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Abstract: In order to achieve the European Union’s climate and energy goals, investments are required,
mainly in the areas of energy efficiency, renewable energy sources and infrastructure. Buildings are
responsible for almost half of total energy consumption, and nearly 80% of them are energy and
ecologically inefficient. The policy of European countries is increasingly more focused on facilities with
the highest potential in the areas of energy and matter saving and the possibly circular economy. The
aim of the work was to assess the environmental loads occurring in the life cycle of an existing retail and
service building. The analysis was performed using the Life Cycle Assessment (LCA) method. By using
the IMPACT 2002+ model, it has become possible to assess the impact of the life cycle of the studied
facility on human health, environmental quality, climate change and raw material resources. The highest
level of negative consequences in the above-mentioned areas was recorded for the life cycle with the
disposal in the form of landfill storage. The operational stage was the stage in the life cycle that caused
the most harmful impacts on the environment. Therefore, it is necessary to optimize the ecological and
energy consumption of resources, for example, by selecting the size and cubature of the facility for its
function, maintaining good technical condition, introducing improvements in the usage processes or
implementing solutions aimed at reducing media consumption. As a result of the conducted analyses, it
can be noticed that in the future, the reduction in energy consumption in the operation of buildings will
be of fundamental importance.

Keywords: retail and service building; construction; Life Cycle Assessment (LCA); IMPACT 2002+;
sustainable development

1. Introduction

As part of each type of economic activity, natural resources are used to obtain products
or end objects through their processing. Manufacturing processes produce many different
substances and wastes that can be released directly or are discharged into the environment,
creating burdens that cause significant changes to the environment over a specific period of
time. Changes in nature are also caused by the loss of environmental resources obtained, for
example, for the construction of commercial and service facilities. As a result, most of these
types of processes are characterized by a certain share in the impact on the environment,
which is manifested by the introduction of various loads causing its degradation [1,2].

The activities of nowadays societies, in which the environment was treated as a
source of necessary raw materials, resulted in the depletion of natural resources and the
degradation of the environment both on a local and global scale. Today, however, most
countries and international organizations are intensifying activities aimed at mitigating
the negative effects of this type of impact on the environment [3,4]. For this reason, the
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sustainable management of raw materials is crucial. An example may be the substitution
of materials whose production significantly pollutes the environment by substitutes or
recycling materials. An example is the use of natural zeolite as a partial replacement
for cement in concrete. The use of zeolite not only contributes to the reduction in CO,
emissions but also gives measurable economic effects through improved properties and
durability of the concrete [5].

Human activities have an impact on the biophysical world and vice versa—humans are
also directly affected. Human societies influence the world of plants and animals, change water
conditions and even affect the climate of the Earth’s surface, thus disturbing the environmental
balance. Loads and disturbances reach ecosystems in the form of gases (nitrogen oxides, sulfur,
fluorine, etc.), dust (e.g., metals), wastewater, carcinogens, toxic chemicals, noise, vibration,
radiation, heat or light, and are characterized by a destructive effect.

Compliance with environmental protection laws is necessary to maintain the ability
to control the relations between the economy and the environment that determine social
and economic development. Obtaining the desired balance between human activity, de-
velopment and environmental protection requires that the latter be taken into account in
economic policy, including legal conditions concerning retail and service buildings [6,7].

Due to changes in the economic situation and social expectations, also in the life
cycles of buildings, in addition to construction and manufacturing aspects, the goals of
respecting the environment should be considered. Suitable tools for assessing are therefore
indispensable for this, as they enable emerging environmental problems to be taken into
account. The basic tool used for this type of assessment is an environmental analysis
covering the full life cycle, known as LCA (Life Cycle Assessment).

The first recorded mention of this type of technique was in 1969 when Harold Smith
presented the results of his research at the World Energy Conference. They concerned the
production of selected types of energy in various chemical processes and were analyzed
from the stage of obtaining raw materials to obtaining the final product [8]. LCA began to
be used as a tool to create the creation of environmental policy.

In the 1970s, a significant number of research reports based on the LCA technique
appeared, the main cause of which were successive energy crises. Later, the interest in LCA
issues increased on a global scale, which resulted in efforts to standardize the methodology.
The International Journal of LCA has been regularly published since 1995 on ongoing
research in the life cycle assessment.

LCA is a technique aimed at assessing potential threats to the environment, made by
identifying and determining the number of used materials, energy and waste substances
released into the environment in all phases of the facility’s life cycle [9].

After introducing the standards from the ISO 14000 family, the LCA methodology
became more and more known in the world. It is an evaluation tool that ensures compa-
rable analytical results while considering many different environmental problems. Envi-
ronmental analysis of, for example, commercial and service facilities allows for orderly
consideration of complex issues related to the effects on the environment, considering their
entire life cycle [10-12].

LCA was recognized internationally as a successful tool for assessing the environmen-
tal impact of facilities. The analyses are carried out to answer the question of what damage
is inflicted to the environment as a result of the impact of the life cycle of, for example, a
building. Influences resulting from the use of natural resources as well as the generation
of waste and pollution introduced into the environment are significant. However, the
literature lacks comprehensive studies on the environmental impact of retail and service
buildings [13,14].

Therefore, the main objective of the study was to assess the environmental loads in the
life cycle of a retail and service building. It is based on a real case study—a facility located
in Poland.
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2. Materials and Methods
2.1. Research Object and Methods

The researched object was a commercial and service building located in Janikowo in
the central part of Poland with access roads, pavements and parking lots.

A retail and service building can be considered a specific subsystem in the eco-
industrial facility system (Figure 1). The area between the system and subsystem boundaries
of a building object fills the environment of the subsystems, ensuring the production of
plastics, components, semi-finished products, energy carriers, water preparation, auxiliary
and consumables, waste management and wastewater treatment, etc. The boundaries of
the subsystem of the retail and service building during construction are determined by the
space of the construction site and during operation—by the area not only of the external
partitions of the building but also of the parking lot and access roads. The consumption of
previously prepared factors in other subsystems constitutes the input to this subsystem.
Input streams are consumed during construction, operation and post-use [15,16].

ENERGY RESOURCES

I |
| NON-ENERGY SOURCES |
| WATER |
| |

INPUT STREAMS

| ENERGY CARRIERS |
| MATERIAL, PLASTICS AND ELEMENTS |
| WATER |
I |

SUBSYSTEM

POLLUTION OF ATMOSPHERE

SOLID WASTE |
POLLUTION OF WATER AND SOIL |
NOISE, HEAT AND VIBRATION |

I

! | POLLUTION OF ATMOSPHERE |
' SOLID WASTE | !
1
' [__POLLUTION OF WATERAND SOIL | 1
||
}
!

LAND DEGRADATION [ |
NOISE, HEAT AND VIBRATION | 1

OUTPUT STREAMS

Figure 1. Diagram presenting a commercial and service building as a subsystem in an ecosystem
with flow streams. Own elaboration based on [15].
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The general entry into the eco-industrial facility system is the consumption of energy
and non-energy resources, water and land use. The outputs are, in the life cycle, emissions
of pollutants into the atmosphere, water and soil, and also waste, heat, noise, vibration,
radiation and land degradation. The environment of the analyzed system is the natural
environment, including natural resources and climatic conditions, as well as the economic
system, including economic policy and legal regulations. An extremely important element
of the environment is also the industry, which has specific possibilities of producing
building materials and techniques for the construction of commercial and service facilities.
The environmental conditions in which a building is located, dictated by the climate and
surroundings, have an impact on its operation and durability. Therefore, the environment
has an impact on the behavior of the eco-industrial system of the facility and the obtained
results of analyses, which also depend on the parameters characterizing the impact of other
subsystems [15,16].

LCA (Life Cycle Assessment) was selected as the method to assess the effect of the
analyzed object on the environment. According to the guidelines included in ISO 14040 (en-
vironmental management, life cycle assessment, principles and framework) and ISO 14044
(environmental management, life cycle assessment, requirements and guidelines) standards,
the analysis consisted of four stages: determination of goal and scope (Section 2.2), life
cycle inventory (Section 2.3), life cycle impact assessment (Section 2.4) and interpretation
(Section 2.5) [17,18].

The area of the analysis was determined using the system boundaries. Most of the
processes taking place within the analyzed phases of the life cycle of a retail and service
building, i.e., manufacture, exploitation and post-use management, are taking place in
Europe; therefore, it was adopted as the geographical boundary of research. The time range
covers the 40-year period of use of the facility, incl. renovations. Each phase of the life
cycle was characterized by strictly defined time limits: the manufacturing phase covered
the period from the beginning of the design to the handover of the finished building, the
exploitation phase—from the start of use by employees and customers at its completion,
and the post-use management phase—from the beginning of demolition work operations
to transfer the generated waste to a landfill or to a recycling plant. As a functional unit
1 m? of the analyzed facility was identified. It applies to the entire system of a retail and
service building and corresponds to its operational properties and functions. The cut-off
criterion was less than 0.01% share of the entire life cycle and the environmental impact at
the level of a particular cycle phase.

The analysis was carried out based on the LCA methodology using the IMPACT 2002+
method for 14 impact categories, taking into account the manufacturing, exploitation and
post-use in the form of disposal on landfills and recycling (excluding the stages of storage,
distribution and sale of plastics, materials and construction elements) as the basic stages of
selected building object life cycle and separately—related to construction works, sanitary
and electrical installations, roads and parking lots. An analysis of environmental impacts
was also performed in the main areas of impact, i.e., human health, environmental quality,
climate change and raw materials resources. The analysis was carried out for real data for a
selected building object as input data, assuming the consumption of materials (e.g., sand,
lime, wood, kaolin, clinker, etc.), utilities (mainly gas and electricity) and human work
converted into the consumption of energy.

In order to determine the cumulative environmental load in the life cycle of a retail
and service building, it is necessary to know the number of materials and building elements
used, energy, etc., and the corresponding cumulative load indicators. The total cumulative
environmental load in the life cycle of a retail and service building (OjBHU) is the sum of:

OjBHU = OwBHU + OeBHU + OzBHU (1)
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where:

OwBHU—cumulative environmental load in the production phase, including production
of plastics, materials and elements as well as the construction of building objects;
OeBHU—cumulative environmental load in the operation phase, taking into account the
consumption of energy and matter during use and periodic repairs;
OzBHU—cumulative environmental load in the post-consumer phase, for example, land-
filling or recycling [15].

The course of the cumulative environmental load-in time (Figure 2) is the sum of
the loads in individual phases of the life cycle and is calculated based on the known
characteristics of the building and its operation plan, which should contain a precise
description of all operation and renovation works and the corresponding consumption of
materials, energy carriers, water, etc. in the assumed period of operation [15].

A

Ojsuu L Ozgyy

0Oe gy

0Oe gy

Owgyy

CUMULATIVE ENVIRONMENT LOAD (Q)

Aty At, Aty
%] 1) T
EXPLOITATION TIME (t)

>

Figure 2. Graph presenting the course of the cumulative environmental load Q) in the life cycle of a
retail and service building over time 7. Own study based on [15].

At the moment 7 =0, the construction of a retail and service building is completed, and
thus, the production phase ends. At the same time, its operation phase begins. At the start
of this phase, the building is characterized by the cumulative OwBHU load discharged into
the environment in the previous phase. In the period T = 0 — 71, an approximately linear
increase in the cumulative load is recorded, which is the result of the relatively constant
consumption of energy carriers each year. In fact, these values may fluctuate to some
extent, depending on, for example, weather conditions. At the moment T = 74, there is an
increase in the cumulative environmental load as a result of periodic repairs. After the end
of the operation of the facility (t = 7,), the cumulative environmental load increases by the
value of OzBHU, which is a consequence of incurring energy and material expenditure on
demolition works. After the end of the post-use development processes, the environmental
load reaches the value of OjBHU, which is the total cumulative environmental load for the
entire life cycle of the retail and service building. Its value may be reduced, for example,
through the use of recycling processes [15].

2.2. Determination of Goal and Scope

The first stage of the analysis was to define the purpose and scope. The paper presents
an assessment of environmental loads in the life cycle of a retail and service building.
The type of conducted analysis is non-comparative. Additionally, the most important
areas of the positive and negative impact of the facility on the environment and human
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health were indicated. The analysis was primarily used to assess the existing facility
(LCA retrospective), but it also allows for the modeling of future changes, e.g., selecting
alternative materials and formulating recommendations that allow for the creation of more
environmentally friendly solutions (LCA prospective).

The stages of storage, distribution and sale of plastics, materials and construction
elements were excluded from the LCI model and hence not investigated. The main reason
was the possibility of obtaining large discrepancies in the data obtained at these stages. For
example, storage could last from several days to several months, and distribution could
take place at distances from several dozen to several hundred or more kilometers.

The assessment carried out for the purposes of this study can be classified as bottom-
up—the main point of interest was seeking to identify profitable opportunities of a strictly
defined system, presented in a very detailed, micro scale way. The advanced level of the
research places it among the detailed analyses. The data used in the analysis were obtained
from the investor, manufacturers of plastics, materials and construction elements, or from
the SimaPro 8.1 databases.

2.3. Life Cycle Inventory (LCI)

In the next stage of the analysis, the LCI model was prepared, which is a specific
image of the structure of the system of the examined retail and service facility. Its smallest
elements form unit processes that are connected with each other by material and energy
streams. The data collected as part of the work were aggregated and collected in inventory
tables. These include physical inputs and outputs, mainly raw materials, semi-finished
products, water, energy, emissions to water, soil and atmosphere, waste, human labor
inputs, etc. After defining the unit processes, they were validated in the form of a bilateral
balance sheet mass and energy. The models were constructed systematically and then filled
with data, with the size of the inputs always being balanced by the size of the outputs.

During the conducted analyses, there was no problem with allocation. The information
provided by the investor and the producers made it possible to precisely determine the
number of used plastics, materials, elements and energy in the life cycle of the research
object. Detailed inventory data were covered by a confidentiality agreement.

The research object was a retail and service building with a usable area of 842.2 m? and
a traffic area of 86.3 m?, in a total of 1008 m? and a cubature of 6309 m3, located in Janikowo,
Kuyavian-Pomeranian Voivodeship in central Poland with access roads, pavements and a
car park with a total area of 2556.5 m?. The analyzed building includes a one-story pavilion
with a social and office part. The single-nave hall has a span of 24 m, and the roof is hipped,
covered with ceramic tiles, curtain walls and brick (Figure 3) [investor’s data].

Plastics, materials and elements necessary for the construction of the researched object
were divided into four groups of installations related to construction works, sanitary
installations, electrical installations, roads and parking lots.

As part of the construction works related to the construction of the analyzed facility,
the following work was performed: earthworks, building foundations, reinforced concrete
elements, blacksmith and locksmith construction elements, brick structures, roof, roofing,
insulation, internal plaster, construction joinery, floors and floors, suspended ceilings and
painting. Almost 130 different materials and elements were used during construction
works. As part of the installation of sanitary installations of the analyzed facility, the
following was performed: water supply, rainwater drainage, sanitary sewage installation,
central heating installation, natural gas installation and ventilation installations. During
the implementation of sanitary installations, almost 200 different materials and elements
were used. As part of the electrical installations assembly of the analyzed object, the
following were made: the electrical installation of the internal power line and the lightning
protection system. During the construction of electrical installations, 45 different materials
and elements were used. During the construction of roads and parking lots, 15 different
materials and elements were used [investor’s data].
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Figure 3. Object of research—retail and service building.

Figure 4 presents the materials with the largest total mass share used during the
construction of the analyzed retail and service building. The maximum material demand
was recorded for sand—over 5.6 thousand tons [investor’s data].

copper
steel
bitumen
wood
clinker
kaolin
calcium
sand

0 1 000 2 000 3000 4000 5000 6 000
[Mg]

Figure 4. Materials with the highest mass share used during the construction of the research object
[own study based on the investor’s data].

Figure 5 summarizes the amount of human work that is necessary during the con-
struction of the analyzed retail and service building in terms of energy consumption. The
largest number of man-hours was at the construction work stage—14,095 man-hours, which
translates into almost 5000 kWh [investor’s data].
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Figure 5. Human workload during the construction of the research object converted into energy
consumption [own study based on the investor’s data].

Figure 6 shows the consumed energy (kWh) and fuel (liters) by the equipment used in
the construction of the retail and service building under study. The highest demand for
fuel was found in construction works (9458 L), while the maximum electricity consumption
was recorded during electrical installations (953 kWh) and construction works (804 kWh)
[investor’s data].

|

0 2000 4000 6 000 8 000 10 000

\
liters of fuel

\
u kWh of energy

[kWh or liters]

Figure 6. Energy (kWh) and fuel (liters) consumed by the equipment used in the construction of the
research object [own study based on the investor’s data].

Based on the data from electricity meters and gas consumption meters for the period
of 5 years, the average annual and forecast media consumption during 40 years of building
operation was determined (Table 1).

Table 1. Average annual and total forecasted consumption of utilities for the research object [own
study based on the investor’s data].

. Average Annual Forecast Consumption .
Media Consumption 40 Years of Operation Unit

Gas 11,366 454,640 m?
Electricity 212,583 8,503,320 kWh

2.4. Life Cycle Impact Assessment (LCIA)

The next stage of the analysis was to determine the relations with the environment of
all inputs and outputs included in the LCA model and to estimate the impact of the entire
life cycle of the analyzed facility on all elements of the environment. In order to transform
the LCI data into impact category indicators and to obtain the indicator value for individual
impact categories, the following mandatory elements had to be performed under the LCIA:
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selection of impact categories, category indicator and characterization models assigning the
LCI results to impact categories (classification) and calculating the value of the indicator
category (characterization). As a result of these activities, an environmental profile was
created, which was subject to additional analyses as part of optional elements, including
normalization, grouping and weighting [19-21].

The assessment has been carried out with the SimaPro 8.4 software (Ecoinvent 3.4 database)
using the method IMPACT 2002+

As part of the IMPACT 2002+ method, experts created new concepts, incl. comparative
assessment of human toxicity and ecotoxicity based on a midpoint. This allows using the
advantages of both indicators based on midpoints, as in the CML model and methodologies
based on the assessment in end points, as for Eco-indicator 99. Harmful factors for humans
are calculated not only for carcinogens but also for other substances. There are fifteen im-
pact categories in total, presented in units specific for each stage as an equivalent of a given
substance: carcinogens (kg C2H3Cl eq), non-carcinogens (kg CoH3Cl eq), respiratory inor-
ganics (kg PM 2.5 eq), ionizing radiation (Bq C-14 eq), ozone layer depletion (kg CFC-11 eq),
respiratory organics (kg CoHy eq), aquatic ecotoxicity (kg TEG (triethylene glycol) water),
terrestrial ecotoxicity (kg TEG soil), terrestrial acid/nutri (kg SO, eq), land occupation
(m? org. arable), aquatic acidification (kg SO; eq), aquatic eutrophication (kg PO, P-lim),
global warming (kg CO, eq), non-renewable energy (M] primary) and mineral extraction
(M] surplus). After normalization, the results were grouped and weighting in four areas of
influence, human health, ecosystem quality, climate change and resources, and presented
in environmental points (Pt) [22,23].

Classification assigns the LCI results to an impact category. The use of the SimaPro
software made it possible to automate this stage. Characterization and conversion of LCI
results into impact categories are complex processes. LCI results should be converted
using appropriate characterization parameters and presented in the form of relative shares
in each of the impact categories. The calculation procedure used in the analysis was the
IMPACT 2002+ method [22,24].

Normalization consists of determining the value of the category indicator in relation
to a specific reference value by dividing the indicator value by the latter one. Usually,
entire or mean impacts value for specific areas, for example, Europe, are taken as reference.
Normalization makes it possible to determine the share of the considered effect in the total
consequence. This leads to a standardized environmental description. By means of normal-
ization, dimensionless results are obtained, constituting the basis for further analyses, such
as weighting. It is also necessary to assess the distance between the considered quantity
and the target values that should be obtained. Additionally, it facilitates the interpretation
and understanding of weighting. It is also a specific illustration of the effects represented
in the final result of the calculations. In this study, normalization was carried out with the
SimaPro software [22,25,26].

After the normalization was carried out, grouping began, consisting in assigning
impact categories to one or more groups, consistent with the previously established purpose
and scope of the research. Grouping results in ordering and possibly prioritizing impact
categories. In the LCIA stage, the values of the category index can be weighted and summed
to obtain the environmental effect. Weighting is based on assigning weight to each impact
category so that they can be compared with each other. The key actions are given the
greatest importance and are then considered first. The result of weighting is presented in
environmental points (Pt). The value of 1000 Pt reflects the environmental impact in Europe
per inhabitant in one year. Grouping and weighting in the conducted research were carried
out with the SimaPro software [22,27-29].

The results of the analyses are presented for all phases of the life cycle, i.e., manufacture,
exploitation, landfill and recycling in relation to the entire retail and service building, and
separately—related to construction works, sanitary installations, electrical installations,
roads and parking lots.
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2.5. Interpretation

Interpretation is the last stage of LCA analyses, which is understood as a systematic
procedure for identifying, qualifying, checking and evaluating information obtained at the
LCI and LCIA stages. Its primary purpose is to present the results in a consistent, complete
form that is easy to understand. The interpretation carried out under the LCA is to lead to
the formulation of final conclusions, clarification of possible limitations and determination
of recommendations to minimize the negative impact on the surroundings of the facility
under consideration [8,19,20].

The interpretation stage is not only the last element of the LCA study, as it is present at
all times of the analysis and should be conducted in accordance with the adopted purpose.
LCA is an iterative technique in which the interpretation of the results obtained at each
stage determines whether the initial assumptions remain unchanged or are subject to some
modifications [9].

Interpretation of the life cycle of a retail and service building enables the identification
of those elements, materials or materials for which the risk of negative impact in relation to
the environment is the highest. On the basis of the obtained numerical results, it becomes
possible to find out which processes in the LCA analysis are characterized by the greatest
harmful impact on the environment and which of them are less or negligible. Usually, the
higher the numerical value of the considered process or element, the greater its negative
effect on the environment. This allows indicating an area where improvements should
be made. It is also the basis for determining a method that allows for reducing energy
consumption, material consumption or the amount of generated waste. This can happen by
changing the techniques of production, construction, post-consumer waste management,
transport, etc. [22,30-32].

3. Results

The obtained research results are presented with division into three sections. Section 3.1
presents a comparison of the results of the potential impact on the surroundings of the life
cycle of the analyzed retail and service building, divided into 15 impact categories. The data
were compiled for the entire life cycle, taking into account post-use management in the form
of landfill storage or recycling, and broken down into individual life cycle stages, which
are manufacture, exploitation, landfill and recycling. Additionally, the potential impact on
the environment of individual stages of the life cycle was compiled and broken down into
main groups of installations, which are construction works, sanitary installations, electrical
installations, roads and parking lots.

Section 3.2 presents selected results of grouping and weighting, taking into account
impact categories, and Section 3.3—areas of influence. The impact category, which causes
the most negative environmental consequences in the life cycle of the analyzed retail and
service building, such as compounds causing global warming and for the same reason area
of influence related to climate change, was discussed in detail. The obtained results were
also grouped into four areas of influence, i.e., human health, ecosystem quality, climate
change and resources, and then compared within the different life cycle stages and main
groups of building installations.

3.1. Characterization

In fourteen impact categories, the life cycle of a retail and service building with post-
use management in the form of storage is characterized by a higher level of negative
environmental consequences compared to the cycle in which recycling processes were used.
Only one category is an exception, the processes related to the use of land, for which, in
both cases, analogous numerical values were obtained (1.20 x 10* m? org. arable) due to
the similar area occupied by a building structure, regardless of the method of subsequent
development of its materials and elements (Table 2).
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Table 2. The results of characterizing the environmental consequences in the life cycle of the research

object by the form of post-use development.

Impact Category Unit w];tilfleLSifilfeill wi}lilfle{e(?;lling
Carcinogens kg C;HsCl eq 3.27 x 10* 3.19 x 10%
Non-carcinogens kg CoH3Cleq 2.10 x 10° 2.06 x 10°
Respiratory inorganics kg PM 2.5 eq 8.09 x 103 7.94 x 10
Ionizing radiation BqC-14 eq 3.87 x 107 3.38 x 107
Ozone layer depletion kg CFC-11 eq 3.71 x 107! 3.51 x 107!
Respiratory organics kg CoHy eq 7.26 x 102 5.06 x 102
Aquatic ecotoxicity kg TEG water 5.06 x 108 3.03 x 108
Terrestrial ecotoxicity kg TEG soil 4.18 x 107 4.15 x 107
Terrestrial acid /nutri kg SO, eq 1.39 x 10° 1.35 x 10°
Land occupation m? org. arable 1.20 x 10* 1.20 x 10%
Aquatic acidification kg SO; eq 6.05 x 10* 5.87 x 10*
Aquatic eutrophication kg PO, P-lim 2.80 x 102 4.23 x 10!
Global warming kg CO, eq 1.04 x 107 1.02 x 107
Non-renewable energy M] primary 1.35 x 108 1.33 x 108
Mineral extraction M] surplus 2.17 x 10° 2.14 x 10°

The exploitation stage of a retail and service building has the most negative environ-
mental consequences in almost all impact categories due to the use of conventional energy
sources to cover the building’s heat and electricity needs. Two exceptions were noted. The
first is the category of compounds that increase the eutrophication of waters, in which
the most harmful impacts are caused by the post-use management stage in the form of
landfilling (2.36 x 10? kg POy P-lim), which is related to the impact on the surroundings
of the stored elements. The second is a category of processes related to the extraction of
mineral raw materials, for which the greatest demand occurs during the manufacture of
plastics, materials and elements (2.12 x 10° MJ surplus) (Table 3).

The most negative environmental consequences at the manufacturing stage of a retail
and service building were recorded for construction works. The maximum values of harm-
ful impacts in nine categories were due to the enormous material consumption of this part
of the building. A significant amount of destructive impacts, especially those related to the
acidification of the environment, took place during the production of electrical installations
with the highest level of negative impacts in four categories—inorganic compounds causing
respiratory diseases: 2.85 x 102 kg PM 2.5 eq, compounds increasing soil acidification:
4.13 x 103 kg SO, eq, compounds increasing acidification of water: 3.49 x 10° kg SO, eq
and processes related to the extraction of mineral resources: 1.74 x 10° MJ surplus. It was
largely related to the processes of extracting copper ores and cable production, which is an
extremely energy-consuming process associated with significant environmental degrada-
tion. Copper is most often obtained (90%) from ore mined in opencast mines. The copper
content of the ore is usually between 0.2 and 2.5%. The impact on the surroundings of
opencast copper mines includes, for example, destruction of soil cover, changes in water
conditions due to surface drainage, air pollution, excessive noise emission, seismic shocks,
impact on fauna and flora or the formation of hazardous waste and sewage. Copper is
produced in several steps: the output is floated, during which the copper sulfides are
separated from the gangue. In this way, concentrates are obtained, which in turn are used
to form cathodes, used for the production of copper products. The use of copper scrap for
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the production of new products would reduce the energy and material consumption of the
processes, and thus, their negative impact on the environment (Table 4).

Table 3. The results of characterizing the environmental consequences occurring at individual stages
of the life cycle of the research object.

Impact Category Unit Manufacture Exploitation Landfill Recycling
Carcinogens kg CoH3Cl eq 6.04 x 10° 2.61 x 10* 5.21 x 107 ~1.93 x 10?
Non-carcinogens kg CoH;Cl eq 1.80 x 10* 1.88 x 10° 3.93 x 103 —3.61 x 10?
Respiratory inorganics kg PM 2.5 eq 5.56 x 107 7.42 x 103 1.19 x 102 —3.06 x 10!
Ionizing radiation BqC-14 eq 3.60 x 100 3.02 x 107 4.89 x 10° X
Ozone layer depletion kg CFC-11 eq 8.64 x 1072 2.79 x 1071 511 x 1073 —~1.50 x 1072
Respiratory organics kg C;Hy eq 9.56 x 10! 5.99 x 102 3.09 x 10! ~1.89 x 10?
Aquatic ecotoxicity kg TEG water 1.01 x 108 2.46 x 108 1.59 x 108 —4.44 x 107
Terrestrial ecotoxicity kg TEG soil 5.05 x 10° 3.65 x 107 2.52 x 10° 2.26 x 10*
Terrestrial acid /nutri kg SO, eq 9.66 x 103 1.26 x 10° 2.67 x 103 ~1.05 x 10°
Land occupation m? org. arable 2.55 x 10° 9.45 x 103 7.30 x 100 X
Aquatic acidification kg SO, eq 5.88 x 103 5.30 x 10* 1.58 x 103 ~1.75 x 10?
Aquatic kg PO, P-lim 1.48 x 10! 2.85 x 10! 2.36 x 102 —1.06 x 10°
eutrophication
Global warming kg CO, eq 2.19 x 10° 1.01 x 107 1.21 x 10° —4.01 x 10*
Non-renewable energy M] primary 6.15 x 100 1.28 x 108 9.67 x 10° —9.68 x 10°
Mineral extraction MJ surplus 2.12 x 10° 4.73 x 103 3.55 x 10 —2.48 x 10°

Table 4. The results of characterizing the environmental consequences occurring at the production
stage of the research object by the groups of installations.

Manufacture
Impact Category Unit Construction Sanitary Electrical Roads and
Works Installations Installations Parking Lots
Carcinogens kg CoH;3Cl eq 2.95 x 103 1.93 x 103 9.17 x 102 2.39 x 102
Non-carcinogens kg C,H;3Cl eq 8.24 x 10° 7.85 x 103 1.50 x 103 4.28 x 10?
Respiratory inorganics kg PM 2.5 eq 1.28 x 107 1.05 x 10? 2.85 x 102 3.92 x 10!
Ionizing radiation BqC-14 eq 1.68 x 10° 8.27 x 10° 2.30 x 10° 8.63 x 10°
Ozone layer depletion kg CFC-11 eq 5.97 x 1072 1.44 x 1072 2.54 x 1073 9.80 x 103
Respiratory organics kg CoHy eq 4.27 x 10! 2.30 x 10! 4.01 x 10° 2.59 x 10!
Aquatic ecotoxicity kg TEG water 3.69 x 107 5.06 x 107 1.08 x 107 2.97 x 100
Terrestrial ecotoxicity kg TEG soil 2.75 x 100 1.11 x 10° 1.61 x 10° 1.04 x 10°
Terrestrial acid /nutri kg SO, eq 2.83 x 10° 1.67 x 103 413 x 10° 1.03 x 10
Land occupation m? org. arable 1.96 x 103 2.46 x 10? 2.97 x 10? 4.14 x 10!
Aquatic acidification kg SO, eq 1.07 x 103 1.08 x 103 3.49 x 10° 2.38 x 102
Aquatic eutrophication kg POy P-lim 7.11 x 10° 2.97 x 10° 3.51 x 107! 4.41 x 10°
Global warming kg CO, eq 3.21 x 10* 5.48 x 10* 4.44 x 104 8.80 x 10*
Non-renewable energy M]J primary 3.55 x 10° 9.00 x 10° 6.04 x 10° 1.10 x 10°
Mineral extraction M] surplus 6.50 x 103 3.16 x 10* 1.74 x 10° 5.61 x 10!
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The highest level of harmful impact at the exploitation stage of a retail and service
building, in all impact categories, was recorded for utility consumption, which mainly
covers the demand for gas and electricity, which, in Poland, is associated mainly with the
use of conventional energy sources (Table 5).

Table 5. The results of characterizing the environmental consequences occurring at the stage of
operation of the research object by the groups of installations.

Exploitation
Impact Category Unit Construction Sanitary Electrical Roads and Utilities
Works Installations Installations  Parking Lots =~ Consumption
Carcinogens kg CoH3Cleq  1.91 x 10? 6.85 x 10! 1.71 x 10 2.58 x 1071 2.41 x 10*
Non-carcinogens kg CoH3Cleq  1.88 x 107 2.16 x 102 1.24 x 10° 9.30 x 107! 1.88 x 10°
Respiratory inorganics kg PM 2.5 eq 1.22 x 10! 5.24 x 10° 2.97 x 10° 5.71 x 1072 7.40 x 103
Ionizing radiation Bq C-14 eq 5.70 x 10° 7.73 x 10* 2.09 x 10! 2.78 x 103 2.95 x 107
Ozone layer depletion ~ kg CFC-11eq  1.26 x 107! 8.52 x 1074 1.40 x 1077 1.35 x 1074 1.52 x 1071
Respiratory organics kg CoHy eq 6.66 x 10° 3.13 x 10° 7.19 x 107! 210 x 107! 5.89 x 10?
Aquatic ecotoxicity kg TEG water ~ 2.64 x 10° 6.54 x 10° 4.66 x 10° 3.24 x 10* 242 x 108
Terrestrial ecotoxicity kg TEG soil 1.34 x 10° 3.45 x 10° 2.42 x 107 1.28 x 10° 3.60 x 107
Terrestrial acid /nutri kg SO, eq 2.63 x 102 7.58 x 10! 7.84 x 10! 1.04 x 10° 1.26 x 10°
Land occupation m? org. arable 254 x 10? 6.08 x 10! 2.96 x 10! 6.61 x 1071 9.10 x 103
Aquatic acidification kg SO, eq 8.64 x 10! 2.28 x 10! 2.00 x 10! 4.79 x 107! 5.29 x 10*
Aquatic eutrophication kg POy P-lim  7.38 x 107! 1.53 x 1071 5.28 x 1072 8.61 x 1074 2.76 x 10!
Global warming kg CO, eq 2.11 x 10* 2.66 x 10° 3.67 x 10° 5.32 x 10! 1.00 x 107
Non-renewable energy =~ M] primary 3.58 x 10° 4.56 x 10% 1.00 x 10° 1.39 x 103 1.27 x 108
Mineral extraction MJ surplus 2.47 x 102 1.88 x 103 1.00 x 10° 2.37 x 1072 2.60 x 10°

The stage of storing plastics, materials and elements necessary in the life cycle of
roads, parking lots and construction works was the source of the greatest number of
negative environmental consequences in all analyzed impact categories. These are groups
of installations that are distinguished by the highest material consumption (Table 6).

The use of recycling processes in the life cycle of a building is associated with many
positive environmental consequences. In the most impact categories, there has been a
reduction in the level of harmful impacts over the entire life cycle, especially for construction
works. The exception was the category of compounds increasing the ecotoxicity on land,
for which the recycling processes caused some negative environmental effects due to
energy needs, materials, reagents and other chemicals needed for the processes. However,
the negative environmental impacts were lower than in the case of landfilling processes
(construction works: 1.79 x 10* kg TEG soil, electrical installations: 2.80 x 103 kg TEG soil,
sanitary installations: 1.60 x 103 kg TEG soil roads and parking lots: 2.96 x 10% kg TEG
soil) (Table 7).
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Table 6. The results of characterizing the environmental consequences occurring at the post-use
development stage (in the form of storage) of the research object by the groups of installations.

Landfill
Impact Category Unit Construction Sanitary Electrical Roads and
Works Installations Installations Parking Lots
Carcinogens kg CoH3Cl eq 1.90 x 102 7.56 x 10! 6.13 x 107! 2.55 x 10?
Non-carcinogens kg CoH;Cl eq 143 x 10° 5.71 x 102 4.44 x 10° 1.93 x 10°
Respiratory inorganics kg PM 2.5 eq 4.36 x 10! 1.72 x 10! 1.53 x 107! 5.81 x 10!
Ionizing radiation Bq C-14 eq 1.78 x 10° 7.08 x 10° 5.53 x 103 2.40 x 100
Ozone layer depletion kg CFC-11 eq 1.88 x 1073 7.37 x 1074 6.69 x 107° 249 x 1073
Respiratory organics kg CoHy eq 1.14 x 10! 4.45 x 10° 4.29 x 1072 1.50 x 10!
Aquatic ecotoxicity kg TEG water 5.89 x 107 2.38 x 107 1.81 x 10° 7.58 x 107
Terrestrial ecotoxicity kg TEG soil 9.30 x 10* 3.72 x 10* 2.95 x 107 1.21 x 10°
Terrestrial acid /nutri kg SO, eq 9.80 x 102 3.86 x 102 3.48 x 10° 1.30 x 10°
Land occupation m? org. arable 2.66 x 100 1.06 x 100 8.35 x 1073 3.58 x 10°
Aquatic acidification kg SO, eq 5.77 x 102 2.29 x 10? 2.26 x 10° 7.72 x 10?
Aquatic eutrophication kg PO, P-lim 8.58 x 10! 3.43 x 10! 2.56 x 107! 1.16 x 102
Global warming kg CO; eq 444 x 10* 1.75 x 10* 2.10 x 10? 5.90 x 10*
Non-renewable energy M] primary 3.54 x 10° 1.40 x 10° 1.20 x 103 4.72 x 10°
Mineral extraction MJ surplus 1.29 x 10! 5.14 x 109 3.83 x 1072 1.74 x 10!

Table 7. The results of characterizing the environmental consequences occurring at the post-use
development stage (in the form of recycling) of the research object by the groups of installations.

Recycling

Impact Category Unit Construction Sanitary Electrical Roads and
Works Installations Installations Parking Lots

Carcinogens kg CoH;Cl eq ~1.94 x 107 2.79 x 109 —9.74 x 100 7.86 x 109

Non-carcinogens kg CoH3Cl eq —~1.68 x 10? ~1.86 x 102 —1.00 x 10! 3.84 x 10°
Respiratory inorganics kg PM 2.5 eq —2.07 x 10! ~7.20 x 10° —2.56 x 100 —1.55 x 107!
Ionizing radiation BqC-l4eq ~1.18 x 1072 —2.09 x 1073 —~1.00 x 103 ~1.20 x 10*
Ozone layer depletion kg CFC-11 eq —1.51 x 10? —~1.82 x 10! —1.79 x 10! —2.29 x 10°

Respiratory organics kg CoHy eq ~1.90 x 107 —2.50 x 107 —~1.02 x 10° 5.76 x 10°

Aquatic ecotoxicity kg TEG water 1.79 x 10* 1.60 x 103 2.80 x 10° 2.96 x 10?
Terrestrial ecotoxicity kg TEG soil —~7.59 x 10? ~1.85 x 10? —~1.01 x 10? —8.37 x 10°
Terrestrial acid /nutri kg SO, eq —~1.12 x 10? —4.90 x 10! —1.36 x 10! —4.66 x 1071
Land occupation m? org. arable —5.84 x 107! —4.26 x 1071 —5.52 x 102 442 x 1073
Aquatic acidification kg SO, eq —2.74 x 10* —~1.05 x 10* —2.11 x 103 —9.15 x 10!
Aquatic eutrophication kg PO, P-lim —~7.47 x 10° —~1.38 x 10° ~7.43 x 10* —8.44 x 10°
Global warming kg CO; eq —~1.63 x 103 ~7.80 x 10? —6.23 x 10! —3.83 x 1072

3.2. Grouping and Weighing—Impact Categories

Grouping the results that were obtained by applying the IMPACT 2002+ procedure
made it possible to assign impact categories to four collections, known as areas of influence,
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i.e., human health, ecosystem quality, climate change and resources. The obtained category
indicators values were weighed and summed to determine the weight of the ecological
effect. Carrying out the weighing process allowed to obtain the results in environmental
points (Pt). The life cycle of a commercial and service facility, including the storage of
plastics, materials and elements in a landfill, had a total of more negative environmental
effects (2.87 x 10° Pt) compared to the cycle with post-use management in the form of
recycling (2.82 x 103 Pt) (Figure 7) [22].

Life cycle with recycling

Life cycle with landfill

1 ooo 2 ooo 3 ooo
[Pt]

Figure 7. The results of grouping and weighing the environmental consequences occurring in the life
cycle of the research object by the form of post-use management.

By analyzing the various stages of the life cycle of the studied object, it is clear that
exploitation is the greatest source of harmful effects on the environment. As already mentioned,
this is due to the high demand for utilities necessary for the proper functioning of the retail
and service building—mainly gas and electricity, which in Poland is produced primarily in
processes using conventional, fossil sources. Hence, there are slight differences in the total
level of impact on the building surroundings with post-use management in the form of storage
and recycling because the operating costs for both cases are comparable (Figure 8).

Recycling
Landfill
Exploitation

Manufacture

-500 1000 1500 2000 2500
[Pt]

Figure 8. The results of grouping and weighing the environmental consequences occurring at
individual stages of the life cycle of the research object.

In each of the analyzed impact categories, the life cycle with post-use management
in the form of storage contributed to the emergence of more negative environmental
consequences than the cycle with management in which recycling processes were used.
Three categories had the strongest negative impact on the environment compared to the
others; they were compounds causing global warming (landfill: 1.05 x 10 Pt, recycling:
1.03 x 103 Pt), processes related to obtaining non-renewable energy (landfill: 8.83 x 10% Pt,
recycling: 8.71 x 102 Pt) and inorganic compounds causing respiratory diseases (landfill:
7.99 x 10? Pt, recycling: 7.84 x 102 Pt). Therefore, it was decided to discuss the category of
compounds causing global warming in more detail (Figure 9).

Today, climate change is one of the key environmental problems around the world.
It is most often considered in the context of global warming caused by greenhouse gas
emissions (GHG). One of the most important factors contributing to the aggravation of this
problem is the use of conventional energy sources. For this reason, in the lifecycle of a retail
and service facility, the consumption of utilities produced from conventional sources at the
stage of exploitation was distinguished by the highest level of emissions of compounds
causing global warming (1.01 x 10® Pt) (Figure 10).
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Figure 9. The results of grouping and weighing the environmental consequences occurring in the life
cycle of the research object by the form of post-use development and the impact categories.
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Figure 10. Results of grouping and weighing the environmental consequences of emissions of
compounds causing global warming occurring in the life cycle of the research object.

In the case of plastics, materials and components used in construction works, land-
filling after exploitation is the source of the highest emission of substances causing global
warming (total: 4.48 x 10° Pt). They mainly include the harmful effects of carbon dioxide
(2.77 x 10° Pt) and methane (1.55 x 10° Pt). Post-use management in the form of recycling
would allow minimizing the negative impacts in this regard, in the perspective of the entire
life cycle of the analyzed object (in total by 2.76 x 10° Pt), especially in the case of carbon
dioxide emissions (—2.48 x 10° Pt) (Table 8).
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Table 8. The results of grouping and weighing the environmental consequences of emissions of

compounds causing global warming due to construction works occurring at individual stages of the

life cycle of the research object.

Construction Works

No Substance Compartment
Manufacture Exploitation Landfill Recycling
1 Carbon dioxide Air —4.40 x 10° 2.19 x 107! x —2.48 x 10°
2 Carbon dioxide, in ground Air 7.22 x 10° 1.84 x 10° 2.77 x 10° X
3  Carbon monoxide Air 5.71 x 1072 X X —2.48 x 1072
4 Carbon monoxide, in ground Air 758 x 1073 X 514 x 1073 X
5  Dinitrogen monoxide Air 2.74 x 1072 537 x 1073 1.48 x 1071 2.33 x 1073
6  Ethane, hexafluoro-, HFC-116 Air 3.10 x 1072 246 x 1073 1.94 x 107° X
7  Methane Air 6.85 x 102 343 %1073 X —6.16 x 1072
8  Methane, in ground Air 8.23 x 1072 2.89 x 102 1.55 x 100 X
9 Methane, tetrafluoro-, CFC-14 Air 1.38 x 1071 1.10 x 1072 8.60x 1076  —2.00x 10!
10 Sulfur hexafluoride Air X X 333 x 1073 X
11 Remaining substances X 791 x 1073 1.66 x 1072 3.01 x 10~* —2.68 x 1074
TOTAL 3.24 x 10° 2.13 x 109 4.48 x 10° —2.76 x 10°
In the life cycle of sanitary installations, the manufacturing stage causes the most
emissions of compounds contributing to the aggravation of the global warming problem
(total: 5.53 x 10° Pt). The level of negative environmental consequences in this area is
mainly influenced by the influence of carbon dioxide (in total: 5.29 x 10° Pt). Recycling
plastics, materials and components after completing their exploitation would significantly
reduce the degree of total harmful impacts (by 1.06 x 10° Pt), especially in the context of
CO, emissions (—9.29 x 10! Pt) (Table 9).
Table 9. The results of grouping and weighing the environmental consequences of emissions of
compounds causing global warming due to sanitary installations occurring at individual stages of
the life cycle of the research object.
Sanitary Installations
No Substance Compartment
Manufacture Exploitation Landfill Recycling
1 Carbon dioxide Air 2.67 x 100 2.58 x 1072 X -9.29 x 107!
2 Carbon dioxide, in ground Air 2.62 x 10° 2.36 x 107! 1.09 x 100 X
3  Carbon monoxide Air 2.13 x 1072 X x ~1.19 x 1072
4 Carbon monoxide, in ground Air X 8.36 x 1074 X X
5  Dinitrogen monoxide Air 1.38 x 1072 1.33 x 1073 5.89 x 1072 —2.69 x 1075
6  Ethane, hexafluoro-, HFC-116 Air 1.94 x 1072 X 7.71 x 1077 X
7  Methane Air 7.14 x 1072 6.15 x 1074 x —2.93 x 1072
8  Methane, in ground Air 1.96 x 102 3.13 x 1073 6.12 x 107! X
9 Methane, tetrafluoro-, CFC-14 Air 9.33 x 102 6.04 x 1074 343 x 10°° X
10  Remaining substances X 5.48 x 1073 5.35 x 107* 3.46 x 1073 —9.48 x 1072
TOTAL 5.53 x 10° 2.69 x 107! 1.76 x 10° —1.06 x 10°

As in the case of sanitary installations, the production of electrical installations is
associated with the greatest number of negative environmental consequences throughout
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their life cycle (total: 4.48 x 10% Pt), and carbon dioxide emissions (total: 4.40 x 10° Pt) are
of key importance for their size. Recycling processes would make it possible to reduce the
level of harmful impact in the considered range (by 2.14 x 10~! Pt in total), especially in
relation to CO, (—2.05 x 10~! Pt) (Table 10).

Table 10. The results of grouping and weighing the environmental consequences of emissions of
compounds causing global warming due to electrical installations occurring at different stages of the
life cycle of the research object.

Electrical Installations

No Substance Compartment
Manufacture Exploitation Landfill Recycling
1 Carbon dioxide Air 4.19 x 10° 3.33 x 107! X —2.05 x 107!
2 Carbon dioxide, in ground Air 210 x 107! 2.54 x 1072 1.26 x 1072 X
3 Carbon monoxide Air 6.87 x 1073 6.42 x 1074 X —2.04 x 1073
4  Dinitrogen monoxide Air 5.03 x 1073 X 445 x 1074 3.48 x 1074
5  Ethane, hexafluoro-, HFC-116 Air 8.46 x 1073 X 6.03 x 1077 X
6  Methane Air 2.05 x 1072 9.04 x 1073 x ~5.91 x 1073
7  Methane, in ground Air 4.50 x 1073 1.94 x 1073 8.21 x 1073 X
8  Methane, tetrafluoro-, CFC-14 Air 3.77 x 1072 X 2.68 x 1078 —1.08 x 1073
9  Remaining substances X 427 x 107* 8.19 x 107> 3.11 x 107° —2.28 x 107°
TOTAL 4.48 x 10° 3.71 x 1071 213 x 1072 —2.14 x 107!
In the roads and parking lots cycle, the manufacturing and storage stages are character-
ized by the highest degree of harmful impact on the environment in terms of the emission
of compounds causing global warming (respectively, 8.89 x 10° Pt and 5.96 x 10° Pt). In
both cases, these values are mainly conditioned by the emission level of carbon dioxide
(manufacture: 9.02 x 10° Pt, landfill: 3.68 x 10° Pt). In addition, landfilling of plastics,
materials and end-of-life elements is also distinguished by significant methane emissions
(2.07 x 10° Pt). Carbon dioxide plays an important role in the greenhouse effect. Its con-
centration varies seasonally and depending on latitude. Changes can also be noted locally,
especially near the Earth’s surface. Methane is also an important greenhouse factor. It is
true that it is present in the atmosphere at a much lower concentration than CO,, but its
greenhouse potential is almost 20 times greater (Table 11) [33].
Table 11. Results of grouping and weighing the environmental consequences of emissions of com-
pounds causing global warming due to roads and parking lots occurring at individual stages of the
life cycle of the research object.
Roads and Parking Lots
No Substance Compartment
Manufacture Exploitation Landfill Recycling
1  Carbon dioxide Air —2.07 x 107! 412 x 1073 X —9.29 x 1073
2 Carbon dioxide, in ground Air 9.02 x 10° 1.13 x 1073 3.68 x 10° X
3  Carbon monoxide Air X 1.86 x 10~° X X
4  Dinitrogen monoxide Air 1.48 x 1072 X 1.99 x 1071 4.64 x 107°
5  Methane Air X 8.51 x 1075 X X
6  Methane, in ground Air 5.60 x 1072 1.89 x 107° 2.07 x 10° X
7  Remaining substances X 9.60 x 1073 1.35 x 107° 1.17 x 1072 1.88 x 1077
TOTAL 8.89 x 10° 5.38 x 1073 5.96 x 10° —9.24 x 1073
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By analyzing the individual stages of the life cycle by the dividing into the types
of installations of the retail and service building under study;, it is visible that during
the manufacture of plastics, materials and elements of this object, the highest level of
harmful impact on the environment was noted for the emission of inorganic compounds
causing respiratory diseases, substances that deepen global warming and processes related
to obtaining non-renewable energy. The magnitude of the impact of the first of these
categories was determined mainly by the impact of electrical installations largely related to
the use of copper elements, the second, roads and parking lots, and the third, construction
works, where the greatest demand for material takes place (Figure 11).

Mineral extraction
Non-renewable energy
Global warming

Land occupation

Terrestrial acid/nutri Roads and parking lots

Terrestrial ecotoxicity | Electrical installations
Aquatic ecotoxicity Sanitary installations
Respiratory organics B Construction works

Ozone layer depletion

lonizing radiation

Respiratory inorganics
Non-carcinogens

Carcinogens
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Figure 11. The results of grouping and weighing the environmental consequences occurring at the
stage of production of the research object by thirteen impact categories and groups of installations.

The level of negative environmental consequences at the exploitation stage is es-
sentially shaped by the amount of utility consumption in the life cycle of a retail and
service building. Processes related to the extraction of fossil fuels and their processing
generate many harmful emissions, mainly compounds causing global warming, inorganic
substances causing respiratory diseases and those characteristic of processes related to
obtaining non-renewable energy. As part of the ecological and energy optimization of
buildings, particular attention should be paid to the issue of supplying them with heat and
electricity, which should come from alternative sources as much as possible (Figure 12).

Similarly, to the manufacturing stage, during post-use disposal in the form of landfill
storage, the most negative environmental consequences are caused by high emissions of
inorganic compounds causing respiratory diseases, greenhouse gases and the impact of
processes related to obtaining non-renewable energy. In all of the above-mentioned areas,
the storage of plastics, materials and elements, which cannot be operated any longer from
installations with the highest material consumption, i.e., construction works and roads and
parking lots, had the maximum impact on the magnitude of the harmful effect (Figure 13).
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Figure 12. Results of grouping and weighing the environmental consequences occurring at the stage

of operation of the research object by thirteen impact categories and groups of installations.
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Figure 13. The results of grouping and weighing the environmental consequences occurring at

the post-use development stage (in the form of storage) of the research object by thirteen impact

categories and groups of installations.

Recycling is a form of post-use management of retail and service buildings, which can
bring many positive consequences for the environment, including limiting the production
of plastics, materials and components from primary raw materials. The use of secondary
raw materials, mainly in the area of basic construction works, results in a reduction in the
demand for energy, which currently comes mainly from non-renewable sources, and thus,
a reduction in emissions of compounds that contribute to the deepening of the greenhouse
effect and substances that are the cause of many respiratory diseases (Figure 14).
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Figure 14. The results of grouping and weighing the environmental consequences occurring at

the post-use development stage (in the form of recycling) of the research object by thirteen impact

categories and groups of installations.

For all types of installations located in the commercial and service facility in question,
the manufacturing stage of plastics, materials and elements was associated with a partic-
ularly high level of destructive impacts on the environment, reaching the maximum for
construction works due to high material consumption and electrical installations due to the
use of large quantities of components made of copper. The second very important factor
in this regard was the form of post-use management. Landfilling causes many negative
environmental consequences, especially for installations with the highest material demand,
such as roads and parking lots and construction works (Figure 15).
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Figure 15. The results of grouping and weighing the environmental consequences occurring at
individual stages of the life cycle of the research object by groups of installations.

3.3. Grouping and Weighing—Areas of Influence

As already mentioned, in the IMPACT 2020+ method, the obtained results of the
analyses can be grouped into four areas of influence—human health, ecosystem quality,
climate change and resources. In each of the above-mentioned areas, the life cycle of a
retail and service building, taking into account post-use management in the form of a
landfill, has more negative environmental consequences compared to the life cycle with
management in the form of recycling. The most harmful impacts were recorded in the
field of climate change (landfill: 1.05 x 103 Pt, recycling: 1.03 x 103 Pt), impact on human
health (landfill: 8.96 x 10? Pt, recycling: 8.79 x 102 Pt) and resource depletion (landfill:
8.85 x 102 Pt, recycling: 8.72 x 10? Pt) (Figure 16).

Resources

Climate change

Ecosystem quality
B Human health

Life cycle with recycling

Life cycle with landfill

|
0 500 1000
[Pt]

Figure 16. The results of grouping and weighing the environmental consequences occurring in the
life cycle of the research object by the form of post-use development and areas of influence.

The highest level of negative environmental consequences in the life cycle of a retail
and service building occurred during the exploitation stage, especially in the area of
climate change (1.02 x 103 Pt), depletion of raw materials (8.36 x 10 Pt) and harmful
effects on human health (8.18 x 10% Pt) due to the use of conventional sources in the
production of heat and electricity supplied to the building. The second stage, which
also has a significant impact in this regard, is the manufacture of plastics, materials and
components. It causes a number of destructive influences, mainly in terms of impact on
human health (6.45 x 10! Pt) and depletion of non-renewable resources (4.19 x 10! Py,
due to the high energy and material consumption of such processes (Figure 17).

Recycling Resources
Climate change
Landfill Ecosystem quality

o B Human health
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Manufacture
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Figure 17. The results of grouping and weighing the environmental consequences occurring at
individual stages of the life cycle of the research object by areas of influence.

The highest level of harmful impacts on the environment in the life cycle of the
considered facility, noted at the exploitation stage, was related to the consumption of
utilities, mainly natural gas and electricity. It was the cause of a number of negative impacts
on the environment, especially in the area of emissions of compounds causing climate
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change (1.01 x 10% Pt), impact on human health (8.15 x 10% Pt) and processes related to the
use of non-renewable resources (8.33 x 102 Pt) (Figure 18).
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Figure 18. The results of grouping and weighing the environmental consequences occurring at
individual stages of the life cycle of the research object by areas of influence.

Due to the fact that the area of impact related to climate change causes the most
negative environmental consequences in the life cycle of a retail and service building, it
was decided to discuss the related emissions in more detail.

The Earth’s climate is primarily influenced by the temperature of the air, water, soil
surface, rainfall and solar radiation. The natural greenhouse effect is caused by water
vapor, carbon dioxide, tropospheric ozone, nitrous oxide, methane, aerosols and cloud
particles, all present in the atmosphere in small amounts as well as other trace gases. The
key contribution to the increase in the greenhouse effect is CO,, of which the greatest
anthropogenic sources are the combustion of fossil fuels and deforestation. CH4 emissions
(e.g., fossil fuels, waste, breeding, rice crops), freons (e.g., aerosols, foams) or nitrogen
oxides (e.g., eutrophication, deforestation, biomass combustion) are also important. A rise
in temperature on the Earth’s surface due to the excessive greenhouse effect can lead to
severe climate change [33].

In the life cycle of plastics, materials and elements used for construction works, the
landfill stage is associated with the highest negative environmental impact in terms of
emissions of climate change compounds (in total: 4.48 x 10° Pt). Its size is significantly in-
fluenced by the harmful effect of carbon dioxide (2.77 x 10° Pt) and methane (1.55 x 10° Pt).
Changing the post-use disposal method from landfilling to recycling would allow for a
significant reduction in the level of negative impacts in the perspective of the entire life
cycle (by a total of 2.76 x 10° Pt) (Table 12).

In the case of sanitary installations, the most destructive environmental consequences
in the analyzed area were those recorded for the manufacturing stage (total: 5.53 x 10° Pt).
They were conditioned mainly by the level of harmful influence of carbon dioxide emis-
sion (in total: 5.29 x 10° Pt). The use of recycling processes would make it possible to
significantly reduce the degree of negative impacts throughout the entire life cycle of the
installation (by 1.06 x 10° Pt in total) (Table 13).
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Table 12. The results of grouping and weighing the environmental consequences of emissions of

compounds causing climate change due to construction works occurring at individual stages of the

life cycle of the research object.

Construction Works

No Substance Compartment
Manufacture Exploitation Landfill Recycling
1 Carbon dioxide Air —4.40 x 10° 219 x 107! x —2.48 x 10°
2 Carbon dioxide, in ground Air 7.22 x 10° 1.84 x 10° 2.77 x 10° X
3 Carbon monoxide Air 5.71 x 1072 X X —2.48 x 1072
4  Carbon monoxide, in ground Air 7.58 x 1073 X 5.14 x 1073 X
5  Dinitrogen monoxide Air 2.74 x 1072 537 x 1073 1.48 x 1071 2.33 x 1073
6  Ethane, hexafluoro-, HFC-116 Air 3.10 x 1072 2.46 x 1073 1.94 x 107° X
7  Methane Air 6.85 x 102 343 x 1073 X —6.16 x 1072
8  Methane, in ground Air 8.23 x 1072 2.89 x 102 1.55 x 100 X
9  Methane, tetrafluoro-, CFC-14 Air 1.38 x 107! 1.10 x 102 8.60 x 107° —2.00 x 107!
10  Sulfur hexafluoride Air X X 333 x 1073 X
11 Remaining substances X 791 x 1073 1.66 x 1072 3.01 x 10~* —2.68 x 1074
TOTAL 3.24 x 10° 2.13 x 109 4.48 x 10° —2.76 x 10°
Table 13. The results of grouping and weighing the environmental consequences of emissions of
compounds causing climate change due to sanitary installations occurring at individual stages of the
life cycle of the research object.
No Substance Compartment Sanitary Installations
Manufacture Exploitation Landfill Recycling
1 Carbon dioxide Air 2.67 x 10° 2.58 x 1072 X —9.29 x 107!
2 Carbon dioxide, in ground Air 2.62 x 10° 2.36 x 107! 1.09 x 10° X
3 Carbon monoxide Air 2.13 x 1072 X x ~1.19 x 1072
4 Carbon monoxide, in ground Air X 836 x 1074 X X
5  Dinitrogen monoxide Air 1.38 x 1072 1.33 x 1073 5,89 x 1072 —2.69 x 107°
6  Ethane, hexafluoro-, HFC-116 Air 1.94 x 1072 X 7.71 x 1077 X
7  Methane Air 7.14 x 1072 6.15 x 1074 x —2.93 x 1072
8  Methane, in ground Air 1.96 x 1072 3.13 x 1073 6.12 x 1071 X
9  Methane, tetrafluoro-, CFC-14 Air 9.33 x 1072 6.04 x 1074 343 x 107° X
10  Remaining substances X 5.48 x 1073 5.35 x 10~* 3.46 x 1073 —9.48 x 1072
TOTAL 5.53 x 10° 2.69 x 107! 1.76 x 10° ~1.06 x 10°

Manufacture of materials and elements of electrical installations, similar to sanitary

installations, is the source of the largest emissions of compounds causing climate change
(total: 4.48 x 10° Pt). Carbon dioxide (in total: 4.40 x 10° Pt) stands out as a key factor
in shaping this quantity. Post-use management in the form of recycling, to some extent,
could reduce the negative impact on the environment in the considered scope (in total by
2.14 x 107! Pt) (Table 14).
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Table 14. The results of grouping and weighing the environmental consequences of emissions of
compounds causing climate change due to electrical installations occurring at individual stages of
the life cycle of the research object.

Electrical Installations

No Substance Compartment
Manufacture Exploitation Landfill Recycling
1 Carbon dioxide Air 4.19 x 10° 3.33 x 107! X —2.05 x 107!
2 Carbon dioxide, in ground Air 210 x 107! 2.54 x 1072 1.26 x 1072 X
3 Carbon monoxide Air 6.87 x 1073 6.42 x 1074 X —2.04 x 1073
4 Dinitrogen monoxide Air 5.03 x 1073 X 445 x 1074 3.48 x 1074
5 Ethane, hexafluoro-, HFC-116 Air 846 x 1073 X 6.03 x 1077 X
6  Methane Air 2.05 x 1072 9.04 x 1073 X —5.91 x 1073
7  Methane, in ground Air 4.50 x 1073 1.94 x 1073 8.21 x 1073 X
8  Methane, tetrafluoro-, CFC-14 Air 3.77 x 1072 X 2.68 x 1078 —1.08 x 1073
9  Remaining substances X 427 x 107* 8.19 x 107> 3.11 x 107° —2.28 x 107°
TOTAL 4.48 x 10° 3.71 x 1071 213 x 1072 —2.14 x 107!
In the road and parking lots cycle, the maximum level of emissions of substances
having a negative impact on climate change was recorded at the stage of manufacture (total:
8.89 x 10° Pt) and the landfill (total: 5.96 x 10° Pt). In both cases, their size was mainly con-
ditioned by the impact on the environment of carbon dioxide (manufacture: 9.02 x 100 Pt,
landfill: 3.68 x 10° Pt). Recycling processes of plastics, materials and components would
result in a certain reduction in the level of the analyzed harmful impacts in the perspective
of the entire life cycle (by a total of 9.24 x 1073 Pt) (Table 15).
Table 15. The results of grouping and weighing the environmental consequences of emissions of
compounds causing climate change due to roads and parking lots occurring at individual stages of
the life cycle of the research object.
Roads and Parking LOTS
No Substance Compartment
Manufacture Exploitation Landfill Recycling
1 Carbon dioxide Air —2.07 x 107! 412 x 1073 X —9.29 x 1073
2 Carbon dioxide, in ground Air 9.02 x 10° 1.13 x 1073 3.68 x 10° X
3 Carbon monoxide Air X 1.86 x 107° X X
4 Dinitrogen monoxide Air 1.48 x 1072 X 1.99 x 10! 4.64 x 1075
5  Methane Air X 8.51 x 107° X x
6  Methane, in ground Air 5.60 x 1072 1.89 x 107° 2.07 x 10° X
7  Remaining substances X 9.60 x 103 1.35 x 107° 1.17 x 1072 1.88 x 1077
TOTAL 8.89 x 10° 5.38 x 1073 5.96 x 10° —9.24 x 1073

If the analyses include the consumption of utilities necessary for the exploitation of
the analyzed building, it becomes evident that this is the stage causing the most harmful
emissions for human health, lowering the quality of the environment, aggravating climate
change and depleting the resources of raw materials (Figure 19).
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Figure 19. The results of grouping and weighing the environmental consequences occurring at
individual stages of the life cycle of the research object by areas of influence.

Considering the materials and elements included in the individual groups of instal-
lations in the analyzed building, the highest level of emissions of substances harmful to
human health stands out for the stage of their manufacture in relation to electrical instal-
lations due to the high proportion of elements made of copper, sanitary installations due
to significant share of ceramic elements and made of polymer plastics and construction
works due to enormous material consumption. The maximum negative impact on the
quality of the environment and the depletion of raw materials resources has, in turn, the
manufacturing stage of materials necessary during construction works (Figure 20).
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Figure 20. The results of grouping and weighing the environmental consequences occurring at
individual stages of the life cycle of the research object by areas of influence.

Since during the conducted analyses, a large number of detailed results were obtained,
it was decided to present in the article only those selected—the most important in terms of
the issues raised.


http://mostwiedzy.pl

A\ MOST

Energies 2022, 15, 3144

27 of 30

4. Summary

In recent years, a particularly dynamic increase in the importance of the role of
environmental problems can be observed, the failure to take them into account in the
future, for example, creating barriers to economic development. New legal regulations
and standards modify the existing rules of business activity, also referring to building
structures. Hence, it becomes justified to run analyses pointed at the ecological and energy
optimization of retail and service buildings, of which more and more are being built every
year. It is also necessary to rationalize individual stages of their life cycle [34-36].

The main objective of the study was achieved thanks to the assessment of environmen-
tal loads in the life cycle of the analyzed retail and service building.

By taking into account the form of post-consumer management of plastics, materials
and elements of a retail and service building, the obtained results indicate that its life cycle
with landfill storage has a significantly higher level of harmful impact on the environment
and is a source of significantly higher greenhouse gas emissions to the atmosphere, than in
the case of a life cycle where recycling processes have been used.

The highest degree of harmful environmental impacts and the highest level of green-
house gas emissions in the life cycle of the analyzed building were recorded for the exploita-
tion stage, during which high consumption of energy from conventional energy sources
was noted due to the demand for heat and electricity.

Climate change, resource depletion and human health are among the main areas of
influence with the highest negative impacts. On the other hand, in the case of impact
categories, the emissions of substances causing climate change, processes related to the
extraction of fossil fuels and emissions of inorganic compounds causing respiratory system
diseases stood out with the greatest harmful impact on the environment.

The results of the conducted environmental impact analysis refer to a specific case of
a commercial and service building, and the level of detail and error in estimating these
impacts depends primarily on the accuracy and quality of the collected input data. In the
presented analysis, the data on the consumption of materials are actual data, while the
data on the consumption of utilities and energy resulting from human work inputs are
estimated data. The consumption of utilities and energy was adopted as the average annual
consumption, and for this type of input data, the final impacts were determined, giving an
approximate value of the impacts. Reducing or increasing energy consumption results in
an increase or decrease in environmental impacts, respectively. By taking into account the
assumed life cycle length (40 years), the impact result does not take into account changes,
for example, in the structure of the energy system and the use of renewable energy sources,
which in the future may reduce or increase environmental impacts depending on the share
of renewable energy sources. The analysis also does not take into account technological
progress over time and increasing the recyclability of materials and components, which
would ultimately also affect the level of environmental impacts.

Further research on environmental impacts in the life cycle of service buildings could
be supplemented with prospective studies determining the levels of environmental effects
for alternative, possible future development paths for commercial and service buildings,
which could include the aforementioned scenarios for the share of renewable energy in
the national energy mix, the share of recycled materials or the use of new technological
solutions. Such action would allow for the formulation of conclusions and guidelines for
building structures.

5. Conclusions

The life cycle of retail and service buildings is characterized by a very high level of
energy consumption and the emission of harmful substances caused by it. Reducing the
consumption of conventional energy resources, in addition to increasing energy efficiency,
can be achieved through the use of renewable energy sources. In the construction industry,
the energy demand covers mainly four areas of operation—the production of plastics,
materials and components, their transport to the construction site, construction of the
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facility and its operation. Depending on the technology used, the amount of energy
accumulated in building materials is large and may range from 5.5 to 6.5 G]-Mg . The
material that significantly increases the level of accumulated energy is cement because
its production is very energy-consuming. The second essential material influencing the
amount of energy consumption is reinforcing and structural steel. Increasing the use of
lightweight concretes and insulating materials makes it possible to reduce the energy
demand in the manufacturing phase significantly. In addition, their use is also of key
importance in reducing operational energy consumption [15,37,38].

During the exploitation of a retail and service building, it is possible to optimize the
ecological and energy consumption of resources, for example, by selecting the size and
cubature of the object for its function, maintaining a good technical condition, introducing
improvements in the operation and use processes or implementing solutions aimed at
reducing media consumption. As a consequence of the conducted analyses, it can be noted
that the reduction in energy consumption in their exploitation will be of fundamental
importance for the ecological and energy modernization of buildings [39,40].

One of the basic activities in the field of sustainable development is the enhancement
of already known processes and the search for new technologies. Moreover, in the lifecycle
of commercial and service buildings, the concept of the best available technique (BAT)
is of particular importance as it has become an important tool in this area. The best
available technique is understood as the methods of producing plastics, materials and
elements, methods of constructing buildings, their operation and post-use management in
an environmentally friendly manner [15,41,42].

In the case of retail and service facilities, the best available technique, optimal in terms
of ecological and energy, involving the principle of preventing or, if not possible, reducing
the generation of waste and pollution, takes into account in particular:

- Use of non-waste or low-waste technologies;

- Use of non-toxic substances or those with possibly low toxicity;

- Recovery of plastics, materials and components used at different phases of the life
cycle of buildings and as much waste generated during their lifetime as possible;

- Using analogous processes, methods and technologies that have been successfully
applied in other facilities;

- Tracking scientific and technological development;

- Reduction in energy and material consumption throughout the life cycle;

- Theneed to increase durability and prevent failures and reduce their consequences on
the environment [43-45].
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