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Abstract: Manufacturing offers substantial opportunities for economic growth after COVID-19,
as long as it delivers competitively priced goods while simultaneously reducing pressure on the
environment. In this study, we present the methodological feasibility of the joint application of life
cycle assessment (LCA) and data envelopment analysis (DEA) for assessing eco-efficiency at the
sector level. We employ this methodology to assess the environmental profiles of manufacturing in
Poland in relation to their gross value added, and subsequently calculate the improvement targets
for the eco-inefficient manufacturing industries. The study reveals that only the chemical industry is
relatively eco-efficient, whereas the remaining industries have considerable room for improvement
due to their very low eco-efficiency, and thus should follow the best practices established by the
chemical industry. Although there are always individual paths for manufacturing industries to
achieve the decoupling of economic growth from environmental pressure, activities such as the
transformation of manufacturing methods to be less energy and material intensive and/or to be
low-emission, the reincorporation of waste into the manufacturing processes, and the implementation
of environmental management systems should become common targets of manufacturing in Poland.

Keywords: data envelopment analysis; life cycle assessment; processing industry; circular economy;
Poland

1. Introduction

Manufacturing is responsible for a considerable amount of environmental impacts. At
the same time, however, it provides several benefits in the form of valuable products to
society, which cannot be neglected. Nevertheless, meeting the needs and aspirations of the
present time should take place without jeopardizing the needs of future generations. Hav-
ing accepted this fact, it becomes important to take manufacturing activities to a new level
that will integrate environmental concerns with products and services. One solution for
various environmental problems is orienting towards so-called sustainable manufacturing
by implementing solutions focused on eco-efficiency. Promoting eco-efficiency is also one
of the major objectives of the circular economy.

Although many definitions of eco-efficiency circulate in the scientific realm, the one
introduced by the World Business Council for Sustainable Development (WBCSD) is the
most adequate for the specificity of manufacturing. Following the WBCSD, eco-efficiency
is achieved by the delivery of competitively priced goods that satisfy human needs while
progressively reducing ecological impacts and resource intensity throughout the life cy-
cle [1]. Consequently, the decoupling of economic growth and environmental pressure
should be at the heart of all eco-efficient undertakings in manufacturing.

Making the concept of eco-efficiency operational for enterprises requires criteria of
environmental performance to track trends over time. Many of the criteria, including the
consumption of materials, energy intensity, pollution dispersion, the use of renewable
resources, and the extension of product durability, are strongly related to manufacturing [2].
The concept of eco-efficiency, in this sense, is connected to many concurrent concepts
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of sustainable management, including cleaner production, industrial ecology, life cycle
thinking, corporate social responsibility, and, finally, circular economy.

The approach to assessing eco-efficiency is regulated by the ISO 14045 standard
(environmental management—eco-efficiency assessment of product systems—principles,
requirements, and guidelines) [3]. Under this standard, eco-efficiency is a relative measure
of sustainability that addresses the relationship between environmental performance and
product system value. The eco-efficiency assessment comprises the following five phases:
goal and scope definition, environmental assessment, product system value assessment,
quantification of eco-efficiency, and interpretation. Considering the nature of the current
research, the product system refers to individual manufacturing industries.

To deal with multiple aspects of eco-efficiency, a multi-criteria decision making
(MCDM) approach is usually employed. However, considering current legal, societal,
and economic macro trends, the assessment of eco-efficiency requires the analysis of
environmental performance from a life cycle perspective. In addition to that the fact
that data envelopment analysis (DEA) constitutes the preferred approach to quantifying
eco-efficiency, the joint application of life cycle assessment (LCA) and DEA allows the
measurement of progress in eco-efficiency. It integrates both the environmental impacts
derived from the LCA analysis and the economic results in a single eco-efficiency score
through a system of weight estimation based on DEA [4]. Furthermore, it provides detailed
benchmark data to reduce potential environmental impacts [5].

Although previous research has confirmed the high applicability of the LCA+DEA
methodology to eco-efficiency measurement in various case studies, this research has
provided little insight into eco-efficiency measurement at the sector level. To the best
knowledge of the authors, with regards to the eco-efficiency of manufacturing, there is little
research based on the LCA+DEA methodology: that of some U.S. manufacturing sectors [6],
U.S. food manufacturing sectors [7], some EU manufacturing sectors [8] and China’s
economic sectors [9]. However, they all employ an input–output life cycle assessment
(EIO–LCA).

This study aims to address the knowledge gap in the current literature in two different
ways. First, from a methodological viewpoint, it shows the applicability of the LCA+DEA
approach for measuring the eco-efficiency performance at the sector level. This is the first
attempt of this type for manufacturing in the European Union. Second, from a practical
viewpoint, the study contributes to the limited research on the eco-efficiency of manufactur-
ing in Poland. Although eco-efficiency of manufacturing is a research topic with increasing
interest, so far only selected aspects of eco-efficiency of the manufacturing processes have
been studied, and these have been done using other indicators and methodologies. For
example, Masternak-Janus [10] applied the DEA method to convert different environmental
impacts created by Polish industries into a single eco-efficiency scores.

We argue that this information, through the development of more effective environ-
mental regulations and better management plans, supports the embedding of sustainability
in manufacturing and accelerates the transition towards a circular economy.

The paper is organized in the following way. After the introduction, Section 2 out-
lines the materials and methods used for the present research, with particular focus on
the approach applied to the eco-efficiency measurement using the three-step LCA+DEA
methodology. Section 3 presents the results of the eco-efficiency calculation for manufac-
turing in Poland. Subsequently, the achieved results and their limitations are discussed in
Section 4, followed by the conclusions in Section 5.

2. Materials and Methods

The three-step LCA+DEA methodology was applied for the eco-efficiency assessment
of manufacturing in Poland. The main benefit of combining LCA+DEA is the enrichment
of the eco-efficiency quantification and interpretation with the environmental performance
indicators analyzed over the entire life cycle [4,11,12]. The three-step LCA+DEA methodol-
ogy consists of the following steps (Figure 1):
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I. Development of the life cycle inventory (LCI) for each manufacturing industry
individually. This involves the collection and quantification of relevant environ-
mental data, including indicators of natural resources and materials consumption,
and environmental pressure indicators for the analyzed industry;

II. Performance of the life cycle impact assessment (LCIA) for every manufacturing
industry on the basis of the LCI results obtained in the first step;

III. Calculation of the eco-efficiency performance for each manufacturing industry
with use of the DEA method, using the results of the LCIA phase as input values
and economic indicators as output values. This stage includes the process of
environmental benchmarking for improvements in eco-efficiency.
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A characteristic feature of the three-step LCA+DEA methodology is that the output
parameters of the previous step become the input parameters of the next step. There are,
however, many arguments for such methodological proceedings. The first step forms
the basis for the analysis by providing the appropriate inputs and outputs. The second
step constitutes an environmental life cycle assessment of each studied manufacturing
industry. And finally, the third step allows for obtaining environmental benchmarks,
without excluding the possibility of obtaining operational benchmarks simultaneously.

Life cycle assessment (LCA) is regulated by the ISO 14040 (environmental management—
life cycle assessment—principles and framework) and ISO 14044 (environmental management—
life cycle assessment—requirements and guidelines) standards [14,15]. LCA provides a com-
pilation and evaluation of the inputs, outputs, and potential environmental impacts related
to a given product system throughout its life cycle or specific parts of this life cycle [14]. The
LCA methodology is structured along the following four-phase framework: goal and scope
definition, inventory analysis, impact assessment, and interpretation. Considering the nature of
the research, it follows an attributional approach.

The goal of this LCA study is to identify hot spots for the improvement of environmen-
tal performance of manufacturing in Poland. For this purpose, process-based cradle-to-gate
modeling is applied. Due to the fact that the current LCA is performed at the sector level,
the monetary-based functional unit of EUR 1000 referring to the value of sold production
of industrial products was selected.

The scope of the analysis covers manufacturing in Poland. Following the statistical
classification of economic activities in the European Community, it involves the complete
manufacturing processes of the physical and/or chemical transformation of raw materials
or semi-finished products of other manufacturing activities into new products [16]. The
output of a manufacturing process (new product) is either ready for consumption or is
used as an input for further manufacturing. As defined, manufacturing in Poland cov-
ers a set of 11 industries, including the food industry (manufacture of food, beverages,
and tobacco products), textile and clothing industry (manufacture of textiles, wearing
apparel, leather, and related products), wood industry, paper industry, chemical industry
(manufacture of chemicals and chemical products, coke and refined petroleum products,
pharmaceutical products, rubber, and plastic products), building materials industry, metal
industry, electrotechnical and electronic industry (manufacture of computers, electronic
and optical products, and electrical devices), machine industry, automotive industry (man-



Energies 2021, 14, 8125 4 of 20

ufacture of motor vehicles, trailers, semi-trailers, and other transport equipment) and
furniture industry.

2.1. Life Cycle Inventory (LCI)

Life cycle inventory (LCI) constitutes the second phase of LCA. It refers to the collec-
tion and quantification of environmental inputs and outputs for the product system [14,15].
The term “environmental inputs and outputs” refers to elementary flows associated with
the analyzed product system in the form of materials, energy, water, and releases, including
emissions to air and discharges to water and soil, as well as waste.

Regarding the LCI of manufacturing in Poland, a set of environmental inputs encom-
passes the following indicators of natural resources and materials consumption:

1. Consumption of electricity [in GWh];
2. Consumption of hard coal [in thousands Mg];
3. Consumption of natural gas (including high-methane natural gas and nitrified natural

gas) [in hm3];
4. Consumption of coniferous sawnwood [in dam3];
5. Consumption of particle boards [in dam3];
6. Consumption of paper and paperboard [in thousands Mg];
7. Consumption of plastics [in thousands Mg];
8. Consumption of cement [in thousands Mg];
9. Consumption of steel (including: hot rolled products, cold rolled steel sheets, zinc

coated steel sheets, and steel tubes) [in thousands Mg];
10. Consumption of water [in hm3].

A set of environmental outputs encompasses the following environmental pres-
sure indicators:

1. Emissions to air (including carbon monoxide, carbon dioxide, sulphur dioxide, and
particulates < 2.5 µm) [in thousands Mg];

2. Production of wastewater [in hm3];
3. Production of waste [in thousands Mg].

The choice of environmental inputs and outputs for the LCIA calculation of manufac-
turing in Poland was dictated by the availability of data from the Central Statistical Office
of Poland. It ought to be emphasized, though, that in order to present the environmental
state of manufacturing as comprehensively and objectively as possible, all publicly avail-
able environmental data were applied to this research. Missing data regarding upstream
processes were retrieved from the Ecoinvent database.

2.2. Life Cycle Impact Assessment (LCIA)

Life cycle impact assessment (LCIA) constitutes the successive phase of LCA. It in-
volves a complex sequence of steps aimed at understanding and evaluating the magnitude
and significance of environmental inputs and outputs, identified in the LCI phase [14,15].
Due to the character of the current study, besides the mandatory steps of classification and
characterization, the optional step of normalization was performed.

The International Reference Life Cycle Data System (ILCD) midpoint-oriented method,
released by the European Commission—Joint Research Centre—Institute for Environment
and Sustainability, was applied to present the environmental profiles of manufacturing
in Poland. Consequently, LCI results were assigned to the following harmonized set of
midpoint impact categories: climate change (kg CO2 eq), ozone depletion (kg CFC-11 eq),
human toxicity, non-cancer effects (CTUh), cancer effects (CTUh), particulate matter for-
mation (kg PM2.5 eq), ionizing radiation HH (kBq U235 eq), ionizing radiation E (interim)
CTUe, photochemical ozone formation (kg NMVOC eq), acidification (molc H+ eq), terres-
trial eutrophication (molc N eq), freshwater eutrophication (kg P eq), marine eutrophication
(kg N eq), freshwater ecotoxicity (CTUe), land use (kg C deficit), water resource depletion
(m3 water eq), and mineral, fossil, and renewable resource depletion (kg Sb eq) [17,18]. The
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selection of the ILCD method was dictated by the fact that it provides a common basis for
a consistent, holistic, and quality assured approach to impact assessment.

Due to its complexity, the LCIA research was facilitated with life cycle software SimaPro
9.1 (developed by PRé Sustainability PRé Consultants; Amersfoort, The Netherlands).

2.3. Data Envelopment Analysis (DEA)

Data envelopment analysis (DEA) is a non-parametric technique based on linear
programming that calculates the relative efficiency of a set of homogeneous units, usually
called decision-making units (DMUs). The units convert multiple inputs into multiple
outputs [19]. Thus, the DEA method considers the input and output resources of the
tested DMUs and calculates their individual performance scores (θ), which are in the range
0–1. In other words, this method determines the ability of the DMUs to get the minimum
possible number of inputs for a given level of outputs (in input-oriented DEA models) or
the maximum possible number of outputs for a given level of inputs (in output-oriented
DEA models) [20]. Effective units can be used as benchmarks for the ineffective ones,
giving them suggestions for improvement [21].

Out of the large variety of models of DEA presented in the literature, the BCC
(Banker/Charnes/Cooper) model was selected for research into the eco-efficiency of manu-
facturing in Poland [22]. It assumes variable returns to scale (VRS), which means that an
increase or decrease in inputs or outputs does not bring about a respective proportional
change in the outputs or inputs [23]. This model estimates pure technical efficiency and
thus ignores the scale size. Therefore, its use is recommended when the DMUs are different
firms or organizations that may not operate optimally due to actual competition and finan-
cial restrictions [24]. Moreover, the lack of homogeneity of these units is not a problem for
the BCC model [25].

Since minimization of environmental impacts at a given level of economic results
should be a priority in enterprises, the input-oriented BCC model was used in this study.
Its dual form is as follows:

minθo (1)

J

∑
j=1

xnjλoj ≤ xnooo (2)

J

∑
j=1

yrjλoj ≥ yro (3)

J

∑
j=1

λoj = 1 (4)

λoj ≥ 0 (5)

where:
θo—eco-efficiency score of the tested DMU;
xnj—amount of the n-th input for the j-th DMU;
xno—amount of the n-th input for the tested DMU;
yrj—amount of the r-th output for the j-th DMU;
yro—amount of the r-th output for the tested DMU;
λoj—weight coefficients;
j = 1, . . . , J; r = 1, . . . , R; n = 1, . . . , N.

2.4. Variable Selection Methodology

Maintaining the high discriminatory power of the DEA model requires reducing the
long list of variables, so that the following condition is met [26]:

n ≥ max {m ∗ s, 3(m + s)} (6)
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where:
n—number of DMUs;
m—number of inputs;
s—number of outputs.
Various methodologies are proposed to select the input and output variables for

the DEA method. On the one hand, statistical and econometric methods are used, e.g.,
correlation analysis and Hellwig’s method [27,28]. They recommend the removal of inputs
that are closely correlated and, therefore, do not provide any relevant information in
the model [29]. On the other hand, deterministic methods are applied that eliminate
the variables by comparing the efficiency of the extended and reduced models. Thus,
the selection process is based on removing inputs whose exclusion will not significantly
affect the value of the efficiency score [30]. This study focuses on the second approach,
using a backward elimination procedure developed by Jitthavech [31]. It consists of the
following steps:

1. Determination of input and output variables that must definitely be included in the
BCC model and, therefore, are to be grouped into a Set S1;

2. Determination of the variables that are candidates for the BCC model and, therefore,
are to be grouped into a Set S2;

3. Calculating the eco-efficiency for each tested industry using the full BCC model
containing candidate variables. This step includes classifying the DMUs as eco-
efficient and eco-inefficient;

4. Calculating the eco-efficiency for each tested industry using the reduced BCC model
that includes only the mandatory variables. Subsequently, DMUs are classified as
eco-efficient and eco-inefficient;

5. Performing the statistical tests to evaluate candidate variables, for example, the
McNemar test, which tests the null hypothesis that the number of efficient DMUs in
the reduced model is the same as in the full model.

3. Results
3.1. Inventory Data

A data inventory for manufacturing in Poland was carried out based on the available
information published by the Central Statistical Office in Poland [32]. The Table A1 in
Appendix A assembles the values of the indicators for the consumption of natural resources
and materials, as well as the values of environmental pressure indicators. Moreover,
economic indicators such as sold production and gross value added are included.

The consumption of primary and final energy in the analyzed industries shows
considerable diversification. The largest recipient of energy is the chemical industry, whose
share of the total consumption in 2019 was 29% for electricity, 59% for natural gas, and as
much as 77% for hard coal. The most energy-intensive industries also include the metal
industry, the food industry, and the building materials industry. Together, they account for
over 60% of all delivered energy use.

The structure of material consumption in industries is definitely related to the type
of products being manufactured. Thus, the main recipients of coniferous sawnwood and
particle boards are industries focused on the manufacture of wood, cork, and wicker
goods, i.e., the wood industry and the furniture industry. In 2019, their consumption
accounted for about 96% of the total consumption of these materials in manufacturing in
Poland. The largest use of paper and paperboard is observed in the paper industry, which
processes them further. Consequently, it accounts for almost 88% of the total consumption.
Plastics are mainly used by the chemical industry for the manufacture of rubber and
plastic products (84% share in total consumption). Finally, the main recipient of steel
(metallurgical) products is the metal industry, which deals with the manufacture of, among
other things, metal constructions, tanks, cisterns, and metal containers. Its share in the
consumption of steel products amounted to almost 60%.
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An indispensable factor in industrial production is water, the largest quantity of
which is used in the chemical industry. In 2019, chemical industry enterprises consumed
304.5 hm3 of water, which accounted for more than half of the total water consumption in
manufacturing in Poland. The amount of water used translates directly into the amount
of wastewater drained into waters, the ground, or municipal sewerage networks. Thus,
the chemical industry also has the largest share in wastewater emissions. In 2019, it was
responsible for over 44% of industrial wastewater in Poland.

A significant problem for manufacturing in Poland is the amount of particulates and
pollutant gases that are emitted, mainly carbon dioxide. In 2019, the overall emissions
remained at the level of 60,085.8 thousand Mg. The main source of carbon dioxide emis-
sions is the chemical industry, which derives from the use of fossil fuels as raw materials in
production processes. Moreover, manufacturing in Poland is responsible for significant
amounts of industrial waste (27,016.6 thousand Mg), but the vast majority of waste un-
dergoes recovery and disposal processes. The metal industry has the largest share in the
formation of waste, generating over 36% of industrial waste.

Gross value added in manufacturing in Poland is mainly created by the chemical
industry, the food industry, the metal industry, and the automotive industry. The industry
with the highest added value is the chemical industry, which in 2019 reached the level of
EUR 288,320 million. It should be added that these four leading industries also generate a
high value of sold production.

3.2. Environmental Profiles

Based on the LCI results, the environmental profiles of manufacturing in Poland were
calculated using the ILCD method and the functional unit of EUR 1000. To present the
magnitude and significance of the environmental impacts of manufacturing as compre-
hensively as possible, in addition to the mandatory steps of LCIA, the optional step of
normalization was performed. The impact categories of human toxicity, non-cancer effects,
and cancer effects were aggregated into human toxicity. Positive values indicate burdens,
while negative values indicate savings.

The characterization results revealed that, regardless of the impact category, the metal
industry, followed by the machine industry, automotive industry, and furniture indus-
try, have the most detrimental impacts upon the environment (Figure 2 and Table A2 of
Appendix B). At the other end of the spectrum is the food industry, followed by the textile
and clothing industry, which have the least adverse impacts on the environment. The
remaining types of industries have different levels of negative impacts on the environment,
depending on the impact category. Thus, the building materials industry has the greatest
negative impact on climate change (2166.82 kg CO2 eq); the chemical industry on water
resource depletion (18.02 m3 water eq); the electrotechnical and electronic industry im-
pacts all impact categories with the same intensity; the paper industry on climate change
(1779.45 kg CO2 eq) and acidification (8.06 molc H+ eq); and, finally, the wood industry
on acidification (4.27 molc H+ eq), freshwater eutrophication (0.46 kg P eq), land use
(1010.81 kg C deficit), and water resources depletion (11.23 m3 water eq).
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The normalization results showed that human toxicity (cancer effects and non-cancer
effects) (231.23), followed by freshwater ecotoxicity (39.41) and freshwater eutrophication
(11.27), are the focal concerns of manufacturing in Poland (Table A3 of Appendix C). At the
other extreme is ionizing radiation E, followed by ozone depletion, land use, and ionizing
radiation HH, where the cumulative normalized impact on the environment is below 1.
Additionally, the normalization confirmed that the metal industry has the most adverse
impact on the environment in all crucial impact categories, and thus, for instance, in the
case of human toxicity, it is responsible for 42.21% of all negative impacts of manufacturing
in Poland.
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3.3. DEA Performance

The normalized environmental impact categories and gross value added (GVA) were
the foundation for the calculating the eco-efficiency scores for manufacturing in Poland,
done with the use of the input-oriented BCC model. First, two sets of input variables
were specified: S1 for the variables that are mandatory and S2 for the variables that are
candidates in the BCC model. The set of mandatory variables can be represented by
significant problem areas, i.e., human toxicity (cancer effects and non-cancer effects) (x1)
and freshwater ecotoxicity (x2). Consequently, the remaining variables climate change
(x3), ozone depletion (x4), particulate matter (x5), ionizing radiation HH (x6), ionizing
radiation interim (x7), photochemical ozone formation (x8), acidification (x9), terrestrial
eutrophication (x10), freshwater eutrophication (x11), marine eutrophication (x12), land use
(x13), water resource depletion (x14), and, finally, mineral, fossil and renewable resource
depletion (x15), were grouped together in the Set S2.

In the next stage, reduced and full models were created, and their eco-efficiency scores
were calculated. The reduced models were characterized by the following specifications
for the input variables:

• Model 1—human toxicity (x1);
• Model 2—freshwater ecotoxicity (x2).

The full models additionally contain one variable from Set S2. Consequently, many
models with different combinations of input variables were generated. The eco-efficiency
scores obtained from the full and reduced models are shown in Tables 1 and 2. It should be
noted that model 1.2 and model 2.1 have the same specification and, therefore, they give
identical results.

As can be seen from the aforementioned tables, the number of eco-efficient DMUs in
the full models is the same as the number of eco-efficient DMUs in the reduced models.
Moreover, the eco-efficiency results between the full and reduced models do not differ
significantly. These observations lead to the conclusion that candidate variables are ir-
relevant. This is also confirmed by the McNemar test. The p-values of the test statistic
Qit (Mfull – Mit; where Mfull is the number of eco-efficient DMUs in full models and Mit is
the number of eco-efficient DMUs in reduced models), which has a distribution χ2 with one
degree of freedom, is equal to 1 in each case. Therefore, the null hypothesis H0: Mit = Mfull
at the significance level α = 0.01 should not be rejected, and all variables from the S2 set
can be omitted.

Summarizing the activities related to the model specification searches, it can be
concluded that the assessment of the eco-efficiency of industries should be based on
the information from Model 1 (x1, y) and Model 2 (x2, y). The average values of the
eco-efficiency scores obtained by applying these models are presented in the radar chart of
Figure 4 in both a close-up and distant view. The results obtained revealed that only the
chemical industry is found to be eco-efficient (eco-efficiency score equal to 1), whereas the
remaining industries achieved very low eco-efficiency, particularly the machine industry
(0.008), the electrotechnical and electronic industry (0.015), the food industry (0.025), and
the building materials industry (0.034).

Considering the environmental profiles of manufacturing in Poland and their eco-
efficiency scores, the eco-inefficient industries need to greatly improve their environmental
performance to become eco-efficient. They should follow the best practices established
by the chemical industry. Thus, based on the weight coefficients derived from the BCC
optimization procedure, the percentage exceedances of the environmental impacts were
determined for each eco-inefficient industry (Table 3). These hypothetical reductions
should be attained while maintaining the current gross value added. For all industries, the
obtained results show huge potential for improvement of their environmental performance,
with an average of 88% in the category of human toxicity and 83% in the category of
freshwater ecotoxicity.
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Table 1. Eco-efficiency scores obtained from the full models 1.1–1.14 and the reduced model 1.

Model Number

1 1.1 1.2 1.3 1.4 1.5 1.6 1.7 1.8 1.9 1.10 1.11 1.12 1.13 1.14

Inputs x1 x1 x1 x1 x1 x1 x1 x1 x1 x1 x1 x1 x1 x1 x1
x2 x3 x4 x5 x6 x7 x8 x9 x10 x11 x12 x13 x14 x15

Eco-efficiency Scores
Industries θ1 θ1.1 θ1.2 θ1.3 θ1.4 θ1.5 θ1.6 θ1.7 θ1.8 θ1.9 θ1.10 θ1.11 θ1.12 θ1.13 θ1.14

Automotive industry 0.29 0.29 0.29 0.30 0.29 0.29 0.29 0.29 0.29 0.29 0.29 0.29 0.29 0.29 0.29
Building materials
industry 0.02 0.05 0.06 0.02 0.02 0.04 0.02 0.03 0.07 0.03 0.10 0.05 0.02 0.17 0.02

Chemical industry 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
Electrotechnical and
electronic industry 0.01 0.02 0.02 0.01 0.01 0.02 0.01 0.01 0.03 0.02 0.04 0.02 0.01 0.07 0.01

Food industry 0.02 0.03 0.04 0.02 0.02 0.03 0.02 0.02 0.06 0.03 0.07 0.03 0.02 0.12 0.02
Furniture industry 0.18 0.24 0.4 0.18 0.18 0.18 0.18 0.18 0.28 0.18 0.35 0.23 0.18 0.51 0.18
Machine industry 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.02 0.01 0.02 0.01 0.01 0.04 0.01
Metal industry 0.21 0.37 0.43 0.21 0.21 0.33 0.21 0.26 0.54 0.30 0.63 0.37 0.23 0.89 0.21
Paper industry 0.08 0.15 0.17 0.08 0.08 0.13 0.08 0.10 0.24 0.12 0.31 0.15 0.09 0.50 0.08
Textile and clothing
industry 0.24 0.27 0.24 0.24 0.24 0.27 0.24 0.24 0.24 0.24 0.29 0.24 0.24 0.42 0.24

Wood industry 0.14 0.22 0.17 0.14 0.14 0.20 0.14 0.15 0.25 0.17 0.31 0.20 0.15 0.32 0.14
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Table 2. Eco-efficiency scores obtained from the full models 2.1–2.14 and the reduced model 2.

Model Number

2 2.1 2.2 2.3 2.4 2.5 2.6 2.7 2.8 2.9 2.10 2.11 2.12 2.13 2.14

Inputs x2 x2 x2 x2 x2 x2 x2 x2 x2 x2 x2 x2 x2 x2 x2
x1 x3 x4 x5 x6 x7 x8 x9 x10 x11 x12 x13 x14 x15

Eco-efficiency Scores
Industries θ2 θ2.1 θ2.2 θ2.3 θ2.4 θ2.5 θ2.6 θ2.7 θ2.8 θ2.9 θ2.10 θ2.11 θ2.12 θ2.13 θ2.14

Automotive industry 0.29 0.29 0.29 0.30 0.29 0.29 0.29 0.29 0.29 0.29 0.29 0.29 0.29 0.29 0.29
Building materials
industry 0.05 0.05 0.06 0.05 0.05 0.05 0.05 0.05 0.07 0.05 0.10 0.05 0.05 0.17 0.05

Chemical industry 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
Electrotechnical and
electronic industry 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.03 0.02 0.04 0.02 0.02 0.07 0.02

Food industry 0.03 0.03 0.04 0.03 0.03 0.03 0.03 0.03 0.06 0.03 0.07 0.03 0.03 0.12 0.03
Furniture industry 0.24 0.24 0.40 0.24 0.24 0.24 0.24 0.24 0.28 0.24 0.35 0.24 0.24 0.51 0.24
Machine industry 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.02 0.01 0.02 0.01 0.01 0.04 0.01
Metal industry 0.37 0.37 0.43 0.37 0.37 0.37 0.37 0.37 0.54 0.37 0.63 0.37 0.37 0.89 0.37
Paper industry 0.15 0.15 0.17 0.15 0.15 0.15 0.15 0.15 0.24 0.15 0.31 0.15 0.15 0.50 0.15
Textile and clothing
industry 0.27 0.27 0.27 0.27 0.27 0.27 0.27 0.27 0.27 0.27 0.29 0.27 0.27 0.42 0.27

Wood industry 0.22 0.22 0.22 0.22 0.22 0.22 0.22 0.22 0.25 0.22 0.31 0.22 0.22 0.32 0.22
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Freshwater ecotoxicity 71.4 95.5 98.0 96.6 75.6 98.9 62.6 84.9 72.9 77.8

4. Discussion

The results of the study indicate that most of the manufacturing industries in Poland
are operating under conditions of eco-inefficiency. In fact, only the chemical industry is
100% eco-efficient. The remaining industries do not achieve efficiency even at the level
of 50%. Therefore, the potential to improve their eco-efficiency is very high. This can be
accomplished by either decreasing the environmental pressure or increasing the product
value (gross value added). Thus, target environmental impact profiles were established for
eco-inefficient industries. Although they cannot be taken literally, they show how much
work Polish industries have to do in relation to the chemical industry in order to move
from unsustainable to sustainable production. In addition, they provide a valuable insight
for policymakers and a scientific basis for developing more effective strategies to accelerate
the transition toward a circular economy.

Only harmonized and efficacious activities to increase eco-efficiency will allow the
introduction of a more resource-efficient and circular economy. The improvement of eco-
efficiency can be accomplished by either decreasing the inputs or increasing the outputs.
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Consequently, there is no one-size-fits-all solution for improving the eco-efficiency of
manufacturing in Poland. Instead, there is always an individual path for a manufacturing
industry depending upon its environmental profile and gross value added. For example,
the main problem of the food industry is the large amount of gases and dusts produced
and emitted into the atmosphere. Emissions can be reduced by using new low emission
technologies. Another important issue is the amount of water used, which should be
minimized as much as possible, e.g., through recycling and reuse [33]. The metal industry,
including the production of iron and steel, has a negative impact on the environment due
to excessive greenhouse gas emissions and energy consumption. One way to improve the
situation would be, for example, to produce pig iron without the use of coke [34]. Finally,
the building materials industry, including cement production, generates gas and dust
pollutants and thus contributes to global warming. The vast majority of these emissions are
the so-called process emissions that cannot be eliminated. Despite technological barriers,
a number of actions can be implemented to address progressive reduction of emissions,
such as improving the efficiency of heat use, installing modern automation, as well as
replacing some of the natural resources with waste and by-products from other industrial
processes [35].

Regardless of the type of activity, Polish industries have many opportunities to build
pro-ecological business models. In general, the successful transformation of intensive pro-
duction methods into less resource-intensive and/or low-emission ones, the reincorpora-
tion of waste into production processes, the implementation of environmental management
systems, and the introduction of new business strategies built on life cycle thinking (LCT)
should be voluntary targets for activities. It should also be noted that even the selection of a
set of reasonable parameters for manufacturing systems is of great importance in reducing
material and energy consumption, and thus achieving sustainable manufacturing [36].

Polish industries should follow the patterns established by the chemical industry.
Currently, increasing numbers of chemical companies are implementing modernization
programs related to the construction of modern production installations, as well as intro-
ducing requirements to reduce the consumption of raw materials and energy. Although
the chemical industry is burdened with some of the highest regulatory costs, it continues
to improve its pro-environmental performance without slowing down its pace of devel-
opment. In 2019, the chemical industry in Poland remained the second largest in terms of
production rate after the food industry, and the value of its sold production was higher
by 40% compared to 2010. At the same time, energy consumption has halved in the last
20 years. In addition, chemical companies have been undertaking activities related to the
protection of atmospheric air and climate for years, to which as much as 85% of the funds
of all ecological investments are allocated. With environmental and economic issues in
mind, it can be concluded that the chemical industry is far ahead of other industries in
Poland [37].

5. Conclusions

Climate change and widespread degradation of natural resources undoubtedly in-
dicate that the time is ripe for addressing the new challenges of producing more and
better with less. In practice, this means making the necessary investments to ensure the
production of goods while reducing waste and emissions, minimizing the consumption of
material and energy resources, and reusing materials multiple times. However, launching
actions in line with the goals of sustainable production and the circular economy requires
the implementation of an effective and efficient approach to assess the results. This study
proposes the use of the LCA+DEA methodology as a tool to measure eco-efficiency at the
sector level to support sustainable development.

The conducted research on the eco-efficiency performance of manufacturing in Poland
contains two types of contributions. First, from a methodological viewpoint, it confirmed
the high applicability of the LCA+DEA approach for measuring eco-efficiency at the sector
level. There are, though, many arguments for such a methodological proceeding, including
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the quantification of eco-efficiency on environmental impacts considered from the life
cycle perspective and not operational input–output tables, as well as the ability to analyze
product systems—in our case, industries—of structural and operational heterogeneity,
but functional homogeneity. Thus, this study has methodological implications for the
structuring of inventory tables, selection of the functional unit, and, finally, designing a
DEA model for the quantitative analysis of eco-efficiency of manufacturing.

Second, from a practical viewpoint, the research revealed that despite continuous
endeavors to decrease environmental impacts, manufacturing in Poland still faces a chal-
lenge in reconciling high environmental and economic performance. However, the research
has shown that only the chemical industry is 100% eco-efficient, whereas the remaining
industries have considerable room for the improvement of their eco-efficiency. This proves
a significant mismatch between the applied manufacturing practices and the current mar-
ket and legal expectations regarding environmental protection and climate impacts. This
implies that manufacturing in Poland requires more financial and technical support to es-
tablish and optimize sustainability practices. Therefore, the research results can be the basis
for creating the necessary guidelines to change the environmental behavior of companies
and introduce new practices, including green technology innovations and environmental
management systems.

Although the current research provides a valuable insight into the eco-efficiency
measurement of manufacturing in Poland, it is not free of limitations. These stem from the
concept of eco-efficiency itself and the employed methodology. However, eco-efficiency
does not have to result in the absolute improvement of environmental performance, since
it addresses the relationship between environmental performance and economic output.
Thus, for instance, as long as the growth rate of economic output is higher than the growth
rate of environmental performance, even if both are growing, eco-efficiency will increase.
As a result, eco-efficiency should not be used as a single measure, but rather as one of a set
of measures of the status and progress towards a sustainable manufacturing. Finally, the
joint application of LCA+DEA is a powerful tool in eco-efficiency measurement, but the
obtained LCA+DEA results may vary according to the kind of LCI, economic data, and the
functional unit involved, as well as the DEA model. Subsequent studies should expand the
static and cross-sectional frameworks in this paper and perform comparative analyses over
a longer time frame and using other DEA models.
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Appendix A

Table A1. Simplified LCI table of manufacturing in Poland (base year of 2019).

Industries

Electricity Hard Coal Natural Gas Water Coniferous
Sawnwood

Particle
Boards

Paper and
Paperboard Plastics Cement Steel

Products Wastewater Sulphur
Dioxide

Carbon
Oxide

Carbon
Dioxide Particulates Waste Gross Value

Added
Sold

Production

in GWh
in

Thousands
of Mg

in hm3 in dam3 in Thousands of Mg in hm 3 in Thousands of Mg in Million EUR

Automotive industry 3294 29 157 1.3 9.9 61.5 13.2 92.9 2.4 115,597.7 1.7 0.6 3.6 186.6 0.4 848 55,932.5 819,298
Building materials industry 5687 839 1265 12.6 28.5 10.8 80.9 26.2 8621.1 1044.3 49.5 10.6 62.9 17,346.6 3 3496.2 97,900.9 277,900.7
Chemical industry 16,106 14,154 5738 351.7 55 44.2 98 2455.3 270.8 13,697.7 304.5 18.6 20.5 22,825.5 3.6 6135 107,611.9 1,144,622
Electrotechnical and electronic industry 1562 4 58 1.1 6.4 7.2 22 208 12.2 14,689.4 0.8 0.2 2 78.4 0.1 195.7 70,802 489,022.9
Food industry 7539 1088 1007 117.4 3.7 0.1 157.9 16.3 2 463.6 94.1 10.9 7.4 4367.2 1.9 3056.6 291,048.5 1,175,286
Furniture industry 1110 4 16 0.4 1010.3 4186.7 117.5 2.2 0.4 21,372.4 0.3 0.3 0.4 121.5 0.2 558.3 50,590.4 216,998.7
Machine industry 1225 22 49 1.1 18.3 15.9 4.3 9.3 1.8 57,664 1.7 0.2 0.5 93.8 0.2 266.4 58,475.3 236,176.1
Metal industry 10,956 1479 984 30.2 65 56.1 55.2 32.8 9 336,666 138.1 8.5 130.6 8338.3 3.2 9911.3 84,751.7 800,212.6
Paper industry 4711 576 341 100.5 0.1 55 4412.5 29.8 0 196.4 92.4 1.9 2.1 4624.9 0.5 1431.7 171,870.8 207,610.1
Textile and clothing industry 631 14 57 4.6 0.8 22.4 20 47.1 0 1321.2 4.4 0 0 32.7 0 61.6 270,805 135,315
Wood industry 2594 64 54 5.2 4611.4 1740.9 48.1 0.1 1.6 1299.7 1.9 0.6 4.1 1769.3 1.4 1065.8 236,777.9 184,579.7

Appendix B

Table A2. Environmental profiles of manufacturing in Poland.

Impact Category Unit
Automotive

Industry

Building
Materials
Industry

Chemical
Industry

Electrotechnical
and Electronic

Industry

Food
Industry

Furniture
Industry

Machine
Industry

Metal
Industry

Paper
Industry

Textile and
Clothing
Industry

Wood
Industry

Climate change kg CO2 eq 5324.898 2166.816 1187.779 1200.695 205.908 3700.306 9174.010 16,076.155 1779.453 475.382 519.159

Ozone depletion kg CFC-11
eq 0.0002084 0.0000114 0.0000217 0.0000450 0.0000024 0.0001587 0.0003600 0.0006218 0.0000082 0.0000157 0.0000273

Human toxicity CTUh 0.0023640 0.0002714 0.0003497 0.0005261 0.0000735 0.0017305 0.0040737 0.0070750 0.0002630 0.0002086 0.0002968
Particulate matter kg PM2.5 eq 4.461 0.386 0.526 0.972 0.073 3.463 7.704 13.324 0.380 0.349 0.520
Ionizing radiation HH kBq U235 eq 123.692 13.562 17.605 27.485 3.597 101.301 213.133 369.768 12.732 10.873 19.775
Ionizing radiation E CTUe 0.0005235 0.0000455 0.0000663 0.0001150 0.0000115 0.0004186 0.0009030 0.0015637 0.0000402 0.0000434 0.0000715
Photochemical ozone
formation

kg NMVOC
eq 17.658 2.308 2.530 3.939 0.386 13.564 30.441 52.825 4.638 1.508 2.520

Acidification molc H+ eq 21.415 5.966 4.681 4.997 1.183 16.269 36.766 64.227 8.062 2.201 4.273
Terrestrial
eutrophication molc N eq 48.200 6.782 7.498 10.857 1.275 36.636 83.035 143.907 13.226 4.308 7.337

Freshwater
eutrophication kg P eq 2.1204907 0.5415645 0.5101029 0.5067437 0.1589907 1.5818002 3.6274955 6.3663725 0.5600210 0.2514763 0.4565701

Marine eutrophication kg N eq 4.9703944 0.7678334 0.8801610 1.1219244 0.1725298 3.7487581 8.5611658 14.903779 1.3847954 0.4614381 0.7579081
Freshwater ecotoxicity CTUe 46,868.798 5854.140 7135.210 10,499.664 1587.208 35,268.574 80,705.000 140,179.83 5554.734 4249.285 6501.409
Land use kg C deficit 4769.771 363.095 576.888 1040.548 88.898 4626.592 8231.108 14,245.282 330.961 390.481 1010.810
Water resource
depletion m3 water eq 47.442 13.620 18.023 11.502 5.766 34.639 81.123 142.897 23.268 6.464 11.228

Mineral, fossil, and ren
resource depletion kg Sb eq 0.0772846 0.0035071 0.0075919 0.0166082 0.0005587 0.0574274 0.1336297 0.2305447 0.0036307 0.0056401 0.0062291
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Appendix C

Table A3. Normalized environmental profiles of manufacturing in Poland.

Impact Category Unit
Automotive

Industry

Building
Materials
Industry

Chemical
Industry

Electrotechnical
and Electronic

Industry

Food
Industry

Furniture
Industry

Machine
Industry

Metal
Industry

Paper
Industry

Textile and
Clothing
Industry

Wood
Industry

Climate change PE 0.578 0.235 0.129 0.130 0.022 0.401 0.995 1.744 0.193 0.052 0.056
Ozone depletion PE 0.010 0.001 0.001 0.002 0.000 0.007 0.017 0.029 0.000 0.001 0.001
Human toxicity PE 32.684 2.292 3.758 7.118 0.542 23.333 56.439 97.606 1.850 2.569 3.042
Particulate matter PE 1.174 0.102 0.138 0.256 0.019 0.911 2.027 3.506 0.100 0.092 0.137
Ionizing radiation HH PE 0.109 0.012 0.016 0.024 0.003 0.090 0.189 0.327 0.011 0.010 0.018
Ionizing radiation E PE 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Photochemical ozone
formation PE 0.557 0.073 0.080 0.124 0.012 0.428 0.960 1.666 0.146 0.048 0.080

Acidification PE 0.453 0.126 0.099 0.106 0.025 0.344 0.777 1.358 0.170 0.047 0.090
Terrestrial
eutrophication PE 0.274 0.039 0.043 0.062 0.007 0.208 0.472 0.818 0.075 0.024 0.042

Freshwater
eutrophication PE 1.433 0.366 0.345 0.342 0.107 1.069 2.451 4.302 0.378 0.170 0.308

Marine eutrophication PE 0.294 0.045 0.052 0.066 0.010 0.222 0.507 0.882 0.082 0.027 0.045
Freshwater ecotoxicity PE 5.363 0.670 0.816 1.201 0.182 4.035 9.234 16.039 0.636 0.486 0.744
Land use PE 0.064 0.005 0.008 0.014 0.001 0.062 0.110 0.190 0.004 0.005 0.014
Water resource
depletion PE 0.583 0.167 0.221 0.141 0.071 0.426 0.997 1.755 0.286 0.079 0.138

Mineral, fossil, and ren
resource depletion PE 0.765 0.035 0.075 0.164 0.006 0.569 1.323 2.283 0.036 0.056 0.062
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