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Abstract: Green roofs (GRs) have been one of the most popular solutions for water harvesting in
urban areas. Apart from their water retention role and increasing biodiversity, they constitute the
missing link between the built and the natural environment, which is required for sustainable human
living in cities. This paper aims to calculate the ecological (EE) and economic effect (EcE) of water
harvesting via GRs, by contrasting with a traditional roof, and to perform an economic analysis of
the social cost benefits that GRs generate during their life cycle, using the Net Present Value (NPV)
method. All the calculations and analyses were conducted for both intensive and extensive GRs in 11
of the largest municipalities in Poland, with a population of >250,000 inhabitants. According to the
results of this study, water retention and the economic and ecological effects of GRs are highest in the
municipalities with the highest assumed number of GRs (Warsaw, Krakow, Wroclaw, and Szczecin).
The average EE and EcE equals 507,000 m3/yr and 621,000 USD/yr. The NPV results show that the
effectiveness of investments in intensive GRs is, to a certain extent, more significant than in extensive
GRs and the average equals 60.77 and 4.47 USD/yr for intensive and extensive GRs, respectively.
The results could serve as a reference for the evaluation and optimization of the energy efficiency of
rainwater harvesting schemes, in European cities.

Keywords: ecosystem services; green economy; green roof; internal rate of return; net present value;
rainwater harvesting

1. Introduction

Urban areas are becoming a living environment for an increasing number of people,
and now more than 70.9% of the total EU-28 population lives in cities, towns, and sub-
urbs [1]. It is estimated that by 2050, more than 80% of the EU-28 population will live in
cities [1,2] and further that the estimation of Europe’s level of urbanization is expected
to increase to approximately 83.7% in 2050 [3]. Globally, cities are major socioeconomic
centres in which more than 50% of the global population live and where the population
is forecast to double by 2050. These are considerable challenges in terms of maintaining
and restoring green spaces within urban areas. Urbanization also affects the hydrological
cycle, by reducing infiltration on the one hand and simultaneously increasing runoff on the
other [4]. Green roofs (GRs) (also known as living roofs, vegetable roofs, or eco-roofs [5])
are building roofs which are entirely or partially covered with vegetation and growth
medium (so called substrate) planted over a waterproofing membrane [6]. GRs are a gener-
ally recognized method of restoring the biologically active surface in cities and seem to be
the missing link between built-up areas and natural resources and ecosystems. The idea
of implementing GRs in urban areas forms part of sustainable stormwater management,
such as Sustainable Urban Drainage Systems (SUDS), Best Management Practices (BMPs),
Low Impact Development (LID), or Green Infrastructure (GI). These constitute practices
and systems which use natural processes, including infiltration, evapotranspiration, and
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stormwater, and have been applied to protect urban areas [4,7–10]. According to Grand
View Research the global GRs’ market size was valued at USD 1.4 billion in 2020 and is
expected to grow at a compound annual growth rate (CAGR) of 17%, from 2020 to 2027,
reaching USD 4.2 billion by 2027 [11].

Generally, GRs are regarded as intensive or extensive, according to their purpose.
Intensive GRs are characterized by a deep growing medium, ranging from 20–100 cm [12]
even to 200 cm [13,14], as well as high-cost maintenance requirements like traditional
gardens [15]. The vegetation planted on intensive GRs ranges from lawns and low-lying
shrubs, to tall shrubs, coppices, and large bushes, and from small to large trees [12]. On
account of the intense vegetation, GRs of this kind often require irrigation that increases
the significant maintenance cost. Intensive GRs are functional and aesthetic in terms
of purpose, with an enhanced living space [15]. The alternative to intensive roofs is
that of extensive roofs, which are considered to be virtually self-sustaining [12,16,17],
although, they do require some maintenance, but this is less compared with intensive
roofs [17]. Extensive roofs have a relatively thin layer of lightweight substrate (usually
≤20 cm [12]) of high porosity and low organic matter [15,18]. Generally, extensive GRs
do not require irrigation [15], therefore, low-growing communities of plants and mosses,
selected for their stress-tolerance qualities (e.g., Sedum spp., Sempervivum spp.) are best
suited to these living conditions [12,15]. The Sedum species is the most common choice of
plant for extensive GRs, due to the relatively shallow roots that can store water and their
crassulacean acid metabolism which reduces water loss [19]. The main purpose of building
extensive GRs is to increase the biologically active area in cities, rather than making spaces
more accessible or developing them for recreational purposes [15]. Li and Yeung [12]
also identified a third kind of GR, namely, semi-intensive, which is an intermediate type
between intensive and extensive roofs, characterized by its substrate thickness, inhabiting
plants and visual aspects.

Despite increasing investment costs [20] and determining the level and structure of its
expense [21], GRs are becoming more and more popular and generate a number of social
and environmental benefits in the context of sustainability and living closer to a natural
background [22]. The problem of the relationship between the economy, society, and the
environment has been, is and still is an important subject of interdisciplinary research at a
time of aiming for climate neutrality. Sustainable development is a response to dynamic
changes in the global economy, with particular emphasis on the natural environment.
GRs also contribute to the sustainability of the building, promoting GR application to
the community by adapting local culture in sustainable GR technology innovation [22].
Also, GRs as an eco-innovation and an increasingly sustainable development tool, play an
important role in tackling climate change as well as the water harvesting that is necessary
to achieve sustainable development and eradicate water poverty. The GR eco-innovation
model is capable of developing more sustainable eco-innovative design alternatives for a
building construction project [23] and also promote sustainable building growth [24]. The
most important environmental benefits include a reduction of the urban heat island effect,
urban air pollution, the energy consumption of buildings, stormwater runoff, and noise
pollution, as well as an increase in the number of biologically active surfaces [9,16,18,25–28].
The main social benefits are improved aesthetics and amenities, the provision of recreational
space (mainly intensive GRs), an extension of the lifespan of roof materials, as well as a
reduced flood risk [16,25].

According to Hoekstra’s [29] water footprint concept, the rainwater harvested and
stored in the soil as soil moisture, and on GRs, is called a green water footprint. The water
retention capacity of GRs is variable, and ranges from a low percentage to 100% [30–40];
this may vary depending on such factors as the slope of the GR, the thickness and type
of the substrate layer, the kind of vegetation, and the amount of water accumulated in its
structure, before the rain event [4,14]. The water retained on GRs in terms of the thickness
and the type of substrate layer, is presented in Table 1. Comparing traditional roofs and
GRs, the green water ecological effect of the latter increases water retention in urban areas.
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According to Mekonnen and Hoekstra [41], Poland has one of the lowest green water
footprints in the EU, indicating the low level of rainwater harvested.

Table 1. Water retention on selected green roofs (GRs).

GR Type Location Type of Substrate Substrate Thickness [cm] Retention [%]

Extensive and intensive [30] Netherlands
Fine subsoil sand, subsoil
peat, topsoil clayey peat,

peat moss
5, 10, 20, 40, 60, and 80 Average from 55 to 75

Intensive [31] Hong Kong, China

Loamy sand to sandy
loam soil, decomposed

granite, a natural
saprolitic soil with

hydrophilic mineral rock
wool layer

40 and 80 Average from 39 to 43

Extensive [32] UK
Lightweight growing

media overlying a
drainage layer

5 (prototype) Average of 34

Extensive [33] Yorkshire, UK
Fine crushed brick, fine

crushed tile and pelletized
power station fly ash

20 44

Extensive [34] Seoul, Korea
Volcanic materials and soil

with peat moss, perlite,
and a drainage plate

20 From 43 to 61

Extensive [35] Salerno, Italy

A mix of blond peat, Baltic
brown peat, zeolites, and
simple non-composted

vegetable primer (coconut
fibers) and mineral

fertilizer

15 (prototype) Above 75
Between 50 and 100

Extensive [36] Genoa, Italy

Lapillus (70%) with
pumice and peat or
lapillus (70%) with

pumice, zeolite, and peat

20 Average of 85

Intensive [37] Warsaw, Poland

Washed sand with mineral
grits (chalcedonite, brick,

LECA), low moor peat
and compost

4 From 8.3 to 100
Average 54

Extensive [38] Tartu, Estonia LWA (66%) with humus
(30%) and clay (4%) 10 87.5

Intensive [39] Warsaw, Poland

washed
Sand, chalcedony, clay,
low peat, and compost

with expanded clay

15 67.5

Extensive [40] Wroclaw, Poland Growing medium with
drainage properties 10 Average 33.6–81.5

The average water resources in Poland amount to approx. 60 billion m3, and in the
dry seasons, this level may even drop below 40 billion m3 [42]. Nevertheless, in Poland,
systems to control the economic use of rainwater are rarely used. The presence of an urban
heat island, air pollution, reduction of biodiversity as well as pollution and degradation of
the surface and underground water resources is the result of agglomerations that strongly
transform the environment [43]. The presence of GRs alleviates the urban climate and
reduces extreme weather phenomena resulting from climate change. For these reasons, we
attempted to conduct an economic analysis of GRs, examining the conditions in Poland. To
our knowledge, no attempt has been made to evaluate the economic efficiency of GRs with
a simultaneous evaluation of the water harvested from GRs in Poland. Also, the research
gap that we would like to fill is that there have been no attempts to evaluate both intensive
and extensive GRs in Polish conditions. Therefore, we have tried to outline the efficiency
of such solutions from a socio-environmental aspect. The added value and novelty of



Sustainability 2021, 13, 2403 4 of 14

this research is the implementation of the method in the assessment of both ecologic and
economic effects of GR investments on Polish markets.

We stated the expected research results in a hypothesis that intensive GRs provide
better ecological and economic effects than extensive GRs.

The aim of the study was (1) to calculate the ecological and economic effect of the water
harvested from GRs by contrast with a traditional roof and (2) to perform an economic
analysis of the social-cost benefits that GRs generate during their life cycle, using the Net
Present Value (NPV) method. All the calculations and analyses were conducted in relation
to both intensive and extensive GRs in the 11 largest municipalities of Poland, with a
population of >250,000 inhabitants.

2. Materials and Methods
2.1. Characterization of Municipalities

An assessment of the ecological and economic effects of GRs was carried out within
the 11 largest municipalities in Poland (Figure 1) with a population >0.250 mil. Poland
has a temperate, warm, transitional climate, a total population of 38.3 mil. inhabitants and
covers an area of 312,722 km2. The average annual precipitation is around 583 mm [44].
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Figure 1. Location of municipalities assessed in Poland.

The list of municipalities, as well as their characterization and references are set out in
Table 2. The household water price in the year 2020 for each municipality, is published on
the web page of the municipal water company [45–55].

Table 2. Characteristics of assessed municipalities.

Municipality Population [mil] [56] Total Area
[km2] [57]

Average Annual
Precipitation [mm] [44]

Water Price
[USD/m3]

Warsaw 1.794 517.2 501 1.04 [45]
Krakow 0.781 327.0 678 1.19 [46]

Lodz 0.677 293.2 564 1.19 [47]
Wroclaw 0.644 292.8 551 1.45 [48]
Poznan 0.534 261.8 520 1.28 [49]
Gdansk 0.472 262.0 541 1.24 [50]
Szczecin 0.401 300.6 542 1.33 [51]

Bydgoszcz 0.347 176.0 535 1.38 [52]
Lublin 0.340 147.5 540 1.00 [53]

Bialystok 0.298 102.1 574 1.00 [54]
Katowice 0.276 164.7 686 1.56 [55]
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2.2. Ecological and Economic Effects of Water Retention

A method of calculating ecological and economic effects was proposed. Usually, the
GRs water retention was presented as a percentage of water supplied to the GRs. However,
we made an attempt to recalculate it for a natural unit (m3) and convert into a monetary
unit. Based on the difference between the water harvested on a GR and that drained from
a traditional roof, the ecological effect (EE) was calculated as the volume of stored water
(m3). The EE, expressed in a monetary unit, was calculated as an economic effect (EcE). The
data needed for the calculations are presented in Table 2. The general water retention level
(60%) of GRs, as an average, is taken from Table 1. The runoff coefficient for built-up areas
is 0.95 [58], and the assumption is made that GRs constitute 1% of the municipality area.

The calculations of the ecological and economic effects were made according to
Equations (1) and (2):

EE = (A·P·R)− (A·P·ψ), (1)

EcE = EE·C, (2)

where: EE is an ecological (environmental) effect, equal to the water retained by the GRs
[m3/yr]; EcE is an economic (environmental) effect, equal to the monetary benefit of the
retained water on the GRs [USD/yr]; A is the GR surface area [m2]; P is the average annual
precipitation [m]; R is the average GR retention (Table 1) [%]; ψ is the runoff coefficient [-]
and C is the average water price [USD/m3].

2.3. Economic Analysis of Green Roofs

The economic analyses of the profitability of GR investments corresponding to 1 m2

of intensive and extensive GRs, were based on the NPV and calculated using the standard
formula (Equation (3)):

NPV = − I +
CF1

1 + r
+

CF2

(1 + r)2 + . . . +
CFt

(1 + r)t , (3)

where: I is the initial investment [USD], CF is cash flow [USD], r is the discount rate [%]
and t is time [years]. Cash flows (CF) [USD] are defined as the difference between the
benefits and the costs of GRs.

The assumptions for the NPV analysis are presented in Table 3. The value of the
discount rate was adopted from previous studies concerning environmental services [59,60].
The lifespan of GRs was calculated, based on the depreciation rate, specified in Polish
law [61]. The exchange rate of USD1 = 3.7312PLN was used [62]. Yearly price indices, as a
measure of the inflation rate, were used to recalculate the costs from the existing literature,
which were expressed in terms of prices and related to a year other than 2020 [63]. The
cost of water retention was calculated as a product of the water price and precipitation
(Table 2) in the municipalities being assessed, and the average water retention on the
GRs (Table 1). We also assumed that intensive GRs required maintenance every year and
vegetable planting (0.5 of the GRs in each area) every two years. In the case of extensive
GRs, we factored in maintenance costs every second year, whereas vegetable planting costs
were incurred only in the first year. All the benefits, highlighted in Table 1, were taken into
account in the calculation regarding intensive GRs. In the case of extensive GRs, the benefit
of providing recreational space was excluded.
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Table 3. Assumptions for the economic analysis.

Assumption Value Reference

Discount rate, r 5% -
Depreciation rate, s 2.5% [61]

Life of GR, t 40 years [61]
Costs [USD/m2]

Investment cost of intensive GR 45.56

Local market

Intensive vegetable planting 16.08
Intensive GR maintenance cost 4.95

Investment cost of extensive GR 26.80
Extensive vegetable planting 5.36

Extensive GR maintenance cost 1.65
Benefits [USD/m2]

Nitrogen oxide uptake 0.11 [18]
Carbon reduction 0.00017 [16]

Mitigation of heat island effect 0.81 [26,27,64]
Provision of recreational space (average) 11.00 [16]

Reduction of flood risk 0.0024 [16]
Habitat creation advantage 0.675 [28]

Thermal isolation (heating and cooling) 0.68 [16]
Water retention 0.31–0.64 Calculated

The internal rate of return (IRR) is the interest rate at which the NPV of all the CFs
(both positive and negative) from a project or investment becomes equal to zero. The
IRR is used to evaluate the attractiveness of a project or investment. The IRR can be
mathematically calculated following Equation (4).

CF0 +
CF1

(1 + r)1 +
CF2

(1 + r)2 + · · ·+ CFt

(1 + r)t , (4)

where, CF is cash flow in the last period (t) [USD] and r is the IRR to be calculated [%].
The discounted payback period (DPP) is included in the dynamic methods of assessing

the profitability of investment projects. It sets the time after which the investment inflows
will cover the investments incurred during the project, after which time they will be
recovered [65]. The DPP value was determined from the dependence in Equation (5).

DPPk =
Yk + |NPVkY|

CFk(Y+1)
, (5)

where DPPk is the DPP, designated for option k, [years]; Yk constitutes the number of full
years before the total return is determined for option k, [years]; CFk(Y+1) is the discounted
cash flow in the year (Y + 1), designated for variant k, [USD]; NPVkY is the unrecovered
expenditure, determined at the beginning of the year (Y + 1), designated for variant k, [USD].

Additionally, a sensitivity analysis for a different discount rate (1%; 3%; 6%) and for a
water retention of 60%, was also conducted. The discount rate of 1 and 3% were chosen
to observe the increasing economic efficiency of projects, in contrast to 6% when the NPV
started to show negative values.

3. Results
3.1. Ecological and Economic Effects of Water Retention

Table 4 shows the water retention of both ecological effects, expressed per 1000 cubic
meters and the economic effects per 1000 USD. These statistics illustrate the difference in
the aforementioned effects for the 11 municipalities analysed.
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Table 4. Results of EE and EcE.

Municipality The Ecological Effect, EE
[thousand m3]

The Economic Effect, EcE
[thousand USD]

Warsaw 907 946
Krakow 776 923

Lodz 579 689
Wroclaw 565 817
Poznan 476 610
Gdansk 496 615
Szczecin 570 757

Bydgoszcz 330 455
Lublin 279 278

Bialystok 205 235
Katowice 395 617

Average ± SD 507 ± 208 631 ± 235

The EE in terms of water retention is calculated as the difference between the drained
water on the traditional roof (measured in m3) and the water retained on the GR (measured
in m3). The water retained on GRs is calculated by multiplying the GR area in the city,
precipitation, and the index of GR water retention from GRs (60%). The drained water
is calculated by multiplying the GR area in the city, the precipitation, and the runoff
coefficient (0.95). The EE of water retention ranges from 205,000 m3 in Bialystok and
269,000 m3 in Lublin to 776,000 m3 in Krakow and 90,700 m3 in Warsaw. Such a difference
is mainly a result of the existing GR area that was lowest in Bialystok (1.02 mil m2), Lublin
(1.47 mil m2), Katowice (1.64 mil m2), Bydgoszcz (1.76 mil m2), Poznan (2.61 m2), Gdansk
(2.62 m2), Wroclaw (2.92 mil m2), and Lodz (2.93 mil m2). The largest GR area was in
Warsaw (5.17 mil m2), Krakow (3.27 mil m2) and Szczecin (3.00 mil m2). Hence, the average
EE in relation to water retention in the cities analysed, was 507,000 m3 (SD ± 208,000). The
size of the GR area determines the greatest EE in terms of water retention. Apart from the
assumed area, the EE is also influenced by precipitation in a particular municipality. The
average noted precipitation of 11 municipalities is 567 mm (SD ± 60 mm) with a minimum
value of 501 mm for Warsaw and a maximum of 686 mm for Katowice.

Similar to the EE, the EcE of water retention, measured per 1000 USD was the highest in
Warsaw, Krakow and Lodz (Table 4). Similarly, the lowest EcE was in Bialystok and Lublin.
The average EcE for these 11 cities was 631,000 USD (SD ± 235,000). The EcE of water
retention is calculated by multiplying the EE and the water price. Therefore, the water price
is the crucial dependent variable in the calculation of the EcE. The average water price in
2020 among the group of municipalities analysed, was 1.25 UDS/m3 (SD ± 0.17 UDS/m3).
The inhabitants of Lublin and Bialystok have the lowest water prices (1.00 UDS/m3), the
highest price was in Katowice (1.56 UDS/m3) which is located in a mining area where
they do not possess their own water intakes and are obliged to buy water from shopping
wells [66]. On the other hand, the largest Polish city (Warsaw) has one of the lowest water
prices in Poland (1.04 UDS/m3).

3.2. An Economic Analysis of GRs

This analysis compares the investment costs of the intensive and extensive GRs with
the resulting water retention savings during the 40-year lifespan of the investment, in
order to decide on the effectiveness of such a project. Table 5 presents the results of
the effectiveness of intensive and extensive GRs per 1 m2, calculated using the NPV, the
IRR, and the DPP method. These three indicators, classified according to the discounted
methods, are used to evaluate the economic efficiency of the investment project.
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Table 5. Results of the economic analysis.

Municipality Intensive Green Roof Extensive Green Roof

Net Present
Value, USD

Internal Rate
of Return, %

Discounted
Payback

Period, yr

Net Present
Value, USD

Internal Rate
of Return, %

Discounted
Payback

Period, yr
Warsaw 58.79 6.49 6.21 2.50 0.54 12.35
Krakow 61.71 6.80 6.07 5.43 1.15 11.53

Lodz 60.32 6.65 6.14 4.03 0.86 11.91
Wroclaw 61.62 6.79 6.07 5.33 1.13 11.56
Poznan 60.27 6.65 6.14 3.98 0.85 11.93
Gdansk 60.31 6.65 6.14 4.02 0.86 11.91
Szczecin 60.81 6.70 6.11 4.52 0.96 11.77

Bydgoszcz 61.01 6.72 6.10 4.72 1.00 11.72
Lublin 58.94 6.51 6.20 2.66 0.57 12.31

Bialystok 60.16 6.64 6.14 3.88 0.83 11.95
Katowice 64.42 7.08 5.95 8.14 1.70 10.86
Average
±SD

60.76
±1.53

6.70
±0.16

6.13
±0.07

4.47
±0.07

0.95
±0.31

11.83
±0.41

It is assumed that investments with a positive NPV will be profitable. This means
that the value of the revenues (cash inflows) is greater than the costs (cash outflows).
Both intensive and extensive GRs have a positive NPV. However, intensive GRs are more
cost-effective than extensive GRs, primarily due to the benefits of providing recreational
space. The average NPV per 1 m2 of intensive GR is over 13 times higher than the average
NPV per 1 m2 of extensive GR.

The best NPV per 1 m2 of intensive GR is in Katowice (64.42 USD), Krakow (61.71 USD),
Wroclaw (61.62 USD), Bydgoszcz (61.01 USD), Szczecin (60.81 USD), Lodz (60.32 USD),
Gdansk (60.31 USD), Poznan (60.27 USD), and Bialystok (60.16 USD). The lowest NPV
per 1 m2 of intensive GR is calculated for Lublin (58.94 USD) and Warsaw (58.79 USD).
When analysing the NPV per 1 m2 of extensive GR, the lowest value was calculated for
Warsaw (2.50 USD), Lublin (2.66 USD), Bialystok (3.88 USD), Poznan (3.98 USD), Gdansk
(4.02 USD), Lodz (4.03 USD), Szczecin (4.52 USD), and Bydgoszcz (4.72 USD). The greatest
NPV per 1 m2 of extensive GR was calculated for Wroclaw (5.33 USD), Krakow (5.43 USD),
and Katowice (8.14 USD).

The next tool demonstrating effectiveness is that of the IRR, which compares returns
to costs, by finding the interest rate that produces a zero NPV for the investment cash flow
stream. In other words, the IRR is defined as the discount rate at which investors can ensure
that the analysed investment makes more money than its actual cost. Should the IRR of the
analysed project exceed the investors’ required rate of return, that project is most likely to
be accepted. From an investor point of view, the most attractive projects are those with the
highest IRR. The intensive GR projects within the municipalities analysed have, on average,
an IRR seven times higher, than extensive GR projects (Table 5). The most attractive IRR
is calculated for Katowice (7.08%), Krakow (6.80%), Wroclaw (6.79%), Bydgoszcz (6.72%),
Szczecin (6.70%), Lodz, Poznan and Gdansk (6.65%), with a less attractive IRR for Bialystok
(6.64%), Lublin (6.51%), and Warsaw (6.49). As far as extensive GRs are concerned, the
most attractive intrinsic rate of return is expected to generate projects in Katowice (1.70%),
Krakow (1.15%), Wroclaw (1.13%), Bydgoszcz (1.00%), Szczecin (0.96%), Bialystok (0.83%),
Lublin (0.57%), Gdansk and Lodz (0.86%), Poznan (0.85%), and Warsaw (0.54%).

The greater effectiveness of intensive GR investments, by comparison with extensive
GRs, also confirms the DPP (Table 5). The DPP is the amount of time (in years) for the
initial cost of a project to equal the discounted value of expected cash flows. DPP is
a tool which ranks investment projects and measures the payback time. On average it
takes six years and 1.5 months (73.5 months) to break even from the outlay of the initial
expenditure, by discounting future cash flows and recognizing the time value of money.
In the case of extensive GRs, the investment cost will yield a return after 11.83 years
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(141.9 months). Katowice registered the fastest return on investment in relation to GRs of
five years and 11 months; Wroclaw and Krakow registered six years and eight months,
Bydgoszcz (six years and 1.2 months), Szczecin (six years and 1.3 months), Poznan, Gdansk
and Bialystok (six years and 1.6 months), Lublin (six years and 2.4 months) and Warsaw
(six years and 2.5 months). Taking into consideration the DPP of intensive GRs, the return
on investment took 10 years and 10 months in Katowice, 11 years and six months in Krakow,
11 years and 6.7 months in Wroclaw, 11 years and eight months in Szczecin and Bydgoszcz,
11 years and 10 months in Gdansk and Lodz, 11 years and 11.1 months in Poznan, 11 years
and 11.4 months in Bialystok, 12 years and three months in Lublin, and 12 years and four
months in Warsaw.

The rule in relation to the IRR is that an investment should only be selected when the
cost of capital is lower than the IRR. Hence, the final decision on investment depends on
the discount rate (r) that may be derived from the cost of the capital, required to make the
investment. Table 6 presents the sensitivity analysis of the NPV of intensive and extensive
GR projects.

Table 6. Sensitivity analysis of the NPV of intensive and extensive GRs (average water retention = 60%).

Municipality r = 1% r = 3% r = 6%

Intensive Extensive Intensive Extensive Intensive Extensive
Warsaw 163.76 33.99 98.69 14.46 44.63 −1.74
Crakow 169.36 39.60 102.64 18.41 47.20 0.83

Lodz 166.69 36.92 100.76 16.53 45.97 −0.40
Wroclaw 169.18 39.41 102.51 18.28 47.11 0.74
Poznan 166.59 36.82 100.69 16.46 45.93 −0.44
Gdansk 166.67 36.90 100.74 16.51 45.97 −0.40
Szczecin 167.63 37.87 101.42 17.19 46.41 0.04

Bydgoszcz 168.01 38.25 101.69 17.46 46.58 0.21
Lublin 164.06 34.29 98.90 14.67 44.77 −1.60

Bialystok 166.39 36.63 100.55 16.32 45.84 −0.53
Katowice 174.55 44.78 106.29 22.06 49.58 3.21
Average
±SD

167.53
±2.92

37.77
±2.92

101.35
±2.06

17.12
±2.06

46.36
±1.34

−0.01
±1.34

Apart from the cost of capital, the discount rate (r) is primarily determined by assessing
the investment risks involved, the current opportunities in the roofing industry, the rates
of return for similar investments, and other factors that could directly affect an investment.
Assuming that the discount rate equals 1%, the NPV per 1 m2 of the intensive GRs, ranges
from 174.55 USD in Katowice to 163.76 USD in Warsaw. Similarly, the NPV per 1 m2 of
extensive GRs ranges from 44.78 USD in Katowice to 33.99 USD in Warsaw. Even during the
era of almost zero-interest rates, it is impossible to calculate the cost of capital at a level of
1%. Taking into consideration the data in Table 5, and comparing the 1% discount rate with
the IRR, investors should reject extensive GR projects in Bialystok, Warsaw, Lodz, Poznan,
Gdansk, Szczecin, and Lublin (IRR < r). The discount rate at a level of 3% decreases the
NPV per 1 m2, on average, by approximately 40% for intensive GRs and 55% for extensive
GRs. In this case, the NPV per 1 m2 ranges from 106.29 USD in Katowice to 98.69 USD
in Warsaw. In line with the lowest interest rates of loans for green investment, the cost of
borrowing capital from banks is currently running at around a minimum of 3%. Therefore,
investors should take into account a discount rate higher than 3% and lower than 6%. In
Poland, the prevailing approach for the economic evaluation of public projects follows EU
Commission requirements, with a constant rate of 5%, irrespective of the timescale of the
project cycle [67]. If the discount rates are calculated at a level of 6% the project NPV per
1 m2 is, on average, over twice lower for intensive GRs. Additionally, extensive GR projects
should be rejected by investors in Warsaw, Lodz, Poznan, Gdansk, Lublin, and Bialystok
(NPV < 0).
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The data in Table 5 were calculated at the 5% discount rate. From a financial point
of view, only intensive GR projects can be accepted as a good investment by investors
(NPV > 0, IRR > 5%). Extensive GR projects are not profitable for investors. In summary,
the most attractive projects are the intensive GR projects in Katowice, Krakow, Wroclaw,
and Bydgoszcz.

4. Discussion

The monetary (financial and economic) environmental effect of GR water retention
depends mainly on the water price. The report [68] shows the average water price in
Poland to be at the level of 3.34 USD/m3 (recalculated from the Euro on 02 February 2021).
This is a similar value, corresponding to the Polish data presented by State Water Holding
Polish Waters (3.22 USD/m3) [69]. However, the price range is extensive, ranging from
0.35 to 15.28 USD/m3. Comparing these values with the water prices in the largest Polish
municipalities, they are much lower than the average. On the other hand, the Polish water
price is lower than the EU-28 average price (4.30 USD/m3) [68]. Countries with the lowest
water prices are Bulgaria (1.30 USD/m3), Greece (1.49 USD/m3), Romania (1.72 USD/m3),
Spain (2.09 USD/m3), and Cyprus (2.21 USD/m3). The highest water prices may be found
in Scandinavian countries, such as Norway (9.47 USD/m3) and Finland (7.18 USD/m3), as
well as Denmark (11.32 USD/m3) however, these prices are still lower than the maximum
Polish price. The low price of water for domestic supply in urban areas, does not encourage
investment in GRs.

In our calculation, we assumed a GR area of 1% in the selected municipalities, since
there are no data relating to the areas covered by GRs in Poland or the selected munici-
palities. Our assumptions were very bold, because by recalculating population numbers
and assuming the 1% municipality area, the average area of GRs per capita in Poland
(4.79 m2/inhabitant) rivals other cities around the world, namely, Basel (5.71 m2/inhabitant),
followed by Stuttgart (3.38 m2/inhabitant) and Linz (2.57 m2/inhabitant) [70]. In the case of
Basel (Switzerland), the high ratio is a result of regulations stipulating the construction of
new and renovated flat roofs, which has resulted in the greening of 15% of flat roofs [14].
On the other hand, it is estimated that building roof surfaces cover 20–25% of the urban
areas [6] so assumptions of 1% GRs area seems to be justified.

To evaluate the efficiency of GRs the total benefits and costs need to be converted into
an NPV, by means of discounting. The NPV is one of the most popular dynamic methods
commonly used worldwide in almost assessing the effectiveness of long-term investment
projects. For these reasons, the results are easy to compare. Usually, calculations are made
for an estimated lifespan of a minimum of 40 [16,18,20,28] to 50 years [71,72] or a maximum
of 55 years [73]. The lifespan is an important factor that influences the analysis. The second
factor that affects the NPV results is the discount rate. The lower the discount rate, the more
effective and profitable the NPV. The value of the discount rate can vary between regions,
for example, Mahmoud et al. [28] and Bianchini and Hewage [16] used a 2% rate, as well as
an 8% rate; Carter and Keeler [18] proposed 4% and Blackhurst et al. [74], 5%. In addition,
the final value of the NPV influences the investment and maintenance costs of GRs. For
these reasons, the obtained NPV results are varied. The NPV relating to the energy and
economic viability of the GR technology of a four-bedroom residential building, ranges
from 6.34 USD/m2 to 18.14 USD/m2 [28]. The results also differ in the case of analysing
the private or public GR sector. The NPV equals 96.27 and 16,735.3 USD/m2 for private
and public roofs, respectively [18]. A comparison of the NPV of a conventional roof system
with an extensive GR system shows that after 40 years, the NPV for the GR is between 20.3
and 25.2% less than the NPV for the conventional roof [20]. Carter and Keeler [18] also
discovered that the NPV of the conventional roof is currently between 10% and 14% less
expensive than that of GRs. On the other hand, GRs generate several benefits [14,75] and
despite the analyses carried out, they are subjectively valued. GRs are also viewed as a tool
to enhance the aesthetic appeal of urban spaces [14].
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5. Conclusions

GRs are one of many instruments that aim to encourage more urban greening to
ensure that the urban environment becomes greener, healthier and more resilient to the
impact of climate change. Such a solution can potentially help manage stormwater runoff,
reduce urban heat island effects, and regulate building temperature. According to the
results of this study, the EE and EcE of GR water retention are most significant in cities with
the largest GR area (Warsaw, Krakow, Wroclaw, and Szczecin). The average EE and EcE for
assessed municipalities equals 570,000 (±208,000) m3/yr and 631,000 (±235,000) USD/yr.
Intensive GR projects are characterized by greater economic efficiency, a higher IRR, as
well as a shorter DPP than extensive GR projects. The average NPV for intensive GRs
is more than 13 times higher than for extensive GRs and resulted in 60.77 and 4.47 USD
per 1 m2, respectively. The higher the water price, the more attractive the intensive GR
project. These determinants will influence the decisions of investors more and more with
regard to rainwater harvesting in towns and cities. Water is essential both for life and as
an indispensable resource for the green economy. The diamond–water paradox of Adam
Smith still seems to be relevant: water, which is essential for life, has a high value in terms
of usage but commands a low market price; jewellers’ diamonds, which are luxury goods,
have a low use-value but command a high market price [76]. Such dichotomies between
economic value, price, and cost determine the consumer’s ecological behaviour and further
sustainable development.
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