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Abstract 
Green Roofs (GRs) have been used worldwide as a solution for greening cities, while providing 
useful services to society such as storm water management, improved air quality, energy savings, 
and increased biodiversity, to name a few. However, the environmental impact of their structure 
has been understudied, and more importantly, the carbon cost related to the use of materials 
that have a high carbon footprint has received little to no attention. In the context of an aspiring 
carbon neutral Sweden, public and private decision makers need better guidance when 
considering the implementation of GR systems. While cost-benefit analysis (CBA) is a decision 
support tool that has been commonly used to assess GR projects from an environmental, social, 
and economic point of view, the carbon impact of the structure layers has been left unaccounted 
for. This thesis aims to propose an analytical framework which incorporates the carbon 
footprint of each component used in the GR structure into CBA, to support more informed 
decision making.  

This analytical framework is tested on two extensive GRs, one made with commonly used 
materials and one experimental prototype which is almost entirely made with carbon sink 
materials. This case study is designed to reveal the socio-economic trade-offs resulting from the 
use of conventional materials versus materials that have a lower carbon footprint. This 
comparison is also made to support future innovations in GR design and to bring forward the 
most cost-effective materials from a socio-economic perspective. The results of this thesis show 
that the two GR alternatives have a positive net present value (NPV) indicating that both 
projects bring more socio-economic benefits than they incur costs in their lifetime. However, 
the key findings reveal that while the structure of the conventional GR is a source of carbon 
which incurs socio-economic costs of 42 SEK/m2, the structure of the prototype is a carbon 
sink which brings socio-economic benefits of 63 SEK/m2. A comparison of the two extensive 
GRs shows that the avoided emissions from using the prototype instead of a traditional GR has 
a value of 105 SEK/m2. Moreover, when considering each component of the GR structure it 
becomes evident that while it is possible to replace traditional materials with carbon sink 
materials this generally comes with higher material costs. However, once the avoided CO2 
emissions are accounted for, this choice seems of potential interest from a socio-economic 
perspective.  

Keywords:  

Carbon Footprint - Green Roof Design – Carbon Sink – Cost-Effectiveness - Life cycle Cost-Benefit Analysis 
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Executive Summary 
Background: 

The Special Report on Global Warming of 1.5°C issued by the Intergovernmental Panel on 
Climate Change (IPCC) left no doubt about the implications of climate change for the planet. 
Anthropogenic activities have already increased worldwide temperatures 1.0ºC above pre-
industrial levels. The role of urban areas in climate change mitigation is crucial. They are host 
to more than half of the world’s population and consequently the source of a large share of 
global greenhouse gas (GHG) emissions. With climate-change risks such as rising sea levels, 
heat stress, extreme precipitation and storms, drought, water scarcity and pollution on the rise, 
urban areas are also at great risk (Revi et al., 2014). 

Urban policies are therefore pivotal to reducing future levels of GHG emissions and in building 
long-term resilience to climate change risks. Contemporary policy agendas must address a 
complex multiplicity of threats at the scale of the urban fabric. Green roofs (GRs) work 
efficiently within this fabric while providing societal benefits such as storm water management, 
energy savings, heat-island effect reduction, carbon sequestration, increased biodiversity and 
urban greening, contributing to their worldwide renown. 

Problem definition & Knowledge Gaps: 

In a context where cities are aiming to implement solutions that will allow them to achieve their 
sustainability goals, it is important to assess each alternative with relevant decision support tools 
in order to achieve costs-effectiveness. Cost-benefit analysis (CBA) is commonly used to assess 
the implementation of GRs from an economic, social, and environmental perspective. A 
growing body of knowledge highlights that while GRs can represent relatively high private costs 
for investors, they provide a wide range of private and social benefits during their expected 50 
year life-time. However, the overall environmental costs related to their implementation have 
been understudied, specifically, the environmental impact of the GR structure. The structural 
characteristics of GRs vary between typologies, providers and countries, but multiple plastic 
based components is a common trait. While many life cycle assessments (LCA) account for the 
carbon footprint of the GR structure, this is omitted in most CBA studies, which account for 
GR carbon impact through: 

• the CO2 emissions sequestered by the plant cover through photosynthesis 

• the reduced demand for energy due to improved insulation and/or indirectly to a 
decrease in neighbouring temperatures resulting from the positive impact of GRs on 
the heat-island effect 

This despite growing evidence that it takes several years for the positive impact of GRs on CO2 
emissions to compensate for the high carbon footprint of their structure (Kuronuma et al., 
2018). In fact, Jones, Bathgate, Symons, and Williams (2018), assert that the carbon footprint of 
GR materials would need to be accounted for, before drawing any economic benefits from the 
carbon sequestered by GRs. 

The possibility of GRs to act as carbon sinks needs to be further explored in a context where 
urban areas face more and more pressure to reduce their carbon emissions, such as the city of 
Malmö which, in cooperation with the city of Copenhagen, plans to make the Öresund region 
the first cross-border carbon neutral zone in Europe (Azzi, Karltun, & Sundberg, 2019 ; Malmö 
City, 2014). As carbon accounting becomes more widespread, and as decision makers seek to 
achieve carbon neutrality cost-effectively, assessing the carbon footprint of GRs will be vital. 
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Such analytical decision support is what this thesis aims to achieve, by providing an analytical 
framework which allows for the inclusion of the carbon footprint of the GR structure in CBA. 

Objectives & Methods: 

To that end, the first objective of this thesis is to investigate how the conventional CBA of 
GRs can be extended to consider the life cycle carbon profile of their structure. An extensive 
literature review supports the conceptualisation of an analytical framework which is then tested 
on two GR systems in a comparative case study. One serves as a baseline, presenting the 
characteristics of an extensive GR made with conventional materials, while the other is a novel 
prototype using several carbon sink materials such as biochar and cork. 

The analytical framework is designed to allow for the inclusion of the embedded carbon 
emissions of various materials and their associated socio-economic costs/benefits in CBA. This 
is done by reviewing, for each material, the carbon impact resulting from three life cycle phases: 
raw material acquisition, transport, and manufacturing. The stored CO2 emissions in carbon 

sink materials are accounted for in the form 
of avoided emissions. The carbon footprint 
of each material is then monetised using the 
current Swedish social value of carbon (SVC) 
of 1.19 SEK/kg. The carbon impact of the 
GR structure is thus included as a variable in 
the CBA, along with the material costs of the 
GR structure, installation costs, CO2 
sequestered by the plant cover, energy saving, 
storm water management, improved air 
quality, improved aesthetics and increased 
biodiversity. The analysis is performed on 
Microsoft Excel and supplemented by a 
sensitivity analysis.  

Figure I. Analytical framework: visualisation of a life cycle cost-benefit analysis approach 

The second objective of this research is to investigate the implications of the use of carbon 
sink materials on the socio-economic cost-effectiveness of GRs. This is done by analysing the 
results of the life cycle CBA which, by comparing a conventional GR with a novel carbon sink 
prototype, sheds light on the trade-offs associated with the use of such materials. In addition, 
the relative importance of the carbon impact of the GR structure is compared with that of the 
variables which are usually included in CBA. This is done to assess whether this variable should 
be included in future decision making or whether its impact on the overall economic outcomes 
is marginal. The aim of this analysis is to better inform decision makers when considering the 
implementation of GRs, highlight the pros and cons of using carbon sink materials and provide 
information which will support the sustainable re-design of GRs. 

Results:  

The main results of this study can be summarised as follows. Firstly, while the baseline and the 
prototype show very similar structural characteristics, the overwhelming use of plastic based 
materials in one, and carbon sink materials in the other, makes a major difference in terms of 
their carbon impact. The baseline has a positive carbon footprint, with embedded emissions of 
36 kg CO2

eq/m2. These embedded emissions result in socio-economic costs of 42 SEK/m2 of 
GR. Conversely, the structure of the prototype stores more emissions than were emitted during 
its production. This leads to 53 kg CO2

eq/m2 of avoided emissions which correspond to avoided 
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socio-economic costs of 63 SEK/m2. A comparison of the two extensive GRs shows that the 
avoided CO2

eq emissions from using the prototype instead of the baseline has a value of 105 
SEK/m2. The socio-economic impact of these two structures are monetised using the SVC of 
1.19 SEK/kg (applied since 2014), but the sensitivity analysis highlighted that if the new SVC 
of 7 SEK/kg (applied since April 2020) was to be used, this would result in higher costs for the 
baseline and higher benefits for the prototype. 

Secondly, the use of carbon sink materials in the prototype leads to significantly higher material 
costs. Today’s higher material costs are not offset by the avoided CO2 emissions stored in the 
prototype. However, when considering the wide range of benefits that the prototype provides, 
it is almost as profitable as the baseline with respective net present values (NPV) of 1,316.96 
SEK/m2 for the baseline and 1,140.07 SEK/m2 for the prototype. This suggests that, from a 
socio-economic perspective, these two designs yield more benefits during their 50 year life-time 
than they incur costs. In both cases, the most important benefit is stormwater management, 
while the most important cost is the material cost of the structure. While the carbon impact of 
the structure does not have a tremendous impact on the economic outcome of the two options, 
its impact is still more important than that of other variables included in previous CBA. This 
suggests that it should be included in future CBA to support better decision making. 

Lastly, while substituting conventional materials incurs higher material costs in most cases, there 
is room for win-win situations. The cork drainage layer, for example, is cheaper than its plastic 
based alternative and yields an important benefit in terms of its carbon impact. On the other 
hand, even costly materials such as the expanded cork board seem to be of some potential 
interest from a socio-economic perspective as they sharply reduce the carbon footprint of the 
structure. 

Main Findings: 

From a CO2 mitigation perspective, it is crucial that cities such as Malmö start investing in GR 
designs that have a lower carbon impact. This study showed that a carbon sink GR design is 
easily achievable in a variety of ways. Nevertheless, despite their high carbon footprint, the 
multiple ecosystem services (ES) that conventional GRs provide still make them an interesting 
investment option from a socio-economic perspective. What this study suggests is that by using 
carbon sink materials, GRs can continue to act as a climate adaptation solution in cities, while 
their carbon mitigation potential is also improved. 

This study suggests further research on the carbon footprint of the GR structure and its 
inclusion in decision making. While a novel carbon sink prototype is tested in this study, further 
research is needed into cost-effective materials with a lower carbon impact. In addition, future 
research could expand on the analytical framework developed in this study to include other 
aspects of the environmental impact of the GR structure which are not considered in decision 
making. While this research, from a socio-economic perspective, strongly suggests that a carbon 
sink GR could be an interesting investment option for cities such as Malmö, the higher material 
costs of such a prototype would likely discourage private investors. Therefore, future research 
should investigate how governmental incentives, such as market-based instruments or public 
procurement, could give further incentives for private actors to invest in GR systems that have 
a lower carbon footprint. 
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1 Introduction 

1.1 Background and Significance 

Climate Change & Urban Areas 

The Special Report on Global Warming of 1.5°C issued by the Intergovernmental Panel on 
Climate Change (IPCC) left no doubt about the implications of climate change for the planet. 
Worldwide temperatures have already increased by 1.0ºC above pre-industrial levels due to 
anthropogenic activities, and if the current rate of warming is sustained, global temperatures 
will increase by 1.5ºC between 2030 and 2052. Not exceeding the 1.5ºC threshold set at the 
Paris Agreement will require greenhouse gas emissions (GHG) to decrease drastically. The 
scale of the emission-reduction effort must be consequential as there is only one-in-two chance 
of limiting global warming to 1.5ºC, if global CO2 emissions reach zero in 30 years. Not 
reaching the 1.5ºC goal will have irrevocable consequences and will push a number of natural 
and human systems beyond their limit of adaptation (Amir et al., 2018 ; IPCC, 2018).  

Urban areas hold a pivotal role in climate change mitigation as they are host to more than half 
of the world’s population. Urban residents and urban-based activities are consequently the 
source of a large share of global GHG emissions. In addition to being one of the main drivers 
of climate change, urban areas also contain the populations and economic activities which are 
most at risk from it. Urban climate-change risks such as rising sea levels, heat stress, extreme 
precipitation and storms, drought, water scarcity and pollution to name a few, are on the rise 
(Revi et al., 2014).  

Nature-based solutions & Co-Benefits  

Urban policies have major implications for climate change mitigation, both in terms of 
reducing future levels of GHG emissions as well as in building long-term resilience to climate 
change risks. In recent years, policy agendas have been focused on addressing the complexity 
and multiplicity of these threats while operating within spaces limited by the urban fabric. In 
this context, nature-based solutions (NBS) have received growing attention as they have the 
potential to tackle multiple challenges at once while making efficient use of space. By 
mimicking existing ecosystem functions, NBS use biomimicry to design solutions that optimise 
the co-benefits provided by the existing ecosystem services (ES) which urbanisation has 
compromised. These co-benefits can take the form of water purification and absorption, flood 
control, air purification, temperature control, carbon sequestration, to name a few (Revi et al., 
2014 ; Dushkova & Haase, 2020). NBS aim to explore this potential by using nature-based 
processes to address sustainability challenges and help create more resilient living 
environments (Dorst, van der Jagt, Raven, & Runhaar, 2019). In short, by optimising the 
provision of environmental, social and economic co-benefits, NBS provide a framework for 
ecologically sensitive urban development (Dushkova & Haase, 2020). 

Green Roofs  

Green Roofs (GRs) are NBS that are slowly being included in urban adaptation plans all around 
the world (Oberndorfer et al., 2007). GRs are defined as a roof structure onto which vegetation 
is intentionally grown (GRO, 2011). The distinction is usually made between extensive GRs 
and intensive GRs, even though GR design also varies within these categories. Extensive GRs 
are usually light-weight, have a substrate less than 150mm deep, are often not accessible to the 
public and might not even be visible (Rowe & Getter, 2006). On the other hand, intensive GRs 
necessitate more depth, require more maintenance and are usually associated with roof gardens 



Aziliz Le Rouzo, IIIEE, Lund University 

2 

(Bianchini & Hewage, 2012a). While both types of GRs tend to require high upfront costs 
borne by private actors, they also provide proven social and environmental benefits in the 
long-term (Bianchini & Hewage, 2012b). The types of co-benefits provided by extensive and 
intensive GRs are similar, but their magnitude varies according to their design as well as the 
specificities of their location. Their relatively lower implementation cost and less constraining 
design have however made extensive GRs typically more common.  

 

Image 1-1. Extensive Green Roof in Malmö 

Credit: Peter Arnfalk 

Extensive GRs have been spreading over Sweden during the last 30 years, with Malmö being 
one of the test beds for their implementation (Emilsson, 2006). This study will therefore focus 
on the specific case of Malmö, and on extensive GRs as they are the most typical typology in 
this city. Malmö is situated in Skåne and is the third largest city of Sweden with a population 
of around 340,000 inhabitants as of 31 December 2019 (Malmö Stad, 2020). This city has been 
at the forefront of sustainable city planning, and aims to use smart and space-efficient NBS to 
create more resilient cities (Naturvation, 2017). GRs are one of the solutions which are actively 
promoted by the Environmental Department of Malmö, because of the multiple co-benefits 
they provide. GRs in general are recognised for the number of private and social benefits they 
deliver, such as improved storm water management, reduction of the heat-island effect, energy 
savings, pollution reduction, carbon sequestration and greening of cities while making efficient 
use of available space (Claus & Rousseau, 2012 ; Jones, Bathgate, Symons, and Williams, 2018 ; 
Nurmi, Votsis, Perrels, & Lehvävirta, 2013). In the context of Malmö, GRs are seen as one of 
the best-fit solutions because they provide storm water management services in response to 
increasing intense weather events, promote biodiversity within the city and make the city 
greener (Naturvation, 2017). However, the potential of extensive GRs to act as a climate 
mitigation instrument is understudied and to the best of the author’s knowledge has not yet 
been investigated in the context of Malmö (Muhammed, Xiaolong, & Xiaowei, 2019).  

Sweden’s climate goals 

The investigation of the potential of GRs to act as a climate mitigation solution is of prime 
relevance for Swedish cities which now have to adapt to the new climate policy framework, 
which was adopted in 2017 by the Swedish Government, setting out the implementation of 
the Paris Agreement. This framework is the most important climate reform in Sweden’s history 
as it sets the goal of releasing zero GHG emissions into the atmosphere by 2045 (Ministry of 
the Environment and Energy, 2018). To achieve the zero-emission target, supplementary 
measures are to be taken. The Swedish Environmental Protection Agency mentions three of 
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them on their website: 1) increase forests’ uptake of carbon dioxide, 2) effective emission 
reductions carried out outside the Swedish borders and 3) carbon capture and storage (CCS) 
based on the combustion of biomass (Swedish Environmental Protection Agency, n.d.). To 
understand how GRs could be used to serve a carbon capture and storage function, a better 
understanding of their impact on CO2 emissions is necessary.  

Accounting for the Carbon Impact of GRs 

The carbon impact of GR systems is complex. A preliminary literature review indicated that 
when investigating the role of GRs in CO2 emission reduction, a lack of consistency in the 
usage of the following terms was observed: carbon sequestration, carbon sink, carbon 
reservoir, carbon storage and CCS. Box 1-1 provides some introductory clarifications. Further 
elaboration on these terms will follow throughout the text. 

 

Box 1-1. Useful Definitions - CO2 emissions mitigation  

A distinction is made between carbon sequestration, which is understood as the active uptake 
and storage of carbon by plants which thus act as a carbon sink, and carbon storage, which 
refers to components that act as a reservoir of carbon (EEA, 2019 ; Spokas, 2010). This 
distinction is made as materials that store carbon have the potential to act as a carbon sink for 
a certain amount of time, but this property is entirely dependent on their end-of-life. In 
addition, while the sequestration of carbon by plants is a continuous process, the storage of 
carbon by CCS technologies only happens once and is sustained until the material is burned 
or degraded (Spokas, 2010). While these concepts are elaborated further in this study, the 
following paragraph describes how the carbon impact of GRs has been investigated thus far. 

On one hand, GRs have the potential to actively reduce CO2 emissions over their lifetime but 
this benefit has to be nuanced as the structure of GRs can be a source of CO2 emissions over 
its life cycle (Kuronuma et al., 2018). When considering the implementation of GRs in cities, 
cost-benefit analysis (CBA) is a decision support tool that has been commonly used to account 
for the economic, environmental and social costs and benefits arising from these systems 
(Pearce, Atkinson, & Mourato, 2006). Conventional CBAs have investigated the carbon impact 
of GR systems considering the following elements: 

• First, a reduction in emissions is achieved through the process of photosynthesis 
induced by the plant cover of the roof. The magnitude of this effect varies according 
to plant species, substrate type and climate.  

• Secondly, indirect emission reductions result from a reduced energy demand on the 
building, both for heating in winter and for cooling in summer. This can be either due 
to better insulation or to a reduction in neighbouring temperatures via the heat-island 
reduction effect.  

“Carbon capture and storage is a process consisting of the separation of CO2 from industrial and energy-related sources, 

transport to a storage location and long-term isolation from the atmosphere.” (IPCC, 2005, p.3) 

“Reservoir means a component or components of the climate system where a greenhouse gas or a precursor of a greenhouse gas is 

stored.” (United Nations, 1992, p.7) 

“Sink means any process, activity or mechanism which removes a greenhouse gas, an aerosol or a precursor of a greenhouse gas from 

the atmosphere.” (United Nations, 1992, p.7) 
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Accordingly, the carbon sequestration realised by GR systems over their lifetime has been 
accounted for as a socio-economic benefit in CBA. However, the carbon footprint of their 
structure, which could incur both high environmental and social costs as well as benefits, is yet 
un-accounted for. Here, the carbon footprint of a GR is defined as the overall amount of 
GHG associated with its whole life cycle (Caro, 2019). The carbon footprint of GR systems 
can be investigated using a life cycle assessment (LCA), which is a method used to determine 
the environmental impact linked to a specific product system throughout its life cycle (Krey et 
al., 2014). While some LCAs have been able to quantify the carbon footprint of the GR 
structure, this potential externality has not been included in most CBAs. This despite growing 
evidence that it takes several years for the carbon sequestration and energy savings to offset 
the carbon footprint of the installation (Kuronuma et al., 2018). These findings encourage 
further research into how GR structures can be shifted from carbon sources to carbon sinks 
while incorporating the associated socio-economic impact in decision making (Jones et al., 
2018 ; Kuronuma et al., 2018). 

New Design – for a decreased carbon footprint 

There is a growing interest in sustainable improvements within the layers of GRs, in terms of 
choosing materials which have an overall lower environmental impact and more specifically a 
lower carbon footprint (Bianchini & Hewage, 2012a). This comes from the fact that today, GR 
structures are often predominantly made from plastic-based components. However, even 
amongst extensive GRs, there is a high degree of variability which means that the number of 
layers, types of materials used and substrate characteristics vary with every GR supplier, 
location and purpose of use. Amongst the different types of layers that can be found on GRs, 
the following characteristics are generally representative of extensive GR systems (Bozorg 
Chenani, Lehvävirta, & Häkkinen, 2015):  

1. The substrate is the top layer which serves as a growing medium for plants and can be 
made of a combination of organic and mineral based components. 

2. The water retention layer aims to provide water to the plants and substrate and is 
usually made of mineral wool, polymeric fibres, or recycled fibres. A drainage layer is 
also commonly used as an alternative to the water retention layer.  

3. The filter layer is a thin layer meant to prevent the leakage of fine particulates from the 
GR and is it most often made of non-woven polypropylene geotextile. 

4. The drainage layer is meant to provide a balance between water retention, drainage and 
adequate root aeration and is often made of a polystyrene layer resembling egg 
cardboard. 

5. The root barrier is above the roofing membrane and can sometimes be part of it. It is 
intended to protect the penetration of roots into the roof structure. 

 

Figure 1-1. Extensive Green Roof: Cross-section depicting the different GR layers 
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A growing body of studies highlight the need to develop new GR designs, including materials 
with a lower environmental footprint such as by-products or carbon negative materials such 
as CCS technologies (Pushkar, 2019 ; Bianchini & Hewage, 2012a ; Rincón et al., 2014 ; 
Kuronuma et al., 2018). There is therefore a need to investigate the extent to which the 
different layers of GRs could be substituted with materials that act as a carbon sink, while still 
providing an interesting investment option. 

 

Box 1-2. Carbon negative versus carbon positive 

In short, GRs are recognised as a sustainable solution to greening cities and growing attention 
has been given to the many ES they provide. The carbon footprint of GRs’ structure has 
received little attention, despite the fact that it will ultimately determine whether GR systems 
are a net source or sink of carbon. Accounting for the carbon footprint of the GR structure 
would be a necessary step before accounting for the reduction in carbon emissions induced by 
GR systems, in order to get a more realistic estimate of the carbon balance of that system. In 
fact, Jones et al., (2018), point out that the carbon footprint of GR materials would need to be 
accounted for, before drawing any economic benefits from the carbon sequestered by GRs. 
The possibility of GRs to act as carbon sinks needs to be further explored in a context where 
urban areas face more and more pressure to reduce their carbon emissions (Azzi et al., 2019). 
This prospect could be of particular interest for the city of Malmö which, in cooperation with 
the city of Copenhagen, plans to make the Öresund region the first cross-border carbon neutral 
zone in Europe (Malmö City, 2014). 

1.2 Problem Definition 
The carbon impact of GRs is going to have an increasing importance as Swedish cities will 
have to choose between different measures to achieve their GHG emissions mitigation goals. 
Cost-effectiveness, which is defined as a measure of the cost at which a policy goal or outcome 
is achieved, is one of the prominent decision making criteria when considering different 
mitigation options (IPCC, 2018 ; Patwardhan et al., 2007). Cost-effectiveness is taken into 
account when considering the trade-offs between climate change impacts and the associated 
costs of emission mitigation (Patwardhan et al., 2007). Consequently, alternatives which 
achieve the GHG emission mitigation goals with the highest-cost effectiveness will be 
prioritised. Considering the carbon footprint of GRs in decision-making is going to be of 
central importance in the coming years as carbon accounting becomes more widespread, and 
as decision makers will seek to cost-effectively achieve carbon neutrality.  

Getting a more accurate estimation of the net carbon footprint of GR systems over their 
lifetime will be therefore important when considering their future implementation. This 
especially as the recent review of the social value of carbon (SVC) by Arbetsgruppen för 
Samhällsekonomiska Kalkyler (ASEK) increased the SVC from 1.14 SEK(2014)/kg to 7 
SEK(2020)/kg, which indicates a higher budget allocated to carbon sequestration. The ASEK 
guidelines are the result of a workgroup for CBA which is under the Ministry of Infrastructure, 

“Net negative emissions: A situation of net negative emissions is achieved when, as result of human 

activities, more greenhouse gases are removed from the atmosphere than are emitted into it. Where multiple 

greenhouse gases are involved, the quantification of negative emissions depends on the climate metric chosen 

to compare emissions of different gases (such as global warming potential, global temperature change 

potential, and others, as well as the chosen time horizon).” (IPCC, 2018, p.555) 

Following this definition, this study describes carbon negative materials as materials that store more carbon 

than was produced during their manufacture, while carbon positive materials describe the opposite scenario. 
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Trafikverket. This new value became effective on April 1st 2020, and was computed to reflect 
the non-compliance fee when oil companies do not comply with the Swedish law “Duty of 
Reduction” (Trafikverket, 2019)1. Sweden’s political choice of increasing the SVC could 
potentially have consequential implications on future decision making. The contextual 
background of this extraordinary high value is an explicit ambition to stimulate road freight to 
shift to rail and maritime traffic (Trafikverket, 2019). This value will be applied in CBA when 
assessing investments in infrastructure and other measures to stimulate a modal shift. 
However, from a socio-economic cost-effective perspective, the same values and thus trade-
offs between costs and benefits should apply to all sectors.2 

This might not have a direct impact on the decision making of private actors, but at the 
municipal level it will most likely mean that more resources will be invested in carbon 
sequestration technologies. When comparing different alternatives, the municipality of Malmö 
will have a stronger incentive than ever to favour projects that have the lowest carbon 
footprint. Municipalities will therefore look for reliable decision-making tools with which to 
quantify the carbon impact of future projects. 

Depending on the importance of the CO2 emission reduction potential of GRs compared with 
the other benefits they provide, the inclusion of the new SVC of 7 SEK/kg in CBA calculations 
could significantly increase the assessment of benefits provided by GRs. So far, the CO2 
emission reduction induced by either sequestration from the plants or reduced energy 
consumption were found to be non-negligible though their importance varied depending on 
various factors such as roof, vegetation and substrate type. However, as mentioned above, little 
attention has been given to the role of the roof design in reducing the overall carbon footprint 
of GRs. While applied CBAs of GRs so far have only accounted for the CO2 emissions 
sequestered by the plant cover as well as the indirect reduction in energy consumption, they 
omitted the potential carbon embedded in the materials of the GR structure.  Accounting for 
the avoided emissions associated with the use of materials that act as carbon sinks is therefore 
necessary in order to provide future investors with a more holistic perspective with estimates 
that reflect a higher SVC. This is what this thesis aims to achieve, by providing an analytical 
framework which allows for the inclusion of the carbon footprint of the GR structure in CBA.  

1.3 Aim and Research Questions. 
The aim of this research is to investigate the implications of the use of carbon sink materials 
in the GR structure on the socio-economic cost-effectiveness of GR systems. This is done 
through the comparison of a commonly used GR (baseline) and a new GR prototype, in which 
certain components of the substrate and GR layers are substituted with materials that have a 
carbon sink potential or which have a lower carbon footprint. This thesis asks whether the 
substitution of these materials will only affect the carbon footprint of GRs or whether it will 
also impact other properties of the GR. This will help reveal the economic, social and 
environmental implications of the two types of GRs. As the performance of GRs is context 
specific, the city of Malmö where extensive GRs are relatively well established, was chosen as 

 

1 This law requires oil companies to annually increase the share of biofuel in petrol and diesel. Oil companies that fail to 

increase the share of renewable fuel have to pay a “Duty of Reduction Charge”. This charge is 4-5 kronor per kg CO2 

reduction that is not achieved. 

2 It must be noted that this is not yet clearly supported by governmental agencies and is thus, for now, only hypothetical. To 

account for the possibility however, a sensitivity analysis will be performed (see Chapter 4). 
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a case study. To address the aim of this study, I have worked with the following research 
questions: 

RQ1) How can the conventional green roof cost-benefit analysis be extended to consider the life cycle carbon 
profile of the green roof structure? 

RQ2) What are the implications of the use of carbon sink materials on the socio-economic cost-effectiveness of 
green roofs? 

RQ1 will serve as the basis of the analytical framework, based on an extensive literature review. 
The question will be approached theoretically at first, through a conceptualisation of the 
analytical framework, and thereafter practically, by applying this framework to the case study. 
The analysis of the results obtained from conducting a life cycle inspired CBA on the two types 
of GRs will facilitate the answer to RQ2. 

1.4 Scope 

Geographical & Temporal Scopes 

The geographical scope of this study is Malmö, Sweden. This city was chosen because of its 
proximity, the relative widespread of GRs in that area which thought to optimise the quality 
of the data collection process, the engagement of local authorities in promoting the 
implementation of GRs, as well as the presence of the Scandinavian Green Roof Institute 
(SGRI) which has been conducting a large amount of research and development projects 
locally and which constituted a precious source of information. Despite the fact that Malmö 
was chosen as a case study for conducting the life cycle inspired CBA, where data was not 
available locally, estimates from similar or nearby locations were used. The timespan of the 
CBA was decided to be 50 years which is the average lifespan of a typical GR. The CBA analysis 
was scoped down to only consider the different GRs layers thus considering GRs as an 
independent system. It did not take into account the building context though the impact of 
the building lifespan on GRs’ longevity was reflected upon. 

Case Study Choice 

Considering that geographical context, extensive green roofs were chosen as a case study as 
they are the most common in Malmö and generally all over Sweden (Emilsson, 2006). To 
evaluate the implications of the use of carbon sink materials on the cost-effectiveness of GR’s, 
a conventional GR was compared with a new GR prototype using a life cycle inspired CBA. 
This study does not compare these two GR systems with a standard roof as this study is 
interested in investigating the impact of the substitution of more environmentally friendly 
materials that have a lower carbon footprint with the materials commonly used on Swedish 
GRs. The analytical framework used in this study is a life cycle inspired CBA which was 
developed following an in-depth literature analysis focusing on the recent developments of 
CBA which include some elements of the life cycle. It must be noted that only the raw material 
extraction, transport and production phases of the materials’ life cycle is considered in the 
calculations.  

1.5 External Support 
This thesis has been written with the support and advice of the SGRI in Malmö, represented 
by their former (2012-April 2020) manager Jonatan Malmberg. The SGRI has a long 
experience of working on GR projects and is a leading influence in that field in Scandinavia. 
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Their role varies from providing study visits and courses to the public, participating in research 
and development projects as well as providing consultation (SGRI, 2020).  

The research topic of conducting a CBA on GRs started with an idea by the thesis author to 
evaluate the use of biochar as a substrate amendment. After that, the SGRI was contacted with 
the intention of obtaining support in the form of expert advice and data collection. Jonatan 
Malmberg, with inspiration from Dusty Gedge’s ideas (Green Infrastructure Consultancy), 
suggested the use of other low-carbon materials. While the original idea of a carbon sink 
prototype originated from this informal collaboration, this thesis helped refine the specific 
characteristics of the prototype by investigating for each of the proposed materials: their 
previous applications on GRs and demonstrated performance, their costs, and their carbon 
impact. However, the full socio-economic analysis was independently performed by the thesis 
author. Given the fact that the GR prototype was suggested by the SGRI, with inspiration 
from Green Infrastructure Consultancy, this thesis will inevitably play a role in advancing their 
own research. Against this background it is relevant to mention that the thesis author did not 
receive any type of funding for completing this work and thus the researcher’s own integrity 
was in no circumstance compromised.  

1.6 Audience 
This thesis is aimed at decision makers and researchers interested in GR systems. Researchers 
will benefit from an extended approach to considering the carbon footprint of the GR 
structure in CBA. The results contribute to a more complete assessment of the costs & benefits 
associated with the implementation of GR systems which will be of use for decision makers. 
In addition, this study examines the trade-offs associated with the substitution of traditional 
GR layers with carbon negative alternatives while highlighting which materials are most cost-
effective from a carbon mitigation perspective. Finally, it provides guidelines on how to re-
consider GR design in order to reduce the carbon impact of their structure while optimising 
its cost-effectiveness. 

1.7 Disposition 
Following the presentation of the background and definition of the problem, Chapter 1 
introduced the research questions along with the scope of this study and its intended audience. 
In Chapter 2 an extensive literature review is conducted with the aim of 1) investigating the use 
of CBA in environmental decision making against other decision support tools, 2) exploring 
its mechanisms when applied to the case of GRs, while investigating which aspects of GR 
systems are considered in decision making, 3) examining how recent developments in CBA led 
to the inclusion of life cycle steps to better capture the environmental impact of the GR 
structure and finally 4) reviewing the carbon footprint of the GR structure and assessing 
whether it should be included in future CBAs to achieve more informed decision making. 
Chapter 3 elaborates upon the research design and analytical framework developed to conduct 
this study while providing a step by step guide to the methodological approach. Chapter 4 
presents the results of this study, followed by their analysis which is complemented by a 
sensitivity analysis. Chapter 5 provides an interpretation of the results which serves to answer 
the research questions. The findings of this study are then discussed in comparison with 
previous research on the topic. Finally, the methodological approach and analytical framework 
are reflected upon. Lastly, Chapter 6 provides the core conclusions of this study while 
highlighting the contribution of this research within the field. In addition, new research gaps 
are emphasised along with recommendations for future research. 
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2 CBA for Green Roofs – why and why not? 
This chapter first provides an overview of how and why CBA is used for environmental 
decision making, and more specifically when considering GR systems. It then highlights the 
variables that are considered by decision makers when looking at the implementation of GRs 
in urban areas, while also reviewing the methodological approaches used for the valuation of 
the different costs and benefits. As a third step, this chapter analyses recent developments in 
CBA, where life cycle steps are included in CBA calculations. Finally, it investigates the carbon 
footprint of GR structures and the importance it could have in future decision making if 
included in CBA calculations. The literature review was conducted using both Google scholar, 
Science Direct and the Lund University’s LUBsearch.  

2.1 Cost-Benefit Analysis 
This first section aims to provide some background on CBA as a decision-making tool and the 
rationale for using it in environmental decision making. It then elaborates on the motivations 
for using it when applied to the specific case of GR systems. Finally, it introduces valuation 
methods that are typically used in CBA when valuing non-market goods such as the ES 
provided by GR systems. 

2.1.1 Motivation for Use in Environmental Decision Support Tools 

The growing adoption of GRs as an urban planning instrument means that there is a need to 
find supporting tools for decision-making to assess their economic, environmental and social 
impacts (Nurmi, Votsis, Perrels, & Lehvävirta, 2016). While several methods could be used to 
do so, such as the multi-criteria analysis, CBA or LCA, the focus of each of these 
methodologies is different (Hoogmartens, Van Passel, Van Acker, & Dubois, 2014). Each of 
these tools is based on different assumptions, uses different metrics and has different data 
requirements which means that the results they provide will differ. Such conflicting 
assessments are a source of doubt for decision makers and brings their individual relevance 
into question (Hoogmartens et al., 2014). Ultimately, the choice of an appropriate tool depends 
on the aim and scope of the study in question. 

Monetary, Indicator-based and Biophysical Tools 

Gasparatos & Scolobig (2012) make the distinction between three types of sustainability 
assessment tools: monetary, indicator-based and biophysical. Monetary tools such as CBA are 
preference based and rest on the assumption that value arises from the subjective preferences 
of individuals. The valuation perspective of monetary valuation tools is by definition 
anthropocentric where trade-offs are made between alternatives providing different levels of 
utility. On the other hand, indicator-based instruments such as the multi-criteria analysis 
involve important methodological choices when it comes to the indicator selection, weighing, 
normalisation and aggregation. These choices, again, are heavily reliant on the researchers’ 
assumption and are likely to lead to diverging results. Biophysical tools, on the other hand, 
adopt a more eco-centric valuation process by favouring alternatives that demand the lowest 
amount of natural resources. Each of these methods come with trade-offs which entails that 
the choice of the most appropriate decision support tool is therefore case specific and depends 
on the ontological and epistemological assumptions of researchers (Gasparatos & Scolobig, 
2012).  

Product versus Project Related Assessment Tools  

Moreover, an important distinction needs to be made in terms of the scope of these 
approaches. Ghinea & Gavrilescu (2010) make the distinction between product-related 
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assessment tools such as LCA, project related assessment such as CBA and sector and country-
related assessment such as multicriteria decision making. Their overview highlights that CBA 
is most useful when the maximisation of society’s utility is at the core of preoccupations while 
LCA favours the option that has the minimal environmental impact (Ghinea & Gavrilescu, 
2010). However, they point out that LCA and CBA methodologies, to a certain extent, overlap. 

In some cases, it can be beneficial to use them together, in 
which case, the results of the LCA can be used to quantify 
some of the environmental costs (Ghinea & Gavrilescu, 2010). 

Figure 2-1 illustrates how GRs can be seen either as a system 
or as an association of various components. Accordingly, their 
impact has been investigated using either CBA, which 
considers GRs as a system providing benefits in the form of 
ES, or with LCA which looks specifically at the impact of the 
materials from which GRs are composed. Figure 2-1 depicts 
how these two tools investigate different aspects of the GR 
impact.  

Figure 2-1. Project versus product-oriented decision support tool 

Why CBA is in Favour 

CBAs quantify all costs and benefits associated with a decision or project. The comparison of 
costs and benefits are, as much as possible, made in monetary values. When monetisation is 
not possible, then impacts are to be described in qualitative terms. CBA has been widely used 
in policy making to help decision makers get a better understanding of the potential outcomes 
of a certain policy option. Indeed, benefits are understood as an increase in human well-being, 
or utility, while costs are perceived as a reduction of that utility. Thus, projects to a large extent 
are considered for policy making only when benefits exceed costs. However, while projects 
that yield the highest utility will typically be favoured, other aspects such as regional policy or 
sustainability aspects, will occasionally outweigh low monetised benefits. While primarily used 
to assess economic outcomes, CBA is now widely used in environmental policy development 
and is promoted by the OECD (OECD, 2018).  

CBA has been used in environmental policy making because it provides a rational model where 
all the impacts of a decision are to be accounted for. CBA supports decision-making by 
converting all the benefits and costs into a single unit of measurement, providing a base for 
comparison between different options. Moreover, CBA considers the dimension of time 
through the process of discounting.  

For decision-makers, the value of a CBA is that it provides information about peoples’ 
preferences. These values can either be found by observing behaviour (revealed preferences) 
or by making interviews about specific values (stated preferences). Both methods are relevant, 
but they are used in different situations. Revealed preferences are used when peoples’ 
behaviour can be observed, while stated preferences is used when behaviour cannot be 
observed, in which case, hypothetical questions are asked. Sometimes, when people have little 
knowledge or understanding of impacts, indirect valuation methods can be used as an 
alternative. These valuation methods and their complexities will be further described below. 
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2.1.2 Socio-Economic Valuation 

The valuation of non-market goods or bads in conventional economic analysis for 
environmental decision-making is complex and brings up several challenges (Jones et al., 2018). 
This section will cover the three main categories of non-market valuation methods which are: 
revealed preference methods, stated preference methods and avoided cost methods. 

Revealed Preference Methods 

Revealed preference methods are valuation techniques which rely on the fact that many non-
market goods are indirectly traded on markets. Revealed preference methods rely on observed 
behaviours of purchases in actual markets to value non-market goods or bads. One of the most 
common examples shows that the value associated with nature recreation can be captured by 
looking at the travel cost invested to reach a location. Another prominent application is 
hedonic pricing, whereby the value of environmental goods and services is perceived as an 
attribute of related purchases. A notable example consists of estimating the value of green 
areas in cities by investigating how proximity to a park increases property value. Moreover, 
shadow pricing is used in the case where there is a similar good or service to the one that is 
being studied, in which case its value is used as a proxy. An example could be the use of the 
entrance fee for a park as a proxy for the utility gained by visiting it. The final application 
consists of accounting for the averting behaviour and defensive expenditure approaches, 
whereby individuals take costly actions to avoid a non-market bad. 

Stated Preference Methods 

Stated preference methods rely on answers to carefully worded survey questions as opposed 
to observed behaviours and preferences. Contingent valuation is one of the most common 
stated preference methods, whereby respondents are directly asked for their willingness to pay 
for a certain change in the level of provision of a non-market good. Alternatively, respondents 
could also be asked how much they would be willing to accept in compensation of the loss of 
a non-market good or service. In a contingent valuation questionnaire, a hypothetical market 
is presented and respondents are expected to behave as though they were in a real market. This 
method has been subject to criticism, notably because it is believed that respondents are often 
unable to provide a realistic estimation of how much they would actually be willing to pay, 
which leads to overestimations (Jones et al., 2018). 

Avoided Costs Methods 

Avoided costs methods estimate the cost of a conventional approach to risk mitigation 
compared with the equivalent mitigation efforts with the alternative under study, such green 
infrastructure (OECD, 2018). A common example is that of wetlands, which provide ES in 
the form of improved water quality and pollution reduction. The estimated value of a wetland 
will be inferred from the cost of an alternative technology providing the same services, in this 
case a conventional water treatment process. This valuation technology is particularly 
applicable to GRs, where most of the benefits they provide such as storm water management, 
pollution reduction and carbon sequestration can be valued using an avoided cost approach 
(Jones et al., 2018). It should be noted that the avoided cost approach is applied to the SVC, 
which describes the monetary value of the worldwide damage induced by one tonne of CO2 
emitted at any time in the future (Baranzini et al., 2017). While the SVC can be used to evaluate 
the cost of releasing carbon emissions into the atmosphere, the next section will discuss how 
other proxies can be used. 
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2.1.3 Monetising CO2 Emissions 

When it comes to monetising the potential of GRs to reduce CO2 emissions, several methods 
are typically applied in CBA. The estimated CO2 emission reduction is generally converted into 
monetary values using the following means: 

• The direct price of a carbon tax or levy 

• The market price of allowances in emission trading schemes 

• A shadow price using the estimated abatement costs to achieve a specific reduction 
target 

• Recommended values to be used in CBA calculations (In Sweden: ASEK guidelines) 

All these values can significantly differ as illustrated by Figure 2-2, and the choice of one or 
the other can have a large impact on the results of the CBA (Ramstein et al., 2019). 

 

Figure 2-2. Prices in implemented carbon pricing initiatives for 2019 (US$/tCO2
eq) 

Source: Own figure adapted from (Ramstein et al., 2019) 

It should be noted that Figure 2-2 discloses the values of several carbon pricing initiatives as 
of April 1st, 2019, but if the new Swedish SVC of 7 SEK/kg had been included in the graph it 
would have corresponded to roughly 740 US$3 per tonne which is considerably higher than 
any other value previously used for carbon pricing. This can be explained by the fact that the 
Swedish CBA values of air pollutants, including carbon dioxide emissions, are based on an 
indirect valuation method, the avoidance cost approach. Since the beginning of the 1990s there 
are emission reduction targets for the major air pollutants, to a large extent determined by the 
critical load concept and precautionary principle (Trafikverket, 2018). Environmental taxes and 
values to be used in CBA are set in order to reach these reduction targets. The principle is 
similar to that of the EU ETS, where a reduction target is set for GHG emissions, 
corresponding to the same amount of emission allowances being handed out. The market will 
generate daily equilibrium prices based on the demand and supply of these allowances. Hence, 
a reduction in the number of allowances will lead to an increase in their market price. In 
Sweden, it works differently as an initial market price in the form of a tax, or value to be used 
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in project appraisals, is set as a means to give an incentive to reduce emissions. If the tax or 
value does not provide a strong enough incentive to reach the reduction targets, then the price 
should be increased. The new carbon dioxide value of 7 SEK/kg is motivated by this market 
principle and reflects a stronger focus on climate mitigation from the Swedish government 
(Ministry of the Environment and Energy, 2018). The choice of proxy for the valuation of 
carbon aspects is therefore of crucial importance, as it will reveal the importance bestowed 
upon climate mitigation which differs from country to country.  

In conclusion, revealed preference methods, stated preference methods and avoided cost 
methods all provide a means to assign a monetary value to non-market goods or bads and are 
useful in environmental decision making. These methods are, however, subject to some 
criticism as data is often scarce and studies need to make use of the benefit-transfer approach, 
where values from studies conducted elsewhere are applied to the target location (Jones et al., 
2018). Moreover, while individual preferences give good decision-support for governmental 
bodies when individuals have relevant knowledge about gains and losses, more complex 
situations necessitate expert judgement, where indirect valuation methods are thought to 
provide more accurate results. The next section will describe how these methods are used in 
practice when applied to GR systems. 

2.2 Impacts considered in current CBAs 
This section aims to describe and compare how current CBA studies have been accounting for 
the costs and benefits resulting from the implementation of GR systems. It provides a review 
of which variables have been taken into account in decision making, which ones have been 
effectively quantified and which ones were not, due to a lack of data, the complexity of the 
calculations or the lack of an incentive to do so. 

2.2.1 Costs 

This section summarises all the costs that were mentioned in the chosen studies and the 
methodology used to monetise them when applicable. The numerical results are available in 
Table A-1 of Appendix A.  

Construction Costs 

The construction costs of GRs are compared with the cost of a standard roof, usually 
corresponding to a low-slope bitumen roof. The choice of benchmark is however study 
dependent, and prices vary depending on the type of roof covering and insulation layer 
(Rosasco & Perini, 2019). While some studies rely on practitioners’ interviews (Nurmi et al., 
2016), most draw on previous research (Claus & Rousseau, 2012 ; Bianchini & Hewage, 2012b). 
Broadly the range of construction costs from these studies varied between 35€/m2 to more 
than 150€/m2. 

Maintenance Costs 

Maintenance costs of GRs need to be compared to the maintenance costs of conventional 
roofs over a decided time frame. On average the life-span of GRs is twice as long as that of 
conventional roofs (Rosasco & Perini, 2019). Rosasco & Perini (2019) provide a detailed study 
in which they list the maintenance costs of extensive GRs as follows: mowing, eradication of 
weeds, soil fertilisation and cleaning of ducts for collecting and removing rainwater. 
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Training Costs 

Training costs have only been mentioned by Claus & Rousseau (2012). These costs are defined 
as the additional costs associated with the training of builders in making the necessary 
infrastructure for GRs. Claus & Rousseau (2012) deemed it negligible and did not attempt to 
quantify it. 

Regulatory Costs 

Regulatory costs have only been mentioned by Claus & Rousseau (2012). GRs are subsidised 
in Belgium, which results in additional costs. It is unclear whether GRs are not subsidised in 
other countries or whether this cost was just left out of the other studies. Claus & Rousseau 
(2012) distinguished between the direct regulatory costs paid by taxpayers and the indirect cost 
corresponding to the administrative burden and potential distortions on the labour market. 

Environmental Costs 

Jones’ et al., (2018) discuss several environmental costs that were usually left out of studies. 
This includes: water quality deterioration due to heavy metal concentrations when certain 
materials are used on the GR, increased energy use to pump irrigation systems and storm water 
disposal if the GR is not gravity-fed, embedded CO2 in the manufacture and installation of 
GRs and the creation of ecological traps for some species (Jones’ et al., 2018). 

2.2.2 Benefits 

The GRs’ benefits that can be quantified rather easily are those that have verifiable market 
values. On the other hand, non-market values are more challenging to capture and 
consequently rely on indirect valuation methods (Jones et al., 2018). The following section 
clearly illustrates how several of GRs’ benefits in the form of ES are often left out of studies 
or fail to be quantified. The numerical results are available in Table A-2 of Appendix A. 

Increased Lifespan 

Two main factors explain the significantly longer lifespan of GRs compared to conventional 
roofs. Firstly, the vegetation cover absorbs ultraviolet and infrared radiation which otherwise 
would damage the roof. Secondly, GRs can prove more resistant to extreme weather 
circumstances and temperature fluctuations. Thus, the expected renovation costs of GRs are 
minimal, and GRs reach an average lifespan on 50 years (Claus & Rousseau, 2012). Most 
studies estimate the price of replacing a conventional roof after about 25 years and use that 
amount to account for the benefit of having a longer lifespan (Bianchini & Hewage, 2012b; 
Rosasco & Perini, 2019). Though it is relatively easy to calculate, the benefit from having an 
increased lifespan is not systematically evaluated. 

Energy Savings 

Energy savings were mentioned in all the studies assessed in this literature review. Energy 
savings are complex to capture as they depend on the size of the building, the insulation 
requirements, the climate zone and the type of GR, with both the plant species and thickness 
of the roof being determining factors (Claus & Rousseau, 2012 ; Rosasco & Perini, 2019). Most 
studies directly derive values from other case studies, with the exception of Nurmi et al., (2016) 
who employed an avoided cost method while still using external data. 
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Air Quality 

All the studies assessed in this literature review mention air quality improvements associated 
with GRs. GRs can improve air quality by reducing concentrations of nitrogen oxides (NOx), 
sulphur dioxide (SO2), ozone (O3) and particulate matter concentrations. Yang, Yu, & Gong 
(2008) study, which quantified air pollution removal by GRs in Chicago, is often used as a 
point of reference. Their results indicate that a total of 1,675 kg of air pollutants are removed 
by 19.8 hectares of GRs in one year; with O3 accounting for half of the total.  Nurmi et al., 
(2016) also draw information from studies conducted by the Finnish Transport Agency where 
the average cost of different emissions was valued by looking at the reduced mortality risk and 
the reduced morbidity risk. Jones’ et al., (2018) go one step further by listing direct and indirect 
costs arising from air quality degradation. In short, most studies work with data derived from 
other case studies. 

Storm Water Management 

GRs have many beneficial effects on storm water management. The main advantage 
corresponds to the lower volumes of water discharged in sewage systems due to the retaining 
potential of GRs. GRs retain rainwater and release it to the atmosphere via evapotranspiration. 
By doing so, the municipal wastewater treatment costs and the risk of flooding are reduced 
(Claus & Rousseau, 2012). Rosasco & Perini (2019) estimated the retention capacity by 
measuring the difference (%) between the volume of water falling on the surface of GRs and 
the volume of water absorbed and evaporated by GRs. Other papers used formulas to predict 
the annual runoff derived from previous studies. Finally, Bianchini & Hewage (2012b) 
estimated the savings made by building owners that get a discount for reducing effective 
impervious areas and use that value to approximate the benefits from better storm water 
management. They however point out that such compensations are not necessarily available 
elsewhere and that the results are therefore specific to the study area. 

Heat Island Effect Reduction 

Urban areas are characterised by dark surfaces such as concrete and asphalt, which have a low 
reflection potential (Bianchini & Hewage, 2012b). The heat-island effect is now a major 
problem faced by cities that see temperatures significantly increase in areas with a limited 
amount of vegetation. GRs can provide a solution to this problem by creating islands of 
coolness. However, Nurmi et al., (2016) highlight the fact that the heat-island effect reduction 
potential of GRs is still widely unknown. Most papers mention this potential but do not 
attempt to measure it, except Bianchini & Hewage (2012b). In their study, they estimated that 
effect by looking at the reduction in electricity consumption for cooling buildings. Jones’ et al., 
(2018) suggest that it could be measured by looking at the value of statistical life. 

Improved Indoor Acoustics 

GRs have the potential to improve the acoustic quality of a building (Claus & Rousseau, 2012). 
This benefit is not deemed the most significant and has not been studied extensively. Two 
methods have however been identified to quantify the noise insulation potential of GRs. 
Nurmi et al., (2016) used the avoided cost method, looking at the difference between adding a 
plasterboard layer to improve noise insulation or using a GR. Claus & Rousseau (2012) on the 
other hand, used the hedonic valuation method. They looked at the variation in property values 
due to improved indoor acoustics and were thus able to deduct residents’ utility in having 
better acoustics. 
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Greenhouse Gas Reduction 

The GHG reduction potential of GRs is either discussed along with their pollution reduction 
potential or separately. As pointed out by Claus & Rousseau (2012), GRs have an impact on 
CO2 emissions in two ways. GRs’ vegetation directly sequesters CO2 through photosynthesis, 
but CO2 emissions are also indirectly reduced by the energy savings induced by GRs. 
Therefore, the allocation of the CO2 emissions is particularly complex and has not been 
quantified reliably yet. Bianchini & Hewage (2012b) attempted to estimate the overall benefit 
of reducing CO2 emissions by first quantifying the CO2 emission reduction potential of certain 
plan species used on GRs and then estimating the savings associated with avoiding paying a 
carbon tax. 

Scenic Benefits and Increased Property Value 

Scenic benefits of GRs and their impact on property values are often mentioned together even 
though they could be treated separately. On one hand, people derive an indirect benefit from 
looking at GRs and on the other hand, homeowners experience a direct benefit when they see 
the value of their house increase due to that scenic appreciation. Nurmi et al., (2016) state that 
most articles looking at the economics of GRs mention without quantifying their scenic, 
psychological or cultural benefits to residents. For the rare studies which tried to tackle that 
problem, the hedonic pricing method was used. For example, Nurmi et al., (2016) analysed 
housing transactions in Helsinki and looked at the value individuals placed on being located in 
the vicinity of a park. It was assumed that they would derive a similar utility from living close 
to a park to living close to a GR. Bianchini & Hewage (2012b) mention that the stated 
preference method could be used to quantify the aesthetic value of GRs, but they used the 
hedonic pricing method instead. The aesthetic value of GRs is highly dependent on how visible 
the GR is from the street, if people can access it and if it is consistent with the architectural 
landscape which makes it even more complex to grasp. 

Biodiversity 

The potential benefits of GRs on biodiversity are excluded from most studies. These benefits 
can however be quite consequent, as highlighted by Claus & Rousseau (2012). GRs provide 
habitat for fauna and flora and can thus contribute to the creation of wildlife corridors in urban 
areas. In this literature review, only Bianchini & Hewage (2012b) quantified this benefit by 
using the avoided cost method. They studied the special case of Portland, where funds were 
invested in the restoration of natural habitats in city. Though GRs do not offer the same 
benefits as natural habitats, the similarity was deemed high enough to use the avoided cost 
method. Jones’ et al., (2018) highlight that the willingness to pay approach could also be 
employed. 

Fire Risk Reduction 

Only Claus & Rousseau, (2012) mention the fire risk reduction potential of GRs. They 
highlight the fact that this aspect has not yet been studied and do not attempt to quantify 
themselves as they considered it negligible. The fire reduction potential of GRs seems to be 
highly dependent on the plant species used. On one hand, the most commonly used plant 
species, sedum, retains water and could thus reduce the risk of fire, but on the other hand, other 
plant species that dry easily could increase that risk. 

2.2.3 Next Steps for CBA 

The literature review highlighted that there are a few studies attempting to monetise the costs 
and benefits of GRs. The number of benefits mentioned outweigh the costs, though fewer of 
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them have been quantified. Most of the costs are private costs, such as the implementation 
and maintenance costs, while a lot of the benefits are external, and especially those that have 
not yet been quantified are environmental and social. This confirms that current studies are 
mostly centred on the interest of private stakeholders and that there is a need to better integrate 
the valuation of environmental and social aspects. This however poses a challenge when 
private stakeholders are not likely to invest in GRs, even if the social and environmental 
benefits are better quantified, unless they benefit directly from these aspects. This calls for 
policy making based on more comprehensive CBA studies which will allow to pay private 
stakeholders for the services they provide to society by implementing GRs4. 

This should be done with a special focus on the distinctions between the various types of GRs 
and the potential for using new building materials. Current studies do not account for the fact 
that the different characteristics of each type of GR will impact the results of CBAs. By better 
acknowledging these differences and acquiring a deeper understanding of the materials used in 
GR systems and their properties, there is strong potential to find more sustainable designs for 
GRs. More specifically, a stronger focus on the potential environmental damage incurred by 
the GR structure should be adopted.  

For example, while the direct reduction in CO2 emissions realised by the plant cover and the 
indirect reduction resulting from reduced energy consumption have been included in CBA 
calculations, the carbon impact of GRs’ structure was left out from most previous studies. This 
is problematic as ideally, the embedded CO2 emissions in the manufacture and installation of 
GRs, would need to be accounted for before any other economic benefits associated with 
carbon reductions can accrue (Jones et al., 2018). The following section will explore how recent 
CBA studies have used some elements of the LCA methodology to bridge that gap. 

2.3 The inclusion of a life cycle perspective in CBA 

What can LCA bring to CBA? 

LCA, unlike CBA, focuses on the upstream and downstream environmental impacts of a 
practice, product or process (Shafique, Azam, Rafiq, Ateeq, & Luo, 2019). When applied to 
GR systems, the LCA methodology can provide an assessment of the whole life cycle impact 
of GR components. The processes generally considered are the material extraction, 
transportation, operation, maintenance and end-of-life. Moreover, a wide range of impact 
categories can be considered such as the Global Warming Potential, the Ozone Depletion 
Potential, the Acidification Potential and the Eutrophication Potential to name a few. 
Conducting an LCA assessment on the different components of a GR system can provide an 
indication of which materials are the most environmentally friendly to use. However, when re-
thinking GR design, the socio-economic cost-effectiveness of these materials is usually not 
assessed in LCA, nor is the trade-off between the use of more environmentally friendly 
materials and their relative costs evaluated (Shafique et al., 2019). While the integration of 
monetary valuation in LCA is gaining attention, this practice comes with challenges which so 
far have limited its diffusion (Pizzol, Weidema, Brandão, & Osset, 2015). On the other hand, 
the conversion of social and biophysical measures into monetary terms is a well-established 
practice in CBA, but life cycle impacts have been slow to be considered. Let us first get a better 
understanding of how the monetisation of life cycle steps has been applied in practice and how 
it has been integrated in the CBA methodology. To do so, two life cycle inspired CBAs on 

 

4 Just as is the case with Payments for Environmental Services 
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GRs will be analysed and compared in the following section to identify similarities in the 
methodology. 

The Inclusion of life cycle steps in CBA 

Only two studies including life cycle steps in their CBA model were found relevant for this 
research. Yao, Chini, & Zeng, (2018) considered the reduction in CO2 emissions by integrating 
the Global Warming Potential results of the LCA in the calculations of the CBA. Bianchini & 
Hewage, (2012a) integrated the cost of pollution resulting from the production of GR 
materials, which are often made of polymers, in their CBA calculations. In the next paragraphs 
their analytical frameworks will be elaborated upon. 

Yao, Chini, & Zeng, (2018) investigated the cost-effectiveness and environmental impacts of 
GRs compared to a conventional roof. They conducted a full but simplified LCA looking at 
the environmental impact of a GR system, using Athena Impact Estimator for Building. Their 
scope included the product manufacturing, construction of the GR, use phase in the form of 
energy consumption, and the end-of-life of the system. They used the estimated values for the 
Global Warming Potential of the total life cycle impact and converted them in a monetary 
value using $47/tonne as an estimation of the SVC. Overall, their results indicated that over a 
50-year period, the CO2 emission reduction of a GR compared to its alternative was 215 tonnes 
of CO2 equivalents which corresponds to savings of $202 yearly (Yao et al., 2018). This 
reduction is solely due to the energy savings, which are accounted for in the use phase. 
Interestingly, all the other life cycle steps have a larger carbon impact than that of the 
conventional roof. Notably, the embedded carbon emissions in the GR materials is higher than 
for the conventional roof. Moreover, when looking at the distribution of the carbon impact, 
the use phase has the largest impact, closely followed by the embedded carbon emissions in 
the materials, the construction process and finally the end-of-life. Thus, this study provided a 
first estimation of the avoided carbon emissions resulting from the implementation of a GR 
instead of a conventional roof, while highlighting its non-negligible life cycle carbon impact. 
In addition, Yao et al., (2018) were able to put a monetary value on these savings which 
provided a first framework for the integration of LCA and CBA.  

Bianchini & Hewage, (2012a) study focuses on the indirect costs resulting from the use of 
materials that have a high environmental impact. They point out that polymers such as low-
density polyethylene and polypropylene are often used in GRs due to their high strength, 
durability, low production costs and ease of installation. Several LCA studies on GRs focused 
on the environmental impact of the GR structure, but none monetised this aspect (Bozorg 
Chenani, Lehvävirta, & Häkkinen, 2015 ;  Peri, Traverso, Finkbeiner, & Rizzo, 2012 ; Pushkar, 
2019 ;  Rincón et al., 2014). Bianchini & Hewage, (2012a) therefore attempted to bridge that 
gap and incorporated the socio-environmental cost resulting from the use of these polymers 
into their CBA. Their study compared three alternatives: (1) extensive GR (2) intensive GR, 
and (3) an experimental construction and demolition waste based extensive GR. Their analysis 
considered the manufacturing, construction, operation, and decommission phases of these 
three GRs. They considered that the total air pollution costs corresponded to the sum of the 
carbon and nitrate costs. The improved air quality benefit corresponded to the CO2 emissions 
sequestered by the plant cover and the reduction in NOx emissions. Their calculations indicate 
that the pollution costs of extensive GRs vary between $14.06/m2 and $22.20/m2, while for 
the construction and demolition waste based GR a constant value of $3.20/m2 was found. In 
contrast, the improved air quality benefit varied between $0.025/m2 and $0.03/m2 yearly 
(Bianchini & Hewage, 2012a). These results are particularly interesting as most CBA studies 
only account for the air pollution reduction potential of GRs without contrasting this benefit 
with the pollution cost associated with the production of GR materials. This shows that, 
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despite the fact that GRs have the potential to have a positive impact on air pollution, once 
the life cycle of the materials used in their structure is taken into account, this effect becomes 
more ambiguous. In addition, their study also highlights that the use of more environmentally 
friendly materials such as the construction and demolition waste can help reduce the 
environmental impact of the GR structure. Their results push for more research into the 
structure of GRs while also encouraging the substitution of polymers with more 
environmentally friendly materials. While the inclusion of a life cycle perspective in CBA 
revealed that the GR structure incurs pollution costs, it did not provide sufficient information 
on the hierarchy of the impact of each GR layer. 

In conclusion, these two studies exemplified how the inclusion of the life cycle impact of the 
GR structure in CBA sheds light on environmental costs that would otherwise not be 
considered in decision making. This was done by using, in one case, a social cost of carbon of 
$47/tonne and, in the other, a carbon tax of $20/tonne paired with a NOx emission credit of 
$3,375/tonne. While both cases provided an estimation of the environmental cost of the whole 
GR structure, the individual impact of each GR layer was not researched. Further information 
on the impact of each GR layer was consequently sought by reviewing LCA studies, to 
understand to what degree the use of one material versus another can impact the overall 
environmental impact of the GR. 

2.4 Carbon footprint of the GR structure 
This section aims to determine the magnitude of the embedded carbon emissions resulting 
from the production of GR materials, to investigate whether this impact should be considered 
in future CBA studies. Furthermore, special attention will be given to the impact of each GR 
layer to establish which layers bear the highest carbon footprint and should thus be excluded 
from future designs. 

CO2 payoff of extensive GRs. 

Kuronuma et al., (2018), to the best of the author’s knowledge, were the first to conduct a 
study looking specifically at the CO2 payoff of extensive GRs. Their research focused on 
estimating the payback time for a GR’s CO2 sequestration and reduction to offset the emissions 
induced by their production process and maintenance. To do so, they gathered information on 
the following: the amount of CO2 arising from the production of a modular GR, the amount 
of CO2 emitted yearly during maintenance practices, the annual CO2 sequestered by three grass 
species as well as one species of sedum and the CO2  emission reduction attributed to energy 
savings.  

This study used the LCA methodology to estimate the environmental impact of GR system 
components throughout their life cycle. The functional unit used was 1m2 and the assumed 
lifetime was 45 years. The hypothetical GR model used in their study was an extensive GR 
with a 50mm depth substrate, excluding the vegetation mats. The system components and the 
materials they are made of are listed in Table B-1 of Appendix B. The MiLCA LCA software 
was used to calculate the CO2 emission factors for each component and maintenance practice. 
The amount of CO2 emitted by each component or maintenance practice per m2 of GR was 
then computed by multiplying its CO2 emission factor by the quantity of the component used 
in the GR system of study. The production process included the extraction and refinement of 
raw materials as well as the consumption of natural resources (Kuronuma et al., 2018).  

Table B-1 illustrates that the materials currently used in the GR structure are, on the whole, 
not environmentally friendly and have a high carbon footprint. This was confirmed by this 
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study’s results, where it was found that the total CO2 emissions from the production of a 
modular green roof were 25.2 kg of CO2/m2. The substrate had the most important 
contribution due to its large volume compared to the other layers (Kuronuma et al., 2018). Out 
of the different components, the aluminium edge divider had the highest CO2 carbon footprint, 
closely followed by the reservoir tray, water proofing membrane and irrigation pipe which are 
made of similar materials (Kuronuma et al., 2018). Their results highlight that considering 
different mixes for the substrate could be a first step in decreasing the overall carbon footprint 
of the GR structure. Finally, their findings show that when considering the energy savings and 
carbon sequestration benefit realised by the GR system, the CO2 payoff varies between 5.8 to 
15.9 years. While this study shows that GR systems can eventually contribute to a reduction in 
CO2 emissions, a lower carbon footprint could be achieved with the substitution of materials 
that have the highest embedded carbon in their manufacture (Kuronuma et al., 2018). 

Full life cycle assessment of GRs’ layers. 

Kuronuma et al., (2018) results are similar to what Bozorg Chenani et al., (2015) had found 
while conducting a full life cycle assessment of the different layers of GRs. Their study focused 
on analysing the environmental performance of two complete lightweight GR systems with 
the aim of assessing the environmental impact of each GR layer. They compared two 
alternatives which both had a substrate depth of 100mm but different substrate components. 
The specific characteristics of these two models are illustrated in Table B-2 (Bozorg Chenani 
et al., 2015). 

Their study did not focus solely on the carbon footprint of the GR structure but more broadly 
on its overall environmental impact. Their results showed that the water retention, drainage, 
and substrate layers contained the components that had the greatest negative environmental 
impact. More specifically, rockwool, the plastic drainage layers, and expanded clay had the 
most important environmental burdens. Expanded clay was the main contributor to the 
substrate impacts due to its production process. Moreover, their results indicated that the 
choice of substrate components is important, with large differences between their two 
compositions. In terms of the carbon footprint, their results demonstrated that the total CO2 

emissions resulting from the manufacturing of alternative one were 32.23 kg CO2
eq/m2 and for 

alternative two, 22.13 kg CO2
eq/m2 (Bozorg Chenani et al., 2015).  

In short, their study shed light on the overall environmental burden of GR layers, while 
providing indications on which materials bear the most important environmental impact and 
should thus be avoided. Bozorg Chenani et al., (2015) conclude their study by highlighting the 
need to find alternative materials for the design of GRs, giving a higher priority to recycled and 
local materials. 
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3 Analytical Framework & Methodological Approach 
This chapter first elaborates upon the research design used in this study. It then presents the 
analytical framework which was developed to answer the RQs. Finally, it describes the different 
steps taken for data analysis. 

3.1 Research Design 
An explorative research approach was chosen to investigate this topic as very little research 
had been conducted on it before. Mixed methods were used to provide a multidisciplinary 
perspective to the problem. Qualitative methods supported the literature review while 
quantitative methods were used to compare the prototype with the baseline. 

“RQ1 How can the conventional green roof cost-benefit analysis be extended to consider the life cycle carbon 
profile of the green roof structure?” was answered on a theoretical level in the literature review and 
on a practical level in the results section. First, a comprehensive literature review was 
conducted with four objectives.  

• First, it aimed to explore the rationale for using CBA analysis in environmental 
decision making, and more explicitly when applied to GR projects. 

• Second, it sought to determine which costs and benefits had been previously 
mentioned and quantified in literature. The impacts considered in previous studies for 
decision making were highlighted along the identification of knowledge gaps. 

• As a third step, impacts which are generally omitted from CBAs but that could be 
considered when factoring in GR’s mitigation and adaptation effects on climate 
change were identified. One of the variables excluded from previous CBA studies is 
the carbon footprint of GR layers which has however been investigated in LCAs. This 
section consequently assessed to what extent previous CBA studies had included the 
environmental impact of the GR structure in their calculations, how it was done and 
how it affected the results of the CBA.  

• Finally, the impact of the GR structure was further investigated by analysing several 
LCA studies. This was done to get a better understanding of how important the carbon 
footprint of each GR layer is, to get a first idea of which materials should be replaced 
and ultimately to decide whether this impact should be included in CBA. 

This extensive literature review helped to conceptualise an analytical framework, which was 
then applied to the case study to answer RQ1 on an applied level. A life cycle inspired CBA 
was conducted on two GRs with a different structure. One which served as a baseline and 
featured the characteristics of an extensive GR in Sweden, and one which is a prototype in 
which several layers were substituted with materials that have a potentially lower environmental 
impact and a lower carbon footprint such as cork and biochar. The practical implications of 
RQ1 are elaborated upon in Chapter 4. 

To answer “RQ2) What are the implications of the use of carbon sink materials on the socio-economic cost-
effectiveness of green roofs?” a comparative analysis between the baseline and the prototype was 
conducted. The performance of the two GR systems was compared and analysed through the 
lens of a life cycle inspired CBA. The modelling was conducted on Microsoft Excel, using a 
benefit-transfer approach when data was not available. The net-present value (NPV) of the 
two projects was used as a decision-criteria for the cost-effectiveness along with the 
benefit/cost ratio. Furthermore, a sensitivity analysis was conducted, exploring different 
scenarios to test the assumptions on the socio-economic parameters and on risk bearing 
variables. 
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3.2 Analytical Framework 

General Approach 

To investigate the implications of the use of carbon sink materials on the cost-effectiveness of 
GRs, a life cycle inspired CBA approach was adopted. In order to investigate the mitigation 
and adaptation potential of GRs in urban areas, it is vital to consider the impact of their 
structure within the GR system. 

While CBAs focus on providing support for decisions between a set of different projects, LCA 
assesses the environmental impact of products throughout their life cycle. A combined 
approach was necessary to capture the carbon sequestered by the plant cover, the indirect 
reduction in CO2 emissions due to reduced energy consumption as well as the socio-economic 
impact of the embedded emissions in GR components. Performing an LCA would not have 
accounted for the ES provided by GRs, nor would it have assessed the cost-effectiveness of 
the different options. Thus, while the LCA approach was used to factor in the carbon footprint 
of the GR structure, the CBA was used as a decision support tool to assess the cost-
effectiveness of the two GR alternatives, while taking into account the ES they provide.  

An ideal model would include all the costs and benefits provided by GRs over their entire life 
cycle, thus incorporating the ES provided by GRs while also taking into account each step of 
the life cycle of the materials. However, due to the novelty of this approach, the consequent 
scarcity of available data and the expected marginal impact of some of the variables, a 
simplified life cycle CBA approach was adopted. Figure 3-1 illustrates which life cycle steps 
were incorporated in the CBA, and which variables were included in the life cycle inspired 
CBA. In short, the raw material acquisition, transport and manufacturing of each material was 
considered, while including the emissions stored in carbon negative materials. 

 

Figure 3-1. Analytical framework: visualisation of a life cycle cost-benefit analysis approach 

Carbon Capture and Storage Accounting  

In order to integrate the carbon footprint of the GR structure in the CBA, a better 
understanding of how certain materials can temporarily store carbon and thus act as 
provisional carbon sinks is necessary, along with an understanding of how this process can be 
accounted for. “Chapter 9: Implications of carbon dioxide capture and storage for greenhouse gas inventories 
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and accounting” (IPCC, 2005) elaborates on how accounting methodologies which estimate the 
reduced or avoided emissions from CCS can be included in national GHG inventories, and in 
accounting schemes such as the Kyoto Protocol. This report is used as a guideline for 
incorporating the life cycle impact of GR materials in CBA as it provides the core principles 
for CCS accounting. Accounting for the CCS of CO2 is complex. A wide range of accounting 
rules have been developed with various purposes and different scales, making the selection of 
a methodological approach to account for project-related CO2 emission reduction from CCS 
technologies difficult. Conversely, the main complexities linked to the accounting of these 
emissions are clear. These will be highlighted and used for further reflection when building up 
the analytical framework used in this study (IPCC, 2005 ; IEAGHG, 2016). 

First, system boundaries are at the core of accounting for the CO2 emission reduction from 
CCS technologies. The sectoral, spatial, and temporal boundaries need to be clearly defined 
and will vary in importance depending on the phase of the system. This is of particular 
importance for national inventories, when emissions might be captured in one location and 
released in another which leads to liability issues (IPCC, 2005). Secondly, a potential accounting 
subtility comes from the fact that it is unclear whether emissions that are temporarily stored 
should be accounted for in the same way as emissions that are permanently stored. There are 
therefore concerns when it comes to the displacement of emissions across temporal 
boundaries and how this should be accounted for is, for now, unclear. This complexity 
increases with the risk of physical leakage, which refers to the escape of CO2 from a reservoir. 
Such leakage can take the form of a gradual and long-term release or a sudden release due to 
the disruption of the reservoir. Finally, another question concerns the value of emissions over 
time and whether the avoided emissions linked to the use of CCS technology today can be 
credited using the same value now and in the future (IPCC, 2005 ;  IEAGHG, 2016).  

One alternative suggested for the accounting of these emissions is to track CO2 flows 
throughout the whole capture and storage system. This would entail that, for each process 
step, the total amount of CO2 produced, emitted into the atmosphere and stored would be 
accounted for. This approach is said to be transparent and consistent with the UNFCC 
agreements (IPCC, 2005). This is what previous LCA studies have attempted to do for the 
different materials of the GR structure.  

In short, this section highlights that accounting for the avoided or reduced emissions 
associated with CCS is complex because of the possibility that CO2 emissions will be released 
in another location, sector and/or at another time. At present it is unclear how these emissions 
should be accounted for in the future, but one of the IPCC methodological recommendations 
encourages the inclusion of all the CO2 flows throughout the life cycle of the system (IPCC, 
2005). In this study, a simplified approach was adopted to account for the avoided emissions 
resulting from the use of carbon sink materials in the GR structure.   

Life Cycle Steps 

The literature review highlighted that, to the best of the author’s knowledge, few CBAs so far 
included the carbon footprint of GR materials in their calculations. Indeed, while some LCAs 
investigated the carbon footprint of GR layers, the impact associated with the life cycle of 
these materials has rarely been monetised. Yao et al., (2018) is the only example, which could 
be found, where the estimated Global Warming Potential, expressed in kg of CO2

eq, of GR 
layers was used for the monetisation of the carbon impact of the GR structure. As previously 
mentioned, the social cost of carbon was used to convert the benefit associated with reduced 
carbon emissions to an economic value. All life cycle steps were considered in their study, from 
production and construction to use and end-of-life. This study will follow the same approach 
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where the carbon footprint of each GR layer will be monetised using the SVC used in the 
Swedish context. 

Ideally, and if relevant data is available, the carbon impact of all life cycle steps should be 
accounted for in future life cycle inspired CBAs. However, quality data could only be found 
for the life cycle steps A1, A2, A3 which correspond to the extraction of raw-materials, 
transport and production for each material used in the GR structure. In addition, the end-of-
life of GRs brings large uncertainties which makes its inclusion in CBA challenging.  The 
avoided CO2 emissions attributed to the use of carbon negative materials are only retained, 
with certainty, for as long as these materials remain in the GR structure. The end-of-life phase 
of the GR structure will determine whether these stored CO2 emissions are released back to 
the atmosphere or not. If the materials were to be reused or stored in a way that preserves 
their carbon storage properties, these avoided CO2 emissions could not be released for an 
undetermined amount of time. Since there is no certainty that these emissions will not be 
released at the end-of-life of the GR, this study only highlights the potential of GRs to store 
carbon during their lifetime. There is no guarantee that an environmentally optimal disposal 
scenario will be achieved in 50 years-time, nor is there any strong argument supporting an 
alternative scenario. With such a high level of uncertainty, the end-of-life step was thus 
excluded from the scope of this study. 

3.3 Data Collection 
Data collection was a lengthy process which unfolded in several steps. First, a review of 
previous CBA studies on GRs was conducted to get a broad overview of the variables deemed 
relevant to include in the calculations, the methodological processes used, as well as the values 
obtained (see Appendix A). Second, a review of LCA studies and Environmental Product 
Declarations (EPDs) of GR materials was conducted to gather information on the carbon 
emissions resulting from the life cycle of the GR layers’ materials. Thirdly, GR practitioners 
and material suppliers were contacted by email or by phone to enquire about the price of the 
different materials, installation cost and maintenance cost of GRs in Sweden. Finally, after 
reviewing the data available upon the completion of these steps, a benefit-transfer approach 
was applied to make up for the data that could not be obtained. This process is further 
described in the following sections. 

3.3.1 Review of the costs and benefits to be included 

The first step of the data collection consisted in conducting a previously described literature 
review to establish which costs and benefits of GRs had been mentioned and effectively 
quantified in previous literature. A content analysis of the chosen studies then helped establish 
best practices for the calculation of costs and benefits provided by GRs. This process helped 
build up an Excel table where the data needed was inventoried. A simplified version of this 
table can be found in Appendix C. Ideally, all the costs and benefits previously mentioned in 
literature should have been included, however, some of them were more relevant to the 
Swedish context than others. In addition, after getting a broad overview of the data available, 
the following selection was made. The costs included are the material cost of the structure, the 
installation cost, the maintenance cost, and the carbon impact of the structure which can be 
either a cost or a benefit depending on whether the structure is a source of a sink of carbon. 
In terms of benefits, the carbon impact of the structure was considered along with the 
reduction in CO2 emissions from the plant cover, the improved air quality, the improved storm 
water management, the energy savings, the improved aesthetics and the increased biodiversity. 
The heat-island effect and improved acoustics were excluded primarily due to a lack of data, 
but they were both expected to be marginal in the Swedish context.  
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3.3.2 Involvement of GR practitioners 

Several exchanges with the SGRI helped establish which data they could help provide. Specific 
data for Malmö was gathered using both the expertise and contacts of the expert from the 
SGRI as well as by directly contacting GR practitioners and material suppliers. Practitioners 
and material suppliers were contacted by email and by phone. Where data was still not available 
a benefit-transfer approach was taken.  

3.3.3 Benefit Transfer Approach 

A benefit transfer approach consists in using values from previous studies which can be 
transferred through time and space (Boyle et al., 2020). This approach is generally used when 
the study is under time or budget pressure or when data availability is scarce. There are two 
types of benefit transfer; value transfers and function transfers. Value transfer either takes a 
point-estimate of value from a similar existing study or averages estimates from several similar 
studies. Function transfer uses an estimated valuation function to compute a transfer estimate 
which is applicable to the new study conditions (Allen & John, 2008). This study uses a value 
transfer approach whereby values were borrowed from other studies and applied to the case 
of Malmö. Studies in nearby locations were prioritised, and when data was not available, the 
most similar studies in terms of roof type, location and climate were chosen. This approach 
was complemented by expert advice to better support the assumptions made. More 
specifically, email contact was established with a Post-Doctoral Research Fellow at the 
Victorian Institute of Strategic Economic Studies at Victoria University, who provided some 
support in finding the best estimates for data transfer. 

3.3.4 Inclusion of a life cycle perspective 

To conduct a life cycle inspired CBA looking specifically at the carbon footprint of the 
materials used in the roof layers, a second step to data collection was necessary. Information 
on the carbon emissions resulting from the extraction, transport and production of each 
material used in the GR layers was gathered by looking at various LCA studies as well as EPDs. 
The International EPD system, as well as the Institut Bauen und Umwelt e.V., were an important 
source of information, but independent LCA studies were also utilised (EPD, n.d. ; IBU, n.d.). 
EPDs were used as a main source of information as they are independently verified and 
registered documents that communicate transparent information on the life cycle of materials 
(EPD, n.d.). Most of the chosen EPDs follow the ISO 14025 standard and are registered on 
the International EPD system. 

3.4 Data Analysis 
The collected data was analysed using the methodological approach of a CBA, complemented 
by the addition of a life cycle approach including the carbon footprint of the GR structure. All 
the calculations were made on Microsoft Excel, using the analytical tools offered by the 
software. This section will first present the calculation methods used, followed by the analytical 
process. 

3.4.1 Calculation methods 

Net Present Value & Cost/Benefit Ratio 

Costs and benefits will arise at different moments of a project’s lifetime. Costs and benefits 
that accrue in the future are discounted to reflect the fact that consumers always derive a higher 
utility from getting something now than in the future (OECD, 2018). The temporal weight 
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which is used to reflect this time preference is called the discount factor which can be expressed 
as follow: 

𝐷𝐹𝑡 =
1

(1 + 𝑟)𝑡
 

Where DFt corresponds to the discount factor in period t and r is the discount rate. The 
discount factor evaluates the profitability of investments by converting them into today’s 
terms. 

Benefits and costs are discounted to obtain a present value which simply corresponds to the 
sum of all the discounted future values (OECD, 2018). The present value of benefits and costs 
can be expressed through the following equation: 

𝑃𝑉 (𝛽) = ∑
𝛽

(1+𝑖)𝑡

𝑛

𝑡=1
   &  𝑃𝑉(𝐶) = ∑

𝐶

(1+𝑖)𝑡

𝑛

𝑡=1
 

Where 𝛽 corresponds to benefits and C to costs, each arising at different time periods, 
represented by t. 

Projects are then ranked and prioritised according to their net NPV. The NPV corresponds to 
the sum of the actualised benefits minus the sum of the actualised costs as illustrated below. 

𝑁𝑃𝑉 = 𝑃𝑉 (𝛽) − 𝑃𝑉 (𝐶) which can be otherwise written as 𝑁𝑃𝑉 = ∑
𝛽𝑡−𝐶𝑡

(1+𝑖)𝑡

𝑛

𝑡=1
 

Finally, the benefit/cost ratio is an additional indicator which can be used to assess the cost-
effectiveness of projects. The benefit/cost ratio corresponds to the sum of the actualised 
benefits divided by the sum of the actualised costs.  

𝐵𝑒𝑛𝑒𝑓𝑖𝑡

𝐶𝑜𝑠𝑡
𝑅𝑎𝑡𝑖𝑜 =

𝑃𝑉(𝛽)

𝑃𝑉(𝐶)
 

These are the core formulas used to perform the life cycle CBA. Several additional 
methodological choices had to be made regarding socio-economic parameters and the 
conversion and use of the collected data. 

Discount Rate 

Several challenges come with discounting, such as the choice of the appropriate discount rate, 
which can either reflect a higher weight on the welfare of present or future generations, as well 
as the valuation of nonmarket environmental goods which requires the use of a more 
interdisciplinary perspective for valuation (Pearce, Atkinson, & Mourato, 2006). The ASEK 
guidelines recommend the use of a socio-economic discount rate of 3.5%. It must be noted 
that the recommended private discount rate is much higher, 5.0%. The choice of one or the 
other will have an impact on the results, which will be estimated with a sensitivity analysis 
(Trafikverket, 2014). 

Exchange Rates 

The average exchange rate for the last year was computed for four currencies. These exchange 
rates are the only exchange rates used throughout this study. 
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Table 3-1. Average Exchange Rates from 02/01/2019 - 03/01/2020 

Currencies Against Swedish kronor 

 100 DKK 1 EUR 1 GBP 1 USD 

Period Average Average Average Average 

Average 2019 141.83 10.59 12.07 9.46 

Source: Data retrieved from (Sveriges Riksbank, n.d.)  

Consumer Price Index 

Borrowing data from other studies implied considering the changes in the consumer price 
index (CPI) over time. Thus, each time estimates from previous years were used in the 
calculations, the chosen values were converted using the estimated change in the CPI for a 
certain time period. Table 3-2 provides two examples of how changes in CPI were estimated. 

Table 3-2. Consumer Price Index variation over time 

 Sweden Finland 

Period 2015-2020 2016-2020 

Change in CPI 332.82/310.75=1.071 103.3/100.4=1.029 

Source: author’s own using values from (SCB, n.d.) & (Statistics Finland, n.d.) 

Unit Conversions 

Information on the Global Warming Potential of materials was found in kg of CO2 equivalents, 
but depending on the type of material, the information was given in m2 or m3. The obtained 
data could consequently not be used directly in the calculations, so unit conversion was 
necessary. To process to the unit conversion, the thickness of each roof layer needed to be 
known as well as the volume of each material in the substrate. The conversion was made using 
the measurements and characteristics of the two GRs which are available in Table 4-1 but a 
simplified version of this model is available below to illustrate the conversion process. 

It must be noted that materials in the substrate compact over time, which means that a slightly 
higher amount of each material is needed than indicated by the original required volume. 
However, this factor was not considered as it was deemed minimal. 

 

 

Figure 3-2. Model of the GR substrate 

All the information collected on the Global Warming Potential of each material was 
inventoried in an Excel table following the model of Table 3-3. The excel table, however, 
comprised more detailed information, notably disclosing the source from which the 

Compost 20% 

 

LECA 10% Pumice 70% 
100mm 
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information was obtained, as well as a more complete overview of how each LCA study was 
conducted and what A1, A2, A3 stood for in each study. Generally A1, A2, and A3 correspond 
to the raw material extraction, transport and production respectively, but some degree of 
variation was observed amongst chosen studies. Extra attention was therefore given while 
deciding upon the inclusion of the different life cycle steps. The values for A1, A2 and A3 here 
are expressed in kg CO2

eq.  

Table 3-3. Example of the necessary information for a life cycle inspired CBA 

Material Characteristics Unit Conversion A1 A2 A3 

Cork Board Insulation Cork Board m3 m2 ✓ ✓ ✓ 

Stone Wool ISOVER stone wool insulation in the 

form of sheets and felt 

m3 m2 ✓ ✓ ✓ 

Polystyrene Soprema XPS insulation m2 none ✓ ✓ ✓ 

 

3.4.2 Comparative analysis 

The comparative analysis focuses on several factors. First, the two GR systems are compared 
in terms of the carbon footprint of their structure and the associated costs resulting from the 
embedded emissions in GR materials. Secondly, the various benefits provided by the two GR 
systems are compared in an attempt to determine which option is best from a mitigation 
perspective and which option is best from an adaptation perspective. Finally, the NPV and 
benefit/cost ratio of the two options is discussed to assess which option is most cost-effective 
and under what conditions. 

3.4.3 Sensitivity analysis 

A sensitivity analysis is commonly used in CBA to assess uncertainty. More specifically, it helps 
determine how sensitive the NPV is to eventual changes in the key variables. In this way, the 
sensitivity analysis provides an indication of the robustness of the NPV when subjected to the 
various assumptions made on costs, time horizons, discount rates, etc. (OECD, 2018).  

In this study, two types of sensitivity analysis are performed. First, in the case of uncertainty 
over certain values, a sensitivity analysis is performed to assess how the use of alternative values 
would impact the overall results of the CBA. Second, a sensitivity analysis is conducted using 
alternative values for the SVC and the discount rate as they are key parameters whose optimal 
values are disputed in literature. 



Re-Thinking Greeen Roof Design 

29 

4 A COMPARISON OF TWO GREEN ROOFS 
This chapter begins with an introduction of the case study. Secondly, it presents the costs, 
benefits and carbon impact of the two GR systems under study. Thirdly, a comparative analysis 
between the prototype and the baseline is made. Finally, a sensitivity analysis is conducted to 
assess the sensitivity of the results to certain parameters. 

4.1 Case Study 

4.1.1 Characteristics of the GRs 

The characteristics of the baseline (Fig. 4-1) were determined upon consultation of the websites 
of the main green roof providers in Sweden, VegTech and Zinco, as well as the Guidelines for 
the Planning, Construction and Maintenance of Green Roofs issued by the Landscape 
Development and Landscaping Research Society (FLL, 2018 ; ZinCo Green Roof Systems, 
n.d. ; VegTech, n.d.). Since most GR providers do not disclose their substrate recipe, the 
volume of each material was approximated following the recommendations of the 
representative from the SGRI. It must be noted that while the baseline presents all the 
characteristics of an extensive GR, it is not the most common design found in Sweden. 

 

 

 

Figure 4-1. Design of the baseline (left) versus the design of the prototype (right) 

Table 4-1. Structural characteristics of the baseline versus the prototype 

 Baseline  Prototype 

Layer  Material Thickness Material Thickness 

1) Plant Cover Sedum NA Sedum NA 

2) Substrate Pumice 70%, Crushed 
Expanded Clay Aggregates 
10%, Green Waste 
Compost 20% 

100 mm Biochar 20%, 
Carbon8 60%, Green 
Waste Compost 10%, 
Granular Cork 10% 

100 mm 

3) Water Holding 
Layer 

Mineral Wool 40 mm Biochar 30 mm 

4) Drainage Layer HDPE 25 mm Cork 10 mm 

5) Insulation Board Extruded Polystyrene Foam 50 mm Cork 50 mm 

6) Root Barrier LDPE NA LDPE NA 

3

4

5

6

2

1

Roof Structure Roof Structure 
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The design of the prototype (Fig. 4-1) was decided upon following numerous interviews with 
the representative from the SGRI. Such support was necessary to take into account factors 
that relied on expert advice, such as making sure that the chosen materials would hypothetically 
provide the same or similar functions to that of the materials that were replaced, in terms of 
plant growth support through their capacity to provide water, nutrients and oxygen to the plant 
roots. In the end, though the prototype’s design was decided upon in consultation with the 
SGRI, the engineering feasibility of this design is not part of the scope of this thesis. The 
substitution materials were chosen because of their potential to have a lower environmental 
footprint, to be more local and to act as a carbon sink, but no extensive review was made prior 
this choice investigating all the potential materials that could be used for this prototype.  

4.1.2 The use of new materials 

The use of new materials in the GR prototype requires some additional information on their 
characteristics, properties, and carbon profile. The prototype is essentially made of biochar and 
cork-based components, alongside compost, Carbon8 and one plastic based material. Biochar, 
cork and Carbon8 will be described in more detail below as the complexity of their carbon 
impact requires further explanations. 

Carbon Capture & Storage 

Growing attention has been given to carbon storage solutions worldwide. As mentioned in 
Chapter 1, the Swedish Environmental Protection Agency mentions the storage and capture of 
carbon, based on the combustion of biomass, as one of its supplementary solutions to achieve 
the zero-emission target (Swedish Environmental Protection Agency, n.d.). In addition, soil 
carbon enhancement is one of the CO2 removal technologies mentioned by the IPCC in their 
“Mitigation Pathways Compatible with 1.5°C in the Context of Sustainable Development” report (IPCC, 
2018). This IPCC report describes biochar as a potential route for terrestrial carbon storage. 
While biochar is mostly used for agricultural purposes, its recent use as a GR substrate 
amendment is promising from a carbon sink perspective. 

Biochar & Green Roofs 

Biochar is a product of the pyrolysis of organic material. Thus, the properties, quality and uses 
of biochar vary with the type of organic material used in the production process (EBC, 2015). 
Though biochar has not been historically used on GRs, its use as a substrate amendment has 
increased in popularity, leading to the release of several recent studies investigating its potential 
to improve storm water management, nutrient runoff and improve plant growth on GRs 
(Kuoppamäki & Lehvävirta, 2016 ; Chen et al., 2018 ; Qianqian, Liping, Huiwei, & Long, 2019). 
Cao, Farrell, Kristiansen, & Rayner (2014), showed that biochar made GR substrates lighter 
and increased their water-holding capacity. Kuoppamäki & Lehvävirta (2016) found that 
amending GR substrates with biochar could be an efficient solution to address the pollution 
induced by nutrient leaching. 

In addition, the release of the last IPCC report mentioning biochar as a carbon sequestration 
measure has also opened the way for the investigation of the role of biochar on the carbon 
sequestration potential of GRs (IPCC, 2018). Chen et al., (2018) pointed out that the use of 
biochar in GRs is not only gaining notability due to its capability to improve ecosystem 
productivity, but also due to its potential to store carbon. Recent attention was thus given to 
the role of biochar in improving the carbon sequestration potential of GRs. Chen et al., (2018) 
estimated that carbon storage potential of GRs amended with 10% biochar was equivalent to 
11.9 kg/C/m2 which is the equivalent of 44 kg of CO2 per m2 of GR. These results are a first 
example of how the use of biochar in GRs could help reduce their carbon footprint. This thesis 
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will take it one step further by testing the use of biochar in two layers of the GR structure, the 
substrate and the water holding layer. While biochar shows potential when applied in GRs, 
further information is needed on its carbon sink properties to highlight the benefits and risks 
associated with its use. The following section will thus provide additional information on how 
the multiple forms and characteristic of biochar can impact its carbon storage potential. 

Biochar’s types and characteristics 

The production of charcoal in a restricted oxygenated environment has a long history, dating 
back to the 15th century. Recently, biochar has been added to the list of products resulting from 
the combustion of biomass. While biochar is known to improve crop yield, due to its high 
carbon content when returned to soil, it has also received growing attention due to its carbon 
sequestration potential. This potential arises from the fact that carbon from the atmosphere is 
transferred to a slower cycling form which is likely to exist for hundreds or even thousands of 
years. As such, it can be considered as a carbon reservoir and growing attention has been given 
to its potential use as a climate negative technology (Amir et al., 2018 ; IPCC, 2018). However, 
this possibility is dependent on several factors, such as the type of biomass used for the 
production of biochar, the pyrolysis temperature which can range from 350-800ºC (with higher 
temperatures typically decreasing solid residuals’ yields), and whether the pyrolysis process is 
slow or fast (with slower pyrolysis producing higher yields of solid residuals). All these factors 
mean that there is a high variability in the chemical composition of biochar. Consequently, 
biochar cannot be understood as a description of a material with a single structure and chemical 
composition, but rather as a variety of structures with variable chemical compositions (Spokas, 
2010). This is problematic when biochar’s potential to act as a carbon reservoir is investigated. 
The carbon stability of biochar types is dependent on several factors and further investigation 
is needed when considering the carbon sequestration potential of biochar. Table 4-2, which 
presents the results of the estimated half-life of biochar depending on the oxygen:carbon (O:C) 

molar ratio, illustrates how the chemical 
characteristics of biochar will have a large impact 
on its carbon sequestration potential (Spokas, 
2010). Here, the term half-life is understood as 
the amount of time for the carbon content of 
biochar to reduce to half of its initial value 
(Söderqvist, 2019). The oxygen:carbon (O:C) 
molar ratio of biochar was used both by Spokas, 
(2010) and Söderqvist, (2019) to predict the 
stability of biochar in soil. 

Table 4-2. Oxygen:Carbon (O:C) molar ratio of biochar’s impact on its estimated half-life  

Source: Own table with information from (Spokas, 2010) 

Table 4-2 shows that the lower the oxygen: carbon (O:C) molar ratio of biochar, the higher 
the half-life and vice versa. However, even with an oxygen: carbon (O:C) molar ratio of 0.6, 
the half-life can still be 100 years, which suggests that, in any case, biochar can be an efficient 
carbon reservoir for at least 100 years. When talking about the carbon sink potential of biochar, 
it becomes evident that a number of factors will influence the time span for which biochar is 
an effective carbon sequestration measure.  

Thus, even though biochar may be an interesting option to reduce GRs’ carbon footprint, it 
must be noted that biochar’s carbon storage potential varies depending on type, use and 

O:C MOLAR 

RATIO 

ESTIMATED 

HALF-LIFE 

<0.2 > 1,000 

0.2-0.6 100-1,000 

>0.6 ≤100 
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ultimately end-of-life. Better knowledge on the stability of biochar’s carbon structure is 
important to assess its carbon sequestration potential (Söderqvist, 2019).  

Carbon Stability & Time Perspective 

Wang, Xiong, & Kuzyakov, (2016) conducted a meta-analysis on the carbon stability, 
decomposition and carbon sequestration potential of biochar. It was found that 97% of the 
added biochar can remain in soils, on a centennial scale, hence contributing to long-term 
carbon sequestration in soil. Söderqvist, (2019) estimated the carbon stability of biochar in the 
Swedish context and its impact on carbon sequestration. The carbon sequestration potential 
was also calculated with different decomposition rates. It was found that 5,000 tons of biochar 
could sequester yearly 9,009, 10,296 and 11,583 tons of carbon with respective degradation 
rates of 70%, 80% and 90% stable for at least 100 years (Söderqvist, 2019). A conservative 
value of 70% of carbon remaining after a hundred years was proposed, with a call for further 
research on the carbon stability of biochar (Söderqvist, 2019).  

When applied to GRs, the carbon stability and degradation rate of biochar is of prime 
importance because they will both influence how much of the carbon emissions stored in the 
biochar will be released to the atmosphere, and when this will occur. The time perspective is 
important as conventional GRs have an estimated lifespan of about 40-50 years (Jones et al., 
2018). Thus, with a conservative value of 70% of carbon remaining after a hundred years, it 
can be expected that the carbon storage potential of a GR over its lifetime is quite important. 
However, several challenges arise when the time perspective is extended to more than 50 years. 
How the GR will be disposed of, once its end-of-life is reached, will have an impact on whether 
the biochar used in the roof remains a carbon reservoir or not. The same is true when it comes 
to cork, which shows similar promise in terms of storing carbon, as long as it is not combusted 
or landfilled.  

Cork types and characteristics 

The cork industry is considered a net carbon source when the biogenic emissions are excluded 
from the calculations, but as a net carbon sink when the biogenic emissions are taken into 
account (Demertzi, Paulo, Faias, Arroja, & Dias, 2018). Biogenic emissions are defined as the 
emissions resulting from the combustion or decomposition of biologically based materials. 
Oak forests act as a carbon sink when they sequester carbon and store it in their perennial 
tissues as well as in the soil as organic matter. The process of cork debarking then leads a small 
amount of that stored carbon to be transferred to cork products, preventing it to be released 
to the atmosphere until it is combusted or landfilled. If combusted, all the stored carbon 
emissions will be released into the atmosphere while if it is landfilled, only a part of these 
emissions will leak (Demertzi et al., 2018). While most LCAs on cork-based products do not 
considered biogenic emissions, Demertzi et al., (2018) stress the importance of its inclusion to 
better capture the environmental impact of cork-based systems. A few recent studies include 
it in their LCA studies showing evidence that cork products are carbon negative materials 
(Demertzi et al., 2018 ; Tártaro, Mata, Martins, & Esteves da Silva, 2017).  

Carbon8 

There is a growing market for secondary and recycled aggregates, due to their reduced 
environmental impact (CO2Chem, 2018). Carbon8 Systems produces such aggregates, one of 
which was tested on extensive GRs in the UK, providing encouraging results in terms of their 
water holding capacity (Molineux, Fentiman, & Gange, 2009). Moreover, these aggregates are 
made from industrial by-products in which carbon dioxide is captured using a process known 
as Accelerated Carbonation Technology. The advantages of this process are that it diverts 
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waste from landfill, while creating a carbon negative aggregate (Zhu, 2019). Due to its carbon 
sink properties and previous successful applications on GRs, this aggregate was thought to be 
relevant to include in the GR substrate.  

To enquire into the properties of this material and potential applications on GRs, the director 
of Carbon8 Systems was contacted by email (Paula Carey, Director at Carbon8, personal 
communication, February 27th 2020). It was highlighted that the life cycle impact of the 
aggregates they produce is extremely complex to evaluate, and that it will depend on which 
waste stream is treated and on the boundaries of the assessment. Nevertheless, previous 
assessments on their products seemed to indicate that the Accelerated Carbonation 
Technology produces carbon negative aggregates. Moreover, despite the sparse applications of 
this material on GRs so far, it seems that due to its light weight and low price this aggregate 
would easily replace traditional aggregates. Finally, when it comes to how Carbon8 would 
degrade in the substrate over a span of 50 years, it is presumed that it should stay in a relatively 
good state and could even become stronger with time (Paula Carey, Director at Carbon8, 
personal communication, February 27th 2020). 

4.2 Costs, Benefits and Carbon Impact 
This section answers “RQ1) How can the conventional green roof cost-benefit analysis be extended to 
consider the life cycle carbon profile of the green roof structure?” by showing step by step how the analytical 
framework can be applied to the chosen case study. This is done by first going through the 
carbon impact of each layer of the baseline and the prototype. The associated carbon costs and 
benefits are calculated for each layer, along with the material costs of every component of the 
structure. Secondly, the additional costs associated with the GR systems, such as the 
installation cost and maintenance cost, are calculated and presented. Third, and finally, the 
chosen benefits of the two GR systems are calculated using a data transfer approach. 

4.2.1 Baseline: Costs & Carbon Impact 

This section goes through all the data that was gathered and selected to provide an estimation 
of the carbon footprint of the structure of the baseline. Table 4-1 provides some additional 
information on the characteristics of the baseline, where the materials used for each roof layer 
are detailed. 

Plant Cover 

The price of the plant cover was estimated at 20 SEK/m2 following expert advice from the 
SGRI. This price corresponds to the price of sedum cuttings that can be spread onto the 
substrate, but the price would be higher if pre-vegetated sedum mats for extensive GRs were 
used. It must be noted that the carbon sequestration realised by the plant cover is accounted 
for as an avoided cost and treated separately in section 4.2.4. 

Pumice 

Several pumice producers were contacted to get information on the carbon footprint resulting 
from the commercialisation of that material. The pumice used on GRs in Sweden usually 
comes by boat from Iceland after being mined. Information on the emissions from the mining 
process and transport were thus sought. While one of the main pumice providers was able to 
share information on the estimated price of pumice for the Swedish market (635 SEK/m3), no 
information could be found on the carbon footprint of that material. To the best of the 
author’s knowledge, no EPD or LCA study was available for pumice. However, information 
was found on materials made from pumice.  
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An EPD on PonceBloc block was utilised for this study as the main raw material of PonceBloc 
is pumice. Information on that material consequently gives an estimate for the climate impact 
of the volcanic rock (Institut Bauen und Umwelt & Ibu, 2016). Apart from pumice, PonceBloc 
is made of cement, water and closed-loop recycled materials. Using this EPD means that there 
is a risk that the impact of pumice might be overestimated as PonceBloc is not solely made of 
pumice, but it is the closest estimate that could be found. However, only the values for raw 
material supply and transport will be used for this study as the manufacturing process does not 
apply to the pumice used in GR substrates. In addition, the declared unit of this EPD is 1m3 

of PonceBloc. The emissions resulting from the raw material extraction are 82.4 kg CO2
eq while 

transport leads to 4.06 kg CO2
eq, which gives a total of 86.46 kg CO2

eq (Institut Bauen und 
Umwelt & Ibu, 2016). Considering that the 100mm substrate consists of 70% pumice, then 
the climate impact of pumice is 6.05 kg CO2

eq/m2 of GR. 

Crushed Expanded Clay Aggregate 

The largest producer of expanded clay light weight aggregates in Europe is LECA, hence 
information was sought on their materials (Leca®, n.d.). The price of LECA in Sweden was 
found by contacting a Sales Manager at LECA Sverige who gave an approximate price of 
55€/m3 which corresponds to 582 SEK/m3. LECA constitutes 10% in volume of the 
substrate, which leads to a cost 5.82 SEK/m2 of GR. 

When it comes to the carbon emissions resulting from the production of LECA, information 
was derived from the EPD issued by the Norwegian EPD foundation (The Norwegian EPD 
Foundation, 2015). This EPD investigates the impact of the production of lightweight 
expanded clay aggregate, grading 820mm, at LECA Rælingen. The functional unit used in this 
study is 1m3 of LECA. Their estimates show that from the raw material extraction, to 
production and transport, the total climate impact associated with 1m3 of LECA is 53 kg CO2

eq. 
However, considering that the substrate is 100mm and only comprises 10% of LECA in 
volume, then the climate impact of using LECA on GRs in 0.53 kg CO2

eq/m2 of GR. 

Green Waste Compost 

Sysav, south Skåne’s waste company produces compost from household and industry waste. 
The green waste compost used on GRs in Malmö would thus, most likely, come from Sysav. 
Information on the price of their compost was available on their website (Sysav, n.d.). Sysav 
provides different types of compost, but the compost with a screen-size between 0-10mm was 
found most appropriate for GRs according to the expert from the SGRI. The price per tonne 
is approximately 250 SEK. However, the weight per m3 of compost is difficult to estimate as 
it depends on the type of compost and the level of humidity of the material. The company was 
contacted to get a precise measure for the chosen type of compost, and an estimate of 800 
kg/m3 was provided. Using this information, the price of green waste compost used in the 
calculations is 4 SEK/m2. 

When it comes to the carbon footprint of compost, it was difficult to obtain information that 
could be used. Indeed, several studies conducted an LCA of compost production, but the 
functional units used were a tonne of organic waste, the production of a tonne of tomatoes or 
similar functional units (Martínez-Blanco et al., 2013 ; Martínez-Blanco, Muñoz, Antón, & 
Rieradevall, 2009 ; Jeong, Cho, Lee, Kim, & Kim, 2019). None of these estimates could be 
used for this study as information on the emissions of a tonne of green waste compost was 
necessary. Pergola et al., (2020) study was used as it provided an estimation of the life cycle 
impact of one tonne of compost in Italy. However, the type of compost investigated was not 
municipal but agricultural waste compost. The production process can be described as follows: 
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the agricultural waste is transported to the plant where it is first mixed, then processed and 
finally screened before being stored before use (Pergola et al., 2020). Martínez Blanco, (2012) 
study indicates that the production process for municipal compost is likely to follow roughly 
the same steps. It is unclear whether the impact of the compost supplied by Sysav would be 
greater or lower than the estimation from Pergola et al., (2020). However, this estimate will 
still be used in this study, as a first attempt to quantify the carbon footprint of the compost 
used on GRs. Pergola et al., (2020) found that the production of 1 tonne of light compost 
resulted in 250 kg CO2

eq, while the production of 1 tonne of heavy compost resulted in 199 kg 
CO2

eq (Pergola et al., 2020). Here it is assumed that light compost would be used on GRs, 
which leads to an estimated 250 kg CO2

eq per tonne of compost used in the substrate. Knowing 
that compost corresponds to 20% of the substrate in volume, this leads to 5.00 kg CO2

eq/m2. 

Water Holding Layer 

The Swedish Guideline for GRs indicate that stone wool insulation mats can be used to retain 
moisture (Vinnova, n.d.). Information on the climate impact of this material was found on the 
International EPD System database (International EPD System, 2019). This EPD investigated 
the life cycle impact of Saint-Gobain ISOVER’s stone wool insulation materials. Saint-Gobain 
ISOVER is one of the big market players when it comes to sustainable insulation solutions 
(ISOVER, n.d.). It was thus inferred that their product could provide a good estimate for a 
typical stone wool insulation material used on GRs. The EPD estimated that 1m3 of this 
material would lead to the emission of 190 kg CO2

eq from raw material extraction to transport 
and production (International EPD System, 2019). Since the water holding fabric is around 
40mm thick, this leads to 7.6 kg CO2

eq/m2. The price for mineral wool was obtained by 
contacting Saint-Gobain ISOVER’s Swedish branch. The estimated price of a 40mm stone 
wool insulation mat was 55 SEK/m2. 

Drainage Board 

The drainage layer can be made from various materials such as hard plastic, polystyrene, foam, 
coarse gravel and crushed recycled bricks, depending on the type of GR (GRO, 2011). For 
example, ZinCo’s extensive GR models use recycled polyolefin (ZinCo, n.d.). As no public 
information could be found on the carbon footprint of this specific product, a representative 
of ZinCo was directly consulted (ZinCo representative, personal communication, February 
19th 2020). It turned out that ZinCo is actively working on standardising this type of 
information for their whole product range and expected this information to be available in a 
few months’ time. Since no EPD or LCA could be found on that material, general data on the 
environmental impact of plastic production was sought. PlasticsEurope, (2014) provides an 
estimation of the climate impact associated with the production of 1 kg of high-density 
polyethylene, i.e. 1.80 kg CO2

eq according to their estimate. ZinCo’s drainage layer is 
approximately 25mm and weights 1.6 kg/m². Using these estimates, and assuming that a similar 
material would be used, this means that the climate impact of the drainage board could be 
approximately 2.9 kg CO2

eq/m2 of GR. 

The estimated price of a typical drainage board in Sweden was given by the SGRI and was 
evaluated at about 100 SEK/m2. This price reflects the average charge from the following GR 
providers, Zinco, Byggros and Svenska Naturtak. 

Insulation Board  

Information on the carbon footprint of a typical extruded polystyrene (XPS) insulation board 
was found on an EPD provided on one of Soprema’s products. Soprema is a key player in the 
construction sector and a major provider of insulation products and waterproofing solutions 
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(Soprema, n.d.). Other EPDs were also considered, one issued by the International EPD 
system and one by the Institut Bauen und Umwelt e.V. (International EPD System, 2008 ; Institut 
Bauen und Umwelt, 2018). However, both of these studies were less recent and looked at 
slightly different materials than those used in the study. Moreover, Soprema’s insulation board 
seemed to better correspond to a typical insulation material used on GRs in Sweden. The 
chosen study was issued by BRE Global Ltd, which is an independent, third-party approval 
organisation, offering certification of products, services and systems internationally. Their 
estimations indicate that the carbon impact of one m2 of Soprema’s XPS insulation board from 
a cradle-to-grave perspective is about 12.9 kg CO2

eq (BRE Global, 2019). It must also be noted 
that the estimated footprint from the two other EPDs provided similar estimates, with values 
ranging from 5.09 to 11.77 kg CO2

eq for life cycle steps A1-A3 (raw material extraction, 
transport and production).   

When it came to the price of such an insulation board, the Sales Manager of Soprema Sweden 
was contacted. The estimated price per m3 of insulation material was estimated to be roughly 
720 SEK. Considering that the insulation layer in the baseline would have a thickness of about 
50mm, the estimated price is then 36 SEK/m2.  

Root Barrier  

Information on the environmental profile of the root barrier was scarce and no EPD or LCA 
could be found on that material. However, the root barrier is usually made of either 
polyethylene or polyvinyl chloride (Bozorg Chenani et al., 2015). ZinCo’s website indicates 
that the root barrier that they use in their extensive GRs is made of high-pressure low-density 
polyethylene, with a thickness of approximately 0.34mm and a weight of approximately 
320g/m2 (ZinCo, n.d.). These product characteristics will be used in this study.  

PlasticsEurope (2014) issued an EPD based upon life cycle inventory data from 
PlasticsEurope’s member companies. Their LCA indicates that the production of 1 kg of high-
pressure low-density polyethylene leads to the emissions of 1.87 kg CO2

eq. Using the 
assumption that the root barrier would weigh roughly 320g/m2, this means that the emissions 
of the root barrier would be about 0.6 kg CO2

eq/m2 of GR (PlasticsEurope, 2014). Finally, the 
price of the root protection barrier was given by the SGRI, where it was estimated to be around 
50 SEK/m2. 

4.2.2 Prototype: Costs & Carbon Impact 

This section goes through all the data that was gathered and selected to provide an estimation 
of the carbon footprint of the structure of the baseline. Table 4-1 displays additional 
information on the characteristics of the prototype, where the materials used for each roof 
layer are detailed. 

Plant Cover 

The seeds used in the prototype are the same as in the baseline, so the price is estimated to be 
20 SEK/m2, as previously mentioned. 

Biochar 

When it comes to determining the carbon impact of biochar, the estimates of Hamedani et al., 
(2019) were used. This study was deemed most relevant as it provided detailed information on 
the assumptions used in the LCA, was recent and was conducted in Belgium which can be 
argued to have a similar context to that of Sweden. Hamedani et al., (2019) estimated that 
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biochar produced from willow has the potential to reduce CO2 emissions more than other 
types of biochar that have a less stable carbon content, such as for example pig manure biochar. 
They based their calculations on the assumption that willow biochar consisted of 80% of stable 
carbon. Using that assumption, their findings show that the net carbon impact of one tonne 
of willow biochar is of -2,089.65 kg of CO2

eq. To verify the reliability of this figure, expert 
advice was sought. The CEO of Ecoera was consulted, as one of the 15 members of the expert 
panel which developed the Biochar Carbon Offset Methodology, and thus an expert on the 
subject (International Biochar Innitiative, n.d.)(CEO at ECOERA, personal communication, 
24th February 2020). The numbers provided by Ecoera were very similar to that of Hamedani 
et al., (2019), finding approximately that 2.5 tonnes of CO2

eq were stored for every tonne of 
biochar used as a soil amendment. Considering that biochar corresponds to 20% of the 
substrate’s volume, the climate impact associated with the use of biochar as a substrate 
amendment is thus -12.5 kg CO2

eq/m2. 

Estimations on the market price of biochar in Sweden were shared by two providers, Ecoera 
and Ecotopic. Ecotopic gave a broad estimate which ranged between 1,350 to 4,500 SEK per 
m3, while Ecoera estimated that one cubic metre of biochar would cost 2,600 SEK. These 
numbers were averaged which gave an estimated average price of 2,817 SEK per cubic metre. 
This corresponds to roughly 56 SEK/m2 of GR. Due to the high variability of prices, a 
sensitivity will be conducted with the highest estimate. 

Carbon8 

To further investigate the carbon negativity of the Carbon8 aggregates, EPDs and LCAs were 
sought. However, since Carbon8 products are relatively new, only one LCA assessment could 
be found. This study investigated the life cycle environmental impact of concrete blocks made 
from Carbon8 aggregates, along with other more typical materials used for concrete 
production. The functional unit chosen in this study was 1m2 of wall made concrete blocks. 
This estimate could not be used due to convertibility issues. The data needed would have rather 
been an estimation of the life cycle impact of 1m3 of aggregate. This LCA nevertheless shows 
that the climate impact of this alternative concrete is lower than that of conventional concrete 
which supports the claim that these aggregates have a low or negative environmental impact 
(CO2Chem, 2018). This confirms that such aggregates are carbon negative, but due to the 
current lack of data, no value could be assigned to that benefit. The impact of the use of 
Carbon8 aggregates in the substrate was therefore assumed to be null. This assumption will 
potentially lead to an underestimation of the carbon stored in the prototype, but a 
precautionary approach was judged most adequate due to the lack of data. 

Information on the price of this material was obtained from the director of Carbon8 Systems 
(Paula Carey, Director at Carbon8, personal communication, February 27th 2020). The price of 
Carbon8 was said to vary depending on the chosen type of material, but that generally the price 
was around 10€ per tonne. The bulk density was said to be about 1,000 kg/m3 which means 
that a price of 10€ per m3 could be used for the calculations. Using an exchange rate of 10.59 
(see 3.4.2 Calculations methods) and taking into account the fact that the substrate comprises 
60% of Carbon8, this leads to a price of about 6.35 SEK/m2. 

Green Waste Compost 

The same compost is used in the baseline and in the prototype. Therefore, the same estimates 
were used for both cases. 
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Granular Cork 

When it comes to granular cork, a Danish cork retailer Korkbyg was contacted (Korkbyg, n.d.). 
Korkbyg commissions Amorim Cork’s products, the world largest producer of cork, in 
Scandinavia (Amorim Cork, n.d.). They estimated that granular cork would cost 1,500 
DKK/m3 which corresponds to 2,127 SEK/m3. Considering that cork represents 10% of the 
substrate’s volume, the price is then 21 SEK/m2. 

The carbon footprint of granular cork was difficult to assess as it is a by-product resulting from 
cork board production. Hence, assessing the life cycle of this by-product poses some allocation 
challenges. Nevertheless, Demertzi, Sierra-Pérez, Paulo, Arroja, & Dias, (2017) investigated 
the environmental impacts associated with the production of expanded cork slabs and granules 
used in construction for insulation. This study included the biogenic carbon in the climate 
change impact category. This study used mass allocation, where the allocation factors 
considered were 75% for the cork slab and 25% for the cork granules. Following this 
reasoning, their findings show that expanded cork granules have an estimated footprint of 1.49 
kg CO2

eq for every kilogram of cork granule resulting from the production of cork slabs. The 
life cycle steps taken into account here include the extraction of raw material, production and 
packaging. Knowing that the density of the cork granules is 70 kg/m3, the climate impact of 
1m3 of cork granules is thus about 104 kg CO2

eq (Demertzi et al., 2017). This corresponds to 
1.04 kg CO2

eq/m2 of GR. 

Water Holding Layer 

Upon consultation with the expert from the SGRI, an experimental water holding layer made 
from biochar is used in the prototype. A thickness of 30mm is assumed to provide roughly the 
same water holding properties as would stone wool. Using the estimated biochar price and 
climate impact mentioned above, a layer of 30mm corresponds to a price of 84.51 SEK/m2 
with a carbon impact of -18.8kg CO2

eq/m2.  

Drainage Layer 

A recent study also mentions the possible use of insulation cork boards for drainage and water 
storage (Tadeu, Simões, Almeida, & Manuel, 2019). Their results indicate that insulation cork 
boards are suitable for use as a drainage layer on GRs. Depending on the density and thickness 
of the board, a higher drainage value could be achieved compared to the polyolefin reference 
product. Their results therefore encourage the use of this new material for drainage (Tadeu et 
al., 2019). An experimental drainage layer made of cork will be used on this prototype. The 
same data was used as for the insulation board, which is further detailed below. While the 
insulation board has a thickness of 50mm, the drainage layer is 10mm. The climate impact thus 
becomes -4.3 kg CO2

eq/m2 for the drainage layer. 

The price of a typical cork board was shared by Korkbyg and revolved around 62 DKK/m2, 

for a thickness of 10mm (Korkbyg, n.d.). This gives an estimated price of 88 SEK/m2. 

Insulation Board  

Korkbyg was also contacted regarding a typical expanded cork insulation board with a 
thickness of 50mm. Their estimated price for the Swedish market was 191 DKK/m2 which 
corresponds to 270 SEK/m2 (Korkbyg, n.d.). This price is quite consequent, but Korkbyg 
indicated that it would most likely be lower if high quantities of the product where to be 
ordered. This possibility will be tested by the means of a sensitivity analysis.  
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Silvestre, Pargana, De Brito, Pinheiro, & Durão, (2016) LCA study was used to estimate the 
carbon footprint associated with the production of an insulation cork board. This insulation 
material is made of expanded cork agglomerates manufactured in Portugal. Since Portugal is 
the world’s largest producer of and exporter of cork based-materials, the material under study 
in the LCA was deemed representative of what could be obtained on the Swedish market 
(Silvestre et al., 2016). This study was also chosen as it is one of the recent LCA studies on 
cork products which includes the biogenic carbon sequestration and emission in their 
calculations. This study investigates the following life cycle stages: A1: raw materials, A2: 
transport, A3.1: packaging, A3.2: manufacturing, and A3.3: packaging waste for one cubic 
metre of insulation cork board with a density of 110 kg/m3.  

Table 4-3. Net carbon emissions for A1-A3 with and without consideration of CO2 capture and biogenic CO2 

emissions  

 Life cycle Stages - Total per m3 in kg CO2
eq 

 A1 A2 A3.1 A3.2 A3.3 Total 

Cradle to Gate Impact 7.15 1.23 4.92 26.7 0.233 40.2 

Gross biogenic CO2 emissions -627.15 - -6.04 158.3 -0.063 -474.95 

Net biogenic CO2 emissions -620 1.23 -1.12 185 0.170 -435 

Source: Information retrieved from (Silvestre et al., 2016)  

There is a considerable difference between the estimated 40.2 kg CO2
eq resulting from the life 

cycle steps A1-A3 and the -435 kg CO2
eq estimate obtained when considering the CO2 capture 

and biogenic CO2 emissions. It must be noted that in their study, Silvestre et al., (2016) indicated 
that the 185 kg CO2

eq estimate for step A3.2 which corresponds to the manufacturing phase is 
actually divided between: fossil CO2 emissions, biogenic CO2 emissions and CO2 capture. 

Respectively these steps have a net carbon impact of 26.7, 222, -63.6 kg CO2
eq respectively. Since a 

growing body of studies highlight the importance of considering biogenic emissions in LCA 
calculations, the value used in this study is -435 kg CO2

eq which corresponds to -21.75 kg 
CO2

eq/m2 (Demertzi et al., 2018).  

Root Barrier 

The root barrier is the same as for the baseline. The same estimates were therefore used. 

4.2.3 Additional costs of GR Systems 

Installation 

The SGRI provided an estimation of the installation cost for GRs in Malmö, derived from the 
numerous projects they have been involved in. The total cost of a 100mm sedum roof 
established with sedum cuttings ranges between 360 SEK and 500 SEK, per m2 of GR. The 
installation cost is estimated at 152 SEK/m2 and rests on the assumption that labour costs 
revolve around 450 SEK/hour and that the use of a crane costing 1,000 SEK/hour is required. 
The installation cost will vary depending on the size of the GR and its location. Furthermore, 
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this does not include the cost of eaves profiles,5 whose price will depend on how many meters 
of profiles are needed and what types are being used. 

Maintenance  

In order to consider the costs associated with the maintenance of GR systems, an Urban 
Biodiversity and Green infrastructure expert from Zurich University of Applied Sciences was 
contacted (Urban Biodiversity & Green Infrastructure Expert, personal communication, 
March 27th 2020). The long establishment of GR systems in Switzerland justified contacting 
one of their experts on the subject. According to that expert, a minimum of maintenance needs 
to be performed one or twice a year from an insurance perspective. However, the maintenance 
requirements vary greatly for each type of roof and depend on the type of vegetation. For 
extensive GRs, the average maintenance cost per m2 are estimated to be around 0.28€ if 
maintenance is done one or twice a year. In this study it is considered that maintenance is 
performed twice a year, which results in a cost of 6 SEK/m2 per year. This is likely to be a low 
estimate, but in Sweden, where knowledge on the maintenance of GRs is less developed an 
estimated maintenance frequency of once or twice a year seems realistic. It can however be 
expected that overtime as GRs become established and with the appearance of warmer 
summers, maintenance requirements and costs will increase. 

4.2.4 Additional Benefits of GR Systems 

Avoided Carbon Emissions 

Muhammed et al., (2019) review of the studies looking into the carbon sequestration benefit 
of GRs highlighted that most studies had been conducted in very different contexts to that of 
Malmö. Their review indicated that substrate depth, soil media and plant type all play a large 
role in the carbon sequestration potential of GRs. Accordingly, these aspects were deemed 
most important when choosing a study from which to borrow data from.  

Heusinger & Weber, (2017) study was found most relevant to estimate the carbon emissions 
sequestered by the plant cover yearly. This study looked at an extensive GR located in Berlin, 
Germany with a 90mm substrate, and a sedum cover. Considering that this study was conducted 
recently, in northern Europe, and on a very similar type of GR it was deemed most relevant to 
use for benefit transfer. To assess the climate mitigation potential of GR systems, the net 
ecosystem exchange of CO2 was investigated for a whole annual cycle to capture seasonal 
variations. The roof under investigation had a surface area of 8,600m2 and the GR vegetation 
was mainly composed of Sedum species (Sedum floriferu & Sedum album) and herbaceous plants 
(Allium schoenoprasum). The plant height varied between 100mm and 300mm (Heusinger & 
Weber, 2017). Their results revealed that while, with proper watering, GRs act as a carbon sink 
removing 0.313 kg CO2/m2 yearly, under dry conditions and low volumetric water content of 
the substrate, GRs can turn into CO2 sources. Analysis of dry periods showed that the 
volumetric water content of the substrate should be greater than 0.05m3m-3 in order to optimise 
the CO2 uptake of GRs. Moreover, seasonal variations imply that the CO2 uptake is not 
constant over the year. Generally, this study showed that the highest CO2 uptake occurred 
during the growth period, with the month of May showing the highest uptake rates (Heusinger 
& Weber, 2017).  

 

5 More simply defined as the edges or the roof. 
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It must be noted that on a time scale of 50 years it is difficult to anticipate how current 
meteorological conditions will evolve with regard to climate change. What can be anticipated 
however it that the maintenance frequency to keep GRs in ideal conditions, will likely increase 
over the years. Under the assumption that the climate conditions and maintenance practices 
would provide favourable conditions for the CO2 uptake to be maximised, a yearly reduction 
of 0.313 kg CO2/m2 was used in this study. 

While a constant sequestration rate is assumed over the 50-year period of the study, the SVC 
is not kept constant. The ASEK 6.1 report indicates that the SVC follows an annual growth 
rate of 1.5% (Trafikverket, 2018). This report recommends using the SVC of 1.14 SEK(2014) for 
CBA calculations. However, the value of 1.14 SEK(2014) first needs to be adjusted to 2020’s 
prices. The Ministry of Finance indicates that the SVC is 1.19 SEK per kg of CO2

eq in 2020 
(Finansdepartementet, 2019). Table 4-4 illustrates how the annual increase in the SVC impacts 
the yearly carbon sequestration benefit, reflecting inflation.  

Table 4-4. Yearly carbon sequestration for both the baseline and prototype (SEK/m2) 

 2014 2020 2021 2022 2023 2024 2025 2070 Total 

Social Value of CO2 (SEK/kg) 1.14 1.19 1.20 1.22 1.24 1.26 1.28 2.50  

Carbon Reduction (kg/m2)  0.313 0.313 0.313 0.313 0.313 0.313 0.313 15.65 

Benefit (SEK/m2)  0.372 0.378 0.383 0.389 0.395 0.401 0.784 28.22 

Discounted Benefit (SEK/m2)  0.372 0.365 0.358 0.351 0.344 0.337 0.140 12.149 

Furthermore, the last line of Table 4-4 shows the present value of each annual monetary flow, 
once discounted at 3.5%. Thus, 12.149 SEK(2020)/m2 corresponds to the sum of all the yearly 
values for the carbon sequestration benefit, discounted to the year 2020. 

It is yet unclear to what extent the carbon sequestration potential of the prototype would differ 
from that of the baseline. There is growing evidence that the addition of biochar in the GR 
substrate improves plant growth, which could impact the amount of carbon sequestered by 
the plant cover (Chen et al., 2018 ; Olszewski & Eisenman, 2017). It can thus be expected that 
the addition of biochar in the substrate would positively impact this variable. However, the 
magnitude of this change is unknown, and due to the lack of information on the subject it is 
assumed that the carbon sequestration potential of the prototype is the same as that of the 
baseline. 

Improved Air Quality 

Yang et al., (2008) showed that a total of 1,675 kg of air pollutants was removed by 19.8 
hectares of green roofs in one year in Chicago with the following distribution: 52% of ozone 
(O3), 27% of NO2, 14% of PM10 and 7% of SO2. The total annual removal per hectare of green 
roof was 85 kg, of which 44 kg of O3, 23 kg of NO2, 12 kg of PM10 and 6 kg of SO2. This 
research has been used by most CBA studies conducted on GRs so far, and no study of 
comparable quality could be found (Jones et al., 2018). The wide use of these estimates in 
previous CBA calculations suggest that they are the best estimates to date. These estimates will 
thus be used and applied to the context of Malmö, which is different to that of Chicago, but it 



Aziliz Le Rouzo, IIIEE, Lund University 

42 

will help provide a first estimation of the improved air quality that GRs could potentially 
contribute to. 

Using these results, the total annual removal per m2 of green roof is then 0.0085 kg, which 
comprises 0.0044 kg of O3, 0.0023 kg of NO2, 0.0012 kg of PM10 and 0.0006 kg of SO2. These 
numbers were multiplied by an estimation of the social cost of air pollutants which was found 
on the ASEK 6.1 report (Trafikverket, 2018). The distinction is made between regional and 
local effects of air pollutants and thus different social values are used for each of these impacts. 
The regional social cost for different air pollutants could be used directly for the calculations 
and is displayed in the Table D-1, found in Appendix D. 

When it comes to the local effect, the ASEK 6.1 report provides different scenarios for various 
cities in Sweden, but no information was directly available for the city of Malmö. Table D-2 
(Appendix D) provides an estimation of the cost of air pollution locally, but these estimates 
had to be adjusted for the specific conditions of Malmö, as meteorological conditions and 
population density influence how intensely air pollutants impact society. The ASEK 6.1 report 
provides a method for assessing the local effects of air pollution. The following formula is 
provided: 

𝐸𝑥𝑝𝑜𝑠𝑢𝑟𝑒 = 0.029 × 𝐹𝑣 × 𝐵0.5 

Where Fv corresponds to the ventilation factor for the urban area (exposure per person and kg 
of emissions) and B to the urban population. According to their estimates, Malmö is part of 
the zone 1-2 which has a ventilation factor of 1 (Trafikverket, 2018). In addition the estimated 
population for Malmö’s urban area is 344,166 as of 31 December 2019 (Malmö Stad, 2020). 
The exposure factor then becomes roughly 17. To estimate the total cost of air pollution, the 
local cost for each air pollutant is multiplied by 17 and then summed with the regional cost for 
air pollution. Following this reasoning, the following values were obtained. 

Table 4-5. Evaluation of the local and regional effects of air pollution in SEK/kg emissions for 2014 & 
2020 

 Year Nitrogen 

Oxides (NOx) 

Volatile organic 

compound 

(VOC) 

Sulphur 

dioxide (SO2) 

PM2.5 

Local Effect 2014 34.03 57.84 292.62 9,967.94 

Regional Effect 2014 86.00 43.00 29.00 0.00 

Total Cost 2014 120.03 100.84 321.62 9,967.94 

2020 140 118 376 11,651 

Source: Author’s own with information retrieved from (Trafikverket, 2018) 

To make the conversion between the indicated values for 2014 and today’s prices, the given 
values were multiplied by the change in the CPI. The CPI changed from 311.39 in January 
2014 to 332.82 in January 2020, giving a change in CPI of 6.9% (SCB, n.d.). Table 4-5 illustrates 
the increase in price for each of the social values for air pollution used in this study. In addition, 
the assumed yearly growth rate of the social cost of pollutants had to be taken into 
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consideration in the calculations. This study used the 1.5% annual growth rate recommended 
in the ASEK 6.1 report (Trafikverket, 2018).  

The impacts of O3 are not monetised in this analysis. The reason for this is that the health 
impacts in Swedish urban areas are negligible. The negative externalities are mainly with respect 
to vegetation, notably loss of crop yields and forest growth (Karlsson et al., 2006). 
Furthermore, Yang et al., (2008) estimated the amount of PM10 removed by GRs, but only the 
social cost of PM2.5 could be found in the Swedish context. The assumption was thus made 
that the same social cost could be used both for PM10 and PM2.5 particles. This assumption was 
made despite the fact that PM2.5 has a proven higher health impact than PM10 and knowing that 
the social value for PM10 would most likely be lower. 

Once these estimates for the social cost of air emissions are multiplied by the yearly removal 
of NOx, VOC, SO2 and PM10 by GR roofs, the yearly benefit resulting from avoided emissions 
corresponds to 14.53 SEK/m2/year. However, since the cost of air pollutants increases yearly 
and these benefits need to be discounted, the value of the yearly benefit changes over the years. 
The total discounted benefits over a 50-year lifetime end up being 474.00 SEK(2020)/m2 of GR 
as highlighted in the following table. 

Table 4-6. Annual Benefits of Air Quality Improvement for NOx, VOC, SO2 and PM2.5 for the city of 
Malmö 

  2020 2021 2022 2023 2024 2025 2070 Total 

Benefit (SEK/m2)  14.53 14.75 14.97 15.19 15.42 15.65 30.59 1,101.20 

Discounted Benefit (SEK/m2)  14.53 14.25 13.97 13.70 13.44 13.18 5.48 474.00 

Storm Water Management 

Storm water management is one of the benefits of GRs which has been most discussed in 
literature (Jones, et al., 2018). Storm water management is a growing problem in urban areas 
as impermeable surfaces prevent the infiltration and drainage of runoff water. The increase in 
uncertain weathering events due to climate change is likely to put an additional strain on storm 
water management in cities (Jones, et al., 2018). Several papers were reviewed to get an 
understanding of how GRs can improve storm water management in cities and hence help 
avoid unnecessary infrastructural costs. Most of the studies which were reviewed were not set 
in the northern European context which discouraged their use for data transfer (Oberndorfer 
et al., 2007 ; Chow & Abu Bakar, 2016 ; Li & Babcock, 2014 ; Teotónio, Silva, & Cruz, 2018). 
Three Swedish studies were found, set in Gothenburg, Malmö and southern Sweden. 
(Selander, 2015 ; Czemiel Berndtsson, 2010 ; Berglund, 2018). Berglund, (2018) assessed the 
flood protection benefit provided by GRs as well as the avoided storm water treatment. 
However, very little information was given on the characteristics of the GR under study 
(Berglund, 2018). Selander, (2015) investigated how many cubic metres of wastewater per year 
were diverted from the sewage treatment plant, under different scenarios. The results of this 
study indicate that in Malmö, the storm water management benefits could revolve around 
11.90 SEK/m2 yearly (Selander, 2015). However, this estimate was considered an under 
evaluation of this benefit compared to the findings from previous literature. Finally, while 
Czemiel Berndtsson, (2010) studied the performance of GRs in the management of runoff 
water quantity and quality in Sweden, the monetisation of this impact was not part of the study. 
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Consequently, Nurmi et al., (2016) study was deemed most relevant for data transfer as it 
investigated the storm water management benefit of GRs in the context of Helsinki, which 
just like Malmö, is a coastal town in Scandinavia with historical infrastructure. In Helsinki, the 
average annual rainfall was of 669mm in 2016 and had an average of 656mm over the 1981-
2010 time period (Finnish Meteorological Institute, n.d.). While such detailed estimates could 
not be found for Malmö, the average annual rainfall is thought to be around 612mm (Climate 
Data, n.d.). Such similarity in rainfall patterns suggests that the costs for storm water 
management in the two cities could be comparable, provided that the sewage systems are 
similar and in similar conditions.  

Thus, Nurmi et al., (2016) study was chosen because it provided an in-depth review of the 
benefits GRs can provide for storm water management in a similar context to that of Malmö. 
Indeed, their calculations not only consider the avoided costs from three types of capital 
expenditure: 1) building a new separate sewer system, 2) the repair of existing separate sewer 
infrastructure and 3) the repair of existing combined sewer system but it also considers the 
cost of rainwater purification. Their assumptions and step-by-step considerations are listed 
below: 

• It must be noted that in Helsinki, storm water management is divided in two main 
categories: combined storm water sewer systems and separated systems. From the 1900 
km of sewer pipes existing in 2016, about 250 km are built as combined sewer system 
and 1650 km as separate system.  

• Nurmi et al., (2016) estimate that the expansion of the sewer network for storm water 
alone incurs annual costs of 4 million euros. Moreover, the repair of existing storm 
water pipes costs 2 million euros per year while the repair costs of the combined system 
revolve around 5-10 million yearly, of which, 2-4 million euros is allocated to 
stormwater induced repairs. 

• It is assumed that the repair costs will double or triple in the future as a result of the 
aging of the sewer system. Moreover, the annual expansion costs of the network are 
expected to increase by 20% since larger pipes will be used in the context of climate 
change adaptation. 

• The storm water management cost-reduction estimates are based on a 10% GR space 
infrastructure scenario. 

This scenario assumption of 10% green roof space made by Nurmi et al., (2016) requires 
further explanations. It is not an assumption about the future share of green roofs within a 
specific time period. The assumption can only be understood against the background of the 
conflict between short-run marginal benefits and long-run incremental benefits. While the 
benefit of a single GR is negligible, if widely implemented, GRs could have a large impact on 
the city storm water management system. Thus, the total storm water benefits of a hypothetical 
10% increase of green roof space has been estimated, upon which the benefits are divided by 
the total amount of m2 that contributed to this increase of benefits. 

• Finally, it is assumed that the resizing costs of pipes would go down by 10% while the 
other costs will decrease by 2-3% with the 10% rooftop scenario. These assumptions 
lead to estimations for the avoided costs, which are available in Table D-3 of Appendix 
D. 

Nurmi et al., (2016) results showed that the benefit for storm water management varies 
between 3.9€ and 9.4€ per m2 of GR, for the city of Helsinki. It can be expected that storm 
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water management costs will increase in the future for coastal cities such as Malmö, due to sea 
level rise and more intense precipitations. To take this factor into consideration, the value of 
3.9€ was used as an estimation of the benefit for storm water management in 2020 while 9.4€ 
was taken as an estimation of how much this benefit could increase by 2070. The increase from 
3.9€ to 9.4€ over a 50-year period corresponds to an interest rate of 1.75%. Moreover, it must 
be noted that Nurmi et al., (2016) calculations rely on values obtained prior to 2016. However, 
the conversion was only made between the date of publication of the study and 2020. As 
mentioned previously, the change in the CPI over this time period is 1.029. Taking into 
consideration the Finnish inflation of 2.9% from 2016 to 2020 results in a benefit of 4.01€ in 
2020. Then, if the conversion is made using 10.59 as an exchange rate (see 3.4.2 Calculations 
methods), the value for storm water management becomes 42.49 SEK/m2. Finally, applying 
the 1.75% yearly increase, this leads to a benefit of 101.17 SEK/m2 in 2070. Table 4-7 illustrates 
how the yearly storm water management benefit per m2 of GR varies over time, when a 
discount rate of 3.5% is applied. 

Table 4-7. Yearly storm water management benefit per m2 of GR 

Finally, there is growing evidence showing that amending GR substrate with biochar improves 
the water holding capacity of the roof. Beck, Johnson, & Spolek, (2011) found that soil 
containing 7% of biochar retained more rainfall water than the control soil which was a mix 
of gravel, sand, silt, and clay. Their results indicated that biochar retains on average 21.1% of 
rainfall water compared with 17.8% for the control soil. An even higher estimate was found 
by Cao et al., (2014) where a maximum increase of 74% in the water holding capacity was 
achieved by adding 40% of biochar in volume to a 180mm scoria-based green substrate. Their 
results indicated that the water holding capacity increased with higher proportions of biochar 
in the substrate, ranging from 10% to 40%. Qianqian et al., (2019) conducted a similar 
experiment with the assumption that GRs amended with biochar have a higher runoff water 
retention capacity. They tested two extensive GRs with a 100mm substrate. However, no 
significant difference was found in the average runoff retention rates between the commercial 
and the biochar substrate. In light of these diverging results, a precautionary approach was 
taken, and in the absence of stronger conclusions regarding the superior performance of 
biochar enriched substrate for the water holding capacity, the same values were used for both 
the baseline and the prototype. 

Energy Savings 

Nurmi et al., (2016) used an avoided cost approach to estimate the costs in energy savings for 
an extensive GR in Helsinki. They make the distinction between the energy used for heating 
and the energy used for cooling. The impact of GRs on energy reduction is highly dependent 
on the location, not only because of the meteorological conditions but also in terms of the 
dominant architectural characteristics and the overall quality of the insulation. Hence, in 
Sweden and in Finland, the high insulation standards demand that new buildings will be 

 2016 2020 2021 2022 2023 2024 2025 2070 Total 

Benefit (€/m2) 3.9 4.01 4.08 4.15 4.22 4.30 4.37 9.55 326.19 

Benefit (SEK/m2)  42.49 43.23 43.99 44.76 45.54 46.34 101.17 3,454.16 

Discounted Benefit 

(SEK/m2) 

 42.49 41.77 41.07 40.37 39.69 39.02 18.11 1,460.03 
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equipped with high-quality insulation. In these conditions, the addition of a GR will have a 
marginal impact on energy savings. However, for older buildings, GRs can have a much larger 
impact. This aspect could not be taken into consideration in the calculations and the estimates 
of Nurmi et al., (2016) were used. 

The annual savings for cooling and heating are not available in the main text of Nurmi et al., 
(2016) paper, but additional information is provided in their appendix where the following 
estimates can be found: 

• The annual savings for heating are 1.37 kWh/m2. 

• The annual savings for cooling of residential buildings range between 17-25% of 3.25 
kWh/m2 which corresponds to either 0.55 kWh/m2 or 0.81 kWh/m2. 

• The annual saving for cooling in office buildings corresponds to 10% of 7.25 kWh/m2 
which is 0.73 kWh/m2. 

These estimates are used in this study, where the annual savings for heating are assumed to be 
1.37 kWh/m2, while the conservative estimate for residential buildings of 0.55 kWh/m2 was 
chosen for annual savings for cooling. It is unclear how energy prices in Sweden will change 
in the coming 50 years. It could be expected that, with continued energy efficiency and a more 
sustainable energy mix, prices could decrease in the future. However, the European 
Commission’s report on energy prices and costs in Europe does not seem to indicate any 
significant drop in electricity prices on the horizon of 2030 (European Commission, 2019). In 
addition, a study on energy systems in Sweden suggests that today’s electricity price is below 
the production cost and that future investments in new production facilities will likely 
contribute to higher electricity prices in Sweden (The Boston Consulting Group, 2017). Due 
to the high level of uncertainty regarding the evolution of electricity prices in the coming years, 
an average over the last 10 years was taken as a conservative estimate. 

The average of electricity prices in Malmö over ten years is 43.32 öre/kWh6 (see Table D-4 in 
Appendix D). To take into account the value added tax of 25%, this value was multiplied by 
1.25 which results in 0.5415 SEK/kWh. The annual energy savings for heating are then 0.75 
SEK/m2, while the annual energy savings for cooling are 0.30 SEK/m2. This gives a total 
benefit of 1.04 SEK/m2 yearly which must be then discounted as illustrated in Table 4-12. The 
social discount rate used for these calculations is 3.5%. Table 4-8 shows that while the energy 
savings yield a benefit of 1.04 SEK/m2 annually, the NPV of these monetary flows is 25.42 
SEK/m2 for the year 2020. 

Table 4-8. Yearly energy savings for both the baseline and the prototype, between 2020-2070 

 2020 2021 2022 2023 2024 2025 2070 Total 

Price of Electricity (SEK/kWh) 0.54 0.54 0.54 0.54 0.54 0.54 0.54  

Annual Energy Savings (SEK/m2) 1.04 1.04 1.04 1.04 1.04 1.04 1.04 53.02 

Discounted Benefit (SEK/m2) 1.04 1.00 0.97 0.94 0.90 0.88 0.19 25.42 

 

6 One krona is subdivided into 100 öre. 
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The energy savings are assumed to be the same for the baseline and the prototype. It is unclear 
whether the prototype would perform better or worse than the baseline in terms of improving 
the building insulation. Considering that both have the same substrate thickness and 
approximately the same height, it can be assumed that they would perform similarly.  

Improved Aesthetics 

Nurmi et al., (2016) study was chosen to estimate the potential benefit derived from improved 
aesthetics in Malmö, following the wide implementation of GRs. This study was deemed most 
relevant as it is one of the rare studies that actually quantified this benefit, alongside the fact it 
took place in the northern European context. The scenic value of small urban areas with a 
green cover was used as a proxy for their calculations. They performed several scenarios, one 
of which was deemed most relevant for this study. This scenario assumed a uniform 
distribution of GRs across Helsinki, with 10% of the central business district covered by GRs. 
Their assumptions were that GRs would bring value to the areas with the lowest amount of 
greenery such as the centre town, that the scenic value of GRs would be similar to that of small 
parks without including the use value, and that the scenic value of GRs would approach zero 
as supply of green areas increases. Following this reasoning, their results indicate that the 
estimated benefit varies between 0 and 10€/m2. Considering that GRs, depending on their type 
and location, may not have as high a benefit as green areas, zero euro was chosen as a lower 
estimate and 10 euro was chosen as a high estimate (Nurmi et al., 2016).  

The scenic value of GR systems can be expected to vary depending on the characteristics of 
the city in which they are implemented. For example, in a city where there is very little greenery 
and where the potential for residents to see extensive GRs from their home or work location 
is high, then it can be expected that the marginal value for the scenic benefits provided by GRs 
is high. However, in Malmö where green areas are already abundant and where the possibility 
to have a view over a GR is limited due to the architectural characteristics of the city which 
comprises few highly-elevated buildings, it can be expected that the marginal value will be 
lower. Thus, in the context of Malmö, the scenic benefit is considered to be marginal and the 
conservative value of zero will be used. However, a sensitivity analysis will be performed with 
the higher bound estimate of 10 €/m2. This value is converted using the exchange rate of 10.59 
(see 3.4.2 Calculations methods) and the change in CPI between 2016 and 2020, which leads 
to a benefit of 185.24SEK/m2. 

Finally, it is assumed that there is no difference in terms of the aesthetic benefits between the 
two GR models. Indeed, the only impact on the aesthetic value that could potentially differ 
between the baseline and the prototype would come from different species of vegetation 
establishing over time which could vary because of the different types of substrate. However, 
this impact would most likely be marginal as well as extremely subjective. 

Increased Biodiversity 

Few studies attempted to monetise the positive impact of GR implementation on urban 
biodiversity. Due to the lack of relevant data, this variable was thus excluded from the 
calculations. However, the impact of a 100mm substrate extensive GR on biodiversity is 
assumed to be rather limited. Moreover, Gabrych, Kotze, & Lehvävirta, (2016) highlighted 
that substrate depth, roof age, size and height of GR will determine which plant communities 
establish overtime. This suggests that the impact of the baseline versus the prototype of 
biodiversity will most likely differ. Moreover, it also suggests that calculating the increase in 
biodiversity per m2 of GR would not be relevant as parameters such as height and size of the 
GR should be taken into account. Thus, while it is likely that the two GR systems have a 
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positive impact on biodiversity, the magnitude of this impact is likely to vary according to 
where the GR is constructed. 

4.3 Comparative Analysis 
This section addresses “RQ2: What are the implications of the use of carbon sink materials on the cost-
effectiveness of green roofs?”.  It will first discuss the implications of the use of carbon negative 
materials in the GR structure on three variables: the material cost, carbon impact and carbon 
cost of the two GR structures. Secondly, the relative costs and benefits of the two GR systems 
will be compared. This section is concerned with assessing which of the variables considered 
in the analysis have the largest impact on the NPV of each project. By doing so, the aim will 
be to determine how significant the CO2 emission reduction of the carbon sink roof is 
compared to its other benefits and to what extent it should be considered in future decision 
making. Thirdly, the NPV of the two GR projects along with the benefit/cost ratio will be 
discussed assessing whether, from a socio-economic perspective, the baseline and prototype 
are interesting investment options.  

4.3.1 Comparative Carbon Impact of the two GR structures versus 
their material costs. 

The material costs of the two GR systems differ significantly, with the baseline costing 315.27 
SEK/m2 while the prototype costs 597.90 SEK/m2. Figure 4-2 illustrates the relative 
distribution of the material cost for the two GR structures (see Appendix E for additional 
information). While the substrate, water holding layer, drainage and root protection all have 
similar costs, the cost of the insulation materials differs significantly. This is because the 
expanded cork board was much more expensive than its conventional alternative, the extruded 
polystyrene insulation board. Therefore, if a cheaper alternative with similar carbon sink 
properties were to be found for insulation, the costs of the baseline and prototype would be 
almost the same. However, for now, the material cost of the prototype is double that of the 
baseline. Such a higher material cost poses the question of whether the prototype can still be 
an interesting investment option from a socio-economic perspective: 1) either because its 
carbon sink properties compensate for that extra cost by itself, or 2) because the total benefits 
it provides in the long-term cover that initial cost. 

  

Figure 4-2. Comparative structural costs of the baseline versus that of the prototype  

When it comes to the comparative carbon impact of the two GR structures and the associated 
avoided emissions versus embedded emissions, the two prototypes are at opposite ends of the 
spectrum. The baseline has a positive carbon footprint, with embedded emissions of 36 kg 

0

100

200

300

400

500

600

Substrate Water Holding
Layer

Drainage Insulation Root Protection Total Cost

C
o

st
 i
n

 S
E

K
/

m
2

Cost of the Materials - Baseline Cost of the Materials - Prototype



Re-Thinking Greeen Roof Design 

49 

CO2
eq/m2. These embedded emissions result in socio-economic costs of 42 SEK/m2 of GR. 

Conversely, since the prototype is mostly made of carbon negative materials, excluding the 
root protection layer, compost and cork granules, its structure stores more emissions than were 
emitted during its production. This leads to 53 kg CO2

eq/m2 of avoided emissions which 
correspond to avoided socio-economic costs of 63 SEK/m2. Figure 4-3 highlights that for the 
prototype, the expanded cork insulation board leads to the highest benefit, followed by the 
water holding layer, substrate and cork drainage layer, while the root barrier which is made of 
LDPE incurs a small cost of 0.71 SEK/m2 of GR (see Appendix E). For the baseline, the 
insulation board also has the highest impact, followed by the substrate, water holding layer, 
drainage and finally root barrier. It can be observed that the climate footprint of the structure 
is directly linked to the thickness of the different layers, and thus ultimately, the proportion of 
the material used in the GR. This suggests that when re-thinking GR design and envisaging 
the substitution of traditional components, the materials that represent the largest volume 
should be targeted first.  

This reasoning was adopted when designing the prototype, and Figure 4-3 clearly illustrates 
that the structure of an extensive GR can easily be shifted from a carbon source to a carbon 
sink. The baseline which has a lower material cost incurs long-term societal damages which 
represent 12% of the total of material costs and carbon costs of its structure. On the other 
hand, the prototype has a carbon negative impact, with 53.29 kg CO2

eq stored in every m2 of 
GR. From an avoidance cost approach this corresponds to avoided damages to society which, 
in the Swedish context, would have resulted in societal costs of 63.42 SEK/m2. While these 
avoided emissions do not merely compensate for the difference in price between the baseline 
and the prototype using an SVC of 1.19 SEK/kg, the sensitivity analysis will reveal to what 
extent an increase in the SVC changes that conclusion. 

 

Figure 4-3. Climate impact of the structure of the baseline versus the prototype - comparative values in SEK/m2, 
where positive values represent a benefit and negative values represent a cost 

4.3.2 Life cycle CBA results: comparison of the two GR systems 

The results obtained in the last sections are summarised in Table 4-9, which displays all the 
discounted costs and benefits of the two GRs, including the carbon impact of their structure. 
The last line of Table 4-9 provides the NPV of the two projects, which corresponds to the 
sum of all the discounted costs and benefits, to the year 2020. It must be noted that this NPV 
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considers both private and social costs and benefits of the two GR systems, thus leading to a 
positive NPV for both projects which would not be the case if the long-term societal benefits 
had not been considered. 

Table 4-9. Present values of the costs & benefits of the baseline versus the prototype 

It must be noted that the values on the left are for the baseline, the values in the middle apply both to the baseline 
and prototype and the values to the left signify a change between the baseline and the prototype. As an example, 
while the carbon impact of the structure is a cost for the baseline, it is accounted as a benefit for the prototype. 

   Baseline          Prototype  

  Variable Present Values SEK(2020)/m2 

Costs  Material Cost of the 

Structure 

315.27 597.90 

 Installation Cost 152 

 Maintenance Cost 145.02 

 Carbon Impact of the 

Structure 

42.31   

Benefits  Carbon Impact of the 

Structure 

 63.42 

 Reduction in CO2 

Emissions 

12.5 

 Improved Air Quality 474.00 

 Storm water 

management 

1,460.03 >1,460.03 

 Energy Savings 25.42 

 Improved Aesthetics 0 

 Increased Biodiversity (+) (++) 

NPV 

SEK(2020)/m2 

  1,316.96 1,140.07 

While the NPV of the two projects is positive, it is important to closely examine the 
distribution of costs and benefits for each option. Figure 4-4 and Figure 4-5 illustrate the 
percentage share of the total costs/ benefits for each variable, thus highlighting which variable 
yields the highest benefit and which variable incurs the highest cost.  
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Figure 4-4. Percentage share of the total costs for each variable – total equals 100 

 

Figure 4-5. Percentage share of the total benefits for each variable – total equals 100 

Firstly, with regard to the costs, it is clear that for both alternatives the material cost of the 
structure is most consequent, followed by the installation cost and the maintenance cost which 
are comparable, while the carbon cost of the structure is lowest. It must also be noted that the 
carbon impact of the structure is only counted as a cost for the baseline while it is counted as 
a benefit for the prototype. This cost corresponds to 6% of the total costs for the baseline, 
which is arguably low. It must however be remembered that while the material, installation and 
maintenance costs of the GR structure are private costs, the carbon cost of the structure is a 
societal cost. Thus, these costs do not impact the same actors, nor do they occur at the same 
point in time or location. Moreover, the cost associated with the carbon footprint of the 
structure depends on the value attributed to the emissions of CO2 in the atmosphere, which is 
country-dependent and subject to change over time. The sensitivity of the carbon impact to 
this parameter will be further discussed in section 4.4.  

Secondly, with regard to the benefits, storm water management is the most significant benefit, 
followed by improved air quality, the avoided CO2 emissions resulting from the carbon 
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negative footprint of the prototype’s structure, energy savings and finally the reduction in CO2 

emissions realised by the plant cover. This distribution is true for both the baseline and the 
prototype, except for the carbon impact of the structure. It is no surprise that storm water 
management is the most important benefit as GR systems have, so far, mainly been recognised 
for the provision of this benefit. Consequently, the yearly benefit for storm water management 
was the highest of all benefits. In addition, it was assumed that this value would increase in the 
50-year lifetime of the GR to reflect the expected increase in storm water management costs 
for coastal cities such as Malmö, due to climate change. Improved air quality ranks second, 
which is intriguing considering that, so far, pollution is not problematic for Swedish cities. The 
benefit of implementing GRs to tackle air pollution could however increase over time as air 
quality degrades, or decrease if cleaner air quality is achieved. Ultimately, this benefit will be 
dependent on the social cost associated with each air pollutant, whose variations in the future 
can only be hypothesised. This study used the 1.5% annual growth rate recommended in the 
ASEK 6.1 report (Trafikverket, 2018). The carbon impact of the structure comes third, which 
is interesting as it is the only benefit that is only accounted for at year zero and is not renewed 
annually. As such, for the year 2020 it is the most important benefit, but once the yearly impact 
of each variable over 50 years if considered, it comes third. It is important to observe that it 
holds a more significant share of the total benefits than the reduction in CO2 emissions realised 
by the plant cover and the energy savings. These two variables have commonly been included 
in CBAs and yet, they are proportionally less important than the carbon impact of the GR 
structure.  

This strongly suggests that before accounting for the carbon sequestration benefit realised by 
the plant cover, the carbon footprint of the GR structure should be evaluated. Hence, while 
the prototype has a cumulative positive impact in terms of CO2 emissions, the production of 
the baseline releases more CO2 into the atmosphere (35.56 kg CO2

eq/m2) than is sequestered 
during its lifetime with (15.65 kg CO2

eq/m2). This is the difference between the baseline which 
is a net carbon source while the prototype which is a net carbon sink. The figure below 
summarises the different costs and benefits of the two GR systems, picturing a slightly higher 
NPV for the baseline. The next section will be concerned with evaluating the impact of certain 
parameters on the distribution of these costs and benefits and ultimately the overall NPV of 
the two projects. 

 
Figure 4-6. Costs & Benefits of GR Systems 
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4.4 Sensitivity Analysis 
This section aims assess the impact of selected parameters on the results. Three scenarios were 
developed using different combinations of discount rates and SVC while an additional four 
scenarios were conducted using alternative values for some of the more risk bearing estimates. 
These scenarios will lead the way to a reflection on the NPV of the two projects and on their 
benefit/cost ratio. 

4.4.1 Socio-economic parameters 

Discount Rate 

Discounting and the choice of the appropriate discount rate has been controversial in 
environmental economics and the economics of climate change. A higher discount rate will 
put a higher emphasis on reducing CO2 emissions now by heavily discounting future benefits 
derived from avoided emissions (Stern, 2007). The choice of discount rate will therefore be 
directly linked to how much importance is bestowed on future generations. The social discount 
rate of 3.5% recommended by the ASEK 6.1 report and used in this study puts a higher weight 
on future benefits than the higher private discount rate of 5% also mentioned in this report 
(Trafikverket, 2018). However, even lower discount rates have been discussed in literature 
before. The Stern Review's central discount rate for climate change damages is 1.4%, which, 
at the time of the review, was lower than that used in most previous economic studies on 
climate change (OECD, 2018 ; Ackerman, 2007). The use of such a low discount rate was 
disputed by a number of economists, and most notably by Nordhaus, (2007). This particularly 
low discount rate will be used in the sensitivity analysis to highlight the importance of the 
choice of discount rate when evaluating the socio-economic cost-effectiveness of different 
projects.  

Social Value of Carbon 

Sweden’s political choice of increasing the SVC from 1.14 SEK(2014)/kg to 7 SEK(2020)/kg could 
have a consequential impact on future decision making. The repercussions of such an increase 
on the NPV of the two GR project alternatives, is assessed by the means of the sensitivity 
analysis.  

Three Scenarios – Discount Rate & NPV 

Three sensitivity analysis scenarios were conducted to assess the impact of a change in the SVC 
and in the discount rate on the variables of the CBA analysis. The different alternatives are 
presented in Box 4-1, where three different combinations are tested against the baseline of this 
study. While three scenarios were performed, only the third scenario is presented in this 
section, while supplementary information is presented in Appendix F & H.    

SVC = 1.19 SEK/kg 

Discount rate = 3.5% 

SVC = 7.00 SEK/kg 

Discount rate = 1.4% 

SVC = 1.19 SEK/kg 

Discount rate = 1.4% 

SVC = 7.00 SEK/kg 

Discount rate = 3.5% 

Box 4-1. Sensitivity Analysis Scenarios 

Baseline 

1 

2 

3 
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The percentage change for each variable compared to its original value was investigated using 
the following formula:  

%𝛥 =
𝑎𝑚𝑜𝑢𝑡 𝑜𝑓𝛥 

𝑜𝑟𝑖𝑔𝑖𝑛𝑎𝑙 𝑎𝑚𝑜𝑢𝑛𝑡
=

𝐴2 − 𝐴1

𝐴1
 

Where %𝛥 corresponds to the percentage change for each variable. A1 corresponds to the 
value of the variable for the base scenario while A2 corresponds to its value under the new 
scenario.  

Scenario 3 

 

Figure 4-7. Impact of a change of social value of carbon from 1.19 SEK to 7, for each variable using a 3.5% 
discount rate. 

Figure 4-7 presents the result of the sensitivity analysis for scenario 3, which supposes a 
discount rate of 3.5%, and an SVC of 7 SEK/kg. By using these parameters, the impact of a 
higher SVC on the results can be estimated. As Figure 4-7 illustrates, only the variables 
dependent on the SVC are impacted, namely the reduction in CO2 emissions realised by the 
plant cover, the carbon impact of the structure and the NPV. The change in these first two 
variables is tremendous, with a 488% increase for the carbon impact of the structure and a 
341% increase for the reduction in CO2 emissions. The NPV is impacted differently for the 
baseline and the prototype as for the baseline an increase in the carbon impact of the structure 
will lead to a decrease in NPV while the opposite is true for the prototype. The NPV of the 
prototype increases by 31% while that of the baseline decreases by 13%. The magnitude of 
this change is less important than for the two other impacted variables. This can be explained 
by the fact that the NPV is dependent on several other parameters, making the impact of a 
change in SVC less important. Nevertheless, this change makes the prototype a more 
interesting option with an NPV of 1,491 SEK/m2 compared with 1,152 SEK/m2 (see 
Appendix H). This is to be compared with an NPV of 1,317 SEK/m2 for the baseline and 
1,140 SEK/m2 for the prototype under the initial assumptions of the CBA model. This 
highlights that a higher SVC will favour projects that have the lowest carbon footprint. 
Moreover, the impact of a higher SVC can also be observed on the B/C ratio which is another 
indicator helping the prioritisation of different projects. 
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4.4.2 Risk Bearing Values 

Four additional scenarios 

Some values used in the main analysis involved a certain level of uncertainty. In order to assess 
to what extent these values could affect the economic outcome of the analysis, a sensitivity 
analysis was performed using alternative estimates. For instance, the price range for biochar 
was found to be quite broad. The highest estimate of that bracket, 4,500 SEK/m3, will be used 
to reflect possibly higher prices associated with a superior quality of biochar. Likewise, the 
price of the expanded cork insulation board was thought to be particularly high. One potential 

explanation could come from the fact that the square 
metre prices do not reflect the discounted prices 
when larger quantities are purchased. A lowest price 
scenario was thus conducted using 60% of the 
original value, which corresponds to a price of 162 
SEK/m2. Finally, the aesthetic benefit was assumed 
to be null in the case of Malmö, but a tentative value 
of 185.24 SEK/m2 is used to assess how the 
inclusion of this benefit can impact the NPV. Finally, 
a fourth scenario is conducted using these three 
assumptions simultaneously. All the results are 
presented in the Appendix H, under the names 
scenarios 4 to 7. 

Figure 4-8. Different scenarios for the risk bearing values (4-7): biochar price, cork price and aesthetic value. 

4.4.3 Reflection on NPV 

Seven scenarios were conducted to assess the impact of certain parameters on the NPV of the 
two projects. Figure 4-9 shows that while the use of different assumptions can shift the order 
of preferability between the baseline and the prototype, in all cases the NPV of the two projects 
is positive. The NPV of the baseline ranges between 1,152 and 2,455 SEK(2020)/m

2 while the 
NPV of the prototype ranges between 1,056 and 2,649 SEK(2020)/m

2.  

The most profitable scenarios for the baseline and the prototype are scenario 1 and 2, with a 
discount rate of 1.4%. This shows that giving more weight to future benefits increases the 
socio-economic value of implementing GRs. However, while for scenario 1 the baseline is the 
most profitable option, the opposite is true for scenario 2. This comes from the fact that 
scenario 1 has an SVC of 1.19 SEK/kg while scenario 2 has an SVC of 7 SEK/kg. The only 
variable responsible for that change is the carbon impact of the structure, which is a cost for 
the baseline and a benefit for the prototype. Consequently, under scenario 1 this cost/benefit 
remains the same as for the base scenario while both increase under scenario two.  

When it comes to scenario 4 to 7, they all show how uncertain variables can have an impact 
on the economic outcome of the projects. For these four scenarios however, the baseline 
remains more profitable than the prototype, but the difference between the two varies. It can 
be observed that in this case, uncertainty around certain chosen values has a lower impact on 
the overall economic outcome of the two projects than the choice of discount rate or the 
choice of SVC. 
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Figure 4-9. Summary of the 7 scenarios for the sensitivity analysis 

4.4.4 Reflection on the Benefit/Cost Ratio 

A complicated trade-off 

 

Figure 4-10. Comparative Benefit/Cost Ratio of the baseline versus the prototype 

Two types of B/C Ratio are depicted in the Figure: 1) the sum of all benefits over the sum of all costs 2) the 
carbon sink benefit of the structure over its material cost. There two ratios are calculated under two different 
scenarios for the social value of carbon. 

The benefit/cost ratio corresponds to the sum of all the benefits over the sum of all the costs. 
Figure 4-10 illustrates the impact of a higher SVC on the benefit/cost ratio. Three key elements 
can be derived from this figure.  

• First, it can be observed that when considering the sum of all the benefits over the sum 
of all the costs both the baseline and the prototype have a benefit/cost ratio over 1, 
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for each SVC scenario. This means that both projects yield higher benefits than they 
incurred costs.  

• The second observation, however, shows an inversion of preferability between the 
baseline and the prototype. With an SVC of 1.19 SEK/kg the baseline is the best 
alternative, while with an SVC of 7 SEK/kg the prototype is preferred. This again 
highlights the importance that the choice of SVC plays in decision making when 
considering the two GR alternatives.  

• Finally, the most important change can be observed when the sole benefit considered 
is the carbon impact of the structure over the material cost that structure. While in 
both cases the benefit/cost ratio is lower than one, a sharp increase from 0.11 to 0.62 
can be noted (see Table G-6 of Appendix G). While the material cost of the structure 
remains higher than the benefit derived from the avoided carbon emissions resulting 
from the use of carbon sink materials, this benefit/cost ratio highlights that under a 7 
SEK/kg scenario, a large proportion of the additional material costs is balanced by the 
carbon benefit.  

The benefit/cost ratio consequently highlights a trade-off between the material cost of the 
structure and the carbon sink benefit which is exemplified by Figure 4-11 below, which displays 
the breakdown of this relation (see Appendix G).  

Layer by Layer 

The difference in material costs between the baseline and the prototype was calculated along 
with the difference in climate impact under an SVC of 1.19 SEK/kg and 7 SEK/kg. This figure 
highlights which changes of materials between the baseline and the prototype are most 
profitable. For example, the drainage layer is a win-win situation as not only its cost is reduced 
by 12 SEK but its climate benefit increases by 9 SEK/m2 under the 1.19 SEK/kg scenario and 
by 51 SEK/m2 under the 7 SEK/kg scenario. In addition, while the price of the insulation 
board was found to be high for the prototype, with an increase of 233 SEK/m2 compared to 
its polystyrene alternative, the increase in climate benefit of 221 SEK/m2 under the 7 SEK/kg 
scenario seems to offset that price difference.  

Furthermore, an obvious but important observation evidenced by Figure 4-11 is that the 
material costs do not vary under different SVC scenarios. However, the carbon impact does, 
leading to significant benefits for the prototype and significant costs for the baseline. In short, 
Figure 4-11 seems to indicate that from a socio-economic point of view, all the proposed layers 
of the prototype are worth investing into. In particular, the cork drainage layer is a particularly 
interesting option compared to its plastic alternative. The water holding layer and substrate 
mix comprising Biochar, Carbon8, Cork Granules and Compost are the two next preferred 
alternatives as their cost difference with traditional materials is low and their carbon benefit is 
significant. Finally, the expanded cork insulation board is the least cost-effective option but its 
use in a GR can be of potential interest from a socio-economic perspective. 



Aziliz Le Rouzo, IIIEE, Lund University 

58 

 

Figure 4-11. Change in the material costs and carbon impact of the baseline versus the prototype for each layer 

Ideal Material Combination 

To further investigate the best material combinations for the prototype, three additional 
scenarios were conducted (Figure 4-12). Scenario 1 corresponds to the original prototype 
design without cork, except from the cork granules. Scenario 2 corresponds to the original 
prototype without the biochar water holding layer. Finally, scenario 3 corresponds to the 
original prototype without any biochar at all. The specific characteristics of these alternatives 
are available in Appendix G. These scenarios were performed to better understand the trade-
off between the cost of each material and their carbon impact. 

What clearly stands out in that figure is the direct link between the price of materials and their 
carbon sink properties. Hence, if some materials are removed to reach a lower material cost, 
the carbon sink benefit will in turn be reduced. Furthermore, this figure suggests that the 
material cost of a carbon sink GR ranges between 376 SEK/m2 and 598 SEK/m2 and cannot 
be much lower without foregoing its carbon sink benefit. In addition, this figure sheds light on 
the carbon cost of GRs made from conventional materials such as the baseline.  
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Figure 4-12. Material costs of the prototype versus its carbon sink benefit  

Base Scenario compared with Scenario 1,2,3. The base scenario is the main scenario of this study, scenario 1 
corresponds to a prototype without cork except from the granules, scenario 2 corresponds to a prototype without 
a biochar water holding layer and scenario 3 corresponds to a prototype without biochar. 

As a result, these findings encourage the replacement of conventional materials in the GR 
structure with materials that have a reduced or negative carbon footprint. From a socio-
economic perspective, the greater number of materials replaced, the better. This substitution 
is likely to lead to higher material costs which are partly offset by the avoided CO2 emissions 
stored in the structure. However, while some individual layers are cost-effective, the prototype 
can only be considered as a cost-effective solution when all the services it provides as a system 
are considered. Therefore, the life cycle CBA has highlighted that, while the carbon impact of 
the GR’s structure should be included in decision making, other variables have a greater impact 
on the overall economic outcome. The most important cost is by far the material cost, while 
the most important benefit is by far the improved storm water management. While these two 
variables have the largest impact on the NPV, the sensitivity analysis showed that the use of a 
higher SVC increases the impact of carbon aspects on the economic outcome of the project. 
These methodological choices and their potential implications will be further discussed in the 
next chapter along a broader reflection on the results and their implications for future research.  
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5 Discussion 
The aim of this research was to investigate the implications of the use of carbon sink materials 
in the GR structure on the socio-economic cost-effectiveness of GR systems. This was 
investigated through the lens of a life cycle CBA, in which the carbon footprint of two GR 
structures were incorporated in CBA calculations. Including the carbon footprint of the GR 
structure into CBA calculations not only shed light on the high carbon footprint of traditional 
GR structures, but also helped reveal the associated socio-economic costs. Similarly, the use 
of life cycle CBA highlighted that when a GR structure is composed of materials that have a 
low carbon footprint or even a negative carbon footprint, this structure can become a carbon 
sink. The associated avoided CO2 emissions are relatively marginal compared to more 
important benefits such as storm water management and improved air quality, but nonetheless 
more important than some other benefits which have been considered in CBA before, such as 
energy savings and the carbon sequestration from the plant cover. These findings seem to 
encourage the inclusion of the carbon footprint of GR structures in future decision making 
and CBA studies. These results are the subject of this chapter, where they are discussed in 
comparison to previous findings in literature. The methodological and theoretical choices 
leading to these results are reflected upon, highlighting potential limitations, future prospects 
and ultimately the generalisability of the findings. 

5.1 Overview of the findings and their significance 

5.1.1 Carbon footprint of the GR structure – a good estimate? 

RQ1) How can the conventional green roof cost-benefit analysis be extended to consider the life cycle carbon 
profile of the green roof structure? 

While the carbon footprint of GR structures was majorly omitted from previous CBAs, its 
impact was previously investigated in LCA studies. None of these studies were conducted on 
the exact same GR systems as those under study in this thesis. However, it is possible to 
compare this study’s findings with LCAs that investigated extensive GRs with similar 
dimensions and characteristics. This is, of course, only valid for the baseline as, to the best of 
the author’s knowledge, no LCA study has yet investigated the carbon footprint of a carbon 
sink GR system.  

The findings of this study highlight that the structure of the baseline is a source of carbon with 
a carbon footprint of 35.6 kg CO2

eq/m2 while the structure of the prototype is a carbon sink 
with a carbon footprint of -53.3 kg CO2

eq/m2. The carbon footprint of the baseline is 
comparable to that of previous estimates. Estimations range from 21.1 kg CO2

eq/m2 for Peri 
et al., (2012), 25.2 kg CO2

eq/m2 for Kuronuma et al., (2018) and from 22.13 kg CO2
eq/m2 to 

32.23 kg CO2
eq/m2 for Bozorg Chenani et al., (2015). While all these estimates are based on 

extensive GRs whose substrate differs in depth and for which a range of different materials 
are used, the estimated values all revolve around 20-30 kg CO2

eq/m2 (see Appendix B). Thus, 
it seems that the estimated carbon footprint of 35.6 kg CO2

eq/m2 of this study situates itself in 
a range that is credible. The marginal difference with previous estimates can either be explained 
by the fact that a full LCA was not conducted and data was derived from EPDs, or by the fact 
that the baseline comprised materials with a relatively higher carbon footprint than average. 
However, the obtention of such a similar estimate to previous findings suggests that the 
estimated carbon footprint of the prototype is close to what a full LCA could achieve. The 
estimated carbon footprint of -53.3 kg CO2

eq/m2 for the prototype thus provides a first reliable 
evaluation of how much carbon can be stored in the GR structure, if built with carbon sink 
materials.  
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It must be remembered that the carbon footprint of the recycled light-weight aggregates was 
assumed to be null due to the lack of data, despite the fact that Carbon8 aggregates are thought 
to have a carbon negative impact. Therefore, the first estimate of -53.3 kg CO2

eq/m2 could be 
an underestimation of the carbon sink potential of the prototype. It must also be noted that 
the prototype constituted a first proposal of what a carbon sink GR could look like. Better 
information on the carbon footprint of each layer will facilitate the optimisation of different 
materials to reduce the carbon footprint of the structure. In this prototype, one plastic based 
component remained, the root protection layer. To create a GR free from plastics, this material 
should be replaced. This will not only have to be done with consideration to the functional 
requirements of GRs, but also with an understanding of local regulations such as fire safety 
requirements which are likely to add additional constraints on the choice of materials. In 
addition, the delicate trade-off between the additional costs of new materials and the benefit 
derived from their carbon sink properties will have to be considered when re-thinking GR 
design. This trade-off is addressed by RQ2, whose results are discussed below. 

5.1.2 CBA results – Comparable to previous studies? 

RQ2) What are the implications of the use of carbon sink materials on the socio-economic cost-effectiveness of 
green roofs? 

After conducting the life cycle CBA comparing the baseline with the prototype whose structure 
was almost entirely made from carbon sink materials, the analysis of the results helped answer 
RQ2. The aim of this comparison was to shed light on the implications of the use of materials 
with a carbon negative footprint on the socio-economic cost-effectiveness of GRs. The life 
cycle CBA did not only consider private costs and benefits, but it took into account the long-
term societal costs and benefits of GR systems. GRs’ implementation is thus seen from a 
societal perspective and not from a private perspective where such GRs would not be 
profitable investments. GRs are instead perceived as a city scale climate mitigation and 
adaptation strategy, which, in the long term will provide both private and social benefits. 

This is confirmed by the positive NPV and benefit/cost ratio presented in Chapter 4 which 
show that the baseline and the prototype are both interesting investment options from a socio-
economic point of view. The CBA however highlighted that the use of carbon sink materials 
incurred additional material costs which led to a lower NPV compared to the baseline. 
Nevertheless, the sensitivity analysis demonstrated that when a higher SVC was used, the 
prototype became a more profitable socio-economic investment than the baseline. In addition, 
when using a combination of a higher SVC and a lower discount rate, the prototype saw the 
highest increase in NPV while the baseline saw lower increase in NPV (see Appendix H).  

These findings highlight how sensitive the socio-economic aspects are to the choice of 
parameters, such as the discount rate, the SVC and ultimately the political decisions around 
the wellbeing of future generations and their environment. This is what makes the comparison 
of this study’s results with previous findings difficult. Previous CBAs did not necessarily 
include the same costs and benefits in their model and different values for the socio-economic 
parameters were used which leads to highly diverging NPVs (Table 5-1). While this study found 
an NPV of 1,317 SEK/m2 for the baseline and an NPV of 1,140 SEK/m2 for the prototype, 
Table 5-1 provides previous estimates of the social NPV for different GR projects which range 
from -560 SEK/m2 at the worst and 35,968 SEK/m2 at the best7. Such a wide range makes the 

 

7 It must be noted that all values were converted using the average exchange rate between 02/01/2019 - 03/01/2020 but no 

other conversion was made.  
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comparison with previous findings difficult, and again highlights the impact that the inclusion 
of certain variables, as well as different parameter values, in decision making can have on the 
economic outcome of a project. 

Table 5-1. Previous findings of the social NPV of extensive GR systems  

Study Discount Rate NPV (SEK/m2) Social & Private? 

Bianchini & Hewage, (2012b) 2% Base Scenario: 3,784 

Worst Scenario: -95 

Best Scenario: 35,968 

Yes 

Claus & Rousseau, (2012) 4% Base Scenario: 407 

Worst Scenario: -559.85 

Best Scenario: 469 

Yes 

Nurmi et al., (2016) 3% Between -50 and 401 

Likely to be 142 

Yes 

5.2 Critical reflections and further research 

5.2.1 Methodological choices & Incertitude 

The methodological choices were supported by an extensive literature review which facilitated 
the conceptualisation of an analytical framework. This analytical framework rested on the 
observation that previous CBAs did not consider an important factor, the carbon impact of 
GR structures. The elaboration of a new analytical framework required the formulation of 
assumptions along with difficult methodological choices, which implications will be discussed 
below. 

Implications following the choice of scope 

The choice of which life cycle steps to include in the model was crucial, but also relied on data 
availability. The impact of the production of each material was investigated, ranging from raw-
material extraction to transport and production. It could have been valuable to include further 
life cycle steps such as the use and end-of-life of these materials. This study was however based 
on the data available in EPDs and not enough information was available on these steps. In 
addition, the inclusion of these steps would have necessitated a full life cycle assessment. While 
performing a full life cycle assessment could bring additional information for further studies 
on the topic, when solely considering the production of each material, the use of EPDs has 
provided similar results to what full LCAs could achieve.  

This choice of scope surely has its limitations. The end-of-life phase is crucial in determining 
whether the carbon stored in the carbon sink materials will be released back to the atmosphere. 
If the prototype were to be incinerated, all the stored CO2 emissions would be released thus 
cancelling out all previous societal benefits. It can however be argued that delaying the release 
of these emissions by 50 years has a certain merit, regardless of whether these stored emissions 
are released upon reaching the end-of-life. Moreover, there is a lot of uncertainty around the 
end-of-life of such a GR, which would make the inclusion of this life cycle step particularly 
challenging. While, from a climate mitigation perspective, it can be argued that preventing these 
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emissions to be released back to the atmosphere today will provide some time to reduce global 
CO2 emissions, the alternative argument can also be used. If a sharp reduction in global CO2 
emissions is not observed in the coming 50 years, is it likely that the SVC will in fact increase. 
In that case, the release of these emissions in 50 years-time rather than now will have a more 
detrimental effect on global wellbeing.  

On the other hand, the prototype is also made from materials that can be reused or recycled. 
It can thus be hypothesised that if such GRs were to be built as a climate mitigation and 
adaptation instrument, upon reaching their end-of-life the most sustainable end-of-life 
alternative would be chosen. There is, however, no assurance that the best or the worst 
alternative would apply, and while the expected lifespan of a GR revolves around 50 years, this 
also depends on the lifetime of the building upon which it is built. This study, as most previous 
CBAs, viewed GRs as separate systems from the building envelope in which they belong. 
However, depending on whether GRs are built on new buildings or old buildings, the need for 
renovation can require the whole GR to be replaced before it reaches its optimal lifespan. In 
addition, by considering GRs and buildings as two separate systems the additional costs and 
environmental impacts associated with building a structure that can support the extra weight 
of a GR were not taken into account. Hence, if the whole building system was to be considered, 
the proportional cost and environmental impact of the GR system compared to that of the 
overall building would not bear the same significance. 

Uncertainty around the variability of prices 

One additional element to bear in mind is the uncertainty around the evolution of the price of 
certain materials. On a 50 years time scale, the price of certain materials might vary a lot due 
to various factors such as reaching economies of scale, or increased pressures from the 
environment that will make the material scarcer. Cork seems to show a certain level of risk in 
that regard. Not only is it not a material that shows a great potential to be scaled up, but in 
addition increased climate pressures are likely to make cork products scarcer and more 
expensive. One important point to consider when looking at the materials used in the protype 
is that their use is most likely sustainable on a small scale, but there is a large degree of 
uncertainty when it comes to scaling them up. This is, however, a common problem that is 
encountered in various fields and that pushes for the implementation of small-scale and 
context specific solutions. 

Data Transfer Shortcomings 

Another shortcoming of this study comes from the fact that data transfer had to be used due 
to the lack of case specific data. While data transfer was performed using the best estimates 
available, to achieve more accurate results case specific data should have been generated prior 
to the calculations. This was however not possible in the case of the prototype as such a type 
of GR has never been tested and empirical data was non-existent.  

How to Understand a CBA 

While this can be perceived as a limitation of CBA, it must be remembered that CBA serves 
as a decision support tool. The use of CBA does not prove that one alternative is with absolute 
certainty better than another. It rather provides an estimate of which alternative is most 
desirable in a certain context, under a certain time frame and for a certain category of actors, 
as demonstrated with the use of different discount rates.  

Climate Mitigation Perspective 
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In the context of climate change mitigation, looking only at the carbon footprint of materials 
is justified. Projects can be prioritised looking primarily at their carbon footprint. However, 
this type of analysis does not give any indication on the other life cycle impacts of these 
materials. Hence, depending on the context, it might be necessary to not only prioritise 
materials in terms of their carbon footprint but also in terms of other life cycle impact 
categories such as water consumption and eutrophication potential, and other air pollutants to 
name a few. These impacts might however be problematic as they pose challenges in terms of 
comparability between the different categories. In the wake of Sweden’s goal to achieve carbon 
neutrality however, considering the carbon footprint of the GR structure in CBA is a first step 
to achieve more informed decision making. 

5.2.2 Own Contribution & Future Prospects 

Previous studies investigated the costs and benefits associated with GR systems using CBA 
while the carbon footprint of GRs was assessed using an LCA approach. However, and to the 
best of the author’s knowledge, no other study adopted an approach where the carbon 
footprint of GR layers was incorporated in the calculations of a CBA. Yao et al., (2018) did 
monetise the carbon footprint of a 1,372m2 GR, but no information was given regarding the 
impact of individual GR layers nor was the impact of the use of carbon sink materials 
investigated. This study is therefore novel and brings a new perspective on the carbon impact 
of the GR structure and its associated costs and benefits. It provides a clear indication of which 
layers in the GR structure have the highest carbon footprint and should ideally be substituted. 
In addition, it proposes a GR prototype in which carbon negative materials were used. The 
impact of these materials on the carbon footprint of the GR structure is assessed, along with 
the additional material costs and overall socio-economic cost-effectiveness of this GR system. 
While the potential implications of this new GR design on the traditional ecosystem services 
provided by GRs was reflected upon, too little data prevented its inclusion in the calculations. 

In short, this thesis contributed to advancing research by answering the originally posed 
questions which addressed the lack of research around the carbon impact of the GR structure 
and its potential inclusion in decision making. The elaboration of an analytical framework 
incorporating this impact complemented the few previous attempts to include life cycle 
impacts in CBA. By doing so, this study proposes an analytical framework with which to 
investigate the carbon impact of other types of GR systems along the other costs and benefits 
that arise from their implementation. This will serve as a strong basis for future decision 
making while providing detailed information which can guide the design of carbon sink GRs. 
In order to provide an idea of the socio-economic implications that the implementation of a 
carbon sink GR could have instead of a GR which acts as a source of carbon, various scenarios 
were conducted. 

Scenario at the city scale of Malmö 

After revealing the potential of GRs to act as a carbon sink, it is interesting to scale up the 
results. While it is difficult to picture what the avoidance of 53.3 kg CO2

eq/m2 of GRs 
represents, let us ask ourselves what these savings could mean for a city like Malmö. To provide 
an overview of what various degrees of implementation of the baseline and the prototype could 
mean for the city of Malmö, three scales are tested: 

- 100m2 green roof 
- 29,652m2 of municipally administrated buildings covered by existing GRs 
- 2,485,359m2 representing a hypothetical scenario based on the example of 

Augustenborg 
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The first scenario corresponds to a 100m2 GR, and is used to provide a first estimation of what 
the findings of this study could mean at the scale of a single GR. The second scenario hoped 
to provide a rough indication of what it could mean to replace the current surface covered by 
conventional GRs in Malmö with the carbon sink prototype. However, the current number of 
GRs in Malmö or an estimation of the total surface covered by GRs in Malmö is unknown. 
Several departments of Malmö municipality were contacted without any conclusive results. 
The closest estimate that could be obtained highlighted that there are currently 29,652m2 of 
GRs on municipally administrated buildings in Malmö (Malmö Stad, SEF Stadsfastigheter, 
personal communication, 20th March 2020). This number is therefore used as a first estimate. 
Finally, the last scenario is more ambitious and aims to show what the large-scale 
implementation of carbon sink GRs could mean for Malmö. To this end, the current surface 
of GRs in Augustenborg is extrapolated to the total surface of Malmö assuming the same 
density. Augustenborg has a high density of GRs with a total 11,100m2 of GRs for an area 
covering 32 hectares (“Ekostaden Augustenborg - World Habitat,” n.d.). Considering that 
Malmö is spread over 7,156 hectares, this would mean that 2,485,359m2 could be covered in 
GRs (“Localities and urban areas,” n.d.). This scenario is of course hypothetical, and several 
factors would need to be considered to establish whether such a large area could be host to 
GRs.   

Table 5-2 presents the comparative social impacts of the baseline and prototype for the three 
scenarios. If the current 29,652m2 of municipally administrated GRs had been built with the 
prototype GR, this would lead to avoided social costs of 1,880,474 SEK. On the other hand, 
assuming that this surface is covered by GRs with similar characteristics to that of the baseline, 
the resulting costs would have been of 1,254,736 SEK. The total avoided costs which 
correspond to the difference between the carbon costs incurred by the baseline and the carbon 
benefits resulting from the implementation of the prototype instead could consequently reach 
3,135,210 under the 1.19 SEK/kg scenario and 18,442,413 under the 7 SEK/kg scenario. 
Under the last scenario with 2,485,359m2 of GRs being implemented, the total avoided costs 
are even greater, reaching 1,545,798,752 SEK under the 7 SEK/kg scenario. This number is 
quite significant, especially when considering that a large-scale implementation of the 
prototype in the future could lead to a reduction in implementation costs. 

Table 5-2. Comparative social CO2 impacts of the two GR structures. 

 Surface 

(m2) 

Carbon Cost of 

the Baseline 

(SEK) 

Carbon Benefit of 

the Prototype (SEK) 

Total Avoided 

Carbon Emissions 

(SEK) 

Social Value of 

Carbon of 1.19 

SEK/kg CO2
eq 

100 4,232 6,342 10,574  

29,625 1,254,736 1,880,474 3,135,210 

2,485,359 105,168,933 157,616,855 262,785,788 

Social Value of 

Carbon of 7 SEK/kg 

CO2
eq 

100 24,891 37,305 62,196 

29,625 7,380,798 11,061,615 18,442,413 

2,485,359 618,640,781 927,157,971 1,545,798,752 
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Image 5-1. Extensive GRs in Lund – High Density Example  

Credit: Lars Hansson 

In short, these three scenarios illustrate how different scales of implementation of the baseline 
or the prototype could lead to socio-economic costs in the first case and socio-economic 
benefits in the other. When envisaging the implementation of GRs in the future, Table 5-2 
shows a clear preference towards the prototype with its reduced carbon footprint.  

5.2.3 Generalisability 

Theoretically, the GR prototype is interesting from a carbon neutrality point of view. However, 
it must be noted that it has not been tested and its technical capacities are yet to be 
demonstrated. While, in theory, this prototype could be implemented in any country, it must 
be noted that the national fire safety regulations might not tolerate the implementation of a 
GR with such a high organic content. In addition, the implementation of a GR with such a 
high organic content is susceptible to require extra irrigation in the future, due to the increased 
frequent of dry episodes. Finally, in the Swedish context where GRs are relatively well-
established, comparing two different GR systems from a carbon footprint point of view was 
justified. However, in countries where GRs are not yet commodified, a first step would be to 
compare a GR alternative with a normal roof.  
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6 Conclusions 

6.1 Summary 
GRs are recognised as an essential contribution to greening cities while providing a range of 
services to society such as storm water management, energy savings, improved air quality and 
increased biodiversity amongst others. While they provide well known services to society, the 
profitability of their implementation has long been investigated through the lens of private 
actors’ interests only. Gradually, decision support tools such as CBA have investigated their 
implementation by considering the long-term impact they can have, not only on private actors, 
but also on society’s overall wellbeing. While several of the ES they provide have been 
investigated, too little attention has been given to the indirect environmental and social impacts 
from their production, the characteristics of their structure layers and at their end-of-life. More 
specifically, one aspect omitted from most studies is the carbon impact of their structure and 
the related socio-economic costs induced by components that have a high carbon footprint. 
While the carbon footprint of GRs had been investigated in LCA before, the associated socio-
economic cost was omitted from the vast majority of CBA studies. In addition, while growing 
attention was given to using more sustainable materials in the GR structure, no other study 
proposed a carbon sink structure in which the carbon impact of every single layer was 
investigated. 

This thesis was focused on developing an analytical framework which would allow the 
inclusion of the socio-economic impact of the GR structure in CBA. An in-depth literature 
review supported the elaboration of this framework which was then applied to a comparison 
between two extensive GRs. The use of a life cycle CBA allowed for the comparison of a 
baseline made from conventional materials with an experimental prototype almost entirely 
made from carbon negative materials. This analysis was conducted to reveal the implications 
of the use of carbon sink materials in the GR structure on the overall cost-effectiveness of the 
whole system, as well as the carbon cost-effectiveness of structure layers. As such, the impact 
of the carbon footprint of the structure was assessed in comparison to some other costs and 
benefits associated with GRs. In short, this research was designed to highlight the implications 
of a conventional structure which is a source of carbon versus a novel carbon sink structure 
on the socio-economic profitability of GRs. The key findings of this study can be summarised 
as follows: 

• Firstly, while the carbon impact of the structure was found to be less consequent than 
other variables considered in CBA, this study shows that its impact is not marginal and 
should thus be considered in future studies.  

• Secondly, an important distinction between the baseline and the prototype is that the 
baseline is a source of carbon and its structure incurs socio-economic costs of 42 
SEK/m2 of GR, while the prototype is a sink of carbon and its structure corresponds 
to an avoided socio-economic cost of 63 SEK/m2. This corresponds to total avoided 
carbon costs of 105 SEK/m2 which would be even greater under an SVC of 7 SEK/kg. 

• Thirdly, while the substitution of conventional materials incurs higher material costs in 
most cases, there is room for win-win situations. The cork drainage layer, for example, 
is cheaper than its plastic based alternative and yields an important benefit in terms of 
its carbon impact. On the other hand, even materials that have a high material cost 
such as the expanded cork board seem to be of potential interest from a socio-
economic perspective as they allow for a sharp reduction in the carbon footprint of 
the structure. 
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• Finally, from a CO2 mitigation perspective it is crucial that cities such as Malmö would 
invest in GR designs that have a lower carbon impact. This study showed that there 
are different ways to lower the carbon footprint of the GR structure and that a carbon 
sink design can easily be achieved. It must however be noted that despite the high 
carbon footprint of conventional GR structures, the multiple ES they provide still 
make them an interesting investment option from a socio-economic perspective. What 
this study suggests however, is that by using carbon sink materials, GRs can not only 
act as a climate adaptation solution in cities, but also that their carbon mitigation 
potential can be improved. 

Overall, this thesis developed an analytical framework which allowed for the integration of the 
carbon impact of GRs’ structure in CBA and tested it on two GR systems. When it comes to 
the carbon footprint of conventional GRs, the findings are consistent with prior research. This 
research brings novelty by providing an assessment of the carbon footprint of a carbon sink 
structure. In addition, not only is the carbon impact of these two structures quantified, but it 
is also monetised and assessed alongside other costs and benefits provided by GRs. By doing 
so, this research encourages novel GR designs and provides a framework for better informed 
decision making. 

6.2 Recommendations for future research  
The analytical framework developed in this thesis is intended to help future research further 
investigate the carbon impact of GR systems along with the broader socio-economic costs and 
benefits resulting from their implementation. The discussion opened the way to several areas 
that future research could expand upon.  

First, while the material costs and carbon impact of the baseline and prototype were compared, 
too little research was available to allow for the comparison of the other variables. While there 
is growing evidence suggesting that the use of biochar in the substrate improves storm water 
management, inconsistent results highlighted the need for further research. In addition, since 
the design of the prototype is a novel idea its performance in terms of insulation, carbon 
sequestration, and improved air quality to name a few, was assumed to be the same as that of 
a conventional roof. It is important for further research to investigate whether this is the case, 
especially if similar designs, including other substitute layers, are to be implemented in the 
future. Thus, future studies could expand the analytical framework to test whether the 
prototype is only better than the baseline from a carbon mitigation perspective or if it also 
provides additional benefits. 

Another way for future research to use the analytical framework developed in this thesis while 
broadening its scope would be to include the use phase, and more importantly the end-of-life 
phase of the life cycle. As mentioned in the discussion, the end-of-life could play a large role 
in the either releasing the CO2 emissions stored in the structure of the GR or in retaining them 
from being emitted for even longer. As there is a large share of uncertainty around the end-of-
life of GRs, future research should further investigate potential scenarios and their implications 
on the socio-economic cost-effectiveness of GRs. 

In addition, this study proposes a novel GR design which uses uncommon materials such as 
biochar, cork and Carbon8. These materials were chosen because of their carbon sink 
potential, low impact on the environment and availability in Sweden. However, there is a need 
to re-think GR design globally to eliminate the use of plastic based component and this should 
be done taking into consideration the constraints of each location. The socio-economic cost-
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effectiveness of each material is likely to vary from country to country and novel designs should 
be investigated in different contexts. 

Finally, while this research strongly suggests that from a socio-economic perspective a carbon 
sink GR could be an interesting investment option for cities such as Malmö such a prototype 
comes with higher material costs which would most likely discourage private investors. Thus, 
future research should investigate how governmental incentives such as market-based 
instruments or public procurement could give further incentives for private actors to invest in 
GR systems that have a lower carbon footprint.  
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Appendix A: Costs & Benefits from the Literature Review 
 

Table A-1. A Literature Review of the Costs of Green Roof Systems 

 Construction 

Cost  

Maintenance 

Cost 

Regulatory 

Cost 

Environmental 

Cost 

Transaction Cost 

(Nurmi et al., 

2016) 

35€/m2 + 

additional cost 

of 50€/m2 

    

(Claus & 

Rousseau, 2012) 

109.9 €/m2 +32€ 

per m2 for a GR 

1 €/m2    

(Bianchini & 

Hewage, 2012) 

$130/m2-

$165/m2 

$0.7/m2 -

$13.5/m2 

 Air pollution 

from GR 

materials from 

$14.06/ m2 to 

$22.20/m2 

 

(Rosasco & Perini, 

2019) 

139 €/m2 2 €/m2 per 

year 

   

(Jones’ et al., 

2018). 

35 €/m2 (+VAT 

24%, = 43€/m2) 

+ additional cost 

of 50 €/m2 

    

Source: Author’s Own 
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Table A-2. A Literature Review of the Benefits of Green Roof Systems 

Source: Author’s Own 

 

 

 

 Life 

Span 

Energy Air 

Quality 

Storm 

Water 

Heat 

Islan

d 

Acoustic

s 

CO2 Scenic  Biodivers

ity 

(Nurmi 

et al., 

2016) 
23.8€/

m2  

Heating: 

2.9€/m2 

Cooling: 

2 to 

10€/m2 

4.8€-

6.9€/m2 

3.9€– 

9.4€/m
2 

 10€/m2  0-

17€/m
2 

 

(Claus & 

Roussea

u, 2012) 
180.3 € 

per m2 

in the 

25th 

year. 

0.133 

€/m2  

NOx: 

0.0124 

€/m2/ye

ar 

NO2: 

0.369 

€/m2/ye

ar 

0.303 

€/m2 

+ 0.10 

€/m2 

  

0.287 

€/m2/ye

ar 

 

0.03 

€/m2/ye

ar 

  

(Bianchi

ni & 

Hewage, 

2012) 
$160/ 

m2 

every 

20 year 

Heating: 

$0.22/m
2  

Cooling: 

$0.18/m
2 to 

$0.68/m
2  

$0.025/

m2 

$0.03/m

2  

$0/m2 

and 

$0.38/

m2 

$8.3

E-

3/m2 

and 

$1.2

E-

3/m2 

  $132/

m2 to 

$174/

m2 

$0/m2 to 

$10.2/m2 

(Rosasc

o & 

Perini, 

2019) 

 heating 

of 0.19 

€/m2/ye

ar  

cooling 

1.62 

€/m2/ye

ar  

       

(Jones’ 

et al., 

2018). 

23.6 

€/m2 

every 

20 

years 

Heating:  

3.33 

€/m2 

4.8 €/m2 

to 6.9 

€/m2 

1.9 to 

3.4 

€/m2 

 20€/m2    
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Appendix B: Green Roof Structure from Literature 
Review Cases 
 

Table B-1. Main raw materials for each system component and maintenance. 

System Components and Maintenance Main Raw Materials 

Substrate Perlite 

Substrate container Polypropylene 

Water reservoir tray Polyvinyl chloride 

Water proofing membrane Polyvinyl chloride 

Edge divider Aluminum 

Irrigation pipe Polyvinyl chloride 

Irrigation tube Special polyethylene 

Automatic watering device - 

Irrigation Water 

Fertiliser Compound Fertiliser 

Source: Retrived from (Kuronuma et al., 2018)  
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Table B-2. Raw materials for each system component of the two GR alternatives presented by Bozorg Chenani 
et al., (2015) 

Source: Retrived from (Bozorg Chenani et al., 2015) 

 

 

 

 

 

 

 

 

 

Layer Material  

Alternative 1 

Root Barrier Polyethylene (LDPE) 

Protection Layer Nonwoven polypropylene (lighter) 

Drainage Layer Polystyrene (recycled HIPS) 

Water Retention Recycled textile fiber 

Filter Layer Nonwoven polypropylene (lighter)  

Substrate  Expanded clay, Crushed Bricks, Compost 

Alternative 2 

Root Barrier PVC 

Protection Layer Nonwoven polypropylene (heavier)  

Drainage Layer Polystyrene (Virgin HIPS) 

Water Retention Rockwool (Grodan) 

Filter Layer Nonwoven polypropylene (heavier) 

Substrate Compost, Sand, Pumice 
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Table B-3. Case Study Characteristics 

Roof Component Material Thickness 

(m) 

Vegetation Halimonie Portulacoides; Rosmarinus officinalis; Crithum 

Maritimum 

  

Substrate Lapillus; Pumice Zeolithe; Peat; Compost; organic fertilizers 0.15 

Water Storage Layer Expanded Perlite; Polyethylene terephthalate (PET) 0.125 

Drainage Layer High Density Polyethylene (HDPE) ; Polypropylene (PP) 0.005 

Waterproofing Membrane Bitumen 0.003 

Source: Adapted from (Peri et al., 2012) 
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Appendix C: Summary Table of the Necessary Data For 
the CBA 

Table C-1. Necessary Data for the CBA 

Included Variables  Description of the Data Needed 

Construction Costs Costs of the different materials used in the prototypes + additional 

installation cost of the GR compared to the baseline 

Maintenance Costs Estimated frequency and cost of maintenance 

Carbon footprint of the Structure Estimated CO2 emissions from the production of the GR materials 

Energy Savings In Sweden deemed marginal for heating, only consider cooling. Average 

energy consumption per household. Estimate how much energy is 

typically saved with a GR. Compare to the price of cooling via another 

mean. Look at the price of district heating/cooling 

Air Quality Estimates of the pollution removal for different pollutants (O3, NO2, 

PM10, SO2). Monetised using the social cost of air pollution 

Storm Water Management Water retention capacity depending on substrate type and plant species  

Carbon Sequestration  Estimates of carbon sequestered by the plant cover (kg CO2/m2) 

 

Scenic Benefits Use hedonic valuation and estimate the increase in property value 

associated with a GR 

Biodiversity Estimates of the increase in biodiversity. Compare with the price of 

other solutions used to increase biodiversity in cities 

Source: Author’s Own 
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Appendix D: Tables used for the calculation of the 
results 
 

Air Pollution 

Table D-1. Evaluation of the regional impacts of air pollution, SEK/kg emissions for 2014 

Nitric oxides (NOx) 86 

Volatile Organic Compounds (VOC) 43 

Sulphur dioxide (SO2) 29 

Particles 0 

Source: Information retrieved from Trafikverket, (2018) 

 

Table D-2. Evaluation of the local effects of air pollution in SEK/exposure unit 

Nitric oxides (NOx) 2 

Volatile Organic Compounds (VOC) 3.4 

Sulphur dioxide (SO2) 17.2 

Fine Particles (PM2.5) 585.9 

Source: Information retrieved from Trafikverket, (2018) 

 

Storm Water Management 

Table D-3. Expenditure categories and estimated avoided costs 

Cost Type Estimates of the Avoided Costs for a 10% 

Infrastructure Scenario (million €) 

Rainwater purification 0.5 

Expansion of sewer network 1-4 

Repair of separate sewer infrastructure 3-6.3 

Repair of combined seer infrastructure 2.3-5.6 

Source: Nurmi et al., (2016) 
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Electricity Prices 

Table D-4. Yearly Average of electricity prices in Malmö from 2010-2020 

Year 2020 2019 2018 2017 2016 2015 2014 2013 2012 2011 2010 

Yearly Average 

(öre/kWh) 

26.93 49.73 57.25 37.21 28.13 35.89 41.68 37.51 51.37 62.57 48.21 

Source: (E.ON, 2020) 
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Appendix E: Summary Tables of the Structural Costs & 
Carbon Impact of the two GR structures. 
 

Table E-1. Structural Costs & Carbon Impact of the Baseline (SEK/m2). 

 Material Climate Impact (kg 

CO2
eq) 

Cost of Climate Impact 

(SEK/m2) 

Cost of the Material 

(SEK/m2) 

 Seeds   20 

S
u

b
st

ra
te

 

Pumice 6.05 7.20 44 

Compost 5.00 5.95 4 

LECA 0.53 0.63 5.82 

Sub-

Total 

 12 14 74 

S
tr

u
c
tu

re
 

Water 

Holding 

7.60 9.04 55 

Drainage 2.88 3.42 100 

Insulation 12.90 15.35 36 

Root 

Protection 

0.59 0.71 50 

Sub-

Total 

 24 28 241 

TOTAL  36 42 315 

Source: Author’s own. 
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Table E-2. Structural Costs & Carbon Impact of the Prototype (SEK/m2). 

It must be noted that a negative cost here corresponds to an avoided cost, i.e. a benefit. 

Source: Author’s own. 

 

 

 

 Material Climate Impact (kg 

CO2
eq) 

Cost of Climate Impact 

(SEK/m2) 

Cost of the Material 

(SEK/m2) 

 Seeds   20 

S
u

b
st

ra
te

 

Biochar -12.53 -14.92 56 

Compost 2.50 2.98 2 

Granular 

Cork 

1.04 1.24 21 

Carbon8 X X 6 

Sub-

Total 

 -9 -11 105 

S
tr

u
c
tu

re
 

Water 

Holding 

-18.81 -22.38 84 

Drainage -4.34 -5.17 88 

Insulation -21.73 -25.86 270 

Root 

Protection 

0.59 0.71 50 

Sub-

Total 

 -44 -53 492 

TOTAL  -53 -63 598 
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Appendix F: Sensitivity Analysis Supplementary Figures 
 

Scenario 1: 

CO2 = 1.19 SEK & Discount rate = 1.4% 

 

Figure F-1. Impact of a change of discount rate from 3.5% to 1.4%, for each variable. 

Source: Author’s own 

 

Figure F-2. Proportional share of each variable. 

Source: Author’s own 
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Scenario 2: 

CO2 = 7.00 SEK & Discount rate = 1.4% 

 

Figure F-3. Impact of a change of social cost of carbon from 1.19 SEK to 7, for each variable. 

Source: Author’s own 

Figure F-4. Proportional share of each variable. 

Source: Author’s own 
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Scenario 3: 

 

Figure F-5. Proportional share of each variable 

Source: Author’s own 
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Appendix G: Benefit/Cost Ratio. 

Social Value of Carbon of 7 SEK/kg: 

Table G-1. Original Design of the Baseline and Prototype and their associated material costs and carbon 
impacts 

  Baseline  Prototype 

Layer  Material Price Carbon Impact Material Price 
Carbon 
Impact 

1)   Plant Cover Sedum 20.00   Sedum 20.00   

2)   Substrate 

Pumice 70% 44.45 42.37 Biochar 20% 56.34 -87.77 

LECA 10% 5.82 3.70 Carbon8 60% 6.35   

Green Waste 
Compost 20% 

4.00 
35.00 

Green Waste 
Compost 10% 

2.00 
17.50 

  0.00   Granular Cork 10% 21.27 7.28 

3)   Water Holding 
Fabric 

Mineral Wool 55.00 53.20 Biochar 84.51 -152.17 

4)   Drainage Layer HDPE 100.00 20.16 Cork 100.00 -30.43 

5)   Insulation Board 
Extruded Polystyrene 
Foam 

36.00 90.30 Cork 36.00 -131.65 

6)   Root Barrier LDPE 50.00 4.19 LDPE 50.00 4.19 

  315 249  376 -373 

Source: Author’s own 

Base Scenario: 

Table G-2. Original Design of the Baseline and Prototype and their associated material costs and carbon 
impacts 

  Baseline  Prototype 

Layer  Material Price 
Carbon 
Impact 

Material Price 
Carbon 
Impact 

1)   Plant Cover Sedum 20.00   Sedum 20.00   

2)   Substrate 

Pumice 70% 44.45 7.20 Biochar 20% 56.34 -14.92 

LECA 10% 5.82 0.63 Carbon8 60% 6.35   

Green Waste Compost 20% 4.00 5.95 
Green Waste 
Compost 10% 2.00 2.98 

      Granular Cork 10% 21.27 1.24 

3)   Water Holding 
Layer 

Mineral Wool 55.00 9.04 Biochar 84.51 -22.37 

4)   Drainage Layer HDPE 100.00 3.43 Cork 87.94 -5.17 

5)   Insulation Board Extruded Polystyrene Foam 36.00 15.35 Cork 269.48 -25.87 

6)   Root Barrier LDPE 50.00 0.71 LDPE 50.00 0.71 

Total  315 42  598 -63 

Source: Author’s Own 
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Scenario 1: No cork except the granules 

Table G-3. Original Design of the Baseline versus a Prototype without cork except from the granules - and 
their associated material costs and carbon impacts 

Source: Author’s Own 

Scenario 2: Less Biochar  

Table G-4. Original Design of the Baseline versus a Prototype without a biochar water holding layer - and 
their associated material costs and carbon impacts 

  Baseline  Prototype 

Layer  Material Price 
Carbon 
Impact 

Material Price 
Carbon 
Impact 

1)   Plant Cover Sedum 20.00   Sedum 20.00   

2)   Substrate 

Pumice 70% 44.45 7.20 Biochar 20% 56.34 -14.92 

LECA 10% 5.82 0.63 Carbon8 60% 6.35   

Green Waste 
Compost 20% 4.00 5.95 

Green Waste 
Compost 10% 2.00 2.98 

      Granular Cork 10% 21.27 1.24 

3)   Water Holding 
Layer 

Mineral Wool 55.00 9.04 Mineral Wool 55.00 9.04 

4)   Drainage Layer HDPE 100.00 3.43 Cork 87.94 -5.17 

5)   Insulation Board 
Extruded Polystyrene 
Foam 

36.00 15.35 Cork 269.48 -25.87 

6)   Root Barrier LDPE 50.00 0.71 LDPE 50.00 0.71 

Total  315 42  568 -32 

Source: Author’s Own 

 

 

 

  Baseline  Prototype 

Layer  Material Price   Material Price   

1)   Plant Cover Sedum 20.00   Sedum 20.00   

2)   Substrate 

Pumice 70% 44.45 7.20 Biochar 20% 56.34 -14.92 

LECA 10% 5.82 0.63 Carbon8 60% 6.35   

Green Waste Compost 
20% 4.00 5.95 

Green Waste Compost 
10% 2.00 2.98 

      Granular Cork 10% 21.27 1.24 

3)   Water Holding 
Layer 

Mineral Wool 55.00 9.04 Biochar 84.51 -22.37 

4)   Drainage Layer HDPE 100.00 3.43 HDPE 100.00 3.43 

5)   Insulation 
Board 

Extruded Polystyrene 
Foam 

36.00 15.35 
Extruded Polystyrene 
Foam 

36.00 15.35 

6)   Root Barrier LDPE 50.00 0.71 LDPE 50.00 0.71 

Total  315 42  376 -14 
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Scenario 3: No Biochar 

Table G-5. Original Design of the Baseline versus a Prototype without a biochar - and their associated material 
costs and carbon impacts 

  Baseline  Prototype 

Layer  Material Price 
Carbon 
Impact 

Material Price 
Carbon 
Impact 

1)   Plant Cover Sedum 20.00   Sedum 20.00   

2)   Substrate 

Pumice 70% 44.45 7.20 Pumice 20% 12.70 2.06 

LECA 10% 5.82 0.63 Carbon8 60% 6.35   

Green Waste 
Compost 20% 4.00 5.95 

Green Waste 
Compost 10% 2.00 2.98 

      Granular Cork 10% 21.27 1.24 

3)   Water Holding 
Layer 

Mineral Wool 55.00 9.04 Mineral Wool 55.00 9.04 

4)   Drainage Layer HDPE 100.00 3.43 Cork 87.94 -5.17 

5)   Insulation Board 
Extruded Polystyrene 
Foam 

36.00 15.35 Cork 269.48 -25.87 

6)   Root Barrier LDPE 50.00 0.71 LDPE 50.00 0.71 

Total  315 42  525 -15 

Source: Author’s Own 

 

 

Figure G-1. Benefit/Cost Ratio of the Prototype - taking into account the carbon impact and material cost of 
the structure. The base scenario is the main scenario of this study, scenario 1 corresponds to a prototype without 
cork except from the granules, scenario 2 corresponds to a prototype without a biochar water holding layer and 
scenario 3 corresponds to a prototype without biochar. 

Source: Author’s Own 
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Table G-6. Benefit/Cost Ratio – total versus carbon impact of the structure & material costs under different 
assumptions on the social value of carbon 

 Social Value of Carbon = 1.19 

SEK / kg 

Social Value of Carbon = 7 

SEK / kg 

 Baseline Prototype Baseline Prototype 

Benefit/Cost Ratio - carbon impact of the 

structure & material costs 

 0.11  0.62 

Benefit/Cost Ratio - total 2.11 1.73 1.77 2.03 

Source: Author’s Own
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Appendix H: Summary Tables of the Sensitivity Analysis. 

Base Scenario: 
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Scenario 1: 
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Scenario 2: 
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Scenario 3: 
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Scenario 4: 
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Scenario 5: 
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Scenario 6: 

 

 

 

 

 

 

S
o

ci
al

 V
al

u
e 

o
f 

C
ar

b
o

n
 :
 1

.1
9
 &

 D
is

co
u
n

t 
R

at
e:

 3
.5

%
 

A
es

th
et

ic
 B

en
ef

it
: 
1
8
5
.2

4
 S

E
K

/
m

3
 



Re-Thinking Greeen Roof Design 

101 

Scenario 7: 
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Appendix I: Communication records 

Continuous Communication 

Jonatan Malmberg, Project & Development Manager at the Scandinavian Green Roof Institute 

Email Interviews 

David Andersson, CEO at ECOERA, personal communication, 24th February 2020 

Malmö Stad, SEF Stadsfastigheter, personal communication, 20th March 2020 

Paula Carey, Director at Carbon8, personal communication, February 27th 2020 

Urban Biodiversity & Green Infrastructure Expert, personal communication, March 27th 2020 

ZinCo representative, personal communication, February 19th 2020 

Communication by Topic 

Information on the total area in Malmö Covered by Green Roofs: Valuable help and 
information was obtained from all these contacts which allowed to come up with an estimated 
29,652 square meters of green roofs on municipally administrated buildings in Malmö, given 
by a representative from SEF Stadsfastigheter (Malmö Stad).  

- Malmö Stad - Environment Department   

- Malmö Stad - Service management – Environmental Coordinator 

- Johan Niss, The County Administrative Board of Skåne  
- Malmö Stad - SEF Stadsfastigheter 
- MKB: general office & project leader environmental development 

Information on the price of materials (most notable communications): 

Biochar: 

- Email contact with a representative from Ecotopic. 
- Email contact with a representative from Ecoera. 

Cork:  

- Email and phone contact with Kåre Fjalland - Amorim Ambassador – Korkbyg 
- Email and phone contact with a Sales Manager at Amorim Cork Insulation 

Carbon8: 

- Email contact with Paula Carey – Director of Carbon8 Systems 
- Phone contact with another representative from Carbon8 Systems 

Compost: 

- Phone contact with an employee of Sysav: https://www.sysav.se/Privat/  
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Pumice:  

- Phone contact with a representative of JEI: https://jei.is/ 

Waterproofing Layer and Insulation Board: 

- Email and phone contact with the Sales Manager at Soprema Sweden 

Stone Wool: 

- Phone contact with a representative of Saint-Gobain Isover Sweden 

LECA:  

- Phone contact with a representative of LECA Sweden 
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Appendix J: Policy Brief 
 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

RE-THINKING GREEN ROOF DESIGN 

THE PROSPECT OF A CARBON SINK STRUCTURE INVESTIGATED THROUGH A LIFE 

CYCLE COST-BENEFIT ANALYSIST   

  The Special Report on Global Warming of 1.5°C issued by the Intergovernmental Panel on Climate Change 

(IPCC) left no doubt about the implications of climate change for the planet. Anthropogenic activities have 

already increased worldwide temperatures 1.0ºC above pre-industrial levels. The role of urban areas in 

climate change mitigation is vital. They are host to more than half of the world’s population and 

consequently the source of a large share of global greenhouse gas (GHG) emissions. With climate-change 

risks such as rising sea levels, heat stress, extreme precipitation and storms, drought, water scarcity and 

pollution on the rise, urban areas are also at great risk (Revi et al., 2014). 

Urban policies have major implications for climate change mitigation, both in terms of reducing future 

levels of greenhouse gas emissions as well as in building long-term resilience to climate change risks. In 

recent years, policy agendas have been focused on addressing the complexity and multiplicity of these threats 

while operating within spaces limited by the urban fabric. Green roofs (GRs) have been experiencing 

worldwide success due to the multiple services they provide to society such as storm water management, 

energy savings, heat-island effect reduction, carbon sequestration, increased biodiversity and greening of 

cities while making efficient use of available space.  

 

Urban Areas – Climate Change Mitigation & Adaptation 

In a context where cities are aiming to implement solutions that will allow them to achieve their 

sustainability goals cost-effectively, it is important to assess each alternative with relevant decision support 

tools. Cost-benefit analysis (CBA) has been commonly used to assess the implementation of GRs from an 

economic, social, and environmental standpoint. However, the carbon footprint of their structure, which 

could incur both high environmental and social costs as well as benefits, is yet un-accounted for. This despite 

growing evidence that it takes several years for the CO2 sequestration and energy savings attributed to GRs, 

to offset the carbon footprint of their installation (Kuronuma et al., 2018). These findings encourage further 

research into how GRs’ structures can be shifted from carbon sources to carbon sinks while incorporating 

the associated socio-economic impact in decision making. This thesis aims to propose an analytical 

framework which incorporates the carbon impact of each component used in the GR structure into CBA, to 

support better informed decision making. 

  

 

Credit : Youna Le Rouzo 

Problem Definition 
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To that end, the first objective of this thesis is to investigate how the conventional CBA of GRs 

can be extended to consider the life cycle carbon profile of their structure. An extensive literature 

review supports the conceptualisation of an analytical framework which is then tested on two 

GR systems in a comparative case study taking place in Malmö, Sweden. One serves as a 

baseline, presenting the characteristics of an extensive GR made with conventional materials, 

while the other is a novel prototype using several carbon sink materials such as biochar and cork. 

  

 

 

 

0 

The analytical framework is designed to allow for the inclusion of the embedded carbon 

emissions of various materials and their associated socio-economic costs/benefits in CBA. This 

is done by reviewing, for each material, the carbon impact resulting from three life cycle phases: 

raw material acquisition, transport, and manufacturing. The stored CO2 emissions in carbon sink 

materials are accounted for in the form of an avoided cost. The carbon footprint of each material 

is then monetised using the Swedish social value of carbon (SVC) of 1.19 SEK/kg CO2
eq. The 

carbon impact of the GR structure is thus included as a variable in the CBA, along with the 

material costs of the GR structure, installation costs, carbon sequestration benefit, energy saving, 

storm water management, improved air quality, improved aesthetics and increased biodiversity. 

 

The second objective is to investigate the implications of the use of carbon sink materials on the 

socio-economic cost-effectiveness of GRs. This is done by analysing the results of the life cycle 

CBA which, by comparing a conventional GR with a novel carbon sink prototype, sheds light on 

the trade-offs associated with the use of such materials. The aim of this analysis is to better 

inform decision makers when considering the implementation of GRs, highlight the pros and 

cons of using carbon sink materials and provide information which will support the sustainable 

re-design of GRs. 
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Objectives & Methods 
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Results & Main Findings 

Firstly, while the baseline and the 

prototype show very similar 

structural characteristics, the 

overwhelming use of plastic based 

materials in one and carbon sink 

materials in the other makes a major 

difference in terms of their carbon 

impact. The baseline has a positive 

carbon footprint, resulting in socio-

economic costs of 42 SEK/m2, 

while the prototype stores more 

emissions than were emitted during 

its production leading to avoided 

socio-economic costs of 63 

SEK/m2 of GR. 

The main results of this study can be summarised as follows: 

1 

Secondly, the use of carbon sink materials in the prototype leads to significantly higher material costs. 

These higher material costs are not completely offset by the avoided CO2 emissions stored in the 

prototype. However, when considering the wide range of benefits that the prototype provides, it is 

almost as profitable as the baseline with respective net present values (NPV) of 1,316.96 SEK/m2 for 

the baseline and 1,140.07 SEK/m2 for the prototype.  

2 

Thirdly, while substituting 

conventional materials incurs higher 

material costs in most cases, there is 

room for win-win situations. The 

cork drainage layer, for example, is 

cheaper than its plastic based 

alternative and yields an important 

benefit in terms of its carbon 

impact. On the other hand, even 

costly materials such as the 

expanded cork board seem to be of 

potential interest from a socio-

economic perspective as they 

sharply reduce the carbon 

footprint of the structure. 

 

3 3. Change in the Material Costs & Carbon Impact of the Baseline vs. the Prototype  

1. Climate Impact of the structure of the Baseline versus the Prototype - Comparative 

Values in SEK/m2, where positive values represent a benefit and negative values 

represent a cost. 

To conclude, what this study suggests is that by using carbon sink materials, GRs can continue to act as a 

climate adaptation solution in cities, while their carbon mitigation potential is also improved. From 

a CO2 mitigation perspective, it is crucial that cities such as Malmö start investing in GR designs that 

have a lower carbon impact. This study showed that a carbon sink GR design is easily achievable, in a 

variety of ways, but that it comes with higher material costs which would likely discourage private 

investors. Therefore, future research should investigate how governmental incentives, such as market-

based instruments or public procurement, could give further incentives for private actors to invest in GR 

systems that have a lower carbon footprint. This needs to be supported by further research on the carbon 

footprint of the GR structure and its inclusion in decision making.  

 


