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Abstract: The increasing rate of urbanization along with its socio-environmental impact are major
global challenges. Therefore, there is a need to assess the boundaries to growth for the future
development of cities by the inclusion of the assessment of the environmental carrying capacity
(ECC) into spatial management. The purpose is to assess the resource dependence of a given entity.
ECC is usually assessed based on indicators such as the ecological footprint (EF) and biocapacity
(BC). EF is a measure of the biologically productive areas demanded by human consumption and
waste production. Such areas include the space needed for regenerating food and fibers as well as
sequestering the generated pollution, particularly CO2 from the combustion of fossil fuels. BC reflects
the biological regeneration potential of a given area to regenerate resources as well to absorb waste.
The city level EF assessment has been applied to urban zones across the world, however, there is a
noticeable lack of urban EF assessments in Central Eastern Europe. Therefore, the current research is
a first estimate of the EF and BC for the city of Wrocław, Poland. This study estimates the Ecological
Footprint of Food (EFF) through both a top-down assessment and a hybrid top-down/bottom-up
assessment. Thus, this research verifies also if results from hybrid method could be comparable with
top-down approach. The bottom-up component of the hybrid analysis calculated the carbon footprint
of food using the life cycle assessment (LCA) method. The top-down result of Wrocław’s EFF were 1%
greater than the hybrid EFF result, 0.974 and 0.963 gha per person respectively. The result indicated
that the EFF exceeded the BC of the city of Wrocław 10-fold. Such assessment support efforts to
increase resource efficiency and decrease the risk associated with resources—including food security.
Therefore, there is a need to verify if a city is able to satisfy the resource needs of its inhabitants while
maintaining the natural capital on which they depend intact.
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1. Introduction

The increasing rate of urbanization along with its socio-environmental impact are major global
challenges [1,2]. The rising levels of urbanization are connected with the reduction of natural resources,
the loss of biodiversity, soil degradation, and the pollution of the air, water, and land [3]. Moreover,
the deterioration of the environment is expected to increase in the future due to the growth of human
population, especially in urban areas [4]. The United Nations indicated that currently over 55% of the
world’s population lives in urbanized areas, and this percentage is expected to increase to 68% by the
year 2050 [5]. This means that the world’s urban population might well rise from 4.2 billion people
(2018) to 6.7 billion people in 2050 [5]. Over half of the world’s countries already run ecological deficits,
consuming more biocapacity than is available within their borders [6]. The current rate of urban growth
underscores the importance of urban areas as the focus of sustainability assessments [7]. Therefore,
there is a need to assess the state of balance and the boundaries to growth for future development of
human settlements [8]. The inclusion of the assessment of environmental carrying capacity (ECC) into
the spatial management and planning of cities can be a useful tool for the development of sustainable
human settlements [9].

The ECC is a concept and tool used to assess the sustainable development level of a given
area [10]. The ECC verifies if the current spatial management is consistent or inconsistent with certain
environmental restrictions and limitations, and it is poses limits to the ability of current and future
populations to meet their needs. The ECC is most often assessed based on environmental indicators
such as the ecological footprint (EF) and biocapacity (BC) [11–14]. EF represents the human demand
on nature (such as consumed resources, occupied space, and emitted pollutants) that compete for
biologically productive space [15–17]. Therefore, EF also indicates the biologically productive area
needed to provide for all the competing demands on nature, from food production, fiber regeneration,
infrastructure accommodation to sequestration of emissions [18]. The BC represents the actual annual
bioproductive ability of an area (an ecological benchmark) to provide the human needs [19]. Thus,
the BC assesses an actual annual ecosystem service budget available [19]. This is a key ingredient for
all of humanity’s goods and services. Despite that the ecological footprint accounting (EFA) can be
applied to any scale. The national footprint accounts (NFA) are the most comprehensive attempt to
assess countries’ footprint and biocapacity are based nearly exclusively on United Nations’ data [18,20].
The NFA presents all steps of a national ecological footprint and BC assessment, from raw data to
aggregated values of ecological footprint and BC. The NFA assessed the ecological footprint and BC for
242 countries and territories and the world as a whole [20]. The results of the analyses are available for
the period 1961–2014 [6,20] and are provided by the Global Footprint Network. These accounts include
the following land use types: croplands, grazing lands, fishing grounds, forest lands, carbon uptake
land, and built-up lands [20]. Cropland consists of the area required to grow all crop products,
including livestock feeds, fish meals, oil crops, and rubber. The grazing land represents the crop feeds
to support livestock. The grazing land comprises all grasslands used to provide feed for animals,
wild grasslands, and prairies. The fishing grounds are represented the annual primary production
required to sustain a harvested aquatic species. The forest land reflects the annual harvests of fuelwood
and timber needed to supply forest products. The uptake land shows the contamination of a waste
product, namely carbon dioxide. The CO2 is released into the atmosphere from a variety of sources,
including human activities such as burning fossil fuels and certain land use practices; as well as natural
events such as forest fires, volcanoes, and respiration by animals and microbes. The built-up area
represents the land covered by human infrastructure: housing, industrial structures, transportation,
and reservoirs for hydroelectric power generation [21].

Note that EFA only accounts for the human requirement for bioproductive areas, and does not
include productive areas required to maintain other species. Both EF and BC are expressed in the
same units, global hectares (gha), which means that both indicators can be compared. This unit,
global hectares, is the result of the conversion of the total physical area of a given land use type of
a given country into its equivalent global productivity (gha). The conversion is based on the ratio
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of its productivity to the global average biological productivity [22]. A minimum and conservative
environmental condition, on average, is to reach a quotient of EF and BC smaller than one; the goal
is minimum and conservative because it does not include the reservation of productive ecosystems
for the maintenance of biodiversity, which has been estimated to be between 11% and 75% [16,23,24].
In case the EF exceeds the BC (or the available portion thereof), that population is running an ecological
deficit. In a closed system such as the Earth, an ecological deficit at the global level is an indication
of global ecological overshoot. It manifests as ecosystem degradation, loss of natural capital, or the
accumulation of waste. However, at the city or country level, the excess biocapacity demand can be
met through the import of external goods. When BC is greater than EF, that entity corresponding to an
ecological reserve [16].

Currently, the assessment of BC and EF is well-developed on the global [22,25] as well as on
the national level [15,17]. However standardized calculations [26] and comprehensive assessment
on regional [12] and city level are limited [18,27,28]. In Central Eastern Europe (Figure 1), there is an
apparent lack of EF assessments on the city level. This phenomenon could be attributed to a scarcity of
data sources and limited comparability, i.e., a use of different data sources and assumptions within the
calculations [18]. However, in other regions, EF assessments have been applied for individual cities
across various countries [19].
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Understanding and monitoring the resource metabolism of cities is critical in order to inform
municipal actions and decision-making as part of the larger goal of global sustainability [36].
The analysis of current state of the environment could allowed to understand the connection
between the local consumption and exploitation of resources and its global environmental impact [34].
Such assessment allows for increase of resources exploitation responsibility, as well as for evaluation of
resource-related risk [37]. Moreover, it increases resource efficiency and decreases the risk associated
with natural resources [37]—including food security [38–40]. Food is a basic need of households,
thus the assurance of the food security is widely recognized as the greatest challenge to sustain
humanity in the 21st century [41]. World population is expected to reach 9 billion by 2050 [4] and
population living in cities is also estimated to increase, intensifying the demand for resources [4].
The increasing demand for natural resources, which provide fundamental ecosystem services to city
dwellers, such as food production, is directly related to urban growth [36]. On one hand, the ongoing
urbanization process is leading to significant land use changes in the territory due to the expansion of
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artificial areas, causing loss of habitats, cropland, and grazing areas. On the other hand, the increasing
number of inhabitants would require more cropland areas to produce food, which could be already
lost [42,43]. The Food and Agriculture Organization of the United Nations (FAO) expects an increase
of food production by at least 60% from 2006 to 2050 [40] and an increase in the demand for energy due
to the intensification of agriculture, as well as an increase of pollution emitted to the environment [18].
Therefore, this study deals with the application of EF at the city level as a measure of ECC. The paper
focuses on ecological footprint of food (EFF) and comparing hybrid EFF assessment (combining a
bottom-up carbon footprint of food (CFF) with remaining top-down EFF’s components) with full
top-down assessment for food EF. Thus, the research would verify if the use of a hybrid method allows
for a comparison with a top-down approach. Especially, that other researchers indicated the need
for the development of international urban ecological footprint standards towards a hybridization of
top-down and bottom-up approaches [18].

The study compares the obtained values of EFF using both methods, as well as compares EFF’s
with biocapacity benchmark as an indicator of sustainability. The difference of EFF’s and BC would
indicate if ECC of analyzed city is exceeded or not. The rationale for this study is the assumption
that the implementation of the ECC into spatial management is relevant to increase the efficient of
long-term planning [44], the use of natural resources [45], as well as for the assurance of the food
security [41] in the context of sustainable development.

2. Materials and Methods

2.1. Study Area

The analysis of the EFF was conducted for the city of Wrocław, which is located in Central Eastern
Europe. The city of Wrocław (dark blue on the map) is located in the south-west part of Poland
(Figure 2) and has an area of 293 km2. The city is fast developing and has strongly spreading suburban
zones (light blue on the map). The suburban zone of Wrocław consist of 10 municipalities and has a
total surface area of 1416.4 km2 [46]. Wrocław is one of the largest cities in Poland with approximately
638,000 inhabitants (according to data of Central Statistical Office of Poland, state as at 31 December
2016). Wroclaw’s greenhouse gas emissions are significant [47]. As Sówka and Bezyk (2018) indicated,
the implementation of action plans by the Municipality of Wrocław requires an accurate understanding
of the city residents’ lifestyle and consumption [47]. The location and lifestyle are known to contribute
to the footprint [48].
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2.2. Materials

The baseline year for which the analysis was conducted was 2016. Data used for the analysis
was obtained from multiple data sources. Population data was obtained from the Local Data
Bank (originally “Bank Danych Lokalnych”) [49]. The average monthly consumption of selected
foodstuffs per capita in households for the voivodeship (a voivodeship is the area administered
by a voivode (Governor). This term is used in several countries of Central and Eastern Europe,
including Poland, Hungary, Lithuania, Latvia, Ukraine, Russia, and Serbia) and according to class
of locality in 2016, i.e., as in this case for town by size of 500 thousands or more inhabitants—large
cities, and the region Dolnośląskie were obtained from publication of Statistics Poland (originally
“Główny Urząd Statystyczny”) [50]. The data, which was not collected for city level, was obtained
from the report on the national annual amount of consumption of a given product published also
by Statistics Poland [51]. The information about CO2 emissions in kg generated per 1 kg of a
given food at all levels of production and consumption (from agriculture by industrial processing,
logistics, packaging, and use, to the end of life—the final disposal of food waste and wastewater
treatment) was retrieved from the report of energy use in the EU food sector prepared for the
European Commission [52]. The information of global sequestration in hectares per 1 ton of CO2

was assumed according to the factors in the National Footprint Accounts (NFA, 2018 Edition)
as 0.338 gha tCO2

−1. The national Yield Factors (YF) and Equivalence Factors (EQF), evaluated
for the year 2014, were obtained also from the NFA [6]. The top-down components of this
study used the consumption land use matrix of Poland [53] as a baseline dataset for scaling.
The spatial data of Wrocław and other local and regional boundaries were obtained from Head
Office of Geodesy and Cartography (originally “Główny Urząd Geodezji I Kartografii—GUGiK”
(http://www.gugik.gov.pl/geodezja-i-kartografia/pzgik/dane-bez-oplat/dane-z-panstwowego-
rejestru-granic-i-powierzchni-jednostek-podzialow-terytorialnych-kraju-prg)). Information about
land uses in Wrocław was obtained from the Wrocław Development Office (originally “Biuro
Rozwoju Wrocławia”) [54]. The areas of water bodies, which were not defined in spatial data
obtained from Wrocław Development Office, were obtained from Wrocław Spatial Information System
(https://geoportal.wroclaw.pl/en/resources/). The base maps with reference information of countries
and regions boundaries were available within Tableau or ArcGIS software.

2.3. Methods

This paper focuses on the assessment of one of the components of the EF—the ecological footprint
of food (EFF) which is expressed in terms of global hectares (gha). The EFF was calculated using two
distinct methods and the results were compared. The two methods used were: (i) top-down approach;
and (ii) hybrid approach, that results by merging the bottom-up approach with top-down approach.

The top-down approach used the aggregated data from a national level, which are scaled to a
sub-national population. Such assumption allows for the comparison of the obtained results for a given
nation with others [55]. The bottom-up approach based on local data—both municipal and regional
reports, allowed for the assessment of the environmental impact based on specific circumstances and
characteristics. The hybrid approach combined the top-down with bottom-up approach, which joined
the macro and micro aspects [56].

2.3.1. Data Preparation

In the absence of a specific dataset regarding the consumption of food products by the city of
Wroclaw, two datasets were used to calculate the weighted average of consumption of food products
(in kilograms or liters) per capita. The datasets used were: (i) statistical information regarding polish
cities larger than 500,000 in population (Wroclaw falls within this category) and (ii) statistical data
from the Dolnośląskie region, which Wroclaw belongs to. The weighted average was calculated as

AFn = WLC × AFnLC + WV × AFnV (1)

http://www.gugik.gov.pl/geodezja-i-kartografia/pzgik/dane-bez-oplat/dane-z-panstwowego-rejestru-granic-i-powierzchni-jednostek-podzialow-terytorialnych-kraju-prg
http://www.gugik.gov.pl/geodezja-i-kartografia/pzgik/dane-bez-oplat/dane-z-panstwowego-rejestru-granic-i-powierzchni-jednostek-podzialow-terytorialnych-kraju-prg
https://geoportal.wroclaw.pl/en/resources/
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where:

AFn—the annual weighted average amount of given consumed food in kg (or L) per inhabitant [kg];
WLC—the weight according to population of large cities;
AFnLC—the annual average amount of given consumed food in kg per inhabitants of large cities;
WV—the weight according to population of region—voivodeship; AFnV—the annual average amount
of given consumed food in kg per inhabitants of voivodeship.

The WLC and WV was estimated as

WLC = (IW/ILC)/(IW/ILC + IW/IV) (2)

WV = (IW/IV)/(IW/ILC + IW/IV) (3)

where:

IW—the number of inhabitants of Wrocław city;
ILC—the number of inhabitants of all large cities;
IV—the number of inhabitants of region—voivodeship.

2.3.2. Top-Down EFF Approach

The top-down approach calculations were based on the consumption land-use matrix (CLUM)
of Poland [53], a dataset provided by Global Footprint Network which includes national average EF
per-capita by land-use category, further broken down according to COICOP (classification of individual
consumption by purpose (COICOP) by the United Nations Statistics Division (UNSD)) categories [57].
Starting from the CLUM dataset, we focused on the ecological footprint of 11 subcategories of the
food and non-alcoholic beverages as the basis for the top-down scaling. These detailed COICOP food
categories included the following: bread and cereals; meat; fish and seafood; milk, cheese, and eggs;
oils and fats; fruit; vegetables; sugar, jam, honey, chocolate, confectionery; food products not elsewhere
classified (n.e.c.); non-alcoholic beverages; and alcoholic beverages (Table 1). We then assigned each
food consumption category to a corresponding COICOP category and calculated a scaling factor
by comparing the total consumption (kg) of each COICOP category between Wroclaw and Poland.
Here we assume that each food consumption category going in a corresponding COICOP category
has the same ecological footprint per kilogram. Using these scaling factors, we then calculate the
subnational EF from the national EF for each COICOP category. For example, the national average
monthly consumption of items that we categorized as ‘bread and cereals’ for Poland was 5.88 kg,
whereas for Wroclaw, it was 5.12 kg, or 87% of Polish national average (Table 1). Assuming a similar
EF/kg of ‘breads and cereals’ between Poland average and Wroclaw, we can assume that the EF of
‘breads and cereals’ for Wroclaw is also 87% of the national average. This top-down methodology
for calculating sub-national ecological footprints based on national footprint data and scaled with
supplementary data has been applied widely, most recently in a studies focusing on Mediterranean
cities and Canadian cities [18,28].

The top-down approach allows for a “rapid evaluation of the upstream environmental impacts
associated with downstream economic consumption” [18], and ensures the comparability across cities,
which would be impossible through bottom-up approaches [18]. However, the top-down approach
could not reflect the local conditions adequately [55].
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Table 1. Scaling factor for COICOP categories.

COICOP Code COICOP Category
Consumption (Kg)

Scaling Factor
Wroclaw Poland

011.1 Bread and cereals 5.12 5.88 0.87
011.2 Meat 4.56 5.32 0.86
011.3 Fish and seafood 0.34 0.32 1.05
011.4 Milk, cheese, and eggs 5.26 5.44 0.97
011.5 Oils and fats 1.02 1.13 0.90
011.6 Fruit 8.42 7.32 1.15
011.7 Vegetables 15.51 17.18 0.90
011.8 Sugar, jam, honey, chocolate, confectionery 1.55 1.78 0.87
011.9 Food products n.e.c. 1.00
01.2 Non-alcoholic beverages 7.43 6.13 1.21
02.1 Alcoholic beverages 1.00

2.3.3. Hybrid EFF Approach

The hybrid approach included a detailed bottom-up carbon footprint by food type (Figure 3)
and combined this with the top-down results for the remaining components (cropland, grazing land,
forest products, fishing grounds, forest land, built-up land) to derive results of EFF for Wroclaw.
This area represents the EF of given a component, which was adopted for the calculation of food
product-level carbon footprints.
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The bottom-up approach calculated CFF based on the consumption of food products. The food
products were retrieved from the literature and highlighted the seventeen representative types of
products within the European food basket. The representative products types are understood as
the most often consumed food products in Europe [52,58], which allow for a comparison between
European cities. These products represent the very noticeable mass share of 61% of the consumed
food products in 2013 [52]. Products were assigned to the following product groups: meat and
seafood; dairy products; crop-based products; cereal-based products; vegetables; fruits; beverages; and
prepared meals (Table 2).

Table 2. Types of products taken into consideration for CFF assessment.

Product Group 1 Type of Product 1

Meat and seafood
Beef
Pork

Poultry

Dairy products
Milk

Cheese
Butter

Crop-based products
Olive oil

Sunflower oil
Sugar

Cereal-based products Bread

Vegetables Potatoes

Fruits
Oranges
Apples

Beverages
Coffee

Mineral water
Beer

Prepared meals Meat-based meals

Note: 1 The CO2 (CO2eq) was retrieved from EC Report “Energy use in the EU food sector: State of play and
opportunities for improvement” [52].
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The analysis was conducted using the lifecycle assessment (LCA) [59]. The LCA estimates the
total equivalent of CO2 (CO2eq) emissions during the entire life cycle of a product, from all levels
of production, consumption, to final disposal. The CO2eq emissions are expressed in kilograms of
CO2eq per 1 kg or 1 L of a given food (kgCO2eq/kg or L of product) [52]. In this study, the LCA
assessment evaluated the CO2eq emissions of food of the city of Wrocław. Next, using the global
carbon dioxide sequestration index, the results from the LCA were converted to the equivalent area
needed to sequestrate the CO2eq [59,60]. The global carbon dioxide sequestration index represents
the global average land to sequestrate one ton of CO2. Therefore, the CFF could be expressed by the
following equation

CFF = ∑(IN × AFn × ICO2eq )/1000 × IsCO2 , (4)

where:

CFF—the Carbon Footprint of food (gha);
IN—the total number of inhabitants;
AFn—the annual weighted average amount of given consumed food in kg per inhabitant (kg);
ICO2eq —the amount of CO2eq emitted during whole life duration of given n-product (at all levels from
production by consumption to final disposal) (kgCO2eq/kg or L of product);
IsCO2 —the global carbon dioxide sequestration rate (gha/tCO2).

2.3.4. BC Assessment

The BC was calculated based on methodology and factors derived from the National Footprint
Accounts (NFA), which includes equivalence factors (EQF) and yield factors (YF) for each land use
types (infrastructure land, forest land, cropland, grazing land, inland fishing ground, and marine
fishing grounds) [16,18,61]. The YF represents the annual productivity of a given land use type for
a given country. The YF varies according to country-specific characteristics, year, land use type,
soil quality, and management practices. The EQF is used to convert a country’s productivity of a given
land use type into its global equivalent [20]. This research applied YFs and EQFs calculated at the
national level. Therefore, BC is represented as

BC = ∑ (An × YFn × EQFn), (5)

where:

BC—the biocapacity (gha);
An—the area of given land use type (ha);
YFn—the yield factor for given land use type (ha);
EQFn—the equivalence factor for given land type (ha).

To calculate the BC of the city of Wrocław, spatial data regarding land use cover was used.
The study of conditions and directions of spatial development in Wrocław initials land use categories
as follows: residential areas; areas of economic activity; residential and service areas; areas of
communication; cemetery areas; forest areas; crop areas; undeveloped agricultural areas; water bodies;
and green areas [47]. Therefore, the land use categories were classified into new categories according
to the land use types used in the NFA [7]. Thus, residential areas, areas of economic activity,
residential and service areas, cemetery areas, and areas of communication, were assigned to the
infrastructure land use type. The forest area was assigned to forest land use type; crop areas were
assigned to croplands. The undeveloped agricultural areas and green areas were allotted to grazing
lands. The water bodies were assigned to inland fishing grounds.

Subsequently, we compared the values of EFF to the BC of Wroclaw. These comparisons allowed
for the quantification of the Wrocław’s consumption of biocapacity against the current biocapacity and
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determine if Wrocław is an ecological debtor or creditor. At last, using ArcGIS, the circular-size of EFF

and BC was mapped. The radius for EFF and BC was calculated based on circle area equation.

3. Results

The analysis conducted by this study produced results regarding: top-down EFF approach;
hybrid EFF approach; and to determine the differences between the two approaches. Moreover,
the comparisons of EFF and BC allowed for defining if Wrocław is an ecological debtor or creditor.
Obtained results allowed also for mapping circular size of BC and EFF based on calculated radius.

3.1. Top-Down Results

Using the EFF top-down method (Table 3), the results show that the categories of meat; milk,
cheese, and eggs; and bread and cereals, are the main contributors to the total EFF. The results for each
COICOP category are disaggregated and represented in the six components of the EFF.

Table 3. Results of EFF of each COICOP category per capita.

COICOP Code COICOP Category
Components of EFF

TOTAL EFF
Cropland Grazing

Land
Forest

Products
Fishing

Grounds
Built-Up

Land
Carbon

Footprint

011.1 Bread and cereals 0.126 0.000 0.002 0.001 0.000 0.012 0.142

011.2 Meat 0.154 0.013 0.017 0.011 0.003 0.054 0.252

011.3 Fish and seafood 0.006 0.000 0.002 0.012 0.000 0.005 0.025

011.4 Milk, cheese, and eggs 0.068 0.008 0.015 0.007 0.002 0.050 0.151

011.5 Oils and fats 0.073 0.005 0.014 0.007 0.002 0.046 0.147

011.6 Fruit 0.050 0.000 0.004 0.001 0.001 0.016 0.072

011.7 Vegetables 0.042 0.000 0.003 0.001 0.000 0.014 0.060

011.8
Sugar, jam, honey,

chocolate,
confectionery

0.017 0.000 0.003 0.002 0.001 0.010 0.032

011.9 Food products n.e.c. 0.007 0.000 0.001 0.001 0.000 0.004 0.013

01.2 Non-alcoholic
beverages 0.009 0.000 0.005 0.001 0.001 0.013 0.029

02.1 Alcoholic beverages 0.015 0.000 0.009 0.002 0.001 0.023 0.050

Total 0.568 0.028 0.076 0.045 0.012 0.246 0.974

The cropland component represents 58% of total EFF, the highest value, followed by the carbon
Footprint, accounting to 25% of total EFF. Forest land represents 8%; fishing grounds 5%; grazing land
3%; built-up land 1%. The total EFF per capita is 0.974 gha per capita per year.

3.2. Bottom-Up Results

Results show that the meat and seafood group products represent 41% of total emission of
CO2eq, corresponding to the highest share. According to the results, pork has the highest influence
on the group. The second products group with higher influence on CO2eq is the ‘beverages’ group,
representing 26% of the total CFF. In this group, beer has the highest influence. The third highest
influence corresponds to ‘dairy products’ (19%), with cheese consumption being the main contributor.
The ‘crop-based products’ and ‘cereal-based products’ corresponds to 5% and 4%, respectively. ‘Fruits’
and ‘vegetables’ groups have the lowest influence in CO2eq (2%). The total emission of CO2eq from food
consumption and production was estimated at circa 441,579 tonnes of CO2eq (Table 4). To sequester
that amount of emissions, this study estimates that 149,254 gha are required, which corresponds to
0.234 gha per capita per year.
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Table 4. Results of CFF assessment.

Product Group Type of Product Unit
Annual Weighted

Average Consumption
per Capita (kg)

Annual
Consumption per
All Inhabitants

(kg)

CO2eq Emission per Unit
of Product (kgCO2eq/Unit

of Product)

Total Emission
of CO2eq per
Year (tCO2eq)

Total CFF per
Year (gha)

CFF per Capita
per Year (gha)

Meat and seafood
Beef kg 2.1 1,339,134 6.102 8171 2762 0.004
Pork kg 40.8 26,017,466 4.227 109,982 37,174 0.058

Poultry kg 17.62 11,233,424 5.536 62,194 21,022 0.033

Dairy products
Milk L 34.25 21,839,367 0.700 15,284 5166 0.008

Cheese kg 11.90 7,590,978 6.328 48,037 16,236 0.025
Butter kg 3.41 2,173,224 9.120 19,819 6699 0.011

Crop-based products Vegetable fats L 8.95 5,708,538 3.541 20,214 6832 0.011
Sugar kg 9.72 6,198,279 0.590 3658 1236 0.002

Cereal-based products Bread kg 34.78 22,176,064 0.842 18,678 6313 0.010

Vegetables Potatoes kg 33.00 21,043,539 0.493 10,374 3506 0.005

Fruits
Citrus fruit and

bananas kg 17.90 11,417,076 0.482 5498 1858 0.003

Apples kg 12.82 81,72,545 0.385 3150 1065 0.002

Beverages
Coffee kg 2.14 1,362,091 9.696 13,207 4464 0.007

Mineral and
spring waters L 71.26 45,438,740 0.245 11,139 3765 0.006

Beer L 99.5 63,449,459 1.453 92,172 31,154 0.049

Total 441,579 149,254 0.234
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3.3. Hybrid Results

The result of the Hybrid EFF, which derives from joining the bottom-up carbon footprint of food
categories to the top-down approach of EFF, was estimated at 0.963 gha per capita. The carbon footprint
corresponds to 0.234 gha per capita per year while the combination of the remaining components of
the EFF corresponds to 0.729 gha per capita per year. Thus, the bottom-up CFF represented 24% of
the EFF.

3.4. Top Down vs. Hybrid Results

The results showed that the value of top-down EFF approach was estimated as 0.974 gha per
capita per year. The hybrid approach estimated it as 0.963 gha per capita per year, which was
connected with the use of different approach of CFF assessment. Therefore, the difference between
the top-down and the hybrid method of EFF assessment was 1.2% or 0.011 gha. The total results were
quite similar but looking at the carbon footprint from bottom-up approach, some differences could be
noticed. The largest differences between these two assessments were observed for the fruits, beverages,
vegetables, and crop-based products groups (Table 5).

Table 5. Difference between values of top-down CFF and bottom-up CFF to value of top-down CFF.

Hybrid Categories Bottom-Up CFF Top-Down CFF Difference

Meat and seafood 0.096 0.090 −6%
Dairy products 0.044 0.050 11%

Crop-based products 0.013 0.028 54%
Cereal-based products 0.010 0.012 19%

Vegetables 0.006 0.014 59%
Fruits 0.005 0.016 72%

Beverages 0.062 0.036 −71%

Total 0.234 0.246 4.7%

The difference between top-down CFF and bottom-up CFF values for ‘fruits’ group was 72% higher
than the value obtained using top-down CFF approach. Such a difference could be a result of used data,
which for bottom-up CFF approach included only citrus fruits and bananas and apples. Second highest
difference in values was seen for beverage, at level −71%. Another significant differences could be
seen for vegetables at level of 59%. This result could be connected with used data. The bottom-up
CFF assessment used only the consumption of potatoes for this group of products, which could
underestimate obtained value. The next products group with the highest difference was verified for
crop-based products with the difference of 54%. The difference could be also connected with the data,
which for bottom-up CFF approach used only vegetables fats and sugar. The total difference of CFFs
was 0.012, which reflected 4.7% in relation to value of top-down CFF.

3.5. EFF vs. BC Results

The first step of BC assessment required the assignment of Wrocław’s land uses, defined in the
city’s official document of development conditions, into the NFA’s classification (Figure 4).
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Figure 4. The land use of the city of Wrocław.

The city of Wrocław’s land use types were characterized mostly by the ‘infrastructure’ land
use type with 100.49 km2 and ‘grazing lands’ with 94.67 km2 (Table 6). The following areas were
represented by ‘croplands’ with 64.97 km2, ‘forest lands’ with 24.70 km2, and ‘inland fishing grounds’
with 7.90 km2. Thus, the total BC of the city of Wrocław represented an area of 61,351 gha, which per
capita per year represented the area of about 0.10 gha.

Table 6. Results of BC assessment of the city of Wrocław.

Land Use Type (NFA) Area (km2) Area (ha) YF EQF BC per Year
(gha)

BC per Capita per Year
(gha)

Infrastructure 100.49 10,049 1.08129 2.52 27,403.77 0.0430
Forest lands 24.70 2470 2.28546 1.29 7262.05 0.0114
Croplands 64.97 6497 1.08129 2.52 17,718.59 0.0278

Grazing lands 94.67 9467 2.10824 0.46 9123.55 0.0143
Inland fishing grounds 7.90 790 1 0.37 290.30 0.0005

Total 61,350.91 0.0970

The top-down EFF had value of 0.974 gha per capita per year. The EFF using hybrid method was
0.963 gha per capita per year. Thus, the ratio of EFF to BC is about 10.1 gha for top-down assessment
and 9.9 gha for hybrid assessment. This means that EFF exceeded the current BC by 9.9–10.1 times.
Moreover, the mapping of EFF and the BC, required the radius of 44.2 km, according to hybrid EFF,
and 44.5 km for top-down EFF respectively. The BC could be mapped using a radius of 14.0 km
(Figure 5).
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The EFF exceeded the boundary of the city, as well as the boundary of the suburban zone.
The obtained results of EFF and BC per capita, as well as the calculated radius, showed that Wrocław
exceeded its environmental carrying capacity. Thus, the Wrocław could be defined as ecological debtor.
There could be noted that even one aspect of city’s inhabitants living, as food consumption, could have
a significant impact on the environment.

4. Discussion and Conclusions

The results of this study indicated, that the EFF exceeded the current biological potential of the city
of Wrocław, which could be categorized as ecological debtor. However, there should be underlined that
cities are centers of population, and by extension, centers of resource aggregation, and consumption.
Therefore, it generally should be expected that all major cities are ecological debtors. The latest research
of EF and BC at national level showed, that Poland’s BC per capita was 2.08 gha [62]. This means,
that EFF of Wrocław is 46–47% of Poland’s biocapacity.

The Wrocław’s EFF exceeded its BC by about 10 times, which means also the exceeding of
the environmental carrying capacity of Wrocław. Considering that Poland’s ecological footprint
of food is about a quarter of the total EF (1.0 gha per capita per year vs. 4.4 gha per capita per
year, respectively) [62], the total EF for Wrocław, which includes transportation, housing, goods,
and services could be higher than the EFF calculated here. The EFF per capita was assessed as
0.963–0.974 gha per capita per year. The Wrocław’s EFF may be compared with values calculated for
Mediterranean countries, where an average EF was 0.9 gha per capita per year [63]. The highest value
of EF had Portugal with an EF reaching 1.5 gha per capita per year. The lowest value had Slovenia
with 0.63 gha per capita per year [63]. The obtained differences could be connected with number of
components taking into consideration in each research. Wrocław’s EF included only one of the total
EF categories—food footprint. The research conducted by Galli et al. [63] take into consideration also
others sources and goods consumed by households, such as clothing and footwear; housing, water,
electricity, gas and other fuels; furnishings, household equipment; transportation, etc. Therefore, future
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research should implement further categories. Moreover, the obtained differences would be connected
to the nutrition habits of the Polish people. Meat and its products dominate in the everyday diet [64].

One of the major challenges of sub-national ecological footprint assessments is data availability.
This limitation applies to both top-down and bottom-up calculations, and to overcome this limitation
requires significant effort, either in developing and implementing surveys or time-intensive LCA
for both CO2 and additional ecological footprint components. Without sufficient data, bottom-up
calculations are severely limited and inaccurate simply because of lack of completeness. LCA
approaches are generally advantageous for calculating the carbon footprint because they include
full upstream supply chain emissions, and are very location specific, however they tend to be very
time intensive and more difficult to apply for tracking non-CO2 footprint components. Thus, applying
a hybrid top-down approach allows for missing categories to be supplemented with scaled estimates.
Here we show that the difference between these approaches is relatively minor.

Although the research was based on universal data, as representative European food basket
products, and indices for CO2eq emission of food consumption in Europe, some data were still
unavailable or classified in another manner in the available reports. Therefore, bottom-up CFF

assessment, based on the LCA method, also has some limitations:

• The report, on average monthly consumption of selected foodstuffs per capita in households by
class of locality or regions/voivodeships, did not have information on consumed products as beef,
pork, and beer. Thus, these data had to be assumed from report on the national annual amount of
consumption of a given product.

• There was no information about meat-based meals on the level of the city’s and region’s accuracy,
as well as national level.

• The report did not include some food products—i.e., olive oil and sunflower oil—but contained
the integrated information about the consumption of vegetables fats. Therefore, the CO2eq factor
for this group was assumed as an average value from these two products. Thus, the value for this
product group could be undervalued.

• The European food basket includes two products from the ‘fruits’ group, namely oranges and
apples. However, the information about the consumption of oranges was unavailable in Polish
reports. Despite this, there was available information on the consumption of citrus fruit and
bananas. Therefore, we decided to assume the value of oranges’ CO2eq to this product type. The
information of the consumption of apples was available, thus no additional assumption for this
product type was required.

• The research showed that the highest impact on the CFF had the product groups ‘meat and
seafood’, ‘beverages’, and ‘dairy products’. Usually, the highest impact of food consumption
have the meat and dairy products [58]. The obtained results fit partially into the literature-based
model. Therefore, the use of representative food products could be considered as a limitation in
this context.

• The analysis used food data from different levels, which was connected with lack of some data at
the city level. Despite this, the hybridization of top-down and bottom-up approaches allowed for
a comparison of the obtained results from a top-down approach.

• It should be noted that the baseline for calculation was the year 2016. However, we used data
from 2016 (food consumption, land use), 2014 (YF, EQF, carbon dioxide sequestration index) and
2013 (CO2eq for each food product). Therefore, the analysis requires recalculation based on data
for the year 2016 when these data become available.

The analysis based on European universal data of CO2eq, which presents the amount of CO2eq

emitted during whole life cycle of given product. Note that there may be differences in the cultivation
of the same products in the same area, but in different ways—organic or intensive farming [65],
which could have an impact on the assessed CFF. Moreover, our analysis did not include food waste
and—connected with this phenomenon—the recycling technologies. The use of various types of food
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waste recycling allows for the minimization of contamination and increasing of recycling rates [66].
Food waste is one of the major problems in modern society [67]. Therefore, such assumptions should
be verified in future analyses and studies.

The presented bottom-up, as well as the top-down approach showed some limitations. First one
characterizes the incomparability of results with top-down approach. This means that the bottom-up
approach better described local condition, without comparison to sub-national results. On the other
hand, the top-down approach not adequately reflect local situations [55]. Therefore, the verification
of hybridization of top-down and bottom-up approaches [18] and its comparability to top-down
approach is desirable.

The proposed bottom-up CFF assessment could increases the comparability of results between
European cities. Especially that finally the difference of top-down EFF and hybrid EFF was 1.2%. Thus,
the research verified that the use of hybrid method allows for comparability with top-down approach.
This, in turn, could also increase the comparability of the ECC of cities. Thus, future research directions
should be connected with development of ecological footprint at city level defined by more categories
than food. The EFF might be used for the assessment of ECC within other administrative units, such as
municipalities, regions, or even at the national level. The implementation of EFF into ECC would allow
for understanding the city residents’ lifestyle and consumption, which should be a base for creating
future long-term spatial policy, other action plans connected with adaptation to climate change and
reduction of greenhouse gas emissions or food security policy.

The analysis of food consumption allows for an evaluation of resource bases to ensure food
security, as well as for estimating the food consumption pressure [48]. Moreover, the proposed
assessment might be used for other research aspects, such as for ecosystem services assessment
or foodshed analysis. The approach of EFF as a part of ECC presented in this research allowed
for the assessment of the human impact based on environmental resources consumption and the
related emission at a local or city level. The obtained results pointed, that even one component of EF
assessment could verify if current development, and connected with it resources exploitation, might
surpass the ECC of given city.
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