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Abstract: Landfills are elements of the waste management system, without possibility of further
reclaiming, according to the requirements of a closed-loop economy, but with the possibility of
transforming the area into other functions. The research combined monitoring of plant species,
suggesting the composition of vegetation cover for pro-ecological management, analysis of functional
and infrastructural incorporation of the landfill in the surrounding landscape, and proposals for recla-
mation and social application. An assessment of geotechnical safety was also made. Modernization
of the landfill suggests that the pressure placed on other untouched locations should decrease. The
designed space allows reintroducing socio-ecological life into this degraded area. Taking advantage
of the character of the area, including variable development and significant landscape potential on
the outskirts of a large city in the vicinity of protected areas, there is the possibility of creating new
spatial quality following the standards of modern architecture-urban planning. One of the innovative
elements of the project is the implementation of energy from renewable sources, including landfill
biogas, photovoltaic panels and heat pumps. The development design includes social expectations
and adaptation of new techniques to functioning in times of increased sanitary threats. The proposed
design direction may be considered as a recommended trend for the sustainable development of
urban areas.

Keywords: sustainable city; urban management; closed landfill restoration; protected area; renewable
sources; circular economy

1. Introduction

There is a common definition of what creates an intelligent city and what is a sustain-
able city. An intelligent city refers not only to an intelligent infrastructure but the extent in
which this infrastructure helps in achieving the aims of sustainable development goals [1].
One of the fundamental challenges in the improvement of wellbeing in urban areas is
the proper management of waste which originated from the development of industry,
administration, and trade, as well as the behaviour of consumers. The rate at which waste
is produced rises quickly due to improvement in living conditions, urbanization, and
economic development [2]. Effective waste management is critical for the improvement of
living standards and for minimizing negative impact on the environment [2–5]. Therefore,
management of post-landfill space, based on the same rules as the design of any other
urban-landscape space [6,7], is equally important. In modern city development policy,
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adaptation of similar areas formed after reclamation is linked with the broad idea and rules
of Smart Sustainable Cities [8–13], as well as “local city values” [14]. Moreover, areas of
waste landfill play a different role in the ecosystem and the presence of such structures in
the landscape assures cultural identity and becomes a navigation point, allowing simple
identification of other landscape elements [7,15]. The issue gains particular significance in
the case when landfill is located close to protected or inhabited areas [16,17]. Reclamation
and management of landfill areas are also types of compensation for the surrounding
areas and inhabitants for the long-term inconveniences related to the exploitation of such
structures. Waste management (also linked to waste dumping) and pro-environmental
reclamation measures present challenges in the modern world, reflected in various types of
hazard imposed on our civilization, including the recent pandemic [18,19].

The management of former landfill sites varies in terms of local conditions and de-
velopment opportunities. Depending on the country, the management policy for urban
restoration of former landfill sites varies [20–34]. The restoration of landfill within urban
areas involves many factors. Natural, economic and social factors are crucial. However,
the overall goal is to remediate these areas to bring the urban and landscape functions
back to their original condition [21,22,27,35–40]. Once restored, such areas can serve a
variety of functions: recreational, sports, exhibitions, parks, museums [21,27,40–44]. In
general, there are several basic approaches suggested by urban planners and landscape
architects to revitalizing landfills: (1) cover-up, (2) restoration, (3) recycling, (4) mitigation,
(5) sustainable development, (6) educational, and (8) integrative. Each category is related
to the designer’s approach and the specific planned function in the city’s structure that the
revitalized landfill is to serve in the future [21,41]. Planning of the spatial development
of restored areas involves a specific strategy. First comes detailed spatial analysis of the
structure of the area and its surroundings, which also includes elements concerning the
planning of future protection [21,34,35]. Then, inventory analyses of vegetation cover, facili-
ties and transportation accessibility are performed. The next stage is to perform analyses of
the urban composition of the site and neighbouring areas. Then, an analysis of visual and
aesthetic effect is performed. The results then become guidelines for further development
design [7,23–25,30,35,45].

The authors of the present study have concentrated not only on reclamation measures
for the landfill site, but also on an attempt to design a structure in such a way as to ensure
the safety of people using it during the pandemic [46–48]. Therefore, new standards in ar-
chitectural design and spatial management are introduced, responding to the requirements
of a new epidemiologic reality [49–52].

Landfill reclamation projects increase the opportunities for creating open urban
space [53,54]. The present study is a proposal for developing a landfill site for recreation-
leisure purposes. It proposes a design for the area to locate a yearlong, roofed ski slope
with appropriate functional and technical infrastructure. The preparation of the struc-
tural design is based on an analysis of the area and the geotechnical safety of the entire
site [55], as well as its context regarding communication, composition, and infrastructure.
The functions of the nearby vicinity and housing were considered [7,56–58]. An effective
reclamation plan required the following goals: (i) assessment of geotechnical safety of the
landfill concerning the new development plan, (ii) monitoring of plant species capable
of establishing on a waste landfill, (iii) proposing the vegetation composition suitable for
landfill reclamation, and (iv) analysis of functional and infrastructural incorporation of
the landfill in the surrounding landscape. Places with an ecological burden can be used to
redirect local residents and tourist pressure away from ecologically valuable places and
towards revitalized places. The tourist and sports activities of the inhabitants, which will
be carried out on reclaimed landfill, can contribute to the redistribution of visitors, and thus
reduce the pressure on natural and ecologically protected valuable areas (e.g., Kampinos
National Park and natural reserves).

The authors present the results of research into the landfill site reclamation process. It
is a practical example of incorporating landfill sites into an urban structure through a project
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allocating restored land for recreational purposes. The authors intended to fill knowledge
gaps regarding this issue, as generally in the existing literature there are very few examples
showing all the stages of transformation and design of landfill sites, with special attention
given to their recreational function. Using the example of the Radiowo landfill, the entire
development process from reclamation to urban landscape and architectural planning
is shown.

2. Materials and Methods
2.1. Characteristics of the Study Site and Its Location

The Radiowo landfill is located in the Stare Babice commune and partially (about 17%
of its area) in Warsaw, Poland (Figure 1). The landfill was established in the early 1960s,
and from the beginning of the 21st century it was shaped into future forest-recreational
development (according to the expectations of the nearby community), to be finally closed
down after technical remediation in 2018.
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Figure 1. Location of the study site.

From the north, the landfill lies adjacent to the composting plant located in the Warsaw-
Bielany District. From the south and east, the landfill is surrounded by the “Bemowo”
Forest Park with Nature Reserves: the floristic “Kalinowa Łąka” and the peat-wetland
“Łosiowe Błota”. To the west are a railway side-track and industrial facilities. A large fuel
storage area is located to the northwest. At a distance of about 350 m from the composting
plant and 400 m from the landfill, there is a watercourse connected to the Lipkowska Woda
stream. At a distance of about 2 km to the northwest of the landfill run the boundaries of
the Kampinos National Park (Figure 2).

The landfill covers an area of ca. 16 ha and reaches an elevation of about 60 m. Initially,
no protection system against environmental contamination was adopted at the landfill site.

The area has good communications; the main access is from Kampinoska Street, but
secondary access from Kampinoska Street (northeast corner of the landfill) or direct access
from Estrady Street to the south is also possible. Electricity and water are supplied to the
landfill. The landfill is equipped with a degassing system; biogas energy is discharged to
the power grid, but in the future may be used in the newly proposed development. The
landfill possesses non-systemic effluent drainage (peripheral drainage, finger drainage,
and drainage of landfill slopes’ benches) and a pumping system for effluent transmission
to the sewage reservoir, which after modernization could also be used for the planned
development. Due to the close vicinity of the sporting-emergency airfield “Bemowo”, a
warning traffic light is installed on the landfill crown.
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Concerning the landscape composition, the landfill is a local landmark surrounded to
the south and east by the flat ground of Las Bemowski with wide scenic exposure to the
Warsaw panorama to the east. To the north and west are the visible distinct architecture-
landscape interiors of Kampinoska, Estrady and Arkuszowa streets [7,45,58]. The area is
also surrounded by smaller industrial, service and housing infrastructure. to the northwest
is a fuel base and laboratories, as well as a green waste composting plant and a munici-
pal waste handling plant. Industrial buildings with storage, workshop and commercial
functions are located to the west. The exposure to the north and west is not attractive.

It was argued that, due to its location in a zone between urban and protected areas,
the landfill after reclamation and redevelopment could perform the function of a buffer
zone between these two specific sites [59]. The role of buffer zone is extremely important
in terms of maintaining sustainability, biodiversity control and strengthening the natural
values of the landscape [60].

Since 1994, remedial works were implemented in the landfill. They included stability
reinforcement, shaping the slopes, clay mineral capping, installation of drainage and
recirculation systems, as well as application of a bentonite vertical barrier, creating a
containment zone surrounding the landfill. The vertical barrier was designed to minimize
the spread of contaminants into the surrounding environment and to provide suitable
hydraulic conditions by forcing a lowered groundwater level inside the peripheral vertical
barrier to avoid potential contamination of the natural groundwater level around the
landfill site.

A major part of the reclamation works was the assuring of the geotechnical safety of
the landfill. Verification was performed by analysing landfill body displacements and slope
stability. The analyses of landfill geometry deformations were based on a geodetic survey
using the network of benchmarks installed on the landfill. The analyses were followed by
Finite Element Method (FEM) modelling to simulate future potential displacements. To
perform geotechnical safety analyses, mechanical parameters of waste were investigated
by using three main groups of tests. These included back analyses, trial loading and
geotechnical in situ tests. Geotechnical testing methods included the Cone Penetration
Testing (CPT), Weight Sounding Test (WST), and Heavy Dynamic Probing (DPH). The
unit weight of waste was obtained from field tests carried out using open excavations.
The evaluation of water quantity per volume unit of waste was performed using the
Time Domain Reflectometer (TDR). Trial loading with concrete slabs was performed on
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several sections of the experimental embankment, using the trial loading method [61].
The loaded sections differed in the type of embedded material. Moreover, as part of
the geotechnical investigation, WST was performed to assess the density of waste in the
landfill and to locate the mechanically weakest layers where potential slope failures and
deformations could occur. This analysis was also useful for qualitative evaluation of the
uniformity of waste profiles and for identification of loose material forming the landfill
body. The locations of non-compacted layers were then denoted for further mechanical
compaction [61]. Waste geotechnical parameters are given in Table 1. The factor of safety
computation allowing verification of slope stability was based on a Limit Equilibrium
Method (LEM) and FEM, incorporating the approach of pull-out resistance for the cross-
sections where reinforcements such as geogrids were installed. The geogrid is a net made of
high-density polyethylene (HDPE) used for reinforcing the landfill slopes, and in this case
aims at protection against landslides (geotechnical safety). For computation of geotechnical
safety for cross sections where geogrids were installed, resistance reduction factors were
used depending on stress distribution or material deterioration rate [61].

Table 1. Geotechnical parameters of wastes deposed in the landfill.

Type of Waste w [%] γ [kN/m3] ϕ′ [◦] c′ [kPa] Testing Methods

Old waste 33–45 14.0 26 20 back-analysis, geotechnical
tests (CPT, WST, DPH)

Mixed waste 23–32 12.0 25 23 trial loading, geotechnical
tests (CPT, WST, DPH)

Notes: w—moisture content, γ—unit weight, ϕ’—effective internal friction angle, c’—effective cohesion.

2.2. Monitoring of Existing Vegetation Cover

Before the start of the vegetation cover survey, the area was assessed several times
in terms of overall condition and zones were created according to management, carried
out at the landfill site. The aim was to determine the species composition of vegetation
and the relationship between vegetation and management. The plant composition was
analysed using standard phytocoenological relevés according to the principles of the Zürich-
Montpellier (Braun-Blanquet) school, which is used to illustrate the complex conditions of
the site. Braun-Blanquet involves describing recognizable units in the vegetation of a region
by the description of the vegetation in a single representative standard plot—a relevé—
within each unit. The sites of the phytocoenological relevés were selected to represent as
much as possible the character of the vegetation. Monitoring was conducted in July 2019
and verified in September 2020. All taxa of plants growing on the permanent plot were
identified, and then the cover was estimated for the biomass of individual taxa. Scientific
names of plant species were collected from the database of the Czech flora and vegetation
Pladias [62]. Based on the information from the Pladias database, the plant species were
classified into several groups according to their ecological effects. The surface area of the
phytocoenological relevés was 25 m2. The relevés from the units were then analyzed to
develop descriptions and classifications of the vegetation cover in the studied landfill.
The landfill area was sub-divided into three sites depending on the management type:
(i) surfaces subjected to fieldwork, compost fertilization, plant mowing (TM_I); (ii) surfaces
without significant fieldwork but with mowed grass (TM_II); and (iii) surfaces without
influence on the vegetation cover (TM_III). The approximate area for TM_I is 4.0 ha; TM_II
5.0 ha; TM_III 6.5 ha and 0.5 ha. The coverage of the recognized plant species was estimated
as a percentage, and15 phytocoenological relevés were prepared for each site.

2.3. Methodology of Statistical Processing

The phytocoenological relevés were evaluated by using multidimensional analysis
of ecological data with Detrended Correspondence Analysis (DCA) and Canonical Cor-
respondence Analysis (CCA) [63,64]. Multivariate analyses make it possible to explain
the relationship between the explanatory variables, but also to explain the relationship
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between the plant species found. DCA provides the length of the gradient. DCA is a
technique to summarize ecological changes through time and to ordinate ecological data.
CCA defines the spatial arrangement of individual plant species and monitored sites based
on data on the frequency of occurrence and coverage of plant species, which is graph-
ically expressed by an ordination diagram. The plant species and the studied sites are
presented as points of different shapes and colours. If the points of a certain site and plant
species occur close to each other, the species occurred in the given site more frequently
or had a larger coverage. Significance testing employing the Monte-Carlo test included
the calculation of 999 permutations. Monte Carlo tests of significance are distribution-free.
They do not require normality for the error distribution. This makes it possible to respect
the heterogeneity of the data, which is very typical for vegetation data. However, they
do require independence or exchange ability. In Monte Carlo tests, the permutations are
therefore restricted to random interchanges within each plot. Data were processed using
the Canoco 5.0 computer software [65]. In Canoco, explanatory variables can be made
covariables so as to adjust for their effect on the species data. Canoco was used to assess
the overall variation patterns in species composition. The statistical tests of significance
were carried out by Monte Carlo simulation.

3. Results
3.1. Project of Object Development

The analysis has shown that the area requires amendments in communication con-
ditions; at present, the main access is from Kampinoska Street, whereas using a second
access-way from Kampinoska Street at the base of the slope and restoration of the “old”
entrance from Estrady Street to the southern part of the landfill is also possible. The
concept of landfill development is presented in Figure 3. Based on the analysis, commu-
nication, functional, compositional, and infrastructural assumptions, corresponding to
the new demanding social circumstances related to restrictions caused by the pandemic
situation, have been made. First, broader routes to the interior (in the planned building of
the roofed ski slope) and outdoor communication in the planned development have been
designed. The functional scheme complies with the rules of social distancing according to
epidemiological guidelines (ensuring a minimum distance of 2 m) and a system of restricted
access with an assumption of 15 m2 per person in closed space and 7 m2 per person in
open space [48,50,66,67]. The structure composition fulfils the rules for continuing the
existing spatial composition, conforming in scale to the landscape and to urban possibili-
ties [7,45,58,68]. The project of landfill development assumes the construction of the main
building with a roofed ski slope, essential technical infrastructure, and a service-catering
facility (Figure 3). The area subject to the development plan assumes the design of pedes-
trian routes and a paved access road with necessary parking facilities [69–72]. Additionally,
two roofed structures playing the role of observation-recreational decks with restaurants
have also been designed (Figure 4).

3.2. Geotechnical Aspects of Slope Stability

One of the main challenges of reclamation works proposed on the Radiowo landfill
was to improve the geotechnical safety and stability conditions to ensure that the structure
could be used as a ski slope. Due to ownership issues of the area adjacent to the landfill
site, engineering works on slopes consisted mainly of retaining structures or ground
improvement methods. Steel sheets were used to reinforce the northern part, with layers
of high-density polyethylene (HDPE) geogrid above. Additionally, a masonry retaining
wall, 6.2 m in height, reinforced with geogrids and geotextiles was constructed in the
southeast [61]. To improve the ground conditions, a mixture of soil and ballast waste was
compacted in layers, and used tyre mattresses were installed. The development plan with
cross-sections for a detailed presentation of the reinforcements is shown in Figure 5. Due to
the new development plan of the landfill site, it was also necessary to design additional
structures such as an earth embankment in the southern part. The inclinations of slopes
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are planned to be from 1:1.5 to 1:2. In other parts of the landfill, loading embankments,
anthropogenic material mixtures, and mattresses of used tires were also applied. In the
case of Radiowo landfill, the main challenge was to precisely determine the geotechnical
parameters of waste built into the slope, so that the stability analyses could be reliable.
The selected cross-sections for computations comprised the retaining masonry wall, used
tyres, geotextiles, and layers of HDPE geogrid [61]. The slopes were reinforced successively
during the construction of berms with the use of mixed waste and an increase in the
height of the landfill. Cross-sections through the landfill with reinforcements and a new
engineered geometry are presented in Figure 5. Technological benches on the slopes play a
significant geotechnical safety role, but in the landfill development plan they may be used
for communication related to slope maintenance and repair, as well as recreational routes for
pedestrians, jogging, cycling, and cross-country skiing. Geotechnical safety computations
revealed that the proposed solutions retain secure values for the safety factor, accessed for
local and global slip surfaces in different phases of landfill exploitation. To avoid obtaining
an uncertain and unreliable geometry of the critical slip surfaces, the calculations involved
both the LEM the FEM. For the final FEM computation, 8-node quadrilateral elements were
assumed and a shear strength reduction model was applied. The failure planes computed
using Bishop and Spencer methods were analysed to achieve the most reliable factors of
safety (FOS). The calculations for LEM were based on Bishop, which applies the method
of slices, but in contrast to Spencer and FEM, it assumes only a cylindrical critical shear
plane. For this reason, for uncertain sections, FEM analyses were suggested. Comparing
these two approaches (LEM and FEM), it was noted that the locations and shapes for
plotted slip surfaces in particular sections are very much similar (bearing in mind that
Bishop’s method considers only cylindrical slip surface). The results for FOSs (global and
local) revealed insignificant differences in local and global FOS. The calculations made for
different cross-sections of the landfill indicated that the FOS values were in the range from
1.27 (in the western part) to 1.36 (in the northern and eastern part). FOS greater than 1.2
were obtained for all reinforced landfill slopes, which can be considered secure concerning
geotechnical safety practical requirements. The comparison gave a clear indication that
the results are reliable and that the reinforcements act appropriately since all the measures
were aimed at meeting the safety requirements stated in the new development plan for the
restored site [61].

3.3. Communication Premises of Territorial Development

The landfill site development plan assumes connection with an existing road network
with a right- and left-hand entrance/exit through Kampinoska Street. Communication with
the building of the roofed ski slope will take place through an entrance road connected with
a small manoeuvring square adjacent to the street. The manoeuvring square will ensure a
temporal stopover of buses and delivery cars. A parking lot with standard parking spots
and with the possibility of parking buses and delivery cars is planned for about 100 vehicles
on one of the flat terraces, at a distance of about 60 m from the main exit to the building,
according to the clauses of Polish special development law [70–72]. A larger number of
parking spaces on the landfill top is not possible due to excess loading and the associated
landslide risk. More parking spaces will be available on the site of the former composting
plant, which is undergoing liquidation. In addition, access from the centre of Warsaw to the
facility (after the investment is completed) will be provided by public transport, including
the use of a metro line, located approximately 3 km from the landfill. Two-way traffic
with a speed limit of 30 km/h is planned on the access road. The system of deliveries will
be accomplished through the zone of temporal stopover, parallel to the entrance to the
building located in the west. A connection in the southern part of the landfill with access
from Estrady Street or Kampinoska Street along the western landfill escarpment is also
possible. About 5000 pathways on technological benches, which may also play the role of
cross-country skiing, cycling and jogging routes, have been designed. Observation decks
are planned on two flat areas near the parking lot and the landfill crest from the north. The
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flat ground located above the second bend of the access road in the north-eastern corner of
the landfill may also be used for recreational and other purposes. An additional observation
deck has been located on the top of the landfill to the south of the building. A pavement
composed of irregular concrete slabs via construction technology assuming a load of up to
20 tonnes has been planned on the access road. The same paving is planned for the area
around the main building. The parking lot and the pathways will be rubble-gravel with
the pavement made of natural rock aggregates. The observation decks will have both types
of pavement [69–72]. The designed transportation system tries to meet the requirements
of Polish law, while providing the widest possible access for pedestrians, cyclists and the
disabled. Paths and access roads are designed to provide the best possible access to all
parts of the facility and allow for full use of the area for summer and winter sports.

3.4. Functional, Infrastructural and Compositional Relationships with the Surroundings

A two-storey building has been designed to be located in the landfill crown. With
service-shopping functions, it will have a roofed, all-year-round ski-snowboard slope. The
entrance zone to the building is from the west, adjacent to the top of the entrance road. An
adjacent observation deck is planned on the southern side of the building, with seating
places designed to assure alternative social distancing. Such conditions have also been
arranged in the two other observation decks. Similarly, solutions allowing for maintaining
proper distances between the visitors have been planned in the ski slope building. This was
achieved by designing broadened 5 m wide corridors and vertical communication with
restricted access control, considering emergency cases. Besides technical and sanitary areas,
the ground floor of the building will have shops and restaurants. The first floor will contain
a food court and service areas related to the rental and conservation of ski and snowboard
equipment. Additionally, a cloakroom including personalized lockers and changing rooms
has been planned. The food courts have been designed to maximally shorten the high-risk
infection pathways with optimization of the preparation surface to ensure social distancing
among the personnel. Zones for clients have also been designed accordingly—the sitting
places around the tables guarantee to maintain at least 2 m as the radius of each table. The
entrance to the ski slope with admission control is also planned on this level. Between the
slope entrance and the remaining rooms on the second floor, a buffer zone guaranteeing
thermal control and safety during temperature change is designed. A covered conveyor
belt linking the beginning and end of the ski route is intended between the lower end of the
slope and the main building. It is assumed that admission to the slope and the conveyor
belt will include restricting the number of visitors to ensure maximal epidemiological
safety; therefore, additional admission control is projected. The structure will have a steel
construction with up to 30 m wide frames made of glued laminated timber, located on a
pile foundation. The elevation is planned using aluminium-glass system technology. Large
glass windows enabling viewing of the Warsaw panorama are planned on the building
front on the hill crown. The roof will be covered by sheet metal. Openwork wooden-steel
roofing is planned in the south-western part of the building and on the two observation
decks. Pergolas on the observation decks will also be constructed with the same technology.

The main hall has been designed in a recuperation system using heat pump technology
and photovoltaic panels. In the first years of the facility’s operation, the energy obtained
from the existing landfill degassing system will be used to improve the energy balance. The
electricity produced from biogas will be used more efficiently on-site than it is currently
when sold to the public power grid. Additionally, a surface comprising photovoltaic panels
is planned on the western exposure to improve the energy balance of the structure. It
was assumed that the energy obtained from biogas, heat pumps and photovoltaic panels
should ensure the full energy demand of the planned facilities, including the needs of the
year-round snow covering of the covered ski slope.
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The closed circuit will also use biomass collected from the slopes of the landfill and
then composted in a green waste composting plant located next to it. The final product will
be used to fertilize and improve the habitat conditions of plants. Such use is in line with the
principles of a closed-loop economy. The conducted research and previous experiences [73]
show that compost (Table 2) can effectively replace humus which is increasingly difficult to
obtain, but necessary for the biological development of landfill slopes and other reclamation
treatments. In the current study, the depth of the substrate (compost) applied at the landfill
slopes during the reclamation was in the range 0.2–0.3 m. The total depth of the cover
system (with all technical layers used) was about 2.5 m. The building was designed to meet
the requirements of contemporary pro-environmental design. All technical systems are
designed to meet the requirements of a closed loop economy as far as possible.
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Table 2. The summary of main parameters of substrate applied for biological stabilization of landfill
slopes during reclamation.

Parameter Unit Mean Min. Max. Std. Dev.

pH - 7.80 7.10 8.89 0.96
EC mS/cm 34.57 5.00 68.70 32.09
OM % 34.60 32.70 36.40 1.85
w % 38.47 31.10 45.80 7.35
Cu mg/kg d.m. 112.83 33.20 252.00 120.94
Cr mg/kg d.m. 19.23 11.10 35.00 13.66
Cd mg/kg d.m. 6.30 2.80 12.10 5.06
Zn mg/kg d.m. 659.60 230.20 1335.00 592.06
Ni mg/kg d.m. 29.77 5.40 67.00 32.75
Pb mg/kg d.m. 199.53 21.00 556.00 308.71

Notes: EC—electrical conductivity, OM—organic matter, w—moisture content.

3.5. Monitoring Results of the Existing Vegetation

Table 3 presents the number of species from four plant groups according to their forms
(trees and shrubs; grasses; perennial green plants; annual green plants), and 105 taxa have
been recognized based on vegetation monitoring.

Table 3. The number of plant species on the diversely managed surfaces.

Groups of Plant Types TM_I TM_II TM_III

Trees and shrubs 3 6 8
Grasses 15 12 10

Perennial green plants 17 23 20
Annual green plants 28 28 20

Results of CCA evaluating the occurrence of plant species in the studied sites were
significant at the level of α = 0.001 for all canonical axes. Based on CCA results (Figure 6),
the detected species can be classified into four groups. Development type TM_I was
characterized by the following species: Atriplex sagittata, Aethusa cynapium, Bassia scoparia,
Iva xanthiifolia, Elytrigia repens, Festuca rubra and Sisymbrium loeselii. Development type
TM_II was dominated by: Dactylis glomerata, Lolium perenne, Tussilago farfara and Xanthium
albinum. Development type TM_III was characterized by: Acer negundo, Bromus sterilis,
Bromus tectorum, Conium maculatum, Prunus cerasifera, Robinia pseudoacacia, Rumex acetosa,
Sambucus nigra, Solidago canadensis, Tanacetum vulgare and Urtica dioica. Some species
prevailed in the vegetation cover and occurred in all analyzed surfaces, e.g.,: Arctium lapa,
Artemisia vulgaris and Lactuca serriola.

In this study CCA was used to evaluate the effect of the studied sites on the vegetation
structure. Moreover, CCA was applied because the data set was relatively heterogeneous
and therefore the length of ordination axes in DCA was relatively long. The Monte Carlo
permutation test was used to reveal the effect of the obtained explanatory variables on the
plant species composition.

3.6. Local Plant Species which May Be Used for Landfill Remediation

The main purpose of the vegetation inventory was to find plant species that can
survive in a very diverse and very specific environment of the landfill. Some plant species
already occur on the landfill site and therefore they are capable of surviving in demanding
landfill conditions. Some species mentioned in Table 4, which indicates species related to
the catalogued local plants, may also be planted on the landfill according to the vegetation
development plan, particularly those species which will influence the water balance and
increase erosion control on the slope surfaces.
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Figure 6. Relation between the sites with different development and the occurrence of plant
species (CCA results; explanatory variables account for 30.4%; pseudo F = 2.4; p = 0.001). Ab-
breviations: TM_I—surfaces subject to fieldwork, compost fertilization and plant mowing; TM_II—
surfaces without significant fieldwork but with plant mowing; TM_III—surfaces without influ-
ence in the vegetation; AceNegu—Acer negundo, AetCyna—Aethusa cynapium, ArcLapa—Arctium lapa,
ArtVulg—Artemisia vulgaris, AtrSagi—Atriplex sagittata, BasScop—Bassia scoparia, BroSter—Bromus ster-
ilis, BroTect—Bromus tectorum, ConMacu—Conium maculatum, DacGlom—Dactylis glomerata, ElyRepe—
Elytrigia repens, FesRubr—Festuca rubra, IvaXant—Iva xanthiifolia, LacSerr—Lactuca serriola, LolPere—
Lolium perenne, PruCera—Prunus cerasifera, RobPseu—Robinia pseudoacacia, RumAct—Rumex ace-
tosa, SamNigr—Sambucus nigra, SisLoes—Sisymbrium loeselii, SolCana—Solidago canadensis, TanVulg—
Tanacetum vulgare, TusFarf—Tussilago farfara, UrtDioi—Urtica dioica, XanAlbi—Xanthium albinum.

Table 4. Plant categories and species which may be used in landfill reclamation.

Plant Category Occurrence
Existing Potential

1—deciduous trees and tall shrubs with height
h exceeding 2 m

Acer negundo, Fraxinus excelsior,
Populus nigra, Populus tremula,

Robinia pseudoacacia

Acer platanoides (convar. Royal Red),
Acer campestre

2—Deciduous shrubs with height h between
0.5–0.7 and 2 m

Prunus cerasifera, Prunus spinosa,
Salix alba, Sambucus nigra

Sambucus racemosa,
Salix sp., Rosa canina,

Corylus avellana (convar. Purpurea),
Acer palmatum,
Syringa vulgaris

3—deciduous herbs with height h up to
0.5–0.7 m

Achillea millefolium, Dipsacus fullonum,
Melilotus albus, Melilotus officinalis,

Oenother abiennis, Onopor dumacanthium,
Phragmites australis, Silene latifolia,

Solidago canadensis, Tanacetum vulgare,
Verbascum thapsus

Hydrangea macrophylla



Energies 2022, 15, 146 13 of 19

Table 4. Cont.

Plant Category Occurrence
Existing Potential

4—evergreen (coniferous or deciduous) trees
and tall shrubs with height h exceeding 2 m,

most preferably columnar
Platycladus orientalis

5—evergreen (coniferous or deciduous) shrubs
with height h between 0.5–0.7 and 2 m.

Taxus baccata,
Juniperus communis

6—evergreen (coniferous or deciduous) plants
with height h up to 0.5–0.7 m

Pinus mugo,
Buxus sempervirens

7—Climbing plants Calystegia sepium, Humulus lupulus

8—Lawn

Centaurea cyanus, Dactylis glomerata,
Festuca pratensis, Festuca rubra,

Lolium perenne, Lotus corniculats,
Plantago major, Trifolium arvense,

Trifolium pratense, Trifolium repens

xFestulolium

4. Discussion

The proposed design direction may be considered as a recommended trend in the
sustainable development of areas located between urban and protected zones [14,54,59,68].
The new development plan presented in previous sections (see Sections 3.3–3.5) consists of
sustainable construction of buildings providing all sorts of leisure services as well as an
all-year-round ski-snowboard slope. The area is planned to be covered with vegetation of
specifically selected plant species, which will be maintained using the landfill resources
(irrigation with rainwater and leachate, bio-fertilizers with compost) [73]. All the facilities
are planned to be supplied with energy converted from the landfill generated biogas,
heat pumps and photovoltaic panels installed on the main building roof and selected
landfill slopes. The monitoring results presented in Section 3 proved that the combined
sustainable system can be efficient. Properly selected vegetation is an important indicator
of the effectiveness of remediation activities and integrates the area into the surrounding
landscape. However, before implementing new infrastructure and establishing vegetation
cover, the entire area needs to be prepared according to the strict requirements discussed
in the study. The designed space allows the reintroduction of the degraded area into
socio-ecological life. Taking advantage of the character of the area, including variable
development and a huge landscape potential on the outskirts of a large city in the vicinity
of protected areas, there is a possibility of creating new spatial quality following the
standards of modern architecture-urban planning.

Activities related to the implementation of vegetation on the landfill slopes and the
implementation of new land development is possible after the completion of technical
reclamation works aimed at ensuring geotechnical safety [61]. This is especially important
for high landfill slopes where there is a risk of landslides. For stability analysis, a number of
tests of the state and geotechnical parameters of the deposited waste are necessary [61,74].
Comprehensive engineering solutions were applied to improve the landfill stability condi-
tions, including berms, horizontal reinforcements with geogrids, retaining structures and
waste compaction [61]. Technical reclamation of municipal waste landfills also includes
the installation of degassing system, using in the energy recovery process [28]. Published
accounts indicate that vegetation is an indispensable element of landfill sites [55,63,64] and
can adapt to very diverse environments [75]. Therefore, knowledge of plant succession is
the basis for solutions aiming at retrieval and recultivation of degraded ecosystems in solid
waste landfills [55,64]. The need for design work related to the correct selection of plants
and spatial development for an old construction waste landfill into a recreation ground
was also indicated by Długoński [15] in his studies conducted in the Górka Rogowska
landfill in Łódź (Poland). Survival conditions on landfills pose specific stress to plants,



Energies 2022, 15, 146 14 of 19

which leads to a change in plant species diversity. The stress is caused by a large content of
nutrients, salts, heavy metals, and other toxic elements in the soil, as well as restricted water
resources. The specific conditions of municipal solid waste landfills promote the occurrence
of a limited number of plant species. In contrast, the results of studies performed in the
landfill by Vaverková et al. [5] show that the landfill constitutes a specific environment.
Living conditions are extremely difficult and demanding in landfill environments [5,16,76].
In any case, landfilled municipal solid waste may disturb the species composition of native
vegetation and create a space for the development of synanthropic and invasive species [64].
These species may later disperse from the landfill and influence the species composition of
natural ecosystems [64]. It is also important to perform monitoring studies to counteract
the negative influence of anthropopression by appropriate management of the introduced
vegetation, including plant control [64] and elimination of invasive species. Similar recom-
mendations were suggested by Pang et al. [77], who proposed two methods of dealing with
degraded habitats on waste landfills to improve the ecological succession: (1) accepting
an increase in number and diversity contribution of tree species for primary planting in
degraded habitats, and (2) active management of vegetation planting by controlling the
number and density of exotic or invasive species. Even though investigations of biocoenosis
composition (diverse community) inhabiting landfills are a long-term process, they are of
fundamental significance for the understanding of the complex dynamics of the processes
on which remediation of degraded areas is based [78]. Moreover, vegetation should be
analysed as a whole [63]. Rebele and Lehmann [79] indicate that case studies based on long-
term analyses may supply knowledge of plant development in a specific area and general
information on succession mechanisms, as well as other types of vegetation dynamics.

Plant species capable of managing and utilizing specific stress have been identified
based on the performed vegetation monitoring. They include: the trees Acer negundo and
Robinia pseudoacacia, shrubs: Prunus cerasifera, Prunus spinosa and Sambucus nigra, green
plants: Achillea millefolium, Melilotus albus, Melilotus officinalis, Oenother abiennis, Onopor
dumacanthium, Solidago canadensis and Tanacetum vulgare; and grasses Dactylis glomerata,
Festuca pratensis, Festuca rubra and Lolium perenne. These species may be applied in the
reclamation and later modifications. For comparison, in the aspect of vegetation selection
for reclamation requirements, Wong et al. [80] have indicated that in some conditions
exotic plants may be more relevant for application as pioneer species during reclamation
of sanitary landfills. They have also shown the validity of applying plant species from
the families Acacia and Mimosaceae as pioneer plants on landfills. Within the project, plant
species (Table 4) that already grow here, or related species, were selected so that the veg-
etation fulfils a number of ecological functions. In the case of the proposed project, the
three main functions are: (i) aesthetics, (ii) preventing erosion, and (iii) evapotranspiration.
The aesthetic function is maintained by flower and leaf colours, the shape of plant habitus,
etc. A significant role is played by the characteristics of plant maintenance. Due to the
landfill slope dip, the erosion-preventing function is irreplaceable. Among the selected
plant species, this function is played mostly by shrubs and trees (Acer negundo, Robinia
pseudoacacia). Grasses (Dactylis glomerata, Festuca pratensis, Festuca rubra, Lolium perenne)
and some green plants (Solidago canadensis, Tanacetum vulgare) have an anti-erosion function
on slope areas. Selected plant species play both aesthetic and erosion prevention features.
Worth noting is the fact that reconstruction of vegetation on waste landfills is not only an
effective method of preventing surface flow and erosion but the key solution for restor-
ing ecosystems in ecologically sensitive areas [81,82]. Because vegetation cover, soil and
topographic factors are strictly connected with each other, it is very important to under-
stand the influence of soil conditions and topographic factors on plant restoration during
biological remediation to assure effective remediation of soils and ecological renewal in
waste landfills [79,83]. Evaporation functions are crucial for sustainable water balance in
the landfill and a lower volume of landfill effluents [55].

The continuous development of human population [5] in an urban environment
requires an integrated engineering approach, landscape planning and a design that maxi-
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mizes social-economic and ecological advantages. Redevelopment of an old waste landfill
site allows society to utilize these degraded areas and thus preserve other, more valuable
lots for their usage as high-value areas. Subsequent developments of old waste landfills
may allow society to utilize the grounds in a way that would be impossible in a fully
developed area. Closed-down landfills ensure access to green zones in urban areas so that
society may live in a healthier environment [84,85]. Due to the general lack of free space,
old landfills in Spain, Japan or China are often utilized to create urban green areas with
recreational and sport objects [86]. For example, the Shuen Wan landfill in Hong Kong
was reclaimed and then gradually transformed into a golf field [87]. Another example
is the Moerenuma Park in Sapporo, which is unique in its typology and is the largest
park in the world that has been completely built on a waste landfill. It is a complex park,
which is the base of the Circular Greenbelt Concept, connecting the green areas of Sapporo
city in a loop [84,88]. Another interesting example is the development of the area of the
ancient Hiriya landfill in Tel Aviv [89]. The authors of the project have designed the Ariel
Sharon Park with recreational and exhibition functions, with all elements constructed from
materials natural for the area, including rubble from the destroyed neighbouring houses
to emphasize the martyrdom of the locality. Characteristic wooden elements [89] have
been the inspiration for the presented Radiowo development plan. A functional element
applied in the Radiowo concept is the roofed ski slope developed in the old landfill in
Bottrop, where spans have been used in a wooden construction to allow the design of
pole-free solutions ensuring a large roof breadth [15]. An interesting landfill development
was presented by Krzykawska [90] for the Albany Bulb in the San Francisco Bay Area,
northern California (USA), managed by the McLaughlin Eastshore State Park.

The development of post-landfill areas is generally based on the rules of spatial
management. Showing examples from the USA, Sutton [91] drew attention to a specific
design method consisting of incorporating new objects in the existing landscape. The
presented project approaches this methodology of linking landscape composition with
technical requirements [92–94]. Design during the pandemic involves the need to search
for slightly different ergonomic solutions influencing the functional layout of the building.
Salaama [48] drew attention to the need for widening the communication routes inside
the buildings and the expansion of common space areas. Such solutions are also included
in the Radiowo project design. They have the effect that the existing norms of planning
indoor communication in buildings [69,70,72] undergo substantial changes, influencing
the remaining part of the functional object design. Considering the pandemic guidelines
restricting the number of users in a given building, it is essential to monitor access to its
particular functions. A similar case exists with the development of the outdoor area, where
the number of visitors should be supervised to prevent unnecessary threats [50,67].

5. Conclusions

Waste landfills as undesired civilization products are a final element of the waste
management system. The presented study creates the possibility of a new development
of this excluded area coupled with utilizing local specific vegetation. The municipal solid
waste landfill will gain a new function and be used by society for many years, tolerating
the inconveniences related to landfill exploitation. The designed space should allow
the reintroducing of the degraded area to social life. Using the specific character of the
development area, including its variable space management and huge landscape potential,
gives the possibility of creating a new spatial quality according to the standards of modern
architecture-urban planning. The search for new directions for the use of areas known as
brownfields enables the diversification and reduction of the pressure on human civilization
(tourism, construction, etc.). Thanks to these new possibilities, space will be created to
reduce the pressure on natural and ecologically valuable ecosystems. The presented landfill
development design includes social expectations and adaptation of novel accomplishments
to functioning in times of increased health threats. The case of Radiowo landfill is a
practical example of incorporating landfill sites into the city infrastructure through a project
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allocating restored land for recreational purposes. In the study the entire development
process from reclamation to urban landscape and architectural planning was shown. The
use of biogas and photovoltaic panels for heating the planned facilities is in line with
the new trends in sustainable cities. The electricity produced from biogas, photovoltaic
panels and heat pumps will be used more efficiently on-site than that currently sold to the
public power grid. The Radiowo landfill should be seen as an integral part of local area
planning, with a functional rather than a “disposable” intended use. The proposed solution
adheres to the local policy of sustainable development for the city, where the benefits of
environmental protection are combined with economic and social values. Recreational
purposes which the transformed landfill could offer, including an indoor ski slope and a
park, present an opportunity for the area to be fully incorporated into the life of the local
community. Additionally, this area could become an urban tourist attraction, which could
allow a relatively fast return of construction costs. Such a developed place will constitute
a buffer reducing the anthropopressure of the city on protected areas, i.e., the Kampinos
National Park.
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