multi-material plastic waste serves as input to the conversion process based on
a physical treatment process. This process allows us to use different combinations of multipolymer
waste to produce the final product—secondary plastic board with valuable features that probably will
find an application in horticulture as a fencing board.

The purpose of this research was to determine potential environmental impacts and costs of a new
business area of the analyzed recycling plant, which includes processing of multi-material plastic waste
and the production of boards from it. The functional unit was to process 215.140 kg of multi-material
plastic waste and to produce 3.073 boards sized 2.0 × 1.4 × 0.02 m with a unit weight of 70.0 kg made
out of the recycled materials. It has been assumed that the material composition of the recycled product
represents the morphology of the multi-material waste stream received by the examined recycling
plant in 2018 and it is as follows: HDPE 30%, PP 30%, PC 10%, PA 10%, ABS 10%, and Aluminum 10%.

System Boundary

The following unit processes related to waste conversion technology have been included in
the foreground system’s boundary: shredding, mixing, thermal processing, packaging, and internal
transportation. However, it should be underlined that from the LCA perspective, the business of the
analyzed recycling plant can be seen as performing two functions (process multifunctionality):
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• function 1 (f1)→ final waste management;
• function 2 (f2)→ production of secondary plastic boards.

What is more, the second function (f2) yields a finished product made of recycled materials, so we
are dealing with another source of multifunctionality (product multifunctionality), concerning only
the boards produced:

• function 2a (f2a)→ production of virgin product A in the previous life cycle;
• function 2b (f2b)→ production of secondary product B (secondary plastic board) in the current

life cycle.

In practice, this means that the impact assigned to board production function (f2) should be
divided between two coupled product systems (f2a and f2b). The question is how to address all these
issues in the LCA study.

It is assumed that the management of the recycling plant in question would like to know what
the potential environmental impact of their new waste conversion business is. Two different research
perspectives were adopted to address this issue, and they directly affect the system boundaries of the
study (Figure 1):

• Approach 1—calculation of environmental impacts with a focus on multi-material plastic waste
final management. This reflects the perception of the recycling plant as a waste management
entity and performing the “end-of-life” function. In this approach, all impacts related to the
operation of the plant are assigned to function 1 (100% = f1 and 0% = f2). Therefore, secondary
board production is somewhat “ignored” with zero impact assigned to it.

• Approach 2—calculation of environmental impacts with a focus on secondary board production.
This reflects the perception of the recycling plant as an entity producing ready-made products
from secondary raw materials, and thus operating on the borderline of at least two product
systems and performing a “production” function in the life cycle. In this approach, all the impacts
associated with the plant’s operations are assigned to function 2 (0% = f1 and 100% = f2), so waste
final management (f1) is somewhat “ignored”, and all the environmental impact is assigned to
secondary board production (f2).Sustainability 2020, 12, x FOR PEER REVIEW 5 of 16 
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However, the production of these boards, as products from secondary raw materials, requires
further allocation. To perform correct allocation between primary raw material production (f2a) and
secondary raw material processing (f2b), CFF was applied [21,22]. The allocation factors for f2a and
f2b will vary depending on the material. The CFF algorithm, as well as the parameters used for the
calculation and the allocation factors, are presented in the next section.

2.3. Data Collection

2.3.1. Modelling of Environmental Data—Approach 1

In the first approach to the LCA study, the focus was on the final waste management function of
the recycling plant. The study used company-specific data coming from internal sources (company’s
documentation). The study also used secondary data sets from Ecoinvent v. 3.5. To model electricity
production, the energy mix for Poland (Electricity, low voltage {PL}, market for) was used.

The data for the LCA study were collected separately for unit processes identified in the waste
conversion technology. The study accounted for electricity, machine wearables (knives, cubes, etc.),
consumables (lubricants, spacers, oils, etc.), intermediary packaging, and fuel for internal transport:

• electrical power consumption was calculated based on direct measurements taking into account
the average duration of individual operations and the average power of machines and equipment
used for unit technological processes;

• other data (intermediate materials, solid waste, air emissions) were allocated using an allocation
factor of 3.73%, which reflects the weight share of multi-material plastic waste in the total waste
received by the recycling plant in 2018.

Uncertainty of the life cycle analyses is influenced by many factors; one of them is data quality. To
ensure high-quality final results, the study used primary data. The minimum data quality requirements
were as follows:

• Reliability: verified data partly based on assumptions
• Completeness: representative data from a smaller number of sites but for adequate periods
• Temporal differences: less than 0.5 years of difference to year of study
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• Geographical differences: data from area under study
• Further technological differences: data from enterprise under study

2.3.2. Modelling of Environmental Data—Approach 2

In the second approach to the LCA study, the perspective of the secondary product manufacturer
was adopted, which forced the use of the circular footprint formula for modelling inventory data.
The CFF was developed by the Joint Research Centre (JRC) at the request of the European Commission
as part of the Environmental Footprint (PEF) and Organization Environmental Footprint (OEF) methods
and has been published in the latest version of PEFCR/OEFSR guidance documents [21,22]. CFF is
used to model the circularity of materials and energy. It can be used for any LCA study in which a
secondary raw material product appears. For this study, a fragment of the CFF algorithm for secondary
material production was used:

EI = (1−R1)Ev + R1x
(
AErecycled + (1−A)Ev x

Qsin
Qp

)
(1)

where:
EI: environmental impact of the studied process
R1: proportion of material in the input to the production that has been recycled from a

previous system.
Ev: specific emissions and resources consumed (per unit of analysis) arising from the acquisition

and pre-processing of virgin material.
A: allocation factor of burdens and credits between supplier and user of recycled materials.
Erecycled (Erec): specific emissions and resources consumed (per unit of analysis) arising

from the recycling process of the recycled (reused) material, including collection, sorting,
and transportation process.

Qsin: quality of the ingoing secondary material, i.e., the quality of the recycled material at the
point of substitution.

Qp: quality of the primary material, i.e., quality of the virgin material.
To sum up, in the study, both the processes occurring at the producer of the secondary product

(foreground system) and those related to the production of primary raw materials (background system)
were analyzed:

• primary raw material production—Ev (based on secondary data taken from Ecoinvent v. 3.5);
• secondary raw material processing in the analyzed company—Erecycled (waste treatment leading

to the production of secondary products, based on specific data collected in Approach 1);
• primary raw material production, adjusted by quality factor Qsin/Qp—Ev*Qsin/Qp (based on

secondary data taken from Ecoinvent v. 3.5, dataset valid for Europe).

The above processes must be allocated accordingly, i.e., assigned to the production of products
from secondary raw materials. For this purpose, the allocation factors resulting from the calculations
made under the CFF should be determined. These are presented below.

Approach II assumes that the products being the input for the production of secondary boards are
the following packaging primary raw materials: HDPE, PP, PC, ABS, PA, and aluminum. Although the
materials serving as input for the secondary board production are complex waste products, the CFF
parameters are presented below (Table 2) separately for each of them:

• R1 = 1 means that the board is entirely made of recycled materials.
• Parameters A are set arbitrarily by the European Commission and reflect the situation on the

secondary raw materials market (supply–demand relationship). It can take three values: 0.2, 0.5,
and 0.8. For example, if parameter A = 0.2, it means that demand for the secondary raw material
exceeds supply, if parameter A = 0.5, it means that the secondary raw material market is balanced.
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• The Qsin/Qp parameters reflect the quality performance of primary materials at the point of
substitution. In the case study, parameters Qsin/Qp are at least 0.9. It means that due to the
quality of multi-material packaging waste, it is possible to use them in the secondary board
production process.

Table 2. Circular footprint formula input data.

CEF Element Parameter
MULTIMATERIAL SECONDARY BOARD

Input I
HDPE

Input II
PP

Input III
PC

Input IV
ABS

Input V
PA

Input VI
Aluminium

(1−R1)Ev +

R1x
(
AErecycled + (1−A)Ev x Qsin

Qp

) R1 1 1 1 1 1 1
A 1 0.5 0.5 0.5 0.5 0.5 0.2

Qsin/Qp 1 0.9 0.9 1 1 1 1

Source: Own elaboration. 1 Parameters A and Qsin/Qp are default data [23].

As a result of CFF calculations, allocation factors were obtained, which were used to build a
data inventory model. The Table 3 shows that finally Approach 2 includes two processes (groups of
processes): Erecycled and Ev*Qsin/Qp.

Table 3. Allocation factors obtained as part of CFF calculations.

CEF Element Process
MULTIMATERIAL SECONDARY BOARD

Input I
HDPE

Input II
PP

Input III
PC

Input IV
ABS

Input V
PA

Input VI
Aluminium

(1−R1)Ev primary raw material
production—Ev 0 0 0 0 0 0

R1x(AErecycled)
f2b

secondary raw material
processing in the analyzed

company—Erecycled
0.5 0.5 0.5 0.5 0.5 0.2

R1x(1−A)Ev x Qsin
Qp )

f2a

primary raw material
production, adjusted by

quality factor—Ev*Qsin/Qp
0.45 0.45 0.5 0.5 0.5 0.8

Source: Own elaboration.

2.3.3. Cost Categories

The data necessary to calculate the costs of the secondary board production come from internal
and external sources. Internal data includes information from the company’s financial and accounting
system, data from the production, and controlling system. External data includes market prices and
tax law regulations.

For cost calculation needs, data collected as part of the environmental data inventory (Approach 1)
were used for the exclusion of costs of solid waste. Most of the solid waste generated is returned to
production and the costs of other waste (e.g., used consumables) are marginal.

Apart from the costs resulting from the environmental data inventory containing used materials
and energy, the following cost categories were taken into account:

• pre-acquisition costs (purchasing price of multi-material wastes);
• depreciation of tangible assets;
• direct wages;
• indirect wages;
• insurance and other fees;
• environmental fee.

Cost calculation was based on the direct and indirect costs of the secondary board production.
The settlement key for indirect fixed costs is 20%, which is a standard key within this entity for that
part of its business activity.
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3. Results

3.1. Environmental Impact Assessment—Approach 1

Life cycle impact assessment was conducted using LCIA ILCD 2011 Midpoint+ V1.10/EC-JRC
Global, equal Weighting method. The total environmental impact of final management of 215.140 kg of
multi-material plastic waste expressed as a cumulative eco-indicator is 552.32 Pt. 1 Pt means average
human environmental impact in EU-27 in 2010 [24]. Below, the results are presented as normalized
and weighted results (Table 4) broken down into unit processes. Figure 2 presents percentage shares in
the total environmental impacts of the analyzed impact categories (excluding toxicity-related impact
categories). Based on obtained results, the significant issues were analyzed. For this purpose, the most
relevant impact categories and the most relevant unit processes were identified.

Table 4. The environmental impact of final waste management—weighted results [Pt].

Shredding Regrinding Mixing Thermal
processing Packaging Internal

transport Total

Single
Score 100.68 90.84 6.52 353.06 0.84 0.38 552.32

Source: own elaboration.
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The most relevant impact categories were identified as all impact categories that cumulatively
contribute to at least 80% to the total environmental impact (excluding toxicity related impact categories).
In the presented study, the most relevant impact category is water consumption (33% of the total
environmental impact). This is because the analyzed processes in multi-material waste processing are
highly energy-intensive, and the generation of electricity in Poland entails the consumption of large
amounts of water for cooling the turbines. In the research, four additional relevant impact categories
were identified:

• Freshwater eutrophication
• Climate change
• Acidification
• Ionizing radiation HH
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Below, the results are presented as characterized results of the most relevant impact categories
(Table 5). Each most relevant impact category was investigated by identifying the most relevant
processes. The most relevant processes are those that collectively contribute at least 80% to any of the
most relevant impact categories identified.

Table 5. The environmental impact of the most relevant impact categories—characterized results.

Impact Category Unit Total

Water resource depletion m3 water eq. 13,763.16

Freshwater eutrophication kg P eq. 616.50

Climate change kg CO2 eq. 473,692.90

Acidification molc H+ eq. 3541.24

Ionizing radiation HH kBq U235 eq. 13,795.70

Source: own elaboration.

The most relevant unit process is thermal processing of waste. This process accounts for over 60% of
the environmental impact within each of the relevant impact categories. It is the most energy-intensive
process and numerous consumables are used in it. Waste shredding and regrinding are also noteworthy.
The first one accounts for environmental interventions contributing to significant impacts within each
relevant impact category, but the environmental impact for particular impact categories is much smaller
than that of thermal processing. Regrinding is considered as a relevant process only for two relevant
impact categories and, similarly to shredding, its share in the environmental burdens is relatively low.
The figure below (Figure 3) shows percentage shares in the environmental impacts of unit processes
within each of the analyzed impact categories (excluding toxicity-related impact categories).

Sustainability 2020, 12, x FOR PEER REVIEW 9 of 16 

The most relevant impact categories were identified as all impact categories that cumulatively 
contribute to at least 80% to the total environmental impact (excluding toxicity related impact 
categories). In the presented study, the most relevant impact category is water consumption (33% of 
the total environmental impact). This is because the analyzed processes in multi-material waste 
processing are highly energy-intensive, and the generation of electricity in Poland entails the 
consumption of large amounts of water for cooling the turbines. In the research, four additional 
relevant impact categories were identified:  

• Freshwater eutrophication 
• Climate change 
• Acidification 
• Ionizing radiation HH 

Below, the results are presented as characterized results of the most relevant impact categories 
(Table 5). Each most relevant impact category was investigated by identifying the most relevant 
processes. The most relevant processes are those that collectively contribute at least 80% to any of the 
most relevant impact categories identified. 

Table 5. The environmental impact of the most relevant impact categories—characterized results. 

Impact Category Unit Total 
Water resource depletion m3 water eq. 13763.16 

Freshwater eutrophication kg P eq. 616.50 
Climate change kg CO2 eq. 473692.90 

Acidification molc H+ eq. 3541.24 
Ionizing radiation HH kBq U235 eq. 13795.70 

Source: own elaboration. 

The most relevant unit process is thermal processing of waste. This process accounts for over 60% 
of the environmental impact within each of the relevant impact categories. It is the most energy-
intensive process and numerous consumables are used in it. Waste shredding and regrinding are also 
noteworthy. The first one accounts for environmental interventions contributing to significant 
impacts within each relevant impact category, but the environmental impact for particular impact 
categories is much smaller than that of thermal processing. Regrinding is considered as a relevant 
process only for two relevant impact categories and, similarly to shredding, its share in the 
environmental burdens is relatively low. The figure below (Figure 3) shows percentage shares in the 
environmental impacts of unit processes within each of the analyzed impact categories (excluding 
toxicity-related impact categories).  

 
Figure 3. The environmental impact of unit processes—environmental profile [%]. 

0%

20%

40%

60%

80%

100%

Shredding Regrinding Mixing Thermic processing Packaging Internal transport

Figure 3. The environmental impact of unit processes—environmental profile [%].

3.2. Environmental Impact Assessment—Approach 2

The environmental impact of producing 3073 boards from multi-material plastic waste, calculated
taking CFF into account, is 659.58 Pt. Below (Table 6), the single score results are presented broken
down into two processes (process groups), which were included in the study by using CFF.
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Table 6. The environmental impact of producing secondary boards—Single Scores [Pt].

Secondary Raw Material Processing
in the Analyzed Company—Erecycled

Primary Raw Material Production,
Adjusted by Quality
Factor—Ev*Qsin/Qp

Total

Single Score 258.93 400.65 659.58

Source: own elaboration.

What is the most important in the context of these results is their comparison with the results
obtained in Approach 1. First of all, it was noted that the environmental impact indicator for processing
in the investigated company is higher for Approach 1 (Table 7). A lower index has been obtained for the
same processing in Approach 2 due to the allocation of environmental impacts using parameters R1 and
A of the CFF formula. Since in the analyzed case, R1 equals 1 (boards are entirely made of secondary
raw materials), the allocation of environmental impact is determined by parameter A. As mentioned,
this parameter reflects the situation on the secondary raw materials market. A value of 0.5 means that
the secondary raw material market is balanced and such a value of the parameter A has been adopted
for most of the analyzed raw materials. Aluminum is the exception, for which the parameter A takes
the value of 0.2. Therefore, activity of the analyzed recycling plant treated as processing leading to the
recovery of aluminum and other raw materials has lower environmental impact.

Table 7. The environmental impact—Approach 1 versus Approach 2 [Pt].

Approach 1—552.32 Pt Approach 2—659.58 Pt

Activity of the analyzed recycling
plant (f1)

Activity of the analyzed recycling
plant (f2b)

Primary raw material production,
adjusted by quality

factor—Ev*Qsin/Qp (f2a)

552.32 258.93 400.65

Source: own elaboration.

The second inventory element included in the study by using CFF is the production of primary
raw materials corrected by the quality factor at the point of substitution. Inclusion of the production of
primary raw materials in the calculation of environmental impacts results in a significant increase in
the environmental impact of the analyzed operations. This constitutes an additional debit related to
withdrawing secondary raw materials from the market. Although it can be considered as an artificial
intervention, such reasoning is valid, because the production of boards from secondary raw materials
results in the secondary raw materials concerned not being used in an alternative production system at
a given time. This, in turn, may lead to increased consumption of primary resources.

It is worth underlining that according to the contribution analysis and ranking criteria
recommended by the PN-EN ISO 14044: 2009 [25], the difference in the environmental impact
calculated in Approach 1 and Approach 2 is about 20%. It shows that the choice of allocation procedure
may be relevant. In our case study, a debited primary production has turned out to be one of the two
key drivers making the difference between final results.

To determine how changes in energy generation and methodological choices affect the results of
the LCA, the sensitivity analysis was conducted. Two criteria of sensitivity analysis were considered
(Table 8). Firstly, average European energy mix for electricity production was used (electricity,
low voltage (Europe without Switzerland), market group four). Secondly, a different LCIA method
was applied (ReCiPe 2016 endpoints H/A V.1.04). It could be concluded that regardless of the
above-mentioned issues, the environmental impact calculated in Approach 1 is lower than results
achieved in Approach 2, but the differences are even more relevant.
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Table 8. The environmental impact—sensitivity analysis.

Changes in the Comparison to the Previous LCA Study Approach 1 Approach 2

Energy generation scenario 273.0 Pt 528.6 Pt

LCIA method 21.9 kPt 33.4 kPt

Source: own elaboration.

3.3. Cost Analysis

The final element of the research was the calculation of the costs of manufacturing boards from
multi-material plastic waste. Tables below present calculated direct (Table 9) and indirect (Table 10)
costs—for the whole production and the unit product.

Table 9. Total and unit direct costs of secondary board production.

Type of the Resource Total Cost for 3 073 Boards (PLN) Unit Cost (PLN/unit)

Waste purchase 51,839.83 16.87
The use of bags 540.00 0.18
Gas for forklifts 4381.09 1.43

Wages 1435.10 0.47
Total 58,196.02 18.94

Source: Own elaboration.

Table 10. Total and unit indirect costs of secondary board production.

The Name of the Resource Total Cost for 3 073 Boards (PLN) Unit Cost (PLN/unit)

Electricity 62,335.51 20.28
Hydraulic oil 13,475.37 4.39

Grease during the pressing process 29.83 0.01
Wages 1260.00 0.41

Depreciation of fixed assets 27,137.61 8.83
Property insurance 1856.22 0.60

Lease and environmental fee 1666.67 0.54
Total 107,761.21 35.07

Source: Own elaboration.

The total manufacturing cost of 3073 secondary boards is 165,957.23 PLN. Calculated costs seem
to be relatively high. The high cost-consuming production of the board is primarily influenced by
energy consumption (about 40% of the total production costs). As already emphasized, the energy
demand for the production of boards from multi-material plastic waste is high. Energy consumption
is the most important environmental hot spot, and cost analysis highlights the importance of this
resource. The purchase price of wastes (about 30%) and depreciation value of fixed assets (about
18%) hold a significant share in the total production costs. The calculation of the last of these costs
requires clarification.

Depreciation of production plants and machines results directly from accounting records, but for
some machines also from market data and tax records. In the analyzed period, depreciation was
27,177.61 PLN. The company uses the following fix assets: mill, panel saw, recycling press, compressor,
forklift, silo (mixer), mill (grinder), and press. The depreciation value of five production plants was
determined based on the depreciation table and accounting records. In turn, the silo, mill, and press
are unique machines, which are not depreciating in the accounting records. To calculate the total
real cost of manufacturing the board, the market prices of similar machines and the depreciation rate
from the list of depreciation rates according to the tax law for this type of fixed assets were assumed,
amounting to 14%. It was assumed that all of the above-mentioned fixed assets are used exclusively
for the production of secondary boards from multi-material plastics waste; therefore, a 20% ratio is not
included in the calculation of the settlement key.
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4. Discussion

Given that the main idea behind the circular economy is recycling raw materials, the technological
processes analyzed under the CE solutions should actually end up in processing waste in a way that
enables the production of valuable semi-finished or finished products. For the sake of methodological
correctness, the recycling multifunctionality should be taken into account when planning an LCA study
in the CE context, and it should be ensured that the study also covers the production of a conventional
product that will be replaced by a secondary product. The associated impacts should be credited as an
environmental benefit.

However, expansion of system boundaries could be problematic. First of all, the product for which
the secondary product will be a substitute must be specifically defined, including the quality of the
secondary material at the point of substitution together with features affecting the functionality and life
span of the product. Another difficulty lies in collecting inventory data for the conventional product. If
we assume that the LCA study is carried out at a recycler who is considering implementing technology
for CE, we also need to assume that this entrepreneur does not have access to specific production
data defining the primary product. Getting such data from the market is not easy, due to potential
competitiveness, and secondary databases in many cases provide information on the production of the
main component materials rather than the specific product.

In this LCA study, the difficulties described above were encountered. There is currently no
product on the market that would match the composition of the secondary board, and it is difficult to
propose a specific substitute. The food and construction industries should be excluded from potential
applications. Most likely, the secondary product will find an application in horticulture as fencing
board. It is also possible that it has such new functions that it would fit in some market niche and then,
in such a case, it would basically be impossible to extend the system boundaries with the avoided
production of a conventional product.

Another problem occurring in the LCA study in the context of CE is modelling of a multifunctional
system. In such cases, the CFF algorithm is recommended to be applied. CFF consists of several
parameters and requires many input data. Additionally, some shortcomings with regards to CFF are
demonstrated in the literature, e.g., the default data provided for the quality term [26]. It should
be noted that in the theory and practice of environmental life cycle assessment, problems relating
to multifunctionality and allocation procedure usually occur. To dealt with it, several end-of-life
allocation approaches were proposed [27], focusing on the whole product life cycle perspective. In the
presented study, a producer perspective was adopted and an approach when a fragment of the CFF
algorithm for secondary material production was used. It means that the burdens were allocated
between production of virgin product and production of secondary product. The fact that CFF includes
the generation of primary materials corrected by the quality factor caused the environmental impact
calculated to take CFF into account to increase, due to changes in another product system.

Some difficulties were also encountered in the analysis of the costs of producing boards from
multi-material plastic waste. The company uses a simple accounting system. This has several
consequences. First, some of the cost information had to be obtained manually, which, in turn, was
lengthy and subjective. The company records only basic cost information for the whole business.
That is why, when determining the costs for recycling activities, they were based on the knowledge
and experience of company employees and logical assumptions. The lack of a developed ERP class
integrated program meant that the process of obtaining this information was significantly extended
and that the obtained information was subjective in some areas. The cost calculated in this way is a
static measure and cannot be compared in time. Each “manual” calculation of this cost will generate
a relatively high expenditure of time and money for the company. It is, therefore, doubtful that the
company will carry out such cost calculations regularly. In turn, the basic principle of control is that
the results obtained should be compared with the forecasts adopted in monthly, quarterly, and annual
periods. Therefore, it is not certain that the results obtained are representative and that a similar scale
of operations takes place in the remaining periods.



Sustainability 2020, 12, 9938 13 of 15

A simple accounting system does not provide the data needed for in-depth analyses modelled on
Business Intelligence modules in ERP class systems. The analyzed company produces various products,
and using a simple accounting system, it was impossible to determine, for example, the margin on
secondary boards. The lack of detailed measurements of the number and time of activities carried out
resulted in the settlement key for indirect costs being discretionary and expert. Of course, this does
not distort the entire pool of costs, but it can affect the precision of allocating indirect costs to a given
product, in this case, to secondary boards. Observing the production process, it can be stated that this
key is specified correctly. However, this certainly needs to be verified in the future.

Based on the analyses carried out, it is possible to indicate possible directions to improve the
usability of the accounting system and the accuracy of cost calculations. One solution is to refine the
accounting entries within the existing accounting system. However, it should be borne in mind that
such a solution would generate a lot of manual work and time. Therefore, a better solution for the
enterprise would be the implementation of an integrated ERP system. Under this system, it would
be possible to specify, for example, margins on individual product groups and recipients, real-time
changes in the unit cost of the product, as well as deviations from forecasted values and unit cost under
various activities in accordance with the activity-based costing principle.

5. Conclusions

This article presents an environmental assessment and cost calculation of the process of secondary
products production based on the technology of multi-material plastic waste conversion. LCA and LCC
analyses quoted in this article were part of the CIRCE2020 project implemented in cooperation with a
company from Wielkopolska. The designed technology will enable obtaining a valuable secondary
product that probably will find an application in horticulture as fencing board.

From the LCA point of view, the activity of the analyzed recycling plant has two functions;
therefore, two different research perspectives were adopted: from the point of view of the final
management of multi-material plastic waste (Approach 1) and from the point of view of manufacturing
secondary products (Approach 2). Since the production of boards from secondary materials requires
the environmental impact to be allocated between the production of primary raw material and the
processing of secondary material, for Approach 2, the circular footprint formula was used to determine
the allocation factors. The most important results are as follows:

• As a result of the analysis of the operation of a recycling plant from the perspective of final
multi-material plastic waste management (Approach 1), the total environmental impact expressed
in terms of cumulative eco-indicator for the defined reference flow (215.140 kg of waste) was
552.32 Pt.

• When focused on secondary product generation (Approach 2), the environmental impact related
to the production of secondary-material boards with 215.140 kg of multi-material plastic waste
(3.073 boards) reaches 659.58 Pt.

The results presented above make it clear that the LCA perspective and, consequently, the
approach to modelling of inventory data, influence the potential environmental impact levels of a
recycling plant’s operations. The difference in the obtained values results from the fact that the analysis
focusing on the production of the secondary product also included the generation of raw materials
corrected by the quality factor. This intervention should be treated as an additional debit related to
taking the secondary resources from the market and, therefore, it increases the environmental impact
of the analyzed waste conversion processes. From the point of view of the investigated company,
this constitutes an artificial burden, but it is justified by the life-cycle perspective, as it implies the
consequences of specific manufacturing activity. However, it should be noted that according to the
contribution analysis and ranking criteria recommended by the PN-EN ISO 14044: 2009, the difference
between the total environmental impact calculated in Approach 1 and Approach 2 is fairly important.



Sustainability 2020, 12, 9938 14 of 15

This research also covered an analysis of the costs of manufacturing boards from multi-material
plastic waste. The total manufacturing cost of 3073 secondary boards is PLN 165,957.23
(about 55 PLN/unit). The high cost-consuming production of the board is primarily influenced
by energy consumption (about 40% of the total production costs). The purchase price of wastes (about
30%) and depreciation value of fixed assets (about 18%) also constitute an important cost of the total
production costs.

Based on LCA study, it was concluded that the most relevant impact category is water consumption
related to energy demand of the analyzed processing. It is worth stressing that this environmental
problem occurs in the supply chain and constitutes an intermediate environmental aspect for the
analyzed company. It could be concluded that to increase environmental efficiency and reduce costs,
the use of technology allowing for the reduction of energy consumption should be considered first.
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