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Abstract 

 

The concentration of atmospheric CO2 is still increasing according to numerous projections of future 

greenhouse gas emissions. Nations must make every effort to achieve the target of keeping the global 

average temperature to below 2 ̊C above pre-industrial levels, agreed on in the Paris Agreement. A 

relatively new and promising geoengineering approach to possibly combat this worldwide problem is 

the use of olivine ((Mg,Fe)2SiO4). During the weathering process of olivine, carbon dioxide (CO2) is 

extracted from the atmosphere and converted to insoluble carbonate minerals, consequently reducing 

the atmospheric CO2 concentration. This research aim is to investigate whether olivine can be 

effectively implemented and within environmental safety boundaries in the Knowledge Mile Park, a 

project in commission of the Municipality of Amsterdam, to sequester atmospheric CO2 in three 

scenarios i.e. tree sand, green rooftop substrate and footpath substrate. With the Olivine Weathering 

and CO2 Sequestration model and PNEC-pro V6, the dissolution and CO2 sequestration rate of olivine 

were examined and the released nickel concentration with the effects on various plant and aquatic 

species was analysed. Green rooftop substrate was identified as the most effective possible scenario in 

terms of the magnitude of CO2 binding in 40 years that can be implemented in the Knowledge Mile 

Park remaining within the safety boundaries of environmental and ecotoxicological effects. To deepen 

the knowledge on olivine applications, further research should incorporate practical experimental work 

based on the modelled input of this report. 
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2. Introduction 

 

On the 12th of December 2015, world leaders of 195 countries celebrated a historic landmark agreement 

to globally fight climate change and its negative impacts. On that day, the Paris Agreement was adopted 

under the United Nations Framework Convention on Climate Change (UNFCCC), obliging all nations 

to undertake ambitious action (UNFCCC, n.d.). The main goal of the agreement is to ‘hold the increase 

in the global average temperature to below 2 ̊C above pre-industrial levels by reducing emissions to 40 

gigatons or 1.5 ̊C above pre-industrial levels’ (UNFCCC, 2015). This requires each nation to maintain 

its outlined Nationally Determined Contributions (NDC’s), in other words, the contribution each 

country proposed to reduce greenhouse gas emissions. The NDC’s of all contributing nations combined 

determines whether the world fulfils the long-term goal of maintaining a sustainable climate system, 

including limiting the increase of the global mean temperature (UNFCCC, n.d.). 

However, the concentration of atmospheric CO2 is still increasing according to numerous 

projections of future greenhouse gas emissions (DeAngelo et al., 2017). As reported by the Emissions 

Gap Report of United Nations Environment Programme (UNEP), temperatures are estimated to rise by 

3.2 ̊C if current climate and energy policies, stated by the Paris Agreement, are achieved. Moreover, to 

reach the 2 ̊C goal, emissions need to abate by 2.7% a year between 2020 and 2030 and 7.6% a year for 

the 1.5 ̊C goal (UNEP, 2019). Furthermore, the independent scientific analysis ‘Climate Action 

Tracker’ compared benchmark emissions from the 1.5 ̊C compatible pathway of the Paris Agreement 

with future emission projections (figure 1). They reported that the emission gap for 2025 is equal to 11-

14 Gigaton CO2 and 26-29 Gigaton CO2 for 2030 (Climate Action Tracker, 2019).  

The increasing concentration of greenhouse gases is just one of the destabilizing challenges the 

Earth system has to deal with (International Geosphere-Biosphere Programme, 2015). According to the 

‘Great Acceleration’, that shows an increase in Earth system trends these challenges are driven by 

human activities (Steffen et al., 2015). With these increasing pressures on the Earth System as a result 

of socio-economic trends, scientists speak of a new geological epoch: the Anthropocene (Rockström et 

al., 2009). The Intergovernmental Panel on Climate Change (IPCC) states that humans are now 

triggering irreversible and abrupt changes to the Earth System. This will result in catastrophic impacts 

such as floodings, increasing ocean acidification, sea-level rise, extreme weather events and wildfires 

(Intergovernmental Panel on Climate Change, 2018). 
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Figure 1. Projected global greenhouse gas emissions (GtCO2e/year) and expected warming until 2100, based on 

pledges and current policies (Climate Action Tracker, 2019).  

 

The acceleration of environmental challenges facing humanity and nature due to global warming are 

still increasing. This anthropogenic climate crisis asks for international and national action (The 

Committee on Climate Change, n.d.). Besides, nations must make every effort to achieve the targets 

agreed on in the Paris Agreements. In 2019 the Netherlands, a country that has signed the Paris 

Agreement, composed the national Climate Agreement. With this agreement, the government aims for 

a 49% reduction of CO2 emissions in the Netherlands by 2030 compared to 1990. Furthermore, they 

aim at increasing the European target 55% in the same year (Government of the Netherlands, 2019). 

With these measures, the targets composed in the Paris Agreement have to be met. Along with this 

agreement, the NGO Urgenda started a trial in 2015 against the Dutch State in which the State was 

urged to reduce greenhouse gas emissions in line with its human rights obligations. In 2019, the 

Supreme Court stated that the Dutch State is obliged to reduce its greenhouse gas emissions by 25% in 

2020 compared to 1990 in line with the ideas of Urgenda (Urgenda, n.d.). 

However, the Netherlands Environmental Assessment Agency (Planbureau van de 

Leefomgeving, PBL), commissioned by the Dutch government and the Tweede Kamer, found that the 

Netherlands is not on track to meet the 49% reduction goal, but will only achieve between 43% and 

48% (PBL, 2019). Besides that, only a 21% reduction of greenhouse gas emission of the 25% Urgenda 

goal will be achieved (PBL, 2019). This data shows that additional measures need to be taken to realize 

the required emission reduction in the Netherlands. As a consequence of this, the Dutch government 
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decided to compose a complementary set of measures besides the already existing measures (Wiebes, 

2019). Urgenda provided the Dutch government with a plan of 40 feasible measures, such as lowering 

the maximum speed. These were evaluated by the government to possibly incorporate into the new 

action plan. One of the measures the Dutch government identifies as promising and stimulates research 

to, is increasing the use of the enhanced weathering of olivine sand, a relatively new geoengineering 

approach (Schuiling, 2011). 

  

Olivine ((Mg,Fe)2SiO4) is one of the most common and fast weathering minerals on the Earth’s surface. 

During the weathering process of olivine, carbon dioxide (CO2) is extracted from the atmosphere and 

converted to insoluble carbonate minerals, consequently reducing the atmospheric CO2 concentration 

(Bakker et al., 2012). The application of olivine is, therefore, a natural and advantageous method 

regarding carbon capture and sequestration (CCS) (Mesman, 2018). Besides concentrations of the 

elements magnesium (Mg), Iron (Fe), silicon (Si) and oxygen (O), high amounts of nickel (Ni) are 

released during the weathering of olivine (Bakker et al., 2012). Due to its unknown environmental 

hazard, the released nickel concentration is one of the primary bottlenecks for the practical 

implementation of olivine (Lenferink, 2019). 

A possible large-scale application of olivine sand is the Knowledge Mile Park, a project in 

commission of the Municipality of Amsterdam. Amsterdam strives to cut its CO2 emission by 55% in 

2030 and aims at being climate neutral in 2050 by cutting its CO2 emissions to 95% compared to 1990 

(Gemeente Amsterdam, 2020). The Knowledge Mile is one of the main thoroughfares of Amsterdam, 

where high CO2 emission causes the air quality of this area to be substandard (Naturvation, 2017). 

Therefore, it is interesting to investigate whether olivine can be a possible effective implementation to 

reduce the atmospheric CO2 concentration in Knowledge Mile Park. This research aims to investigate 

whether olivine can be effectively implemented in the Knowledge Mile to sequester atmospheric CO2 

in three scenarios that is: 

1. Tree sand 

2. Green rooftop substrate  

3. Footpath substrate.  

 

Furthermore, to investigate if the application will be secure enough to be implemented in the Knowledge 

Mile, based on the environmental effects of the released nickel concentration by olivine on plant uptake 

and ecotoxicological risks on aquatic species. Green rooftop substrate was expected to generate the 

highest CO2 sequestration rate as a result of high concentrations of organic matter and the largest 

application area.  

To gain insight in the use of olivine in the Knowledge Mile Park, three scenarios, green rooftop 

substrate, tree sand, footpath substrate, will be modelled using the Olivine Weathering and CO2 

sequestration model (OWCS) of Deltares, an independent institute for applied research in the field of 

https://www.zotero.org/google-docs/?gO26GQ
https://www.zotero.org/google-docs/?gO26GQ
https://www.zotero.org/google-docs/?Skuwzj
https://www.zotero.org/google-docs/?Skuwzj
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water and subsurface. With this computational model, individual effects of e.g., grain-size, water 

availability and pH will be quantified and the amount of sequestered CO2 and heavy metal release will 

be investigated. The effect of the nickel release by olivine will be specified using PNEC-pro V6 where 

specific environmental variations will be introduced and the ecotoxicological risks for 23 aquatic 

species will be quantified.  
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3. Theoretical framework 

 

3.1. Enhanced weathering of olivine 

Olivine ((Mg,Fe)2SiO4) is one of the most common and fast weathering minerals, covering 

approximately 70% of the Earth’s upper mantle (Montserrat et al., 2017; Plomerova et al., 2012). As a 

result of plate tectonic forces, great slabs of olivine-rich rocks are pushed up from the mantle to the 

surface where they are accessible for mining (Schuiling, 2013). The mineral carbonation of olivine is 

seen as a beneficial carbon capture and storage (CCS) method since it removes and permanently stores 

CO2 (Kelektsoglou, 2018). Moreover, it can be found in ultramafic rocks around the world where 

extensive amounts of olivine are available (Hangx & Spiers, 2009). Olivine is used in multiple 

applications, varying from steel production (75%), casting or foundry sand (15%), sandblasting (10%) 

to ceramics (<5%) (Kennedy et al., 1990).   

As described in the introduction, olivine mainly consists of the elements magnesium (Mg), iron 

(Fe), silicon (Si) and oxygen (O), besides high concentrations of manganese (Mn), chromium (Cr) and 

nickel (Ni). Olivine, a magnesium iron silicate, forms a solid solution series between the magnesium-

rich endmember forsterite (Mg2SiO4) and the iron-rich endmember fayalite (Fe2SiO4) (Gérardin et al., 

2019). The composition of olivine varies between pure forsterite and pure fayalite. Intermediate 

compositions are often indicated in molar percentages as Fo and Fa respectively, with an average 

composition of Fo93Fa7 (Den Hamer & Vink, 2012; Bakker et al., 2012). 

  

Earlier research mainly focused on the implementation of olivine in the industry, using high pressure 

and temperature (Bradly et al., 1964; Karato & Jung, 2003) Recently, more field-tested research was 

conducted. It was found that CO2 emissions in agriculture can be reduced by replacing lime with olivine, 

so that olivine can capture CO2 from the atmosphere (Rietra et al., 2011). However, as a result of a high 

nickel content of olivine, generic national legislation does not allow the use of olivine in agriculture, 

for example as a fertilizer (Rietra, 2010). It is, on the other hand, allowed to use olivine as a construction 

material. Movares (2013) showed that olivine on the inspection paths along the railway lines of Prorail 

binds, theoretically, 770 g CO2/year/m3 path. In practice, this amount turned out to be approximately 

100 g CO2/year/m3 path. This was mostly a result of the fact that field conditions deviated from the 

adopted ideal conditions used in theoretical calculations. 

Most research has focused on using olivine in agriculture or other uninhabited areas, but little 

research has been done on olivine applications in urban areas. Den Hamer & Vink (2012) investigated 

six implementations of olivine in Rotterdam: tree sand, dress sand, green roof substrate, crusher sand, 

semi-pavement and road salt (figure 2) (Den Hamer & Vink, 2012). The choice of scenario selection 

was based on the possibility of no-regret application where olivine replaced the original substrate of the 

work.  
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Figure 2. CO2 sequestration (ton/year) according to the applied volume of olivine (m3/year) of five different 

applications in Rotterdam with the representative CO2 emission of cars as reference (Vink, personal 

communication, 2019).    

 

Especially green scenarios, where olivine was a component of a substrate, that is tree sand, dress sand 

and green roofs, resulted to be promising applications. These scenarios showed an effective ratio of the 

applied volume of olivine and the sequestered CO2. For example, the addition of olivine tree sand turned 

out to generate high weathering rates and, hence, CO2 sequestration. It was calculated that 15000 cubic 

meters of olivine can sequester 5544 tons of CO2 each year. This corresponds with the emission of 2132 

cars (Den Hamer & Vink, 2012). The remaining grey applications, defined as the infrastructural works 

in a city or municipality, were found to be positive in net-capture, but less effective. These results show 

that olivine can effectively sequester significant amounts of CO2 from the atmosphere in large-scale 

applications, with the original substrate of the work via Life Cycle Assessment as reference.  

 A recent study investigated the CO2 capture of olivine over time in seven separate experiments 

in a controlled environment. By varying the conditions of each experiment, the functioning of olivine 

was recorded. It was found that olivine decreased the CO2 concentration during the experiment and is 

therefore competent to sequester CO2 from the atmosphere. An extensive description of the experiments 

and the results can be found in Appendix 1.  

 

3.1.1. The weathering mechanism of olivine 

Olivine weathers under acidic conditions, which is a result of the presence of carbonic acids such as 

carbon dioxide (CO2). Therefore, during the weathering process of olivine, CO2 is extracted from the 

atmosphere and captured in the form of bicarbonate (HCO3-), silicic acid (H4SiO4) and base cations in 
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solution (i.e. Ca2+, Mg2+, Na+ and K+). These reaction products may then reach the ocean by leaching 

into the soil (Dietzen et al., 2018). The chemical reaction of the dissolution of olivine depends on the 

specific composition, i.e. forsterite or fayalite, of the mineral. Assuming saturated conditions, the 

reaction is as follows (Schuiling, 2013): 

  

Mg2SiO4 + 4 CO2 + 4 H2O → 2 Mg2+ + 4 HCO3– + H4SiO4                                                      (1) 

Fe2SiO4 + 4 CO2 + 4 H2O → 2 Fe2+ + 4 HCO3– + H4SiO4                                                         (2) 

 

The reaction shows that, thermodynamically, one kilogram pure olivine extracts 1.25 kg CO2 and forms 

soluble bicarbonate. When the dissolved bicarbonate precipitates with magnesium as magnesite 

(MgCO3), a proportion of sequestered CO2 can be released again (Den Hamer & Vink, 2012). Field 

obtained data show that, under saturated conditions, precipitation of these minerals, despite high 

supersaturation, rarely occurs (Hangx and Spiers, 2009).  However, provided that magnesite does 

precipitate, the net yield of captured CO2 is halved to two mol and thus 0.6 kg sequestered CO2 per kg 

of olivine: 

 

Mg2SiO4 + 2 CO2 → SiO2 + 2 MgCO3                                                                                      (3) 

 

Besides the reduction in CO2 sequestration as described above, the mining, grinding and transportation 

of olivine need to be considered. This efficiency is calculated by the net CO2 absorption of these 

processes divided by the gross CO2 uptake. These procedures use about 5% of energy and thus emit 

CO2 while in process which slightly deviates depending on the location (Greensand, n.d.; Hangx and 

Spiers, 2009). However, ‘normal’ substrate for a specific work, for example, gravel for a footpath, 

experience mostly the same procedures that also emit CO2. Hence, a certain amount of CO2 will always 

be emitted, regardless of the use of olivine. These aspects need to be taken into account when 

investigating the net yield of the sequestration of CO2 by olivine. 

 

3.1.2. Factors affecting the weathering rate 

Several environmental factors influence the efficiency of the weathering of olivine and thus the rate of 

CO2 sequestration (Veld et al., 2009). An overview of the influence of these factors is depicted in figure 

3.   
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Figure 3.  Olivine lifetime given as a function of pH with the increasing or decreasing effects of varying conditions 

on the lifetime of olivine (Olsen, 2007).   

 

First, the reaction rate of olivine increases with smaller grain size as this increases the reactive surface. 

The total CO2 yield is, on the contrary, higher for a coarse grain size. Second, a low pH and high 

temperature and pressure increases the abiotic solubility and is thus favourable for the weathering of 

olivine (Veld et al., 2009). Finally, biological activity can influence the dissolution rate in various ways. 

The weathering increases when plants take up nutrients that alter the chemical substance combination 

of the soil and change the saturation state of olivine. The same effect is reported when plants cause an 

increased acidity of the soil as a result of CO2 release through root respiration or active proton excretion. 

Furthermore, the organic compounds released by mycorrhizal associations favour the weathering 

process (Hartmann et al., 2013).  

However, iron can also influence the weathering process. As a result of oxygen under 

oxygenated conditions, the reduced form of iron (Fe2+) in olivine is reduced to Fe3+: 

 

2 Fe2SiO4 + O2 + 2 H2O → 2 SiO2 + 4 FeOOH                                                                         (5) 

 

In this way, as a result of precipitated rust, the uptake of CO2 is zero for the iron fraction, which is in 

general 7% towards 93% magnesium (Griffioen, 2017). Besides, the formation of a passivating silica 

layer on olivine grains can progressively slow down the weathering process (Béarat et al., 2006). 

Furthermore, there is a difference between field and laboratory obtained data, which needs to be 



12 

 

considered (Veld et al., 2009). According to earlier research, the weathering rate of olivine is not 

significantly influenced by the SiO2 concentration, Al3+ concentration, Mg2+ concentration, ionic 

strength, water activity, and the SO42- concentration (Chen and Brantley, 2000; Olsen, 2007).  

 

3.1.3. Potential side effects and heavy metal release 

Positive side effects of the use of olivine are, among other things, solidifying the soil and preventing 

acidification of soil and ocean (Den Hamer & Vink, 2012).  When olivine is a component of a substrate, 

it can act as a replacement of the mineral fractions (e.g. sand, pebbles) that are normally added. These 

mineral fractions create an aerated structure of the substrate and provide the macronutrients magnesium, 

kalium and calcium. Olivine can replace this mineral fraction and since magnesium is released during 

the weathering process, it can replace a magnesium fertilizer. Besides, olivine can act as a substitute for 

lime, which buffers the substrate and neutralizes the acidity (Den Hamer & Vink, 2012).  

However, unintentional negative side effects may also occur. Olivine sand can trigger the 

disruption of ecological conditions due to a change in pH and alkalinity of soils and surface waters or 

a change in silicon concentrations in surface waters (Hartmann et al., 2013). Moreover, besides low 

concentrations of the elements silicon, oxygen and iron, the heavy metal content needs to be taken into 

consideration. High amounts of nickel (Ni) and magnesium (Mg) and a small concentration of 

chromium (Cr), cobalt (Co) and zinc (Zn) are released during the weathering of olivine (Bakker et al., 

2012). Chromium, with a concentration of approximately 0.3%, is present but is very inert. The released 

magnesium concentration, however, is found to suppress the calcium uptake in plants and can, 

therefore, imbalance the plant nutrition (ten Berge et al., 2012). Calcium deficiency results in, among 

other things, a decrease in growth rate, necrosis in young developing tissues and distorted leaves 

(Sharma et al., 2017).  

Besides magnesium, a high nickel concentration is one of the primary legal barriers for 

implementing olivine in large scale applications. Nickel has biological significance since it is an 

essential micronutrient for animals and the growth and development of plants. However, nickel can lead 

to deleterious effects for organisms when the concentration exceeds maximum critical toxicity values 

(Liu et al., 2013). Generally, the nickel concentration in plants varies between 0.1 and 5 mg/kg 

depending on the season, the amount of nickel present in the soil and specific plant species and parts. 

Furthermore, the critical toxicity values of different plant species also show a high variability with more 

than 10 mg/kg for sensitive species, 50 mg/kg for intermediate tolerable species and 1000 mg/kg in 

nickel hyperaccumulator plants (IPNI, n.d.). Field observations in natural enriched Ni-areas in Europe, 

however, indicate very limited adverse effects on groundwater or plant life (Tarvainen et al., 2005) 

To prevent the exceeding of these limits, the Dutch fertilizer law (Meststoffenwet) states that, 

when implementing in agriculture or as a substrate in the ‘green space’, a magnesium-rich fertilizer is 

allowed to have a maximum nickel concentration of 800 mg Ni kg-1 (RVO, n.d.). Since the average 
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nickel concentration in olivine is approximately 3000 mg Ni kg-1, this target is exceeded, making olivine 

not suited for implementation in these areas (figure 4) (Bakker et al., 2012). 

  

 

Figure 4. Metal concentrations of 75 olivine samples of different origin with target and intervention values of the 

soil, according to the Dutch law, as reference. 

 

However, when olivine functions as a building material, such as a draining, bearing or carrying effect, 

it is allowed to use it as a substrate under the condition that it can be fully extracted again. In this case, 

the emission requirement is acted upon. This requirement states that the nickel concentration in the soil, 

as a result of olivine, cannot exceed a certain limit. This limit is specific for different areas with an 

average of 35 mg nickel per kilogram soil in the Netherlands. Besides, the environmental quality 

standard (Milieukwaliteitsnorm, MKN) for surface water applies a limit of 34 µg nickel per litre (RIVM, 

n.d.). These nationally applicable quality standards asses analysis numbers as part of a first-line 

assessment and are therefore generic. A second-tier assessment, however, incorporates ambient 

conditions in the assessment of actual risks and are therefore location-specific. An example of a second-

tier assessment is the risk assessment module PNEC-pro (Deltares, 2015; Verschoor et al., 2012).  

  

3.2. Project area: The Knowledge Mile Park 

A sustainable initiative in Amsterdam is the Knowledge Mile Park, an area starting at the IJtunnel, via 

Mr. Visserplein, Weesperstraat, Wibautstraat, and ending at Amstelplein (figure 5). This main traffic 

route in and out of the city is confronted with multiple bottlenecks, including waterflooding, heat stress 

and noise- and air pollution (Knowledge Mile Park, n.d.). For example, three of the nine streets part of 
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the Knowledge Mile, Valkenburgerstraat, Weesperstraat and Wibautstraat, do not meet the European 

air quality standards.  

 

 

Figure 5. Map of the research area of Knowledge Mile Park with in red with a dotted line the boundary of the 

Knowledge Mile and dashed line the research area.  

 

Together with the Bedrijven Investering Zone (BIZ) Knowledge Mile, the Municipality of Amsterdam 

and partners aim to tackle these difficulties (Gemeente Amsterdam, 2020). With this initiative, they 

strive for a green and sustainable street with an improved working and living climate (Naturvation, 

2018). Therefore, the main goal set for 2025 is ‘to realize a large-scale green and sustainable transition, 

a green and sustainable city street where through participating and innovating & learning public spaces, 

rooftops and facades, façade gardens and terraces, are greened up and persevered to improve the usage, 

city climate and biodiversity and eventually the living- and working environment’ (Gemeente 

Amsterdam, 2020).  

Multiple solutions, such as green rooftops, facades and public areas, have been researched or are 

already implemented (Naturvation, 2018). Another interesting sustainable implementation could be the 

use of olivine to sequester CO2 in the Knowledge Mile. In this way, implementing olivine will be an 

opportunity to realize the large-scale sustainable transition they aim for.   
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4. Materials and methods 

 

4.1. Scenario selection 

4.1.1. General scenario selection 

The general scenario selection was based on the existing action plan formulated by the Municipality of 

Amsterdam and the Knowledge Mile BIZ, comprised of trees, green strips, façade gardens XL, green 

facades, green rooftops and terraces with green objects or façade gardens XL. This was chosen in 

coordination with Amsterdam Green Campus due to the ease of realization of implementing olivine in 

already planned applications. Besides this, according to Den Hamer & Vink (2012), green applications 

resulted to be more effective than grey applications, that is infrastructural works, in the short term. Since 

Knowledge Mile Park set the goal for realizing a green and sustainable street in 2025, it was chosen to 

primarily incorporate possible promising solutions in the short term. Besides, the municipality of 

Amsterdam strives for emission-free transport by 2030 is reached (Gemeente Amsterdam, n.d.).  

Based on the volume size of the application and if the application could be scaled up to relevant 

volumes, the scenarios trees and green rooftops were selected. This was also supported by the findings 

of Den Hamer & Vink (2012) as described in the theoretical framework (figure 2). Besides these 

scenarios, the fictive grey scenario ‘footpath’ with deviating conditions was added. This was chosen to 

gain more insight in the functioning of olivine and the possibilities of implementing olivine. This way, 

a more complete image of potential recommendations concerning the application type of olivine was 

achieved.  

 

4.1.2. Plant species selection 

For green rooftops, a selection of 15 plant species, that were included in the OWCS model, was made 

(table 1). Each species is displayed with its bioconcentration factor (BCF), a value that indicates to what 

extent a specific chemical is tended to accumulate in the plant: 

 

BCF = Ni conc.in plant (μg/kg) / Ni conc.in soil solution (μg/L)      (6) 

 

The selection was based on if the species occurred on green rooftops according to literature and were 

therefore representative for green roof vegetation. For tree sand, the OWCS model only included two 

trees, white willow (Salix alba) and basket willow (Salix viminalis). These species are not suitable to 

be planted alongside streets in Amsterdam, but since the white willow tends to take up high 

concentrations of heavy metals, it was used as a worst-case scenario (Pulford et al., 2002). Hence, the 

most secure olivine dosage within critical toxicity values was calculated for all trees, which take up 

lower concentrations of heavy metals. An overview of a complete list of included plant species in the 

OWCS model can be found in appendix 2.  
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Table 1. Selected plant species representative for green rooftop substrate and tree sand with corresponding 

Bioconcentration Factors. 

Species Latin name BCF 

Green rooftop substrate 

Creeping bentgrass Agrostis stolonifera 0.019 

Cat grass Dactylis glomerata 0.018 

Couch grass Elymus repens 0.003 

Tall fescue Festuca arundinacea 0.008 

Ryegrass Lolium perenne 0.025 

Reed canary grass Phalaris arundinacea 0.024 

Annual meadow grass Poa annua 0.003 

Bluegrass Poa trivialis 0.027 

Red clover Trifolium pratense 0.020 

White clover Trifolium repens 0.031 

Vetch Vicia villosa 0.058 

Ribwort plantain Plantago lanceolata 0.009 

Broadleaf plantain Plantago major 0.009 

Creeping buttercup Ranunculus repens 0.026 

Bitter dock Rumex obtusifolius 0.018 

Tree sand 

White willow Salix alba 0.024 

 

4.2. Scenario specification 

4.2.1. Olivine composition data 

The input variables for the olivine composition data that were used are displayed in table 2. The olivine 

dissolution rate was derived from Hangx & Spiers (2009) were a dissolution rate of 1.25 kg CO2/kg 

pure olivine was described. Since the OWCS model uses an olivine composition of 7% fayalite and 

93% forsterite and only the latter sequesters CO2, the dissolution rate was set to 93% of 1.25, 1.16 kg 

CO2/kg olivine, for all scenarios. The nickel and magnesium content of olivine was set at 0.3% and 

30% respectively.  The olivine percentage of the total feedstock varied between the scenarios. It was 

valued 20% for tree sand and 20 wt.% of the substrate layer for green rooftop substrate, as this 

percentage had no negative impacts on plant growth and development (Den Hamer & Vink, 2012). The 

olivine percentage of the total feedstock was valued as 100% for footpath substrate since olivine can 

replace regular footpath gravel completely.  
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Table 2. Olivine composition data input variables of the OWCS model 

Parameter Tree sand  Green rooftop substrate Footpath substrate 

Olivine dissolution rate (kg 

CO2/kg olivine) 

1.16 1.16 1.16 

Olivine to mixture (wt%) 20% 20% 100% 

Nickel content (%) 0.3 0.3 0.3 

Magnesium content (%) 30 30 30 

 

4.2.2. Site-specific information 

The site-specific information input variables that were used are displayed in table 3. The annual rainfall 

in Amsterdam for 2019 was set to 717.6 mm (KNMI, 2019). The lifetime of olivine was determined 

depending on the lifetime depreciation of the civil work olivine was added to. In Amsterdam streets, 

and therefore trees and footpaths, are depreciated after 25 years. For buildings, and therefore green 

roofs, this period is 40 years (Gemeente Amsterdam, 2017). To achieve an overall image of the course 

of the dissolution and the CO2 sequestration of olivine for all scenarios, the olivine lifetime of 40 years 

was chosen.  

For the temperature of tree sand, the average soil temperature of 10 ℃ was used since olivine 

was mixed with the original sand substrate in the deeper root zone (Den Hamer & Vink, 2012). For 

both green roof substrate and footpath substrate, the average air temperature of Amsterdam of 11.3 ℃ 

was used (KNMI, 2019). This was chosen because olivine was applied in the lower root zone or on the 

ground level and was therefore in contact with the atmosphere. Furthermore, as a result of organic acids 

in combination with the supply of rainwater (pH = 5.6) the pH of the soil of tree sand and green rooftops 

was estimated at 5.6. The soil pH of the footpath substrate was estimated to be 6.5 since it concerned a 

top layer without influence from organic acids in the soil (Den Hamer & Vink, 2012). Other parameters 

that were adopted from Den Hamer & Vink (2012) were the DOC values and olivine dosages. Based 

on 10 cm of gravel thickness, with a density of 1600 kg/m3, the dosage for footpath substrate resulted 

in 1600 ton/ha.  

An ultra-fine olivine grain size (< 63μm) was chosen for tree sand and green rooftop substrate. 

This choice was made in agreement with Green Campus Amsterdam and based on the aim of 

Knowledge Mile Park to realize a green and sustainable street in 2025. To achieve results in 2025, a 

fast weathering is necessary which can be obtained with a fine grain size. The available material that 

was used for this report originated from the Norwegian quarry Steinsvik and was a residual fraction 

from the foundry sand process. Since the finest fraction of olivine was removed from this application 

and was therefore available as a waste stream, a zero CO2 impact can be granted to the material. A 

description of the used material and an analysis including the grain size distribution is given in appendix 

3.  
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A standard medium grain size (0-10 mm) was chosen for the footpath substrate. This was 

chosen due to the reduction of grain size during the weathering. With a finer grain size, the footpath 

would disappear after a certain period as a consequence of weathering. Besides, finer grains will be 

blown away, the grain size will, therefore, be determined by the drainage and stability. Furthermore, 

with a coarser grain size, the break-even point of CO2 sequestration can be reached earlier. An overview 

of the grain size distributions of the used olivine was added to appendix 3.  

The total application area for the tree sand, green rooftop substrate and footpath substrate were 

estimated as 0.0431 ha, 0.9527 ha and 0.01 ha respectively. The calculations of the application areas 

can be found in appendix 4.  

The terrestrial model also required the dry weight of the soil and the soil depth. The standard 

dry weight of the soil was set to 1600 kg (Brière, 2014). Tree sand was located in the deep root zone 

and the soil depth was therefore valued as 1 meter. Green rooftop substrate is usually located in the 

shallow root zone and therefore a soil depth of 0.3 meters was valued. Furthermore, the footpath was 

located at ground level and therefore valued as 0 m (Den Hamer & Vink, 2012).   

 

Table 3. Site-specific input variables of the OWCS model. 

Parameter Tree sand Green rooftop substrate Footpath substrate 

Annual rainfall (mm/year) 717.6 717.6 717.6 

Lifetime olivine (years) 40 40 40 

Temperature 10 ℃  11.3 ℃ 11.3 ℃ 

Soil pH 5.6 5.6 6.5 

DOC (mg/L) Average (20)  High (40)  Low (5)  

Olivine dosage (ton/ha) 1200 100 1600 

Grain size Ultra-fine  Ultra-fine  Medium 

Application area (ha) 0.0431 2.1975 0.01  

Soil depth (m) 1  0.3  0 

Dry weight soil/gravel (kg) 1600 1600 1600 

 

4.3. Olivine Weathering and CO2 Sequestration model 

To investigate the effects of olivine in different scenarios for the Knowledge Mile, the weathering 

module of the Olivine Weathering and CO2 Sequestration model (OWCS) was used. This model, 

developed by Deltares and Plan B CO2 B.V., was derived from a TNO rapportage and the publications 

of Olsen (Veld et al., 2008; Olsen & Rimsmidt, 2007; Olsen, 2007). Besides, to specify the nickel 

release by olivine including the nickel concentration in various plant species, the terrestrial module of 

the OWCS model was used. The following assumptions were made (Den Hamer & Vink, 2012): 

- The pH was determined by the partial CO2 pressure 

- An absence of chalk in the system 
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- There was no deposition of magnesite (MgCO3) 

- The type of olivine that was used was 93% Mg2SiO4 and 7% Fe2SiO4 

- A presence of oxygen in the system 

- There was no incorporation of deceleration forces (i.e. water and CO2 unavailability) 

 

The input data as described above was entered in the OWCS model for the weathering and terrestrial 

module and the models were run. A detailed description of the OWCS model including the weathering 

and terrestrial model can be found in appendix 2.  

 

4.4. PNEC-pro V6 

Next to the generic environmental quality standards, the first-tier assessment, the site-specific second-

tier risk assessment PNEC-pro V6 was incorporated to quantify the potential ecotoxicological risk of 

the nickel concentration in solution. This validated model was developed by Deltares in corporation 

with the Institute of Environmental Science (CML) and the National Institute for Public Health and the 

Environment (RIVM) and applied by the Dutch government to identify water quality risks. The input 

variables consisted of the calculated nickel concentration in solution (µg/L) of each scenario, calculated 

by the terrestrial module of the OWCS model, with the corresponding pH and DOC. These input 

variables generated the Predicted No Effect Concentration (PNEC) of nickel-based on Biotic Ligand 

Models (BLM’s) and a Risk Characterization Ratio (RCR), calculated as the nickel concentration 

divided by the PNEC value, for 23 aquatic species. A detailed description and the scientific background 

of PNEC-pro V6 and can be found on http://www.pnec-pro.com/ (Verschoor et al., 2010; 2012). 

 To investigate the quantitative effects of DOC and pH on the risk of a specific nickel 

concentration in solution, multiple calculations were done. The risk assessment of tree sand consisted 

of two different scenarios. The first scenario (TS1) was based on the fixed values of a DOC of 20 mg/L 

and a pH of 5.6. The second scenario (TS2), assumed the DOC to be constant at 20 mg/L. It was 

assumed that this value would not increase over time for tree sand since little organic matter was 

produced in the soil. The pH, however, was assumed to increase to 7 over time in approximately one 

year since olivine was found to have a buffering effect on the soil’s pH (Den Hamer & Vink, 2012).  

For green rooftops, a first calculation (GRS1) with the fixed values of a DOC of 40 mg/L and 

a pH of 5.6 was conducted. A second calculation (GRS2) was done with a constant DOC of 40 mg/L 

and a varying pH that increased to 7 over time in approximately one year. A third calculation (GRS3) 

was included where, besides the pH increase to 7 in approximately one year, it was assumed that the 

DOC increased with 1 mg/L each year until 60 mg/L. After this value, the DOC remained constant.  

For footpath substrate, only one quantification (FS1) was tested that was based on the fixed 

values of a DOC of 5 mg/L and a pH of 7. The DOC was assumed to show no increase because little to 

no organic matter is present in the footpath substrate. The pH was assumed to be 7 since 100% olivine 

will buffer the pH directly.  

http://www.pnec-pro.com/
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5. Results 

 

The results of the OWCS model consisted of the output of the olivine weathering module and the 

terrestrial module. The olivine weathering module generated the erosion rate (um), amount of olivine 

dissolved (kg) and the amount of CO2 sequestered (kg). Besides, the amount of nickel released per 

surface area (mg/m2/year) and the magnesium released per surface area (g/m2/year) were calculated. 

The terrestrial module resides from the specified nickel release and the nickel concentration in plants 

and calculated the total amount of nickel released (mol/kg/yr), the amount of nickel in the soil solution 

(μg/l) and the nickel concentration in plants (μg/kg). Furthermore, PNEC-pro used the output of the 

terrestrial module, the amount of nickel in the soil solution (μg/l) to calculate the PNEC values and 

RCR for nickel for each scenario. The data repository of the total derived data is available here:  

http://doi.org/10.5281/zenodo.3911752  

 

5.1. Olivine weathering module  

The weathering and released heavy metal concentrations of olivine under specific conditions were 

calculated with the weathering module of the OWCS model. The output of the weathering module is 

displayed in figure 6. The amount of olivine dissolved (%) showed the same trend for green rooftop 

substrate and tree sand with nearly 100% dissolved olivine, whereas footpath substrate showed a 

relatively low percentage of dissolved olivine (figure 6A). The amount of CO2 sequestered (kg) showed 

a greater difference between the three scenarios (figure 6B). The amount of sequestered CO2 by green 

rooftop substrate was evidently higher than tree sand and footpath substrate, where the latter sequestered 

the lowest amount of CO2. 

During the first timestep, t=0 to t=0.1, the amount of dissolved olivine for green rooftop 

substrate was valued as 6.2% which corresponded with 15,700 kg sequestered CO2. This was 5.9% and 

3,500 kg for tree sand and 5.4% and 1,000 kg for footpath substrate. After this point, the olivine 

dissolution increased until t=10 years for green rooftop substrate and tree sand and t=4 years for 

footpath substrate, whereupon there was a decrease in dissolution rate over time. At t=40 years, the 

lifetime of olivine, 96% of the olivine in green rooftop substrate was dissolved which corresponded 

with 246,000 kg CO2. This was 94% and 56,100 kg CO2 for tree sand and 73% and 13,600 kg CO2 for 

footpath substrate. This showed that for all scenarios, not all olivine dissolved after 40 years. 

Furthermore, after 40 years, green rooftop substrate sequestered the most CO2 (kg) with the highest 

amount of olivine dissolved, followed by tree sand and footpath substrate. Tree sand, however, showed 

the highest calculated amount of sequestered CO2 per hectare (table 4).  

 

 

 

 

http://doi.org/10.5281/zenodo.3911752
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Figure 6. Output of the OWCS weathering module. Depicted is (A) the amount of olivine dissolved (%) over 

time and (B) the amount of sequestered CO2 (kg) by olivine over time for tree sand (blue), green rooftop substrate 

(green) and footpath substrate (grey). Tree sand was calculated with the following parameters: pH = 5.6, grain 

size = ultra-fine, olivine dosage = 1200 ton/ha, area = 0.0431 ha, temperature = 10℃. Green rooftop: pH = 5.6, 

grain size = ultra-fine, olivine dosage = 100 ton/ha, area = 2.1975 ha, temperature = 11.3℃. Footpath substrate: 

pH = 6.5, grain size = medium, olivine dosage = 1600 ton/ha, area = 0.01 ha, temperature = 11.3℃.  

 

Table 1. Overview of sequestered CO2 per scenario.  

 Tree sand Green rooftop substrate Footpath substrate 

Application area (ha) 0.0431 2.1975 0.01  

CO2 sequestered (kg/40 years) 56,100.71 245,667.44 13,582.67 

CO2 sequestered (kg/ha) 1,301,640.6 111,794.057 1,358,267 

 

The amount of released magnesium (g/m2/year) and nickel (mg/m2/year) followed a similar pattern with 

an initial peak for each scenario (figure 7). In comparison with tree sand and footpath substrate, green 

rooftop substrate showed the highest initial peak for both heavy metals. These initial values were 

observed as 112,600 g/m2/year for magnesium and 101,300mg/m2/year for nickel. For tree sand, these 

peaks were valued as 25,300 g/m2/year for magnesium and 22,800 mg/m2/year for nickel. Furthermore, 

for footpath substrate, these values were 7200 g/m2/year for magnesium and 6,500 mg/m2/year for 

nickel. These values showed a decrease until t=0.3 for both magnesium and nickel for all scenarios, 

whereupon the released amount of heavy metals slowly levelled off until t=40. At this point, the amount 

of released magnesium for green rooftop substrate, tree sand and footpath substrate were 142 g/m2/year, 

50 g/m2/year and 33 g/m2/year respectively. For the released amount of nickel these values were 128 

mg/m2/year, 45 mg/m2/year and 30 mg/m2/year respectively. This showed that the released amount of 

heavy metals initiates with high values, with the highest initial value for green rooftop substrate 
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followed by tree sand and footpath substrate, however, these values rapidly decreased and were stable 

at t=40.  

Figure 7. Heavy metal release output of the OWCS weathering module. Depicted is (A) the amount of released 

magnesium (g/m2/year) by olivine over time and (B) the amount of released nickel (mg/m2/year) by olivine over 

time for tree sand (blue), green rooftop substrate (green) and footpath substrate (grey). Tree sand was calculated 

with the following parameters: pH = 5.6, grain size = ultra-fine, olivine dosage = 1200 ton/ha, area = 0.0431 ha, 

temperature = 10℃. Green rooftop substrate: pH = 5.6, grain size = ultra-fine, olivine dosage = 100 ton/ha, area 

= 2.1975 ha, temperature = 11.3℃. Footpath substrate: pH = 6.5, grain size = medium, olivine dosage = 1600 

ton/ha, area = 0.01 ha, temperature = 11.3℃. Note: time was depicted on a logarithmic scale in, for survey-ability 

reasons.   

 

5.2. Terrestrial nickel module  

5.2.1. Nickel release specification 

The specification of the nickel release of olivine under specific conditions was calculated with the 

terrestrial nickel module of the OWCS model. The output of the terrestrial nickel module is displayed 

in figure 8. The total amount of released nickel (kg) showed a great variation between the scenarios, 

whereas green rooftop substrate distinctly released the highest amount of nickel, followed by tree sand 

and footpath substrate, in compliance with figure 7 (figure 8A). With an initial nickel release of 40.5 

kg/m2/year for green rooftop substrate, the total nickel release increased rapidly until t=8 whereupon 

the incline decreased and stabilized. This stabilization point was also reached by tree sand and footpath 

substrate, with an initial nickel release of 9.1 kg and 2.6 kg, but at a lower total nickel release. At t=40, 

green rooftop substrate, tree sand and footpath substrate released a total amount of nickel of 635.3 kg, 

145.2 kg and 35.1 kg respectively.  

 The concentration of nickel in solution (µg/L) followed a similar pattern with an initial peak 

for each scenario (figure 8B). In comparison with tree sand and footpath substrate, green rooftop 

substrate showed the highest initial peak, exceeding the environmental quality standard 
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(Milieukwaliteitsnorm, MKN) of 34 µg/L for surface water on first two timesteps t=0.04 and t=0.08 

with 70 µg/L and 38 µg/L respectively. The nickel concentration in solution was under the quality 

standard at t=0.12 after which the nickel concentration decreased until t=10 and stabilized. The initial 

value of tree sand and footpath substrate was 5 µg/L and 13 µg/L respectively and did not exceed the 

quality standard. After t=12 for green rooftop substrate, t=0.24 for footpath and t=0.16 for tree sand, 

the nickel concentration in solution was valued below 1 µg/L. This showed great variance in released 

nickel between the scenarios whereas green rooftop substrate released the highest amounts of nickel 

and exceeded the environmental quality standard in the first month after implementation, according to 

the OWCS model. 

Figure 8. Output of the specification of nickel release of the OWCS weathering module. Depicted is (A) the 

total amount of nickel released (kg) by olivine over time and (B) the nickel concentration in solution (µg/L) by 

olivine over time with the environmental quality standard (Milieukwaliteitsnorm, MKN) of 34 µg/L for surface 

water (red) as reference for tree sand (blue), green rooftop substrate (green) and footpath substrate (grey). Tree 

sand was calculated with the following parameters: pH = 5.6, grain size = ultra-fine, olivine dosage = 1200 ton/ha, 

area = 0.0431 ha, temperature = 10℃. Green rooftop substrate: pH = 5.6, grain size = ultra-fine, olivine dosage = 

100 ton/ha, area = 2.1975 ha, temperature = 11.3℃. Footpath substrate: pH = 6.5, grain size = medium, olivine 

dosage = 1600 ton/ha, area = 0.01 ha, temperature = 11.3℃. Note: time was depicted on a logarithmic scale in 

figure B, for survey-ability reasons.   

 

5.2.2. Nickel concentration in plants  

The nickel concentration in the plant species is depicted in figure 9. Each plant species followed the 

same trend, however, at a varying initial value following the magnitude of plant-specific BCF values. 

For green rooftops, Vetch (Vicia villosa) showed the highest initial peak with an initial value of 4.09 

µg/kg. This was followed by 9 different plant species with varying initial values from 2.17 µg/kg for 

white clover (Trifolium repens) to 1.26 µg/kg for cat grass (Dactylis glomerata). Broadleaf plantain 
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(Plantago major), Ribwort plantain (Plantago lanceolata) and Tall fescue (Festuca arundinacea) 

showed an initial value of 0.60 µg/kg, 0.61 µg/kg and 0.57 µg/kg respectively. For green rooftop 

substrate, annual meadow grass (Poa annua) showed the lowest initial value of 0.23 µg/kg. For tree 

sand, the white willow (Salix alba) showed an initial peak of 0.11 µg/kg, which was the lowest 

concentration for all plant species. After these points, the nickel concentration decreased rapidly for all 

species until t=0.3 whereupon the decline decreased and the nickel concentration stabilized. At t=2, the 

nickel concentration slightly decreased after which it was observed as approximately 0 µg/kg. These 

concentrations show that all investigated plant species did not exceed the critical toxicity values of 10 

mg/kg for sensitive plant species, which can be seen as the worst-case scenario.  

 

Figure 9. Nickel uptake by various plant species. Depicted is the nickel concentration (µg/kg) in 16 plant 

species over time (years). A continuous line represents plant species representative for green roof vegetation. 

Green rooftop substrate was calculated with the following parameters: pH = 5.6, grain size = ultra-fine, olivine 

dosage = 100 ton/ha, area = 2.1975 ha, temperature = 11.3℃.  A dashed line represents a tree species, used as a 

worst-case scenario. Tree sand was calculated with the following parameters: pH = 5.6, grain size = ultra-fine, 

olivine dosage = 1200 ton/ha, area = 0.0431 ha, temperature = 10℃. Note: time was depicted on a logarithmic 

scale in figure B, for survey-ability reasons.   

 

5.3. PNEC-pro V6 

To quantify the potential ecotoxicological risk of nickel concentration in solution, the risk assessment 

model PNEC-pro V6 was used to calculate the Predicted No Effect Concentration (PNEC) with the 

chance (p) that the calculated value of PNEC was under-protective (figure 10). Furthermore, the Risk 
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Characterization Ratio of nickel was determined. It was found that for all conditions, green rooftop 

substrate showed the highest PNEC, followed by tree sand and footpath substrate. The PNEC for green 

rooftop substrate with constant DOC and pH (GRS1) was calculated at approximately 86 µg/L with 

p=0.006. With the assumed pH buffering in one year (GRS2), the PNEC decreased with 19% in one 

year after which it remained constant. Incorporating an increase in DOC (GRS3), followed the same 

pattern in the first year. However, after the increase of DOC by 1 mg/L a year after t=0.8, it resulted in 

an increase in PNEC of approximately 14% and 40% relative to GRS1 and GRS2 respectively. The 

PNEC for tree sand under constant DOC and pH (TS1) was approximately 58 µg/L with p=8.2 E-18. 

With the assumed pH buffering in one year (TS2), the PNEC was observed to decrease with 28% in 

one year after which it remained constant. For footpath substrate (FS1), the PNEC at constant conditions 

was observed as approximately 20 µg/L with p=0.13. The RCR remained below 1 for all qualifications 

of the three scenarios, indicating no potential ecotoxicological risk for 23 aquatic species according to 

PNEC-pro. See appendix 5 for a detailed description of the Risk Characterization Ratio for all 

quantifications.  

 

 

Figure 10. Predicted No Effect Concentration of nickel under varying conditions. Depicted are the PNEC 

(µg/L) of nickel with varying DOC and pH over time for tree sand (TS, blue), green rooftop substrate (GRS, 

green) and footpath substrate (FS, grey). Numbers indicate the type of quantification with (1) constant pH and 

DOC, (2) pH buffering until pH =7 in one year and constant DOC and (3) pH buffering until pH =7 in one year 

and increasing DOC of 1 mg/L a year until DOC = 60.   
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6. Discussion 

 

The most favourable possible olivine implementation for Knowledge Mile Park in terms of the total 

amount of CO2 sequestration in 40 years turned out to be green rooftop substrate. In this scenario, the 

critical toxicity level of nickel in the investigated representative plant species for green rooftop 

vegetation was not transcended. Furthermore, the Predicted No Effect Concentration in a worst-case 

scenario with a buffering of the pH did not yield a Risk Characterization Ratio above 1, indicating no 

potential ecotoxicological risk in 23 aquatic species. On the contrary, green rooftop substrate showed 

the highest heavy metal release with a nickel concentration in solution exceeding the environmental 

quality standard of 34 µg/L for surface water within the first month after implementation. However, 

this covers solely a modulated calculation. In practice, it can be assumed that the soil partially binds the 

peak load of nickel, resulting in a delayed discharge of the nickel concentration to the surface water. 

Hence, the nickel concentration in solution will less likely exceed the quality standard. According to 

this research, green rooftop substrate can, therefore, be identified as the most effective possible scenario 

in terms of the magnitude of CO2 binding in 40 years that can be implemented in the Knowledge Mile 

Park remaining within the safety boundaries of environmental and ecotoxicological effects, following 

the hypothesis.  

The high CO2 sequestration of green rooftop substrate can primarily be explained by the large 

application area which resulted in the highest amount of applied olivine. Another explanation is the 

high chemical activity in the substrate layer. This correlation causes an increase in the dissolution rate 

of olivine and therefore boost the CO2 uptake (Hartmann et al., 2013).  Tree sand was found to sequester 

a relatively low amount of CO2 under the possible application area in Knowledge Mile Park. This 

scenario, however, turned out to generate the highest amount of CO2 per hectare, indicating the 

incentive effect of increasing the application area of this scenario. In this way, tree sand turned out to 

be the most efficient application in terms of CO2 sequestration, besides remaining a safe environment 

without environmental risks. However, the amount of sequestered CO2 specific for Knowledge Mile 

Park generated intermediate concentrations as a result of a smaller application area. Upscaling of the 

application area can result in higher weathering rates making tree sand more profitable. Nevertheless, 

the heavy metal release and possible environmental effects should again be studied with a larger 

application area. Furthermore, footpath substrate generated the lowest dissolution rate and thus 

sequestered the lowest amount of CO2. This can mainly be explained as a result of a coarser grain size, 

which decreased the reactive surface and thus the CO2 sequestration rate (Veld et al., 2009). The total 

CO2 yield of footpath substrate for a coarser grain size will be higher in the long term, making footpath 

substrate more profitable with an increased application area over a longer period, considering the 100% 

olivine to the substrate. This complied with earlier research conducted by Den Hamer & Vink (2012), 



27 

 

in which green applications resulted to be promising applications in the short term. Grey applications 

turned out to be more promising in the long term.  

 

As a result of COVID-19, the practical work for this research, regarding lab experiments with olivine, 

was cancelled. Therefore, the findings of this research are solely based on computational models that 

incorporate a few deficiencies. The primary factor that may have influenced the outcome of this research 

is the fact that the OWCS model does not include deceleration forces in the calculations, which have 

the potential to decrease the olivine weathering rate over time. These forces encompass the availability 

of CO2 and water. Especially the latter could be an occurring problem since the chance of droughts and 

extreme heats will increase due to global change (MNP Netherlands Environmental Assessment 

Agency et al., 2006). With the unavailability of water, the dissolution of enhanced weathering of olivine 

will decrease or fully terminate. Besides, the possibility of the formation of a passivating silica layer 

was not incorporated in the model, which can progressively slow down the weathering process (Béarat 

et al., 2006).  

Furthermore, the exceeding of solubility products, supersaturation, is not taken into account by 

the model. The model may calculate a high dissolution rate with a high release of heavy metals, whereas 

in practice, magnesium and nickel will precipitate. Moreover, only a selection of plant species was 

included and investigated by the OWCS model. Therefore, it cannot be said with certainty that the 

nickel concentration in solution for tree sand and green rooftop substrate will be safe for all plant 

species. However, all plant species remained far below the critical toxicity level of 10 mg/kg for 

sensitive species which indicates the high possibility of the low risk of the released nickel concentration 

in solution.  Moreover, quantifications in PNEC-pro were only conducted with varying pH and DOC 

without the influence of other factors such as concentrations of magnesium, calcium and natrium. In 

practice, these concentrations are present in nature and may influence the PNEC and RCR.  

 The calculations of application areas of tree sand and green rooftop substrate may also deviate 

in reality. As for tree sand, trees were counted through the interactive map ‘Trees - in maintenance of 

City of Amsterdam’ of the Municipality of Amsterdam (Gemeente Amsterdam, n.d.). With these 

calculations, all trees were measured, including trees in flower beds, that were not seen as the intended 

applicated trees. Since tree sand was defined as trees alongside roads within an own percale, the 

application area for this scenario may turn out lower in reality. With the estimation of green rooftop 

area through the interactive map ‘Green roofs’ of the Municipality of Amsterdam the total area of each 

green roof was measured. This measurement did not differentiate between suitable and unsuitable 

rooftop area. Furthermore, no distinction was made between intensive and extensive green rooftops, in 

which the amount of substrate layer differentiates. These factors will cause a decreased application area 

in reality.  

 Consequently, multiple practical environmental and modulation factors may influence the 

weathering of olivine and therefore the sequestration rate of CO2. Besides, the released nickel 



28 

 

concentration remains one of the primary bottlenecks for the practical implementation of olivine 

(Lenferink, 2019). However, olivine is a natural and advantageous method regarding carbon capture 

and sequestration (CCS) (Mesman, 2018). Therefore, it remains interesting to keep investigating the 

possibilities of olivine implementations to sequester CO2. To deepen the knowledge on olivine 

applications, further research should incorporate practical experimental work based on the modelled 

input of this report. A pilot design for all three investigated scenarios should be constructed. Each, 

considering the similar conditions as modelled by the OWCS model and PNEC-pro. This will provide 

a solid framework to gain more insight in the functioning of olivine and the possibilities of remaining 

within the environmental safety boundaries.  

In theory, it is possible to effectively reduce the CO2 concentration by olivine in the Knowledge 

Mile Park, trying to reach the goal of cutting Amsterdam’s CO2 emissions to 95% compared to 1990. 

To reach the goal set by the Paris Agreement in 2015 of reducing emissions to 40 gigatons, however, 

action needs to be taken at this moment. With more research on the effectiveness of CO2 sequestration 

by olivine and its environmental effects, this mineral may provide a possibility to achieve the aimed 

emission reduction.   
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https://energeia-binary-external-prod.imgix.net/jz3bHNC1S4bffyZK2z0EvNsG0jw.pdf?dl=Reactie+minister+Wiebes+op+KEV+en+Klimaatakkoord.pdf
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9. Appendix  

 

Appendix 1. CO2 sequestration of olivine under controlled conditions  

 

1.1. Experimental description 

To investigate the CO2 sequestration of olivine under controlled conditions, separate experiments of 

olivine with varying treatments were conducted at VG Energy Storage B.V. in Schiedam, the 

Netherlands. The commercially available olivine (Mg2–xFexSiO4) ‘Greengarden olivine’ of 

GreenSand was used in a total of seven experiments. The olivine was obtained from the former Seqi 

olivine mine in Southwest Greenland. The olivine sand had a grain size range of 200-900 μm and 

contained more than 90% forsterite and less than 8% fayalite components. The average composition of 

the olivine sand was 48% MgO, 42% SiO2, 7.9% Fe2O3, 0.76% Al2O3, 0.27% Cr2O3 and 0.36% NiO 

(Søndergaard, 2013). 

The experiments were conducted on three individual days, i.e. October 14th, 2019 (A), 

November 19th, 2019 (B) and January 28th, 2020 (C): A1, A2, B1, B2, B3, C1 and C2. The 

experimental set up for all experiments consisted of three parts: a water circulation system, an air 

circulation and injection system and equipment for the measurement of the CO2 concentration in ppm 

(figure 6). A sample of ambient/atmospheric air was pumped into the system by an air circulation pump 

connected to a closed compartment with a CO2-detection probe. This circulation pump circulated the 

air outside of the probe into the system. A smaller air circulation pump, located in the closed 

compartment, separately circulated a small quantity of the air sample into the compartment. This was 

done to prevent that the measure probe came into contact with the relatively high humid air stream. The 

start value of the CO2 concentration of the airstream was then measured by a Voltcraft CO2 meter Cm-

100 and the air supply was closed. The air was injected into a High-Density Polyethylene (HDPE) barrel 

of 60 L filled with 15 L of tap water and varying amounts of olivine. To remain an airtight system, the 

barrel was closed by an aluminium closing ring and plastic lid. A sample of air of approximately 100 

L/hour was then circulated through the system and the CO2 concentration was measured. Air injection 

took place through an air injection tube at the bottom of the barrel, causing circulation of the water and 

olivine. Simultaneously, the water-olivine mixture was circulated by a water circulation pump. To 

regulate the temperature of the air and the water, an air cooler system was connected, thus preventing 

temperatures to rise as a result of the mechanic operations of the pumps. In between the different 

experiments the barrel was cleaned and fresh water and olivine sand were added to the system. 

  

Experiment A1 was conducted using 500 grams of olivine at an average temperature of 19.6 ℃. The 

CO2 concentration was monitored every fifteen minutes. A sample of 50 mL vinegar (pH=2) was added 

to the system at t=122, lowering the pH in the vessel temporarily to 5. The CO2 concentration was then 
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monitored every minute. During the second experiment, A2, 1 kg olivine sand was used. The average 

temperature in the system was 20.5 ℃. To neutralize the vinegar from experiment A1, 50 mL of sodium 

hydroxide water (5 gram NaOH/L water) was added. Every five minutes the CO2 concentration was 

monitored until t=40 was reached. The following two measurements were done after ten minutes (t=50) 

and fifteen minutes (t=65). 

The experiments conducted on November 29th, 2019 (B) had essentially the same set up as 

previous experiments. However, these experiments aimed to investigate the time that was necessary to 

reduce the atmospheric CO2 concentration to below industrial levels, i.e. 280 ppm. At all experiments 

1.5 kg olivine sand was added to the barrel. During experiment B1 the average temperature was 16.2 

℃. The air injection pump was continuously pumping air through the system. The water circulation 

pump was only active two times for five minutes with intervals of ten minutes. Experiment B2 was 

conducted at 17.1℃. Both the air injection pump and the water circulation pump were active and the 

CO2 concentration was monitored every five minutes. During experiment B3 the average temperature 

was 17.5℃ and only the air injection pump was active. At t=60 the water circulation pump was 

activated. Experiment C1 and C2 were conducted using an olivine sand of 1.5 kg with a grain size range 

of 200-900 μm and olivine sand of 1.5 kg with a grain size range of 0-3 mm. The average temperature 

of experiment C1 and C2 were 11.8℃ and 14.2℃ respectively. In both experiments the air injection 

pump and water circulation pump were activated. 

 

 

Figure A1-1. Schematic diagram of the experimental set-up 
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1.2. Results  

The results of the controlled experiments (A) on October 14th, 2019 are displayed in figure A1-2. The 

CO2 concentration (ppm) in experiment A1 was observed to steadily decrease over time until t=90. 

At=122, vinegar (pH=2) was added after which the CO2 concentration increased exponential each 

minute reaching 5356 ppm at t=126. With the neutralization of the vinegar in experiment A2, the CO2 

concentration showed a decreasing decline whereas after t=40 the CO2 concentration was observed to 

become steady at approximately 158 ppm. The decreasing CO2 concentration over time showed that 

under normal circumstances, olivine is able to sequester CO2 from the air and saturates after a specific 

time.  

Figure A1-2. CO2 sequestration by olivine over time under controlled conditions. Depicted is (A1) the effect 

of addition of vinegar (pH=2) on the CO2 concentration using 500 gram olivine at an average temperature of 19.6 

℃ and (A2) the effect of neutralization of vinegar with 50 mL sodium hydroxide water (5 gram NaOH/L water) 

using 1 kg olivine at an average temperature of 20.5 ℃. Both air and water circulation pumps were active.  

 

The results of the controlled experiments (B) until pre-industrial level of 280 ppm was reached, 

conducted on November 19th, 2019 are displayed in figure A1-3. The effect of a 5-minute activation 

and a 10-minute deactivation of the water circulation pump was investigated in experiment B1. The 

CO2 concentration was observed to decrease over time with deactivation of the water circulation pump. 

With the 5-minute activation of the water circulation pump at t=10 until t=15, the CO2 concentration 

slightly decreased. Within the 10-minute deactivation of the water circulation pump, the CO2 

concentration remained almost constant after which the activation of the pump induced the decrease to 

below 280 ppm after 30 minutes. Observed in experiment B2, where the air injection and water 

circulation pump were activated, was a fast decline of CO2 concentration to below 280 ppm within 15 

minutes. In experiment B3, where the water circulation pump was deactivated, an initial decrease in 

CO2 concentration was observed, however, after t=15 the CO2 slightly increased until t=60. At this 

point, the water circulation point was activated causing a decrease in CO2 concentration to below 280 

ppm at t=75. When the water circulation pump was deactivated, a slow decrease or even increase of 
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CO2 concentration was observed, whereas activation of the pump increased the sequestration rate and 

induced a faster decrease in CO2 concentration.  

Figure A1-3. CO2 sequestration by olivine over time under controlled conditions until 280 ppm. Depicted is 

(B1) the effect of activation and deactivation of the water circulation pump using 1.5 kg olivine at an average 

temperature was 16.2 ℃, (B2) the effect of a simultaneous activation of the water and air circulation pump using 

1.5 kg olivine at an average temperature was 17.1 ℃ and (B3) the effect of only activating the air injection pump 

using 1.5 kg olivine at an average temperature was 17.5 ℃. At t=60 the water circulation pump was activated. 

 

The results of the controlled experiments (C) until pre-industrial level of 280 ppm was reached, 

conducted on January 28th, 2020 are displayed in figure A1-4. Both experiments with C1 with 1.5 kg 

olivine sand with a grain size range of 200-900 μm and C2 with 1,5 kg olivine sand with a grain size 

range of 0-3 mm showed a fast decline in CO2 concentration. Within 4 minutes, the CO2 concentration 

was decreased to below 280 ppm after which the concentration further decreased until 83 ppm for C1 

and 162 for C2 at t=10.  
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 Figure A1-4. CO2 sequestration by olivine over time under controlled conditions. Depicted is (C1) the effect 

of 1.5 kg olivine sand with a grain size range of 200-900 μm with an average temperature of 11.8℃ and (C2) the 

effect of 1.5 kg olivine sand with a grain size range of 0-3 mm with an average temperature of 14.2℃. Both air 

and water circulation pumps were active.  

 

1.3. Conclusion  

The results support the findings that olivine is able to sequester CO2 from the atmosphere, as was 

derived from direct atmospheric measurements in closed environments. from the atmosphere in a 

controlled closed environment. By adding a surplus dose of vinegar, precipitates of Ca/Mg carbonates 

are dissolved and lead to an instantaneous release of CO2 (CO3(s) + H+  CO2(g) + H2O). Furthermore, 

particularly, the importance of the activation of the water circulation pump for the CO2 sequestration 

rate of olivine is shown. With the continuous activation of the water circulation pump, therewith 

performing continuous grinding of the minerals, the highest CO2 sequestration rate was observed. 

Deactivation of grinding resulted in a decreased or stabilized sequestration rate. It can be assumed that 

a deactivation results in the precipitation of the majority of olivine in the barrel causing a reduced 

abrasive action of the olivine grains. With this reduced action, the formation of a passivating silica layer 

is not prevented, progressively slowing down the weathering process (Béarat et al., 2006). Furthermore, 

an increased weathering rate is found with a higher dosage of olivine, as a result of an increased reactive 

surface. Nevertheless, a control experiment should be conducted to exclude the possibility where the 

dissolving of CO2 in water causes the decrease in CO2 concentration. However atmospheric CO2 and 

bicarbonate (HCO3-) represent an equilibrium situation in the transition from water to atmosphere. 

When olivine is set in motion with the activation of the water circulation pump, CO2 will initially 

dissolve in water as a result of an extraction of CO2 in water. This equilibrium is disrupted by the 

extraction of CO2 by olivine in the water phase. Hence, the atmospheric CO2 will initially dissolve in 

water and not directly react with olivine. It can be assumed that, with the same experimental set-up but 

without the addition of olivine, the CO2 will not dissolve in water because no disruption of the 

equilibrium will take place.  
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Appendix 2. Description of the Olivine Weathering and CO2 sequestration model 

 

2.1. General information 

The OWCS model is a scientifically substantiated computational model for the practical 

implementation of olivine in infrastructural works and green projects. It is deployed to determine the 

potential net yield of CO2 sequestration of project initiatives. The assessment standard meets the 

scientific and legal requirements for assessment. The results make up a quality assurance that can be 

used with project authorizations, licensing and enforcement policy.  

The instrument quantifies the weathering rate of olivine over time for defined conditions of a specific 

application. Besides this, it calculates the net sequestered CO2 for an application according to life-cycle 

analyses. Furthermore, an aquatic and terrestrial risk module is included to evaluate the nickel emission 

and tests this to legal standardization.  

 

 

Figure A2-1. Openings screen of the OWCS model developed by Deltares, Innovation Concepts and Climate-

KIC. 

 

2.2. Modular set-up 

A schematic overview of the modular set-up is illustrated in figure A2-2 The weathering rate of olivine 

is affected by several conditions. These conditions are therefore used as input variables, consisting of 

site-specific information and olivine composition data. The site-specific information includes the soil 

pH, grain size of the chosen olivine (ultra-fine, very fine, medium, coarse), dissolved organic carbon 

(DOC) (mg/L), annual rainfall (mm/year), application area (ha) and olivine dosage (ton/ha). The olivine 

composition data consists of the olivine dissolution rate (kg CO2/kg olivine), olivine percentage of the 

total feedstock and the nickel and magnesium content of the olivine. These variables change depending 

on the location, soil type and olivine application type.  
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These input variables generate the erosion rate (um), amount of olivine dissolved (kg) and the 

amount of CO2 sequestered (kg). In addition, the amount of nickel released per surface area 

(mg/m2/year) and the magnesium released per surface area (g/m2/year) are calculated.  

 

 

Figure A2-2.  Schematic overview of the modular set-up of the OWCS model. 

 

2.3. Weathering module  

Calculating the weathering rate of olivine was based on the shrinking core model. This model shows 

that the grain lifespan is increased by a single order with every order of magnitude increase in grain 

size. Olsen (2007) has drawn up two dissolution rate equations from combining several olivine 

dissolution data. As a result of a clear break in slope near pH 6, two separate equations are formulated 

where r is the dissolution rate in mol/m2sec:  

 

log r pH<6 = − 0.48 * pH − 6.90 R2 = 0.88       (5a) 

log r pH>6 = − 0.18 * pH − 8.8 R2 = 0.49       (5b) 

 

For the influence of temperature on the dissolution rate (r), the Arrhenius equation is used: 

 

        (6) 

 

where rTref is the dissolution rate at the reference temperature, Tref is the reference temperature (298 K), 

Ea is the activation energy (63 kJ/mol) and R is the universal gas constant (8.31 JK-1 mol -1). This 

dissolution rate (r) can then be used to calculate the lifetime (t) of an olivine grain in dissolution (ten 

Berge et al., 2012). The following equation can be obtained: 
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           (7) 

 

where d is the grain diameter and Vm the molar volume of olivine (Olsen & Rimstidt, 2007). In this 

way, the dissolution rate per unit surface area is transformed into a corresponding shrink of the reactive 

surface position, i.e. the shrinking core model. These calculations are done on monodisperse grains and 

for only one timestep. In reality, olivine follows a grain size distribution and with only one timestep, it 

is not possible to calculate the weathering progress including nickel and magnesium release. These 

limitations are solved by integrating an improved calculation stoichiometry in the OWCS model, 

causing grain sizes are calculated in multiple time steps that follow a specific grain size distribution. 

 

2.4. Terrestrial module 

The terrestrial module uses the same input variables as the weathering module but include the dry 

weight of the soil (kg) and the soil depth (m). These input variables generate the total amount of nickel 

released (mol/kg/yr) and the amount of nickel in the soil solution (μg/l), using a specific equation for 

each grain size (equation 8a-8d). Furthermore, the environmental quality standard for surface water of 

34 µg/L was included to compare the amount of nickel in solution to legal standards and provide a 

numerical indicator for risks.  

 

Ultra-fine = − 0,0335 * pH + 1,3319  R2 = 0.81       (8a) 

Very fine  = − 0,0169 * pH + 0,6341 R2 = 0.88      (8b) 

Medium   = − 0,202 ln(pH) + 0,727  R2 = 0.93      (8c) 

Coarse      = − 0,182 ln(pH) + 0,6398   R2 = 0.88      (8d) 

 

To calculate the nickel concentration in plants (μg/kg), the model includes the bioconcentration factors 

(BCF) of 37 different plant species obtained from several different literature papers (Lenferink, 2019). 

This is a measure for the ability of a chemical present in the environment to accumulate in an organism 

(table A2-1) (Vračko, 2015). The following formula is used: 

 

Ni conc.in plant (μg/kg) = Ni conc.in soil solution (μg/L) * BCF      (9) 
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Table A2-1. Plant species incorporated in the OWCS terrestrial module with corresponding Bioconcentration 

Factors. 

Species Latin name BCF 

1. Potato Solanum tuberosum 0.015 

2. Carrot Daucus carota subsp. sativus 0.042 

3. Tomato Solanum lycopersicum 0.039 

4. Red and white cabbage Brassica oleracea var. capitata f. rubra 

Brassica oleracea var. capitata f. alba 

0.022 

5. Cauliflower Brassica oleracea var. botrytis 0.022 

6. Cabbage Brassica oleracea var. capitata 0.060 

7. Beans Phaseolus vulgaris 0.190 

8. Creeping bentgrass Agrostis stolonifera 0.019 

9. Foxtail Alopecurus geniculatus 0.014 

10. Cat grass Dactylis glomerata 0.018 

11. Couch grass Elymus repens 0.003 

12. Tall fescue Festuca arundinacea 0.008 

13. Ryegrass Lolium perenne 0.025 

14. Reed canary grass Phalaris arundinacea 0.024 

15. Common reed Phragmites australis 0.013 

16. Annual meadow grass Poa annua 0.003 

17. Bluegrass Poa trivialis 0.027 

18. Timothy grass Phleum pratense 0.033 

19. Red clover Trifolium pratense 0.020 

20. White clover Trifolium repens 0.031 

21. Vetch Vicia villosa 0.058 

22. Creeping thistle Cirsium arvense 0.012 

23. Water mint Mentha aquatica 0.008 

24. Ribwort plantain Plantago lanceolata 0.009 

25. Broadleaf plantain Plantago major 0.009 

26. Silverweed Potentilla anserina 0.029 

27. Creeping cinquefoil Potentilla reptans 0.023 

28. Creeping buttercup Ranunculus repens 0.026 

29. Yellowcress Rorippa amphibia 0.002 

30. Creeping yellowcress Rorippa sylvestris 0.040 

31. Bitter dock Rumex obtusifolius 0.018 

32. Elderberry Sambucus 0.052 

33. Charlock mustard Sinapis arvensis 0.005 

34. White willow Salix alba 0.024 

35. Basket willow Salix viminalis 0.010 

36. Wheat Triticum 1.72E-05 

37. Barley Hordeum vulgare 2.06E-05 
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Appendix 3. Characterization of olivine 

 

3.1. Ultra-fine olivine specification 

 

Figure A3-1. Certificate of Analysis of ultra-fine olivine. Depicted is the certified analysis of ultra-fine olivine. 
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3.2. Grain size distribution olivine  

3.2.1. Ultra-fine olivine 

The characterization of ultra-fine olivine in terms of the grain size distribution was investigated by SGS 

INTRON B.V. based on laser granulometry. The ultra-fine olivine was analysed using a Malvern 

particle size analyser which generated the grain size distribution in a range from 2 mm to 0.04 μm 

(figure A3-2). This grain size distribution was used in the OWCS model for green rooftop substrate and 

tree sand. 

 

Figure A3-2. Grain size distribution of the ultra-fine olivine  
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3.2.2. Medium olivine 

Table A3-1. Grain size distribution of medium olivine 

Size (mm) Fraction 

10.000  

 0.00% 

5.000  

 14.56% 

3.000  

 11.64% 

2.000  

 26.45% 

1.000  

 16.92% 

0.500  

 11.34% 

0.250  

 4.18% 

0.200  

 6.15% 

0.125  

 4.38% 

0.100  

 0.86% 

0.075  

 3.52% 

0.000  
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Appendix 4. Application area calculations 

 

4.1. Tree sand 

An estimation of the application area of tree sand was made through the interactive map ‘Trees - in 

maintenance of City of Amsterdam’ of the Municipality of Amsterdam (Gemeente Amsterdam, n.d.). 

With figure 5, the Knowledge Mile Park investigation area, as reference, a precise selection of the 

Knowledge Mile was made using the ‘Measure distance and area’ tool of Google Earth version 

9.3.109.1. A total surface of 0,36 km2  was estimated and contained 175 trees. The action plan of KMP 

showed the plan to cut down 25 trees and to plant 48 trees. Therefore, the total amount of trees was 

established at 198. According to BSI Bomenservice (2017) the average standard tree surface, that is the 

area a tree is planted in, was estimated at 2.175 m2 wherefore the total application area for olivine was 

estimated at 0.0431 ha.   

 

4.2. Green rooftop substrate  

An estimation of the application area of green rooftop substrate was made by consulting the interactive 

map ‘Green roofs’ of the Municipality of Amsterdam (Gemeente Amsterdam, n.d.). With figure 5 as 

reference, a precise selection of the area that Knowledge Mile Park covers was made. A total of 13 

green roofs were calculated within the measured area, with a total surface of 0.6840 ha. The surface of 

six of these selected green roofs was reported by the source (table A4-1). The surface of the remaining 

rooftops was estimated using the ‘Measure distance and area’ tool of Google Earth version 9.3.109.1 

(indicated with an * in table A4-1). According to ten Berge (2019) four other rooftops (nr. 14-17), 

besides the 13 mentioned above, were also already realized. This brings the total of green roofs to 17 

with a total surface of approximately 0.9527 ha.  

Besides the realized green rooftops, Knowledge Mile Park has 20 green roofs under 

construction. Since the surface of these green roofs was unknown, the rooftop surfaces were estimated 

with Google Earth (table A4-2). It was estimated that 60% of the total roof was suitable for the 

construction of a green roof. Therefore, the total surface of green rooftops under construction was 

estimated to be approximately 1.2448 ha. An estimated application area of green rooftop substrate was 

therefore measured at 2.1975 ha.  
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Table A4-1. Realized green rooftops in Knowledge Mile Park. 

Address Total surface green roof (m2) 

1 
The Student Hotel 

Wibautstraat 129 (289) 
700 

2 
Het Volkshotel 

Wibautstraat 150 (148) 
60 

3 
Het Volkshotel 

Wibautstraat 150 (330) 
200* 

4 Wibautstraat 125 (902) 700 

5 Wibautstraat 64 (869) 1080 

6 
HvA Theo Thijssenhuis (262) 

Amstelcampus Wibautstraat 2 TTH 
650 

7 
GGD (64) 

Nieuwe Achtergracht 100 
650 

8 Valkenburgerstraat (130) 190* 

9 Valkenburgerstraat (140) 300* 

10 Februariplein (20) 560* 

11 Koerierstersplein (21) 560* 

12 Anne Frankstraat (22) 560* 

13 
The Double (844) 

Valkenburgerstraat 130-136  
630 

14 
Capital C 

Weesperplein 4B 

187 

(Rooftop Revolution, 2020) 

15 
Metropoolgebouw: ZoKu 

Weesperstraat 105 

500 

(van Zelst, 2017) 

16 
Dak FLOOR (former Jan Bommerhuis) 

Wibautstraat 80 – 86 

1600 

(Rainproof, 2018) 

17 
Hotel Casa - Hopp 

Eerste Ringdijkstraat 4 

400 

(Climatescan, 2019) 

Total 9527 

 

Table A4-2. Green rooftops under construction in Knowledge Mile Park 

Address Total surface roof (m2) 

1 
ScaleHub Amstel 

Wibautstraat 137D 
305 

2 
Volkshotel 

Wibautstraat 150 
2233 

3 
Reclassering Nederland 

Wibautstraat 12 
740 
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4 
HvA Kohnstammhuis 

Wibautstraat 2-4 
3412 

5 
HvA Theo Thijssenhuis 

Wibautstraat 2 
1580 

6 
HvA Benno Premselahuis 

Rhijnspoorplein 1 
2041 

7 
Gemeente 

Weesperplein 8 
1233 

8 
Gemeente 

Weesperstraat 430 
697 

9 
Gemeente 

Weesperstraat 113 
1832  

10 
De Key Ceresgebouw 

Weesperstraat 390 
328 

11 
De Key Ceresgebouw 

Weesperstraat 158 
935 

12 
WeWork / Metropoolgebouw 

Weesperstraat 61-105 
502 

13 
De Key Weesperflat 

Weesperstraat 3-59 
1152 

14 
Reinwardt Academie (AHK) 

Hortusplantsoen 2 
175 

15 
Joods Historisch Museum 

Nieuwe Amstelstraat 1 
59 

16 
Gemeente 

Jodenbreestraat 25 
1031 

17 
Monet Garden Hotel 

Valkenburgerstraat 76 
479 

18 
Hotel Ibis Amsterdam Centre Stopera 

Valkenburgerstraat 68 
487 

19 
Politiebureau Centrum Amstel 

IJ-tunnel 2  
612 

20 
Brandweer Valkenburgerstraat 

IJ-tunnel 4 
913 

Total 20746 (60% = 12447,60) 

 

4.3 Footpath substrate 

The application area of the footpath was generated with fictional numbers. This was done to indicate 

the functioning of olivine and was not based on actual measurements. It was chosen to establish a path 

100 m long, 1 m wide and 0.1 m thick. The total surface of this footpath was therefore valued as 0.001 

ha.  
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Appendix 5. Risk Characterization Ratio specification 

To quantify the potential ecotoxicological risk of the nickel concentration in solution, the risk 

assessment model PNEC-pro V6 was used to calculate the Risk Characterization Ratio of nickel. The 

RCR is calculated as the concentration of nickel divided by the Predicted No Effect Concentrations 

whereas values for RCR >1 indicate a potential ecotoxicological risk. All quantifications for each 

scenario were calculated below 1, indicating no potential ecotoxicological risk during a time frame of 

40 year.  

 

Figure A5-1. Risk Characterization Ratio of nickel under varying conditions. Depicted is the RCR of nickel 

with varying DOC and pH over time for tree sand (TS, blue), green rooftop substrate (GRS, green) and footpath 

substrate (FS, grey). Numbers indicate the type of quantification with (1) constant pH and DOC, (2) pH buffering 

until pH =7 in one year and constant DOC and (3) pH buffering until pH =7 in one year and increasing DOC of 1 

mg/L a year until DOC = 60.  Note: time was depicted on a logarithmic scale for survey-ability reasons.   
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