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Abstract 

This research presents the development of an integrated framework that assesses concomitantly 

the environmental sustainability and circularity performances of in-place pavement recycling 

techniques. The application of this framework contributes to road companies and stakeholders 

making the appropriate decision for a given analysis period. This can help these innovative 

treatments to account for all the side effects or possible impacts when using circular strategies 

or being more sustainable.  

In the Netherlands, the goal is to achieve a circular economy transition in the construction 

sector. Similar research has been performed but focused individually on circularity or 

environmental sustainability. Therefore, the importance of integrating these terms to analyze 

the trade-offs between them, for instance, the technical performance of the asphalt could be 

affected by increasing the degree of circularity and not necessarily assures the reduction of 

environmental impacts. Moreover, encouraging the use of circular strategies such as the use of 

in-place pavement recycling techniques has many advantages such as limiting the extraction of 

raw materials, minimizing truck operations, and reducing the construction time.  

The core measurement methodology is used based on the goals for a circular construction: 

protecting stocks of materials and environmental protection. These two goals provide 

circularity and environmental impact indicators that are the base for performing the integrated 

framework. The environmental impact indicators are translated into a single environmental cost 

indicator known as MKI (Milieukostenindicator), this indicator is considered as criteria for the 

integrated assessment. Similarly, the depletion of abiotic raw materials ADP and other circular 

indicators are part of the criteria but with different weights. The MKI and ADP share the same 

weight due to their importance for the assessment. For integrating these criteria and assessing 

in-place recycling techniques, a Multi-Criteria Decision Analysis tool is proposed i.e. TOPSIS 

method (Technique for Order of Preference by Similarity to Ideal Solution). A ranking of the 

techniques with better performance can be visualized after calculating the results.  

Based on the study case, Dura Vermeer tested HIR (Hot In-place Recycling) techniques by 

using the ART (Asphalt Recycling Train). A road section located on the A73 highway is subject 

to its application and then compared to a hypothetic use of a conventional hot recycling 

treatment using 30% of RAP (Reclaimed Asphalt Pavement). The assessment is carried out for 

an analysis period of 100 years, in which, the road has to remain in good condition. In this way, 

the lifespan of using each technique varies and so the number of repetitions of each treatment 

to cover the analysis period. Considering HIR an innovative technology, the lifespan is not 

determined specifically but a range, where the best and worst lifespan scenarios are analyzed.  

In conclusion, it is demonstrated that the main sources that contribute to the environmental 

impact are electricity production for the asphalt plant and transport of materials for 

conventional hot recycling, consequently increasing the MKI value and doubling the value of 

HIR. In terms of circularity, HIR represented a low indicator for the ADP, meaning a high 

circularity degree. All in all, after the 100 years analysis period, the convention hot recycling 

method ranked the lowest among the alternatives, being HIR positioned with the better ideal 

best values for circularity and environmental sustainability criteria. 
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Abstract 

Dit onderzoek presenteert de ontwikkeling van een geïntegreerd raamwerk dat gelijktijdig de 

ecologische duurzaamheid en circulariteitsprestaties van in-place recyclingtechnieken voor 

bestrating beoordeelt. De toepassing van dit raamwerk draagt bij aan de juiste beslissingen die 

wegbedrijven en belanghebbenden nemen voor een bepaalde analyseperiode. Dit kan ertoe 

bijdragen dat deze innovatieve behandelingen rekening houden met alle bijwerkingen of 

mogelijke effecten bij het gebruik van circulaire strategieën of bij het verduurzamen. 

Het doel in Nederland is het realiseren van een circulaire economie transitie in de bouwsector. 

Er is soortgelijk onderzoek gedaan, maar individueel gericht op circulariteit of ecologische 

duurzaamheid. Daarom kan het belang van de integratie van deze termen om de onderlinge 

compromissen te analyseren, bijvoorbeeld de technische prestaties van het asfalt worden 

beïnvloed door de mate van circulariteit te vergroten en niet noodzakelijkerwijs de 

vermindering van de milieueffecten garanderen. Bovendien heeft het aanmoedigen van het 

gebruik van circulaire strategieën, zoals het gebruik van in-place recyclingtechnieken voor 

bestrating heeft veel voordelen. Zoals het beperken van de winning van grondstoffen, het 

minimaliseren van vrachtwagenactiviteiten en het verkorten van de bouwtijd. 

De kernmeetmethodiek wordt gehanteerd op basis van de doelstellingen voor circulair bouwen: 

het beschermen van materiaalvoorraden en het beschermen van het milieu. Deze twee doelen 

bieden circulariteit en milieu-impact indicatoren die de basis vormen voor het uitvoeren van 

het integrale raamwerk. De milieu-impactindicatoren worden vertaald naar één 

milieukostenindicator die bekend staat als MKI (Milieukostenindicator), deze indicator wordt 

beschouwd als criteria voor de integrale beoordeling. Daarom maken de uitputting van 

abiotische grondstoffen ADP en andere circulaire indicatoren deel uit van de criteria, maar met 

een ander gewicht. De MKI en ADP delen hetzelfde gewicht vanwege het belang voor de 

beoordeling. Voor het integreren van deze criteria en het beoordelen van in-place 

recyclingtechnieken, wordt een Multi Criteria Decision Analysis-tool voorgesteld. D.w.z. de 

TOPSIS-methode (Technique for Order of Preference by Similarity to Ideal Solution). Een 

rangschikking van de technieken met betere prestaties kan worden gevisualiseerd na 

berekening van de resultaten. 

Op basis van de studiecase testte Dura Vermeer HIR (Hot In-place Recycling) technieken met 

behulp van de ART (Asphalt Recycling Train). Een weggedeelte in de snelweg A73 is 

onderworpen aan de toepassing ervan en wordt vervolgens vergeleken met een hypothetisch 

gebruik van een conventionele behandeling voor warme recycling waarbij 30% RAP 

(Reclaimed Asphalt Pavement) wordt gebruikt. De beoordeling wordt uitgevoerd voor een 

analyseperiode van 100 jaar, waarin de weg in goede staat moet blijven. Op deze manier 

varieert de levensduur van het gebruik van elke techniek en dus het aantal herhalingen van elke 

behandeling om de analyseperiode te dekken. Beschouw HIR als een innovatieve technologie, 

de levensduur wordt niet specifiek bepaald maar een range, waarbij het beste en slechtste 

levensduurscenario wordt geanalyseerd.  
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Concluderend wordt aangetoond dat de belangrijkste bronnen die bijdragen aan de milieu-

impact de elektriciteitsproductie voor de asfaltcentrale en het transport van materialen voor 

conventionele hot recycling zijn. Waardoor de MKI-waarde  stijgt en de waarde van HIR 

verdubbelt. In termen van circulariteit vertegenwoordigde HIR een lage indicator voor de ADP, 

dus een hoge mate van circulariteit. Al met al, na de analyseperiode van 100 jaar, scoorde de 

conventionele hot-recyclingmethode de laagste van de alternatieven, omdat HIR 

gepositioneerd was met de betere ideale beste waarden voor circulariteit en ecologische 

duurzaamheidscriteria.  
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1 Introduction 

Circularity and sustainability are terms commonly used in the infrastructure system domain. 

However, there are misconceptions regarding their relation, usability, and application 

(Geissdoerfer et al. 2017). Circularity is considered a take-back system,  focused on slowing 

the cycle and ensuring resource efficiency that can prolong the product lifecycle while also 

reducing process loss and material demands (Antwi-Afari, Ng, and Hossain 2021). In other 

words, the used or discarded products serve as raw materials for new products or materials. In 

turn, environmental sustainability focuses on conserving natural resources and protecting 

global ecosystems, meeting today’s needs without compromising the ability of future 

generations (Sphera 2020). The mismatches that can be found are mainly because of wrong 

attempts of companies to apply a circular economy model that end up exhibiting adverse effects 

(Mantalovas and Mino 2020). These attempts of adopting  circular strategies during their 

activities can provoke side effects like rebound effects that impact the sustainability of the 

environment or vice versa (Köhler, Thorenz, and Tuma 2021). Several examples can be found 

in different products and processes, the recycling of asphalt pavement is one of them. 

Moreover, there are methodologies that measure the terms mentioned before independently. 

In the road industry, the rehabilitation of road pavements contributes to the extension of 

pavement life and also the limitation of raw materials extraction, being considered a circular 

strategy. For example, in-place recycling techniques whose main function is to rehabilitate the 

pavement in the project site itself. There are several techniques such as Hot In-Place Recycling 

(HIR), Cold In-Place Recycling (CIR), etc. Among their potential advantages, they intend to 

extend pavement life, require limited new material, minimize trucking operations, and also can 

be cost-effective. Therefore, it is important to assess the contribution to circularity and 

environmental sustainability of these techniques for a determined lifespan. 

Dura Vermeer is a major Dutch construction company with 165 years of experience that 

focuses on creating long-term value and establishing sustainable relationships with its 

customers. Their ambitions highlight the importance of leading sustainability through 

innovation. Therefore, this project research matches their sustainable ambition of encouraging 

the reuse of products as often as possible, limiting CO2 emissions and the use of raw material 

(Dura Vermeer 2022). The integrated assessment is elaborated and then applied to a study case 

provided by the company. 
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2 Project framework 

2.1 Context 

In the Netherlands, the construction sector is one of the key sectors in the transition to a Circular 

Economy and wants to achieve a circular construction economy by 2050 (Leffers, Moustafa, 

and Vorstman 2022). This transition has to follow an equilibrium with the terms circularity and 

environmental sustainability. In the road engineering industry, there are several attempts to 

include these factors together. Unfortunately, there might be a mismatch between efforts 

intended to increase circularity and environmental sustainability, which represents a challenge 

for any system. Indeed, Antwi-Afari et al. (2021) and Lonca et al. (2018) agree that increasing 

circularity does not lead to a sustainable product or that a sustainable strategy does not always 

deliver a circular result due to potential side effects such as rebound effects or burden-shifting. 

This means that any improvement activity taken in a phase can reduce the environmental 

impact in that phase but increase it in other phases of the life cycle. Therefore, recycling or 

reusing waste from one production stream to another would be of no benefit if it happens to 

transfer hazardous substances or increase the impact in other phases of the product. Moreover, 

Mantalovas and Mino (2020) also support that the technical performance of a product could be 

affected by the increase of its circularity level that not always, in the end, assure the reduction 

of environmental impacts. The integration of these two methods allows us to assess the 

potential environmental impacts of the transition to a circular approach. An example of this 

integration can be found in Mantalovas and Mino (2020), who combined the circularity and 

sustainability assessment of asphalt mixtures with Reclaimed Asphalt Pavement (RAP) 

materials. However, it focuses only on the integration of a closed-loop product into the 

manufacturing process for a new product, without considering, how the intended functional 

lifespan of this product can affect the sustainability and circularity indicators. According to 

Leffers, Moustafa, and Vorstman (2022), the development of this improved way to assess 

circularity can be useful for stakeholders to make informed decisions. 

Using in-place recycling techniques is considered a circular strategy since it is based on a 

material sourcing approach while recycling pavement (Alejandrino, Mercante, and Bovea 

2022). So, assessing these techniques concomitantly in terms of sustainability and circularity 

by the corresponding indicators can contribute significantly to evaluating its performance, in a 

given lifespan of the final product. 

2.2 Problem statement  

Nowadays, the concepts of circularity and sustainability are increasingly important for the 

activities of many industries. For instance, in the case of the paving industry, in-place pavement 

recycling treatments are commonly presented as measures able to improve the circularity and 

environmental sustainability of road pavement systems. Such claims are often based on the 

results of life cycle assessment (LCA) studies. However, increasing the circularity of a product 

might not lead to an environmentally sustainable product and vice versa. This is because of 

potential side effects, such as rebound effects or burden shifting that may occur during the 

intention of being circular. Therefore, there is a need for an integrated framework that allows 
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for evaluation and understanding of (i) whether the claimed environmental and circularity 

benefits of in-pavement recycling strategies are achieved, (ii) to what extent, and (iii) what 

factors play the most important roles in driving their environmental and circularity 

performances.   

2.3 Research objectives 

The aim of this research is to develop an integrated framework to assess the environmental 

sustainability and circularity performances of in-place pavement recycling practices. This 

research can contribute to road companies and stakeholders to make appropriate decisions for 

short and long-term because the circular and sustainable performance of these innovations can 

be  previously evaluated. 

2.4 Research questions 

In order to enhance the circularity and environmental sustainability of road pavement 

maintenance and rehabilitation practices this investigation is led by the following main research 

question:  

To what extent do in-place pavement recycling techniques contribute concomitantly to 

circularity and environmental sustainability?  

The main research question will be answered with the next sub-questions:  

• What types of in-place recycling techniques exist and how do they fit into the Circular 

Economy principles?   

• What methodologies can be used to assess the circularity and environmental 

sustainability performances of in-place pavement recycling techniques?  

• How can those methodologies and indicators be integrated into a holistic assessment 

framework that can capture and quantify the eventual trade-offs between the circularity 

and environmental sustainability concepts?   

• What are the assessment results for the different in-place pavement recycling 

techniques in a determined lifespan?  

The first sub-question is posed to explore the existing in-place recycling techniques that can be 

used to rehabilitate pavements. When answering this question, a number of techniques will be 

defined for which the integrated assessment could be applied. Moreover, it is important to relate 

these techniques with the Circular Economy Principles.  

The second sub-question aims to explore the literature and then, select the most appropriate 

methodologies and indicators to measure circularity and environmental impacts.   

The third sub-question intends to determine the way in which the indicators defined in the 

previous questions can be integrated into a holistic approach to capturing the eventual trade-

offs between circularity and environmental sustainability.  
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The last sub-question aims to apply the framework to a case study and get insights into the 

performance of the different recycling techniques in terms of circularity and sustainability. This 

will consider an analysis period for which the road has to be serviceable and determine with 

the mentioned indicators if a technique is suitable for short (20-30 years) or long (80-100 years) 

term rehabilitation. The outcome of the result will guide stakeholders to choose the most 

appropriate recycling technique depending on the road requirements.  

By combining these sub-questions the main research question can be answered since the sub-

questions were designed and articulated according to a bottom-up approach.   

3 Background 

3.1 Circularity  

Circularity is a principle of Circular Economy in which products and materials circulate at their 

highest value and is complemented by other principles such as: eliminate waste and pollution 

and regenerate nature (Ellen Mac Arthur Foundation 2022). According to Platform CB’23 

(2020), which is a guide for measuring circularity, it has three goals: protect stocks of materials, 

environmental protection and value retention.  The aim of applying this concept is to maximize 

resource efficiency by keeping the highest value of the material at all times and can be achieved 

by the use of circular strategies such reuse, remanufacturing, refurbishment of products, and 

recycling of raw materials (Köhler et al. 2021). Moreover, Korhonen, Honkasalo & Seppälä 

(2018), as cited in (Köhler et al. 2021), highlights that for achieving the highest resource 

efficiency, the original function of a product has to be maintained, implying the prioritization 

of reuse over other Circular Economy strategies. In this way, wastes can be reduced by closing 

loops of products while striving for sustainable environment. As a result of ensuring resource 

efficiency and also slowing the product cycle, the product lifespan can be prolonged and also 

the process loss and material demands can be reduced (Antwi-Afari et al. 2021).   

There are several methodologies to measure circularity of a product and they are essential to 

make informed decisions.  These methods could be adopted in some phases of the product 

lifecycle such as design and procurement or even to monitor progress (Leffers et al. 2022).   

3.2 Sustainability 

Sustainability is a term that englobes different dimensions, namely social, economic and 

environmental. Sustainability development can be defined as the development that meet needs 

of the present without compromising the ability of future generations to meet their own needs 

(Plati 2019). This sustainable development refers to the processes and pathways to achieve 

sustainability (UNESCO 2015). Environmental sustainability is defined as the responsibility to 

conserve natural resources and protect global ecosystems that ensure the wellbeing and health 

of present and future generations (Sphera, 2020). Regarding pavements, the environmental 

sustainable principles are often those involving the selection of eco-friendly materials at low 

costs, utilization of waste materials, appropriate selection of materials and recycling practices 

(Plati 2019) 



 

 

  5 

3.3 In-place asphalt recycling techniques  

These techniques are referred to strategies that are applied on site by road construction 

companies to rehabilitate pavements with the purpose of lowering costs and also extend the life 

of roadways by means of innovations in technology. These techniques have been increasing 

their impact due to the change of scope when preferring maintenance and rehabilitation (M&R) 

instead of construction(Cao, Leng, and Hsu 2019). Caltrans (2022) states that these techniques 

might originate long term economic benefits, as well as other benefits such as the need for 

limited new material, minimizes truck operations and shorter construction time. An example 

of this technology innovation is the concept of Asphalt Recycling Train (ART). 

3.3.1 Asphalt Recycling Train (ART)  

Asphalt Recycling Train is the name  for the pieces of equipment that successively are in charge 

of the asphalt recycling process in-situ.  This concept has been emerging due to the need of 

adopting economical and sustainable solutions that increases the value of in-place materials 

while minimizing traffic congestion and environmental impact, encouraging the application 

ART (Stroup-Gardiner 2011). Currently, there are three types of ART, they are able to recycle 

asphalt in its original location, however, they have their own application situations (Cao et al. 

2019), as explained next: 

• Hot in-place recycling (HIR): applied when the distresses in the pavement are limited 

to the upper part of the surface layer, and when there are no structural failure like 

cracking. 

• Cold in-place recycling (CIR):  applied when the damage has been extended further 

into the surface. 

• Full depth reclamation (FDR): applied when roads are completely reconstructed 

The process of the first two techniques HIR and CIR are detailed in the next subsections. 

3.3.2   Hot In-Place Recycling (HIR) 

The hot in-place recycling technique applies in situ heating during the construction process 

when restoring the damaged surface to its original condition (Ma et al. 2020). This process 

consists of surface recycling by using heater scarification besides mixing and paving. During 

the mixing stage, rejuvenating agents are involved to reverse the impact of aging on asphalt 

performance, restore binder properties and durability, protecting the pavement of oxidation, 

moisture damage and raveling for the future. It is applied for correcting hot mix asphalt 

pavements with shallow-depth surface distress and cracking on roadways (Cao et al. 2019). 

3.3.3 Cold In-Place Recycling (CIR) 

As opposite to the HIR, this technique treats the existing asphalt pavements without heating. 

This technique involves five basic steps: milling, gradation control, incorporation of binding 

additives, placement of the mixture on the milled pavement and compaction. (Orosa, Pérez, 
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and Pasandín 2022) highlights the main constituents of a CIR asphalt mixture which are 

reclaimed asphalt pavement (RAP), a bituminous binder that acts as a stabilizer in the mix in 

form of an emulsion or foamed bitumen and a specific amount of water for facilitating the 

blending process while ensuring the proper moisture content. Its application is focused on 

stabilizing the base course of hot mix asphalt pavements (Cao et al. 2019) 

3.4 Other recycling methods 

3.4.1 Hot Recycling (HMA and WMA containing Recycled Asphalt Pavement) 

In this process the Reclaimed Asphalt Pavement (RAP), obtained from milling or crushing 

operations, is added with new materials to produce HMA/HWA mixes in an asphalt plant. 

Considering that the RAP percentage ranges from 10 to 50 %, (Virginia Asphalt Association 

2020) , assures that one of the advantages of hot mix recycling include equal or better 

performance compared to conventional HMA/WMA due to the capability to correct most 

surface defects, deformation and cracking. For the stage of mix placement and compaction, the 

equipment and procedures are the same.  

3.4.2 Cold Central Plant Recycling (CCPR) 

The material is removed and then transported to the asphalt plant, followed by crushing and 

screening to make an uniform product before feeding the cold plant. The products added in the 

process are similar to those of the CIR. These are either asphalt emulsion or foamed asphalt as 

a binding agent. Once the mixing is completed, the final product can be taken to the project 

site for paving (Virginia Asphalt Association 2020). 

4 Literature Review 

Circularity and sustainability are terms commonly used in the infrastructure system domain. 

However, there are misconceptions regarding their relation, usability, and application 

(Geissdoerfer et al. 2017). Circularity is focused on slowing the cycle and ensuring resource 

efficiency that can prolong the product lifecycle while also reducing process loss and material 

demands (Antwi-Afari et al. 2021). In other words, the used or discarded products serve as raw 

materials for new products or materials. Similarly, environmental sustainability focuses on 

conserving natural resources and protecting global ecosystems, meeting today’s needs without 

compromising the ability of future generations (Sphera 2020). There are methodologies for 

which the elements mentioned above can be evaluated. These include, among others, Material 

Circularity Index (MCI) and Life Cycle Assessment (LCA) but there are also concepts 

excluded when applied individually. The former methodology is proposed by Ellen Mac Arthur 

foundation (Ellen Mac Arthur Foundation 2019) and intends to measure the degree of 

circularity by considering flows during the entire lifecycle of an object as a starting point 

(Platform CB’23, 2020). This method is only able to provide an end product label that 

characterizes the product itself (Mantalovas and Mino 2020) and focuses on the technical 

cycles (as opposed to biological cycles) (Lonca et al. 2018), meaning that this involves the 

management of stocks of non-renewable abiotic resources that cannot be appropriately returned 



 

 

  7 

to the biosphere, in contrast to biological cycles that involve flows of renewable biotic 

resources that can safely cycle in and out of the biosphere (Navare et al. 2021). In turn, the 

LCA Framework (ISO 14044/40), is used to measure the environmental lifecycle (cradle to 

grave) consequences of a product or process by quantifying energy, materials consumed, 

wastes, and emissions discharged to the environment (Rosen 2018).  When applied alone this 

methodology only accounts for evaluating a product from an environmental viewpoint, 

ignoring circularity, economic, social, and technical aspects (Lee 2004), highlighting the 

importance to integrate this method with other techniques and facilitating trade-offs between 

them. Consequently, there might be a mismatch between efforts intended to increase circularity 

and sustainability, which represents a challenge for any system. Indeed, Antwi-Afari et al. 

(2021) and Lonca et al. (2018) agree that increasing circularity does not lead to a sustainable 

product or that a sustainable strategy does not always deliver a sustainable result due to side 

effects such as rebound effects or burden-shifting. Therefore, recycling or reusing waste from 

one production stream to another would be of no benefit if it happens to transfer hazardous 

substances. Moreover, Mantalovas and Mino (2020) also support that the technical 

performance of a product could be affected by its increase of circularity that not always, in the 

end, assures the reduction of environmental impacts. The integration of these two methods can 

lead to assessing the environmental potential impacts of the transition to a circular approach. 

An example of this integration can be found in Mantalovas and Mino (2020), where it includes 

the concomitant circularity and sustainability assessment of asphalt mixtures with Reclaimed 

Asphalt percentages. However, its technical performance was poor in some mixtures, in terms 

of fatigue and permanent deformation, and this factor should be considered essential in the 

framework for assessing the final product. According to Leffers, Moustafa, and Vorstman 

(2022), the development of this improved way to assess circularity can be useful for 

stakeholders to make informed decisions. 

5 Assessment methodology 

For achieving a circular economy transition in the construction sector by 2050 in the 

Netherlands, the Platform CB’23 guide offers a circularity measurement method that can be 

applied either nationally or internationally. This is the core measurement method and fits the 

purpose of this research when assessing circularity and environmental sustainability. Then, an 

integrated assessment framework of circularity and environmental sustainability is proposed. 

5.1 Core measurement methodology 

As a way to encourage the transition to a circular economy, this method intends to measure the 

degree of circularity considering three key goals of a circular construction: to protect stocks of 

materials, environmental protection and value retention (Platform CB’23 2020). There are set 

of indicators for each of the goals mentioned. This research will use the core indicators for 

protecting existing stocks of material and will be complemented with the LCA methodology 

that will assess the environmental protection. The value retention indicators are excluded from 

this research since the techno-functional indicators are still being developed and the economic 

value indicators go beyond the scope of this project. This method can be applied anywhere in 
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the construction sector and also share the same scope and conceptual framework as LCA 

method, besides that the data needed is similar. This method enables the impacts of different 

circular strategies to be compared (Platform CB’23 2020). Before starting with the core 

measurement method and also the calculation of its indicators, the LCA analysis has to be 

performed, as suggested in Platform CB’23 (2020).  

5.1.1 Protection of stock materials: Circularity assessment indicators 

When assessing the product in terms of protecting stocks materials, it is meant to ensure that 

these stocks of materials are not exhausted and will continue to be available for use (Platform 

CB’23 2020). The two basic principles highlighted by the guide when applying circular 

strategies are: reducing use and limiting loss. The first example employs a minimum amount 

of materials for construction while the second one refers to the availability of materials after a 

little degradation during its previous lifecycle. Therefore, it is important have a clear overview 

of the materials balance in which inputs and outputs flows of an object or sub-object are 

detailed.  

This section is divided in three indicators: the quantity of materials used (input), the quantity 

of materials available for the next cycle (output) and the quantity of materials lost (output). 

These indicators are subdivided depending on the classification of the materials involved in the 

process and their descriptions are displayed in Table 1. 

Table 1 Input and output materials indicators for protection of stock materials (Platform CB’23 2020) 

1 Quantity of materials used (input) Description 

1.1 Quantity of primary materials 
Degree to which materials produced from 

primary raw materials have been used 

1.1.1 
Quantity of non-renewable primary 

materials 

Degree to which primary materials of abiotic or 

biotic origin are used which are grown, naturally 

replenished or naturally cleansed, beyond human 

time scale 

1.1.2 Quantity of renewable primary materials 

Degree to which primary materials of abiotic or 

biotic origin are used which are grown, naturally 

replenished or naturally cleansed, on a human 

time scale 

1.1.2a 
Quantity of sustainable produced, renewable 

primary materials 

Degree to which materials of abiotic or biotic 

origin are used that originate from a production 

unit that is managed sustainably 

1.1.2b 
Quantity of unsustainable produced 

renewable primary materials 

Degree to which materials of abiotic or biotic 

origin are used that do not originate from a 

production unit that is managed sustainably 

1.2 Quantity of secondary materials used 

Degree to which materials recovered from 

previous use, or from residual flow from another 

product system which substitute primary 

materials or other secondary materials, are used 

1.2.1 Quantity of secondary materials from reuse Degree to which reused parts are used 

1.2.2 
Quantity of secondary materials from 

recycling 
Degree to which recycled materials are used 
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1.3 Quantity of physically scarce materials 

The degree to which raw materials are used that 

are physically scarce or, to put it another way, are 

only available in natural resources to a limited 

extent, i.e. scarcity based on the geological 

availability of stocks of raw materials and the risk 

of their becoming depleted 

1.4.1 
Quantity of socio-economically scarce raw 

materials used 

Degree to which raw materials are used that are 

scarce as regards their economic relevance and 

where there are risks to their security of supply 

1.4.2 
Quantity of socio-economically abundant 

raw materials used 

Degree to which raw materials are used that are 

abundant as regards their economic relevance and 

in terms of risks to their security supply 

2 
Quantity of materials available for the 

next cycle (output) 
Description 

2.1 
Quantity of end-of-life materials available 

for reuse 

Degree to which the reuse of the objects or sub-

objects is the most realistic end-of life treatment 

2.2 
Quantity of end-of-life materials available 

for recycling 

Degree to which recycling the materials is the 

most realistic end-of-life treatment 

3 Quantity of materials lost (output) Description 

3.1 
Quantity of end-of-life materials used for 

energy production 

Degree to which processing materials in an 

incinerator for energy production is the most 

realistic end-of-life treatment 

3.2 
Quantity of end-of-life materials sent to 

landfill 

Degree to which sending materials to landfill is 

the most realistic end-of-life treatment 

 

5.1.2 Environmental Protection: LCA methodology 

The environmental protection ensures the good quality of living environment for people and 

animal (Platform CB’23 2020). The LCA methodology is used to assess the environmental 

performance of a product or system throughout its lifecycle. Moreover, it can also be used to 

identify opportunities to improve environmental performance of products at different stages of 

their lifecycle. This can be performed at stages from raw material acquisition through 

production, use, end-of-life treatment, recycling and final disposal, following ISO 14040 

(2006) and ISO 14044 (2006). According to the aforementioned standards, a LCA study 

consists of the following phases: goal and scope definition, life cycle inventory, impact 

assessment and interpretation. 

The goal and scope definition phase defines exactly what is going to be analyzed, including the 

level of detail and system boundary. The depth of the LCA depends on the goal of the LCA, 

where also impact categories has to be defined based on the focus of the assessment. 

The life cycle inventory (LCI) phase involves the collection of the data needed to meet the 

goals of the study. In this case, an inventory of input/output data with regard the system defined.  

The impact assessment phase provides additional information to help assess a product system 

to understand their environmental significance. This is based on the previously impact 

categories defined. Moreover, the overall impact measurement can be calculated adding all the 
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impacts up, an example of this measurement is the Environmental Cost Indicator (ECI), also 

known as Milieukostenindicator (MKI).   

The interpretation is the final phase of LCA, in which the results are summarized and discussed, 

being the basis for conclusions, recommendations and decisions making according to the goal 

and scope definition previously defined in the first phase.  

Considering that LCA methodology share the same scope and inputs needed for the calculation 

of circularity indicators, the Platform CB’23 suggests the calculation of the Environmental 

Footprint or product system impact categories from the SBK method (Stichting Bouwkwaliteit 

2019). This consist of the following indicators with their description (see Table 2).  

Table 2 Environmental impact indicators (Platform CB’23 2020) 

4 Environmental impact Indicators Description 

4.1 Climate change - overall 
Degree to which objects or sub-objects contribute to 

climate change 

4.2 Climate change - fossil 
Degree to which objects or sub-objects contribute to 

climate change due to the use of fossil fuels 

4.3 Climate change - biogenic 
Degree to which objects or sub-objects contribute to 

climate change due to the use of plant-based materials 

4.4 
Climate change - use of land and 

changes in use of land 

Degree to which objects or sub-objects contribute to 

climate change due to the use of land and changes in the 

use of land 

4.5 Ozone depletion 
Degree to which objects or sub-objects contribute to the 

depletion of the ozone layer 

4.6 Acidification 
Degree to which objects or sub-objects contribute to the 

acidification of soil or water 

4.7 Eutrophication - freshwater 
Degree to which objects or sub-objects contribute to 

enriching freshwater with nitrogen and phosphorus 

4.8 Eutrophication - seawater 
Degree to which objects or sub-objects contribute to 

enriching seawater with nitrogen and phosphorus 

4.9 Over-fertilization - soil 
Degree to which objects or sub-objects contribute to 

enriching soil with nitrogen and phosphorus 

4.10 Occurrence of smog 
Degree to which objects or sub-objects contribute to the 

formation of tropospheric ozone (part of smog) 

4.11 
Depletion of abiotic raw materials - 

minerals and metals 

Degree to which objects or sub-objects contribute to the 

depletion of abiotic raw materials, excluding fossil energy 

carriers 

4.12 
Depletion of abiotic raw materials - 

fossil energy carriers 

Degree to which objects or sub-objects contribute to the 

depletion of fossil energy carriers 

4.13 Use of water 
Degree to which objects or sub-objects contribute to the 

depletion of the sources of water 

4.14 Emission of particulate matter 
Degree to which objects or sub-objects contribute to 

diseases related to particulate matter 

4.15 Ionizing radiation 
Degree to which objects or sub-objects contribute to 

humans being exposed to ionizing radiation 

4.16 Ecotoxicity (freshwater) 
Degree to which objects or sub-objects contribute to 

adverse toxicological effects for freshwater organisms 
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4.17 Human toxicity, carcinogenic 
Degree to which objects or sub-objects contribute to 

adverse carcinogenic effects for people 

4.18 Human toxicity, non-carcinogenic 

Degree to which objects or sub-objects contribute to 

adverse toxicological effects for people (non-

carcinogenic) 

4.19 
Impact/Soil quality related to the use of 

land 

Degree to which objects or sub-objects contribute to 

changes to the soil quality due to the use of land 

 

All these scores can be weighted into a final score indicator for measuring the environmental 

impact using the SBK method (Stichting Bouwkwaliteit 2019). 

5.2 Integrated Assessment Framework 

Once the circularity and environmental impact criteria were defined in several indicators, this 

research integrates them in an assessment framework by using a Multi-Criteria Decision 

Analysis (MCDA). Therefore, to see the trade-offs among the alternatives and also to choose 

the best solution, the TOPSIS method is applied. Before starting with the steps involved in the 

TOPSIS method, the alternatives and criteria for the assessment must be determined. 

5.2.1 TOPSIS method 

TOPSIS, known as, Technique for Order of Preference by Similarity to Ideal Solution, is based 

on the concept that the chosen alternative should have the shortest geometric distance from the 

positive ideal solution and the longest geometric distance from the negative ideal solution (Li 

et al. 2022).  The TOPSIS method is mainly divided into the following steps:  

Step1: Create a matrix consisting of M alternatives and N criteria. This is called “evaluation 

matrix”. 

Equation 1 Evaluation matrix 

(𝑎𝑖𝑗)𝑀𝑥𝑁 

Step 2: Normalize the evaluation matrix. 

Equation 2 Normalization of evaluation matrix 

𝑎𝑖𝑗 =
𝑎𝑖𝑗

√∑ (𝑎𝑖𝑗)
2𝑀

𝑖=1

 

Each metric 𝒋 for each recycling treatment 𝒊 is normalized to be in between 0 and 1.   

Step 3: Calculate the weighted normalized matrix. 

Equation 3 Weighted normalized matrix  

𝑋𝑖𝑗 = 𝑎𝑖𝑗 ∗ 𝑤𝑗 
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The weights for each criteria had to be determined beforehand and also when added up, they 

have to equal to 1 or 100%. 

Step 4: Determine the best and the worst alternative for each criterion 

Equation 4 Best alternative for each criterion 

𝑋𝑗
𝑏 = 𝑚𝑎𝑥𝑖=1

𝑀  𝑋𝑖𝑗 

Equation 5 Worst alternative for each criterion 

𝑋𝑗
𝑤 = 𝑚𝑖𝑛𝑖=1

𝑀  𝑋𝑖𝑗 

In this way, the maximum and minimum value can be found among the alternatives for each 

criterion. 

Step 5: Calculate the Euclidean distance between the target alternative and the best/worst 

alternative. 

Equation 6 Euclidean distance between target and best alternative 

𝑑𝑖
𝑏 = √∑(𝑥𝑖𝑗 − 𝑥𝑗

𝑏)
2

𝑁

𝑗=1

 

Equation 7 Euclidean distance between target and worst alternative 

𝑑𝑖
𝑤 = √∑(𝑥𝑖𝑗 − 𝑥𝑗

𝑤)2
𝑁

𝑗=1

 

This calculation shows the geometric distance between a value of an alternative with respect 

of the best/worst value of the criterion. 

Step 6: For each alternative calculate the similarity to the worst alternative. The results are the 

TOPSIS scores. 

Equation 8 Similarity to the worst alternative 

𝑆𝑖 =
𝑑𝑖

𝑤

𝑑𝑖
𝑤 + 𝑑𝑖

𝑏
 

The scores are computed for each alternative based on the distances calculated before. 

Step 7: Rank alternatives using the TOPSIS scores by descending order. The highest scores 

will be the most appropriate alternative. 
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6 Case study  

6.1 Description 

After simulating the process of using ART in the Central Laboratory of Dura Vermeer, in 

Eemnes, Dura Vermeer intends to test the hot in-pace recycling technique on the Dutch road 

network. In this case, the road section corresponds to the A73 highway, where the application 

of HIR with the ART is performed only in the left lane of this road (see Figure 1). The 

dimensions are displayed in Table 3.  

 

Table 3 Dimension of A73 road section 

 

 

 

 

 

In the Netherlands, the majority of highways are paved with ZOAB (Rijkswaterstraat 2022), 

which is an asphalt mixture a high percentage of hollow space, about 20% (Rijkswaterstraat 

2022). In order to promote a circular transition, Rijkwaterstraat, wish to reduce CO2 emission 

in the asphalt mixtures by replacing the currently old Porous Asphalt ZOAB-16 by new Porous 

Asphalt DAZOAB-16. The main difference between the two is the amount of bitumen present 

in the mixture, which is higher in the later case. Therefore, Dura Vermeer aims to recycle in 

Dimensions road section Quantity (m) 

Width  4,2 

Length  700 

Thickness 0,050 

Figure 1 Aerial view of the road section in A73 (Google Earth 2022) 
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situ 100% of existing ZOAB layer into a more durable alternative of DZOAB with 

approximately 5,1 tons of new binder (bitumen) using ART. 

 

6.1.1 Asphalt Recycling Train (ART) by using hot in-place recycling (HIR) 

This ART concept was introduced by Cutler (1978), who defines as a method of restoring 

asphalt roadway by means of heating the upper layer of the existing road to loose existing road 

material, which then is collected by scraping off this layer, followed by mixing the hot mix of 

asphalt with new materials that finally, will be placed in the roadway surface as new asphalt 

 

In the Netherlands, Dura Vermeer has introduced to the concept of the Asphalt Recycling Train 

to Rijkswaterstraat, being the winner of the ‘Sustainable Asphalt’ competition,  with the 

purpose of reducing CO2 emissions in a cost-effective way (van del Vliet 2018). The use of 

the ART concept by using HIR is a proven process for warm in-situ recycling of old asphalt 

into new asphalt, both in the Netherlands and abroad (Dura Vermeer 2022a). This technology 

has the following equipment: one or more heaters (usually infrared) that heat the old asphalt, 

another special heater that heats and tosses the material to loose it and keep the grading intact, 

subsequently raw materials are added, and if necessary the mixture is heated to the desire 

temperature.  Finally, the asphalt is processed with an integrated spreading beam or a separate 

conventional spreading machine and then compacted with rollers (Dura Vermeer 2022a). For 

visualizing the ART process, see Figure 2, Figure 3 and Figure 4. 

 

 
Figure 2 Wirtgen Panel Heating HM 4500 before starting operation 
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Figure 3 Wirtgen Remixer 4500 

 

  

Figure 4 ART in operation 

 

6.2 Framework application 

The framework described in the previous sections will be used to assess and compare the 

circularity and environmental sustainability performance of HIR using ART and the 

conventional hot recycling in an asphalt plant using 30% of RAP. The analysis is performed 

for a period of 100 years in which the road section should be in good condition. This period is 

considered since a difference in the number of repetitions can be appreciated in a longer term 



 

 

  16 

rather than short term. The lifespan of the conventional hot recycling method is 14 years while 

for HIR ranges from 10 to 16 years (R. Naus, personal communication 2022).  Given that the 

application of HIR with ART is a new technology, its lifespan is not yet very well known. 

Thus, in the analysis two durations will be considered: a best-case scenario (16 years) and a 

worst-case scenario (10 years). The number of repetitions of these treatments during the 

analysis period is shown in Table 4. 

Table 4 Number of treatments repetitions during the analysis period 

Analysis period 100 

years 

HIR (best scenario) HIR (worst scenario) Conventional Hot 

Recycling  

Number of repetitions 6 10 7 

6.2.1 LIFE CYCLE ASSESSMENT (LCA)  

Goal and scope 

The LCA will be conducted using the software and databases from GaBi, a software to assess 

sustainability provided by Thinkstep, a Sphera company. The data will be collected from 

literature and available inventories of asphalt pavement companies. The goal of the LCA study 

is to quantify the environmental impacts of the application of HIR and conventional recycling 

techniques along the analysis period for which the road is expected to be serviceable. The 

functional unit is the road section where the techniques are applied and whose dimensions are 

present in Table 3. The adopted approach for the system boundaries is “cradle-to-cradle” since 

it is referred to within Circular Economy, and it is also known as closed-loop recycling 

(Ecochain 2019). The boundaries for the lifecycle of the road pavement section are established 

based on ‘SBK Bepalingsmethode’ lifecycle phases (Stichting Bouwkwaliteit 2019). Table 5 

shows the available phases.  

Table 5 Lifecycle stages used in the SBK method 

Stage (A1-A3): Production  

A1 Raw material supply 

A2 Transport 

A3 Manufacturing 

Stage (A4-A5): Construction  

A4 Transport gate to site 

A5 Assembly/ Construction installation process 

Stage (B1-B7): Use  

B1 Use 

B2-B5 Maintenance, Repair, Replacement, Refurbishment 

B6-B7 Operational energy use, Operational water use 

Stage (C1-C4): End of life stage  

C1 De-construction demolition 

C2 Transport 

C3-C4 Waste processing, Disposal 

Stage(D): Benefits and loads beyond the system boundaries  
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For this project, the stages accounted for are the production and construction stage (A1-A5), 

end-of-life stage (C1-C2), and benefits and loads beyond the system boundaries (D). The use 

stage (B1) requires extra modeling and information for instance, working zone management 

and pavement-vehicle interaction effects (Santos et al. 2015). Moreover, Platform CB’23 

(2020) agrees that the user-related impacts must not be taken into account, the impact caused 

in this phase must be addressed to the service life of parts that need to be replaced. The stages 

related to maintenance (B2-B5) are excluded since it is difficult to predict when the road will 

need maintenance. The stages B6-B7 are ignored since it does not apply to asphalt. Stage C1 

(Deconstruction) is attributed to the material production supply stage (A1) since in the case of 

the conventional recycling method, the milled asphalt is turned into usable asphalt aggregate. 

The waste processing and disposal stages (C3-C4) are excluded. They are not considered 

because all the materials are recycled or reused within the system boundaries. An overview of 

the system boundary can be found in Figure 5. 

 

Figure 5 LCA system boundary 

Life Cycle Inventory 

In this phase, the data of all flow materials associated with the production of recycled asphalt 

pavement is collected. For collecting all the information required, it is important to understand 

the process of HIR techniques and also conventional recycling methods. Therefore, a deeper 

review must be performed to check the materials, procedures, and machinery involved. For the 

use of HIR using ART, and hot recycling conventional method, the machinery and materials 

involved have to be determined. In Table 6 and Table 8, the input materials for one treatment 

of each technique with the machinery and the corresponding number of materials are shown. 

Additionally, in Table 7 and Table 9, the inputs of energy resources needed for each machinery 

are detailed. All the mentioned tables have the also the name of the GaBi Objects/Flows of the 
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materials and energy resources where they can be recognized in the LCA Model, see section 

11.1.   

Table 6 LCI of materials for hot in-place recycling (HIR) 

 

Table 7 LCI of energy resources for hot in-place recycling (HIR) 

 

Table 8 LCI of materials for conventional hot recycling method 
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Table 9 LCI of energy resources for conventional hot recycling method 

 

Another point to consider in the LCI is the purpose of the trucks for both techniques, which is 

basically, the transportation of materials. For the HIR technique, it uses one truck to transport 

the bitumen from the closest oil refinery Shell to the project site and another truck to transport 

the rejuvenator from Latexfalt to the project site. On the other hand, for the conventional hot 

recycling method, 13 trucks are used for the transportation of milled asphalt from the project 

site to the asphalt production plant and vice versa with the transportation of the new asphalt 

instead. Additionally, four trucks and one ship for the transportation of bitumen, aggregates, 

and anti-dripping agent. All of them have as final destination the asphalt plant but the initial 

destination varies, even being transported from other countries such as: Scotland and Norway. 

The fuel consumption is based on the number of kilometers and type of vehicle, calculated 

automatically by the database. The distances for the transportation of the mentioned materials 

were taken from Google Maps (2022) and are shown in Table 10. 
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Table 10 Material transportation information 

 

6.2.2 Circularity assessment 

The material collected in the previously elaborated Life Cycle Inventory (LCI) are labelled to 

use the core measurement method and measure the degree of circularity. According to Platform 

CB’23 (2020), the materials have to be detailed with the following information: 

- Quantity in kilograms 

- Scarce/ abundant based on the list of Critical Raw Materials (CRM, see European 

Commission, 2017) 

- Physically scarce/physically abundant determined according to NEN-EN 

15804:2012+A2:2019 (NEN 2019) (abiotic depletion potential, ADP) 

- Primary/secondary 

◼ If secondary: reuse/recycling 
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◼ If primary: sustainable renewable/non-sustainable renewable 

- Most probable end-of-life treatment: available for the next cycle/ not available for the 

next cycle 

◼ If available for the next cycle: reuse/recycling 

◼ If not available for the next cycle: energy production/landfill 

The classification for each method are shown in Table 11 and Table 12, where the materials 

and its percentages of newness and recycled in relation with the final mixture can be identified. 

 Table 11 Material classification for HIR 

 

Table 12 Material classification for conventional hot recycling method 

 

Based on the data collected the indicator calculation rules have to be followed to obtain the 

results and analyze the circularity of mentioned techniques. The ADP indicator was summoned 

from the GaBi database per material. An special case is the rejuvenator and anti-dripping agent, 

which were chosen based on its derivatives. 
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6.3 Results 

6.3.1 Life Cycle Assessment (LCA)  

For the LCA modeling, the analysis was carried out in two ways: analyzing the application of 

one treatment only per technique and also for the analysis period of 100 years, in which those 

techniques were repeated in order to cover the whole period, the number of repetitions was 

mentioned in Table 4.  

The first analysis was useful to determine the responsibility for which these two techniques 

differ in environmental impact and the second analysis corresponds to provide an insight into 

the impact in a given analysis period. The diagram modeling for all the cases can be found in 

the section 11.1. Given the importance of Dura Vermeer to mitigate climate change, the first 

analysis is based on the emissions of kg CO2 eq. produced by each method. From Figure 6 and 

Figure 7, it can be seen how the amount of kg CO2 eq. differs considerably.  

 

Figure 6 Main sources of climate change by conventional hot recycling method 

 

Figure 7 Main sources of climate change by HIR method 

In the conventional method, the two main sources are electricity production and transport, these 

correspond to the asphalt plant and aggregates production, besides the transportation of 

materials. On the other hand, the two main sources of HIR are bitumen and propane production 

at the refinery. The significant differences between these two methods are the number of 

vehicles needed for material transportation. 
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In the second analysis, following Platform CB’23 (2020), the impact indicator explained in 

Table 2  was considered, and also the analysis period of 100 years for which the road section 

has to remain serviceable. Since the HIR does not have a determined lifespan, a best/worst 

scenario is calculated given the number of repetitions, the results are shown in Table 13. 

Table 13 Environmental impact results of recycling techniques in the analysis period 

 

For having a single indicator impact of the recycling techniques in the analysis period. The 

Platform CB’23 (2020) suggests calculating a weighted single final score for indicator 4 using 

the SBK method (Stichting Bouwkwaliteit 2019). This method allows to calculate the 

environmental cost indicator (Milieukostenindicator - MKI) that summarizes all environmental 

effects in one score and is expressed in euros (see Table 14). 
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Table 14 Weighting of environmental impacts 

 

The values calculated corresponding to every impact category for each technique are multiplied 

with the weighting factor and then, summed up to have the total environmental cost MKI, see 

Table 15.  

Table 15 MKI calculation for the three recycling techniques 

  

The table shows that even the worst scenario of HIR does not cause a significant environmental 

impact in comparison with conventional hot recycling using 30% of RAP, which doubles the 

worst scenario of HIR. As analyzed previously, this considerable impact of the conventional 

method is mainly caused by the electricity production and transportation of materials which is 

reiterative during the analysis period. 
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6.3.2 Circularity assessment 

Using the explanation of each indicator (see Table 1) and following the calculation rules 

presented in Platform CB’23 (2020), the circular indicators are listed in Table 16 with the 

corresponding amount of material in kilograms present in given conditions and for the analysis 

period of 100 years. Moreover, the percentage of material proportions for each sub-indicator 

compose the main indicators: primary and secondary materials, socio-economic scarce 

materials, material availability for the next cycle, and materials lost. The physically scarce 

material (indicator 1.3) does not have a percentage since it is measured in kg Sb equivalent. 

These results can provide an insight into the flow of materials that acts as inputs and outputs. 

Table 16 Circularity indicators assessment for HIR and Conventional hot recycling  

 

From the table, the input materials display a significant use of primary materials when using 

conventional recycling processes, this is mainly caused by the number of aggregates needed to 

assuring the quality performance of the asphalt recycled pavement. Regarding the outputs, it 

can also be deducted that no materials are lost during both processes. Materials that were 

consumed but did not end up in the recycled asphalt pavement are not considered since they 

are considered production waste. The fact of not losing material is mainly because of the 

defined system boundaries, in which, all the materials were accounted for only in the recycling 
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process or even when using conventional recycling, the other 70% of material that was not used 

in asphalt production, was allocated in RAP stockpiles. The depletion of abiotic materials 

(ADP) is a crucial indicator of how circular the product is working and it is different per 

material (B. Mentink, personal communication 2022). In this case, the total ADP indicator was 

summoned from the results calculated by GaBi for each technique. The more circular the lower 

the depletion impact, hence, the more circular technique is HIR. 

6.3.3 Integrated assessment 

For the development of an integrated assessment of circularity and environmental impact, the 

TOPSIS method is chosen and was explained in section 5.2.1. The objective of this research is 

to assess concomitantly the environmental sustainability and circularity performance of in-

place recycling techniques. However, adjusting the scope of the research to the case study and 

the application of the integrated framework, the HIR and conventional hot recycling methods 

are assessed together concomitantly by establishing circular and environmental criteria that 

allow choosing the best alternative for a determined analysis period.  

The criteria are selected based on the indicators and previous results. The MKI and physically 

scarce materials (ADP) are the most relevant due to their importance in sustainability and 

circularity, hence their weight is 35%, which is higher than the others. The rest of the criteria 

are: the amount of primary and socio-economic scarcity materials and the availability of 

materials for the next cycle, all of them have a weight of 10%. These weights were discussed 

with the experts of the company and also are part of a sensitivity analysis. In Table 17, the 

evaluation matrix can be seen with all its components: alternatives and criteria with the 

corresponding metrics. 

Table 17 Evaluation matrix with recycling alternatives and weighted criteria 

 

Using Equation 2, the normalized evaluation matrix can be obtained, see Table 18. This 

normalized evaluation matrix is then multiplied by the established weights of Table 17 and a 

weighted normalized is displayed as a result in Table 19. 
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Table 18 Normalized evaluation matrix 

 

Table 19 Weighted normalized matrix 

 

The ideal best and worst values are collected from Table 19 and displayed in Table 20. For 

the MKI criteria, the lower the value, is better, hence, the minimum is chosen as the ideal best 

value. This is also the case for the rest of the criteria, except for the availability of materials 

for the next cycle where the higher the value is preferred, so the maximum value is chosen as 

the ideal best value. 

Table 20 Ideal best/worst value selection 

 

As mentioned before, the Euclidean distance represents the geometric distance between a 

value of an alternative with respect to the best/worst criterion. Equation 6 and Equation 7 

were applied for its calculation. Additionally, the similarity to the worst alternative is also 

calculated with Equation 8 and finally, the TOPSIS scores can be ranked by descending 

order, see Table 21. 
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Table 21 Euclidean distance between target and best/worst alternatives, similarity to the worst alternative and ranking of 

methods 

 

The ranking shows that the best alternative in terms of environmental sustainability and 

circularity performance is HIR, even considering a lower lifespan of 10 years (worst scenario) 

shows a superiority in comparison to the conventional hot recycling with 30% of RAP. For 

evaluating the weights assigned to the criterion a sensitivity analysis is performed in the next 

section 

6.3.4 Sensitivity Analysis  

The sensitivity analysis determine how different values of an independent variable affect a 

particular variable. The original weights from the previous section are used. For performing 

the analysis, the weight assigned to one criterion is increased by 10% and then, the rest of the 

weights are divided proportionally among the other criterions. Therefore, TOPSIS method is 

performed repeatedly with different weights for each criteria to see how it differs from the 

original results. In , the original weight and also the increased weights by each criterion can be 

seen.  

 

Table 22 Original criteria weight and variation of weights per criteria for sensitivity analysis 
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After defining the new weights, the TOPSIS method was calculated again for each criterion 

that was increased. The results are shown in Table 23 and demonstrate that after altering the 

assumed weights are robust since the final results or interpretations are almost equal. 

 

Table 23 Sensitivity analysis results 
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7 Discussion 

Considering the importance of circularity and sustainability for the activities of many 

industries. The application of this integrated assessment framework in the paving industry, that 

adopt the application of in-place recycling techniques can improve circularity and 

environmental sustainability in the road system.  In addition, side effects can be identified, 

besides important indicators that influence the environmental and circularity performances. 

The scope of the research was to compare in-place recycling techniques between them. 

However, it was adjusted given the limited data of other techniques such as cold in-place 

recycling techniques. Then, the conventional recycling method was used instead for analysis 

in the case study. 

The findings after performing the circularity, environmental impact and TOPSIS calculation 

showed an expected favoritism for the HIR technique, even consider the worst scenario in 

which its lifespan is 10 years. The results can be different given the comparison with a 

conventional hot recycling method where RAP percentage is higher i.e. 50%. Nevertheless, 

Dura Vermeer is still analyzing asphalt mixtures with that percentage of RAP and hence, data 

for the analysis were not be available for the modelling and calculations. Similarly, analyzing 

it with another in-place recycling technique could show a more equated comparison. 

Similarly, the case study was not realistic at all since other maintenance methods in between 

the lifespan of each technique are required, however, it was difficult to predict when needed 

and the amount, for instance, the application of rejuvenator agents. Moreover, the recycling 

only of the surface layer is not realistic since the other layer can be affected given such a long 

analysis period as 100 years. 

As this research was based on the Platform CB’23 (2020) guide and it is still being developed 

in terms of value retention indicators. The inclusion of these indicators can provide more 

criteria to be added in the MCDA method for widening the criteria selection of the most 

appropriate technique in a given analysis period. Nonetheless, the fact that these terms are 

continuously under the revision, it is possible that the weighting factors can be incremented 

and updated. Therefore, this research needs to be updated depending on the more current 

guidelines. 

In conclusion, this integrated assessment framework can be applied for any asphalt pavement 

recycling strategy and can visualize the trade-off between circularity and environmental 

sustainability, being important for stakeholders to facilitate the transition to a circular economy.   
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8 Summary and conclusions 

The misconception of circularity and environmental sustainability, in terms of usability and 

application, has provoked side effects such as rebound effects when adopted in practices of the 

lifecycle of a product. Therefore, the importance of having a framework that not only measures 

circularity and environmental sustainability individually but together concomitantly. This 

research has developed an integrated assessment framework to assess the performance of in-

place recycling techniques and then, applied it to a case study. Firstly, in-place recycling 

techniques were explored to understand the process and their characteristics, then appropriates 

methodologies for assessing circularity and environmental sustainability performances were 

chosen and applied for calculating the results, followed by the integration of their indicators in 

an integrated assessment by using a MCDA tool and finally, the results for a specific analysis 

period can be obtained.  

In-place recycling techniques changed the scope when preferring maintenance & rehabilitation 

instead of construction, they limit new raw material, minimize truck operation and have a 

shorter construction time. The Asphalt Recycling Train (ART) consist of pieces of equipment 

that are in charge of the asphalt recycling process in-situ. Dura Vermeer implement this concept 

using Hot In-Place Recycling (HIR). HIR applies in situ heating during the construction 

process when restoring the damaged surface. The surface recycling started using heater 

scarification, then mixing the recycled asphalt with new bitumen and rejuvenating agents for 

restoring its properties, and finally, the paving process. 

The core measurement methodology, proposed by the Platform CB’23 guide, consider three 

goals of a circular construction: protecting stocks of materials, environmental protection and 

value retention. The two first goals contain circularity and environmental impact indicators that 

are used and calculated in this report meanwhile for the last goal, its indicators are still being 

developed. All the indicators are listed in Table 1 and Table 2. The platform highlights that the 

Life Cycle Assessment (LCA) share the scope with circularity indicators, for instance, when 

developing a life cycle inventory. The results of these indicators were calculated for the 

analysis period of 100 years, comparing HIR and conventional hot recycling method.  

The LCA results show that the conventional hot recycling method is responsible of the greatest 

emissions of CO2 eq. which contributes to the climate change and also reflects all the 

environmental impacts with the highest environmental cost indicator (MKI) value. When 

analyzed deeply, the main sources for which the conventional method is emitting that quantity 

is because of the electricity production and also the transportation of materials. As opposite to 

HIR, where the transportation is limited. In terms of circularity, an important number of 

primary materials are considered when using the conventional method since the quality 

performance of the asphalt has to be assured. For both methods, no materials are lost during 

the process because some of them are allocated in RAP stockpiles or used in a different process 

since they were downgraded after recycling. Moreover, the ADP indicator, an important 

indicator to measure the degree of circularity, showed that the more circular technique is HIR, 

even considering the worst scenario of a lifespan of 10 years. This is because of the lower 

depletion impact that it has in comparison with the conventional method.  
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Finally, TOPSIS method tool is used for the integrated assessment framework where circularity 

and environmental sustainability indicators are proposed and combined as criteria, each of them 

was assigned a weight. The highest weights of 35 % corresponds to the environmental impact 

(MKI) and the physically scarce material (ADP) since they are considered crucial factors. After 

the whole calculation, it is found that HIR is the best alternative for maintaining the road section 

in usable conditions during the analysis period of 100 years. Even considering the best or worst 

scenario in terms of lifespan for one treatment. The sensitivity analysis demonstrates that the 

assumed weights for the criteria are robust, hence, when varied the results were similar.     
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9 Recommendations 

After analyzing the results of this research, discussion, and conclusion, recommendations can 

be drawn up for further analysis or related projects. 

Considering that one of the main sources that contribute to the environmental impact is the 

transportation of material, and that all the trucks modeled in the system are Euro 5 trucks. It 

could be interesting to assess how the inclusion of innovation in vehicles helps to reduce the 

emissions of carbon monoxide, hydrocarbon, nitrogen oxide, and particular matter per vehicle 

driven. For example, using Euro 6 vehicles, which are cleaner and more fuel efficient, in certain 

cases even more powerful. Another advantage of it is that it can improve the air quality by 

switching to the use of these vehicles. 

Since the framework was elaborated in a way that can be used for comparison with other in-

place recycling techniques, it can also be applied for emerging techniques to capture all the 

consequences and trade-offs between circularity and sustainability. An example of these 

emerging techniques can be the combination of existing in-place recycling techniques. Dura 

Vermeer finds interesting the use of hybrid in-place recycling, especially for porous asphalt, 

where infrared preheating and cold recycling are involved, besides the inclusion of foamed 

bitumen or bitumen emulsion. 

As mentioned in the discussion, section 7, the guidelines can be subject to updates and to have 

more realistic and accurate results, the criteria indicators used in this research must be updated.   
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11 Appendix 

11.1 LCA Modelling 

In this section, the modelling elaborated in the GaBi software for the recycling techniques: 

Hot In-place and conventional hot recycling are shown in   and  However, for answering the 

questions of the study case regarding the environmental impact of mentioned techniques 

given the analysis period of 100 years, three different models are presented, these are 

displayed in ,   and  The first two models were the base to develop all the scenarios where the 

treatments were repeated according to  
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11.1.1 LCA Model Hot In-place Recycling 

 

  

Figure 8 LCA Model of Hot In-place Recycling 
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11.1.2 LCA Model Hot Conventional Recycling 

 

Figure 9 LCA Model of Conventional Hot Recycling  
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11.1.3 LCA Modelling HIR for 100 years (best scenario) 

  

Figure 10 LCA Model of Hot In-place Recycling (HIR) for analysis period of 100 years (best scenario-lifespan 16 years) 
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11.1.4 LCA Modelling HIR for 100 years (worst scenario) 

  

Figure 11 LCA Model of Hot In-place Recycling (HIR) for analysis period of 100 years (worst scenario-lifespan 10 years) 
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11.1.5 LCA Modelling Hot Conventional Recycling for 100 years 

 

Figure 12 LCA Model for Conventional Hot Recycing method for the analysis period of 100 years 


