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Annex I
Mathematical formulas used for dynamic material flow analysis is given below: 
1.  ------(i)
2.  ---------(ii)
3. -------(iii)
4.  --------(iv)
5. ----------(v)

Here,  refers to Net addition to Stock, y and t refers to time and  refers to survival rate. 

 Annex II 
Weibull survival curve of Dutch macro infrastructures and their average lifetime is given for the Annex II.
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Figure 1: Weibull survival curve of Dutch macro infrastructures (Tareq, 2025)

Annex III
Developed Scenario Narrative 

Reference Scenario
The Reference Scenario reflects a continuation of existing policy frameworks and implementation trajectories without major additional interventions. Population growth follows a moderate trend, consistent with recent demographic projections. Innovation progresses at a moderate-to-low pace, indicating incremental technological improvements rather than disruptive change. Renewable energy adoption is moderately strong, influenced by some fossil lobbies but primarily following planned trajectories rather than accelerated expansion. Regarding material circularity, the recovery and reuse of end-of-life (EoL) infrastructure materials continue at current historical rates, reflecting a baseline policy effectiveness where circularity targets exist but lack the enforcement mechanisms to significantly alter market behavior. Material efficiency improves only marginally, as existing regulations do not enforce aggressive new mandates for high-value recycling or secondary material procurement. Overall, the scenario represents a baseline pathway characterized by gradual progress and planned structural transformation, which is aligned with the long-term forecasts of infrastructure owners.

Low Scenario
The Low Scenario reflects a pathway in which policy action is postponed and structural change is limited over the scenario horizon. Population growth follows a lower trajectory, increasing demand for energy and materials. Innovation progresses at a low rate, with limited investment in low-carbon technologies and slow diffusion of existing solutions. Consequently, material efficiency remains stagnant. The absence of strong regulatory incentives for secondary material use and the delayed diffusion of advanced recycling infrastructure result in a continued reliance on virgin materials and the prevalent downcycling of EoL assets. In this scenario, policy effectiveness is judged to be very limited, with recovery rates stagnating or even regressing as existing infrastructure ages without modernized end-of-life logistics. Environmental impacts are high, as delayed mitigation efforts and continued reliance on conventional systems intensify pressures on natural environments. Renewable energy adoption remains low, reflecting weak policy support and persistent dependence on fossil-based energy sources. Overall, this scenario represents a low development pathway characterized by delayed action and entrenched system inertia.

High Scenario
The High Scenario represents a pathway characterized by rapid and transformative policy action aimed at sustainability objectives. Population growth follows a higher trajectory, reflecting demographic stabilization over the scenario horizon. Innovation occurs at a higher rate, driven by strong policy incentives, substantial investment, and accelerated diffusion of advanced low-carbon technologies. Crucially, this scenario assumes aggressive policy interventions designed to maximize material efficiency and advance closed-loop circularity. Driven by strict EoL recovery mandates and robust economic support for secondary material markets, there is a mass adoption of advanced recycling infrastructure, which significantly increases the high-value recovery of structural steel and concrete. The effectiveness of these policies is modeled as highly successful, bridging the economic gap between virgin and secondary materials and driving closed-loop recycling rates to their practical maximums. Renewable energy adoption is very high, reflecting an accelerated deployment of renewable technologies and a decisive shift away from fossil-based energy systems. Overall, this scenario depicts a highly ambitious transition pathway with substantial structural transformation.
Annex III
Developed Scenario Quantification 

Highway Infrastructures :
To estimate Dutch road infrastructure requirements through 2070, this study applies a Pivot Point Model. This model forecasts demand iteratively from a calibrated baseline (T₂₀₂₄), derived from the National Data Warehouse (NWD, 2025).

The model is driven by exogenous socio-economic assumptions from the WLO-2025 scenarios (Welvaart en Leefomgeving), capturing a bandwidth between Global Economy (high growth) and Regional Communities (low growth). Demand is modeled recursively, with the demand index Dₜ in year t determined by the previous year’s demand and an annual growth factor Gₜ.

Where:
· (base index)
· is the annual compound growth rate in year t

The base growth rate () is calculated annually using elasticities from the KiM Handboek Elasticiteiten (2024)(RWS, 2024b):

Where:
· : elasticity of traffic volume with respect to population
· : annual population growth rate 
· : elasticity of traffic volume with respect to GDP per capita
· : annual economic growth rate

To reflect non-linear behavioral effects—specifically infrastructure saturation and demographic aging—the growth factor is adjusted in three phases:


Phase 1 (2024–2050): Standard Growth

Phase 2 (2051–2055): Saturation

Phase 3 (2056–2070): Aging and Saturation

Where:
· : saturation coefficient, representing a 20% dampening due to capacity constraints and “peak car” effects
· : annual demographic penalty applied after 2045, reflecting reduced mobility among older cohorts

	Parameter
	Value (High / Low)
	Source
	Rationale 

	Income elasticity ()
	0.45 / 0.35
	KiM Handboek Elasticiteiten (2024)(RWS, 2024b)
	Weighted average of low commuting elasticity (0.2) and high leisure elasticity (0.8).

	Population elasticity ()
	0.98 / 0.95
	LMS model (RWS, 2024b)
	Assumes near-proportional scaling of mobility with population size.

	Aging penalty ()
	−0.2% per year
	PBL demographic impact estimates
	Represents a conservative reduction in vehicle-kilometers traveled among the 75+ population.



Assumption: A conservative reduction in vehicle-kilometres traveled among the 75+ population. We used 2045 to start the aging penalty as per CBS forecast of aging population of the Netherland. 
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Figure 2: Infrastructure growth forecast for Highway infrastructures

The above figure 2 represents forecast for highway infrastructures ( highway roads, main roads, bike paths, bridges and tunnels) growth until 2070. The higher range represents high scenarios, and lower range represents Low scenarios whereas the middle of the range represents reference scenarios. 

The below figure 3 represents material intensity reduction under different scenarios. The above forecast is based on the assumption that high strength steel and High strength concrete adoption along with efficient design work will increase the material efficiency (Buzzi SpA, 2025; RWS, 2024a). Similarly, introduction of Hoog Modulus Asphalt (HMA) with stiffer base layers (EME) allow thinner asphalt packages and replacing steel mesh with synthetic fibers allows thinner slabs effectively reduce the material efficiency (RWS, 2022; Van De Water, 2025). 
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Figure 3: Material intensity forecast for Highway Infrastructures

Table 1: Forecast of infrastructure growth and material intensity by 2070 under different scenarios
	Infrastructure Category
	Infrastructure Growth until 2070
	Material Intensity until 2070
	Sources/Rational for material intensity

	
	Reference
	Low
	High
	Reference
	Low
	High
	

	Highway Roads
	12.4%
	1.6%
	25.2%
	-3.98%
	-1.25%
	-7.96%
	Hoog Modulus Asfalt (HMA): Stiffer base layers (EME) allow thinner asphalt packages (RWS, 2022; Van De Water, 2025). Furthermore, replacing steel mesh with synthetic fibers allows thinner slabs also reduce material intensity of road infrastructures. 

	Main Roads
	4%
	0.8%
	11.6%
	-5.97%
	-1.25%
	- 9.95%
	

	Bike Paths
	15.1%
	7.2%
	23.4%
	-6.39%
	-3.00%
	-12.79%
	

	Bridges
	5.6%
	1%
	14.2%
	-6.83%
	-3.76%
	-14.64%
	High strength concrete adoption and efficient design work increase the material efficiency (Buzzi SpA, 2025; RWS, 2024a).

	Tunnels
	2.4%
	0%
	4.8%
	-1.62%
	-0.00%
	-4.05%
	The adoption of High strength concrete and effective design options.



Railway Infrastructures: 
Future railway line requirements are estimated by translating projected passenger rail kilometres into required network length using an empirically fitted logarithmic demand–capacity relationship, validated against observed and forecast capacity bottlenecks. As demand grows, network expansion slows logarithmically (diminishing returns) rather than linearly. This forecasting model was adopted from (Peter et al., 2021)
The required network length (Lt) for any future year t is calculated as:
Lt​=2548.9⋅ln(RPKt​)−361.64
Where:
· Lt: Total length of the railway network in year t (km).
· RPKt: Annual Rail Passenger Kilometers (in billions) derived from WLO Scenarios
For, WLO baseline scenario, a growth 20% in Annual Rail Passenger Kilometers (RPKt) is assumed  compared to current level until 2050 and an additional 10% until 2070. The current Dutch Annual Rail Passenger Kilometers was 17.2 billion passenger Kilometer as per the data of CBS.

[image: ]Figure 4: Railway infrastructure growth and material intensity forecast by 2070

Table 2: Railway infrastructure growth and material intensity forecast by 2070 under different scenarios
	Infrastructure Category
	Infrastructure Growth until 2070
	Material Intensity until 2070
	Sources/Rational for material intensity

	
	Reference
	Low
	High
	Reference
	Low
	High
	

	Railway Infrastructure
	10.28%
	6.75%
	25.66%
	5%
	-o%
	-12%
	The adoption of high strength steel (e.g., R400HT) can reduce the material intensity in railway tract (SBQSteel, 2025). 



Sources: The reduction in rail material intensity over time was modeled using a logistic S-curve. This non-linear approach accurately reflects the dynamics of socio-technical transitions in heavy infrastructure (Geels, 2002; Fisher & Pry, 1971), accounting for initial regulatory and R&D lag, followed by rapid industry-wide scaling. Furthermore, the maximum intensity reduction was capped at 12% to reflect the absolute thermodynamic and structural limits of relative dematerialization in high-mass transport networks (Smil, 2014).

Water Infrastructures:
As per the Dutch delta plan 2100, future water infrastructure development need to follow a rigorous risk-based adaptive management framework. Following the framework Dutch water board already made an extensive plan to improve and strengthen the existing water infrastructures to ensure a safe and prosperous delta. To quantify the future water infrastructures expansion we used a volume calculation approach. Infrastructure specific projection and their justification is listed below: 

Sheet Piles: 
For the projection of sheet pile we considered the infrastructure upgradation target  set up in Dutch delta plan. As per the plan, an annual dike upgradation target of 50km/year is specified and a total of 1,274 km of dykes and 470 engineering structures must be reinforced by 2050(Delta Program, 2021). Furthermore, the need for introduction of some mega projects until 2070 will also increase the total material stock significantly compare to 2050 baseline(Delta Program, 2021). Currently Netherlands have around 1500km of sheet piles which is mostly build during 1953 to 1980(KpNK, 2023). Some of these old sheet light pile needs to be replaced/strengthen with heavier sheet pile in the next 50 years under the consideration of >1m sea level rise by the end of this century. Based on the mentioned targets above we made some numerical forecasting assumption in table 3 for the reference scenario.  

Locks and Jetty:
For the projection of locks and jetty, we considered the "V&R" (Vervanging en Renovatie) tasking managed by Rijkswaterstaat (RWS, 2025). The Netherlands has a high density of "wet" infrastructure built between 1950 and 1980 (e.g., the Delta Works and Meuse weirs) which is now simultaneously reaching the end of its technical lifespan (60–100 years). The Delta Programme 2021 explicitly identifies a tasking of 470 engineering structures that must be reinforced or replaced by 2050 (Delta Program, 2021). Furthermore, the Sea Level Rise Knowledge Programme indicates that post-2050, passive locks may need to be converted into active pumping stations to manage higher sea levels and jetty piler height may need to increase accordingly, significantly increasing the material intensity (steel/concrete) per structure.

Table 3: Water infrastructure growth by 2070 under reference scenarios
	Type of Infrastructure
	Infrastructure Growth by 2070
	Assumption & Source

	Sheet Pile
	+120- 160%
	Source: "1,274 km dykes + 470 structures". 
Logic: Implementing this legal tasking in "complex" (urban) areas forces a shift from earth to steel (sheet piles) for space-saving vertical reinforcement. We assume 120-160% of current sheet piles length will need additional reinforcement and modern sheet pile are lighter than old heavy sheet pile (Arcelor Mittal, 2025). Furthermore, until 2070 the "comprehensive system analysis"  for replacing the storm surge barrier implies a singular "Mega-Project" steel demand that spikes the steel demand further (Delta Program, 2021). 

	Locks & Jetty
	+40% – +60%
	Source: "470 engineering structures must be reinforced" (DP2021). 

Logic: The "Replacement Wave" (V&R) peaks here. We assume a 1:1 replacement of aging assets (like the Zeeland locks: Grevelingensluis, Roompotsluis) but with heavier designs (WCN, 2025). Modern locks require massive steel "bubble screen" installations (against salinization) and heavier gates to handle the increased hydraulic load of a +1m sea level rise scenario, increasing the steel mass per lock by ~40% compared to 1960s designs (Chanson et al., 2021). Similarly, fixed jetty pile height also need to be increased as per the projection of sea level rise.
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Figure 5: Water infrastructure growth and material intensity forecast by 2070

Table 4: Water infrastructure growth and material intensity forecast by 2070 under different scenarios
	Infrastructure Category
	Infrastructure Growth until 2070
	Material Intensity until 2070
	Sources/Rational for material intensity

	
	Reference
	Low
	High
	Reference
	Low
	High
	

	Sheet Pile
	140%
	90%
	360%
	-12%
	-3%
	-25%
	High-Strength Steel (HSS): Adaption of  S430 or S460 allows to achieve the same bending moment resistance with a significantly thinner, lighter web profile compare to conventional S355 Steel (Loris SAUFNAY et al., 2024; Tankova et al., 2022). 

	Locks
	40%
	20%
	120%
	3%
	-0%
	-15%
	The adaptation of Ultra-High Performance Concrete (UHPC) can make the lock doors lighter (Songer et al., 2023). 

	Jetty
	60%
	20%
	140%
	5%
	-1%
	-20%
	Application of hollow-core structures, ribbed slabs, or FRP (Fiber Reinforced Polymer) can reduce the material efficiency (Maxi et al., 2024; Modarelli et al., 2005). 




Utility Infrastructures:
The utility infrastructures are broadly dominated by drinking water and wastewater infrastructure. For drinking water and wastewater infrastructure, we adopted the approach of (Emma van der Bent, 2022) which combines the scenarios of WLO and KNMI to develop a baseline (STOOM) scenario (Wolters et al., 2018). As per their projection we forecast infrastructure growth until 2050 and expand until 2070 considering the continuous growth trend as summarized in Table 5 (Emma van der Bent, 2022).  
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Figure 6: Utility infrastructure growth and material intensity forecast by 2070

Table 5: Utility infrastructure growth and material intensity forecast by 2070 under different scenarios
	Infrastructure Category
	Infrastructure Growth until 2070
	Material Intensity until 2070
	Sources/Rational for Material Intensity

	
	Reference
	Low
	High
	Reference
	Low
	High
	

	DW Production well
	+19%
	+10%
	+35%
	0%
	+4%
	-10%
	Although the opportunity to limit material intensity is limited as per most Dutch utility asset owners but adoption of Fiberglass Reinforced Plastics (FRP) and advanced PVC for casings can reduce material intensity(Fardis & Khalili, 1981; Mahmood Amani & Ahmed Abdul Rauf, 2017). 

	DW Transmission Pipeline
	+22%
	+12%
	+45
	5%
	0%
	-15%
	Adoption of High-Density Polyethylene (HDPE) where applicable reduce material intensity(Hu et al., 2025; Simões et al., 2014). 

	WW treatment plant
	0%
	-10%
	+15%
	0%
	0%
	-10%
	Even though the possibility of material intensity reduction is very low due to locked in Hydraulic Retention Time" (HRT) and tight environmental regulation, adoption of modern treatment facility like Nereda and could increase resource efficiency (Haskoning, 2023; Triqua, 2025). 

	WW Transmission Pipeline
	+17%
	+10%
	+40%
	-3%
	0%
	-20%
	Limited scope for reduction under current circumstances but adoption of Fiberglass Reinforced Plastic (FRP) or Polymer Concrete along with decentralized transmission design  can reduce material efficiency(Garrido-Baserba et al., 2018; Lech Czarnecki & Paweł Łukowski, 2010; Pipezy, 2025). 



Energy Infrastructures: 
To forecast the future energy infrastructures, we adopted the baseline scenario developed by (van Oorschot et al., 2022) which combines the projection of PBL and Dutch climate agreement (klimaatakkoord, 2019; PBL et al., 2020). As of 2024, Netherland has a total electricity generation capacity of 60.5 billion kwh and they consume around 55.8 billion kWh (CBS, 2024). Majority of that energy is coming from fossil-based sources predominantly natural gas. As we transition towards more clean energy, the generation wind and solar energy infrastructure will expand incrementally over the next 50 years where fossil-based energy such as oil and gas infrastructure will reduce incrementally. Table 1 represents the changes of energy infrastructures and material intensity until 2070 derived from existing literatures. 
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Figure 7: Energy infrastructure growth and material intensity forecast by 2070

Table 6: Energy infrastructure growth and material intensity forecast by 2070 under different scenarios
	Infrastructure Category
	Infrastructure Growth until 2070
	Material Intensity until 2070
	Sources/Rational for Material Intensity

	
	Reference
	Low
	High
	Reference
	Low
	High
	

	Solar
	+260%
	+150%
	+500%
	-12%
	-3%
	-28%
	Adoption of more efficient solar cell, historical efficiency increase and adoption of advanced cell like Perovskite tandem cells and thin-film solar PV can reduce the material intensity significantly (Green, 2019). 

	Wind
	+485%
	+300%
	+850
	-10%
	-4%
	-22%
	The shift from steel to lighter-weight hybrid concrete/steel structures for towers, and the large-scale use of Carbon Fiber Reinforced Polymers (CFRP) and thermoplastic composites in blades allows to reduce material intensity (Wiser et al., 2016). 

	Oil & Gas
	-7%
	+15%
	-60%
	-2%
	-9%
	-0%
	The opportunity to reduce material intensity is very limited under the current circumstances where energy transition pushing phasing out oil and gas infrastructure gradually. Furthermore, the possibility to convert these  existing pipeline for carrying hydrogen is very limited due to hydrogen embrittlement(Ćwiek & Michalska-Ćwiek, 2010). However, there is still scope to reduce material intensity by using nonmetallic composite piping materials(Zubail et al., 2021). 



Annex V

Reuse/upcycle rate (RR) and actual recovery rate (ARR) under different scenarios

Table 7: Reuse/upcycle rate (RR) forecast by 2070 under different scenarios
	Materials
	Steel
	Concrete
	Asphalt
	Sources/Rational for Projection

	
	Reference
	High
	Low
	Reference
	High
	Low
	Reference
	High
	Low
	

	2024
	30.6%
	30.6%
	30.6%
	3%
	3%
	3%
	50%
	50%
	50%
	(Eurostat, 2024; Oliveira & Silva, 2022; Watari et al., 2025; Zhang et al., 2020a).

	2030
	32%
	34%
	31%
	4%
	6%
	3%
	52%
	55%
	51%
	With proper policy and financial incentives, thr closed loop circularity of steel could reach up to 60%, for concrete 25% and for asphalt 85% by 2070 (High Scenario). This is achievable through the mass adoption of electric arc furnaces in Europe, the adoption of C2CA, EVEROX and VEEP technology for concrete recycling and the use of innovative rejuvenator for achieving higher closed loop circularity in the asphalt industry (Bonoli et al., 2020; C2CA, 2024; EVEROX, 2025; Hagos et al., n.d.; Mantalovas & Di Mino, 2019; Mhatre et al., 2021; Zhang et al., 2020b). 

	2050
	36%
	47%
	34%
	7%
	15%
	4%
	58%
	70%
	53%
	

	2070
	40%
	60%
	36%
	10%
	25%
	5%
	65%
	85%
	55%
	



For the actual recovery rate (ARR) or the collection rate for steel we considered 98% as the remaining 2% is system loss during collection and separation. This assumption has been made in consultation with recycling steel experts in the Netherlands (BMS, 2025). For concrete this rate is around 93%, and the remaining 7% 0f the stock gets lost during the demolition and collection process (Mulders, 2013; Zhang et al., 2020b). Lastly, for asphalt this ARR rate is 82% as the remainder is contaminated with tar and some of it also gets lost during the asphalt reclaim process(Oliveira & Silva, 2022). 

Annex VI

Vergin Material Demand 
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Figure 8: Virgin material demand until 2070 under different scenarios

Here, Figure 8 represents the future demand of virgin materials (steel, concrete and asphalt) under three different scenarios. By 2070, the use for virgin material such as steel and concrete is expected to increase where the use of asphalt will reduce. Under high scenario, primary steel use will increase initially until 2050 and later reduce gradually. This is due to high closed loop circularity potential for steel under this scenario. However, reference and low scenario show gradual increase in virgin steel use as the closed loop circularity is lower. 
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