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Abstract: This paper addresses the connection between circular building design and residential
health and well-being. The general research objective is to determine assessment criteria for the
performance of indoor partitioning products in a circular model. The overarching aim is to establish
a more integrated and inclusive approach to the transition from linear to circular built environments.
This ties in with recent calls for a more comprehensive evidence-base to better inform the policy debate,
in the light of interrelated Sustainable Development Goals. The paper emphasises the operational
level, looking closer at the actual performance of circular economy implementation, providing more
grip on performance indicators of infill components in circular applications, specifically partition
walls. Next to partitioning one can think of other components in the infill domain, such as kitchens,
bathrooms and mechanical, electrical, plumbing installations. After a brief background sketch,
a literature review is reported regarding indoor environmental quality and indoor air quality in
general and the linkage with circular and flexible building (products) in particular. Next, an analysis
is made of three assessment schemes that address the operational level. Subsequently, several
criteria are synthesized and tested. It was shown that the assessment schemes have overlapping
and complementary features that, in unison, provide a solid basis for an integrated assessment of
circularity potential and health impact of infill products. The test-case helped to pinpoint generic,
as well as case-specific, learning points. The interface between product performance and building
performance over time remains a grey zone, insufficiently covered by current criteria. More stringent
coordination efforts are essential to safeguard circularity potential and healthy living environments
pre-use, post-use and not least in-use.

Keywords: circular building; flexible building; human health and well-being; infill materials; product
operations; assessment criteria

1. Introduction

Circular Building is an approach that has gained considerable traction during the past decade,
not least in the Netherlands. Related to concepts such as Circular Economy, Cradle-to-Cradle®,
Blue Economy and Regenerative Design, circular building (CB) accentuates the closing and coupling
of material flows in order to establish effective and efficient resource cycles. CB inherently adheres to a
systemic, holistic worldview, incorporating multiple flows and-social, ecological, economic-values [1].
It implies that buildings and building components are designed to retain value over time, tailor-made
for their specific service lives and responsive to potential disruptions. This way, wasting of buildings
and building components can be reduced or avoided altogether. This touches upon a myriad of
aspects, such as design, asset management, stakeholder integration, user behaviour, legal framework,
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procurement and reverse logistics. Many of the associated data are not available yet or only on a level
that insufficiently addresses circular performance in use and operation [2]. Moreover, if social aspects
are considered within the applied guidelines, they are usually not addressing specific benefits for
end-users. Without integrating this user domain, replicability of circular building concepts on the
larger scale is thought to hamper true sustainable development [3].

This paper addresses research gaps concerning the linkage between resident health and well-being
on the one hand and circular and flexible (Circ-Flex) product performance on the other. Circ-Flex can
be understood as a systems approach rooted in the synergistic liaison between circular and flexible
characteristics, as defined by Geldermans et al. [3]. Circular characteristics concern the dynamic total
of associated processes, materials and stakeholders that accommodate renewable flows of building
materials and products at optimal rates and utilities. Flexible characteristics concern those aspects
that allow easy rearrangement of building components, whilst accommodating changing needs of
occupants. Geldermans et al. integrated three domains: circularity capacity, flexibility capacity and
user capacity, in order to extend the CB discourse to the domain of the end-user. They tested this on
the design and operation of non-bearing indoor partition wall schemes, that are likely to change over
time due to new functions or different user requirements. That same product-an indoor partitioning
wall-is at the heart of underlying study.

The general research objective is to determine assessment criteria for the performance of indoor
partitioning products in a circular model, internalizing residential health & well-being as well as
operational processes. The overarching aim is to establish a more integrated and inclusive approach
to the transition from linear to circular built environments. This ties in with recent calls for a more
comprehensive evidence-base to better inform the policy debate, in the light of interrelated Sustainable
Development Goals, as communicated by the World Health Organization Regional Office for Europe [4].
Results from this analysis lead to specific areas of intervention concerning the partitioning product in
the test-case, and, more importantly, generic lessons about integrated performance indicators of infill
components in Circ-Flex applications. Next to partition walls one can think of other components in the
infill domain, such as kitchens, bathrooms and service-mechanical, electrical, plumbing-installations.

The paper is structured as follows. After a brief background sketch from the perspective of
interior partitioning, as one of the main aspects of infill and its relation to user benefits and circular
material flows, the research design is explained. This includes a literature review regarding indoor
environmental quality and indoor air quality in general and the relation with circular and flexible
building (products) in particular (Section 3), an analysis and synthesis of three assessment schemes
aiming at the operational level (Section 4) and the validation of synthesized criteria on a test-case
(Section 5). Finally, in Section 6, the results are discussed from various vantage points, incorporating
notions of: validity, data availability, stakeholder engagement, contextual conditions, supply and
demand patterns and regulatory framework.

Background Sketch

In Western societies, we usually spend 80–90% of our daily lives indoors, which necessitates an
appropriate management of the indoor environment “so that we feel comfortable and healthy” [5].
What’s more, we tend to modify our indoor environment to meet new requirements, following private
considerations or from a regulatory point of view. However, in the design and management of
residential buildings, modifications are usually not factored in. This is the case for many typologies
and in many countries, not least the multi-family homes that form a large part of the building stock in
the Netherlands [3]. One of the reasons is that the shortage of housing after the 2nd world war induced
a massive building production against low costs. Comfort, health and well-being of the residents was
addressed but primarily in the sense of minimum size standards and functional basics, not taking
into consideration important factors such as diversity and change (e.g., [6–11]). Diversity and change,
however, are factors that define the sustainability of the housing stock, both from a social and from a
real estate perspective. Habraken’s Open Building concept and Brand’s shearing layers of change are
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rooted in that notion [11,12]. The former introduced the division between support (structural aspects
of a building aimed at collective use and usually for long periods of time) and infill (the individual
fit-out on a household level, usually with shorter use cycles). This notion of short-cycle functions has a
material consequence and, as such, a strong connection with circular, renewable material and product
flows [13,14].

2. Methods

First, in Section 3, a brief literature review is reported regarding indoor environmental quality
(IEQ) and indoor air quality (IAQ) in general and the connection with Circ-Flex in particular.
The emphasis is on residents’ health & well-being in relation to circular building assessments.
Multiple search terms were used in various combinations, in English as well as in the Dutch translation,
using multiple-academic and general-search engines. The variation in search engines was deemed
important, not least given the significance of circular building developments outside of the academic
realm [15]. The consulted literature during the first iteration contributed to additional key terms,
subsequently leading to a set of 26 terms, see Table 1. Although there are certainly other terms
that represent thematic overlaps, it was estimated that aforementioned approach established a
comprehensive and workable framework. Given that CB is still in its initial stage, particularly with
regard to a sound scientific and practical evidence-base, other terms (such as ‘sustainable’ and ‘green’)
were applied instead of ‘circular’ in a secondary query.

Table 1. Search terms applied in various combinations, in English and Dutch translation.

Residents Health Related Circular Building Related Assessment Related
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Table 1. Search terms applied in various combinations, in English and Dutch translation. 

Residents Health Related Circular Building Related Assessment Related 

❏ ‘indoor environmental quality’ 

(and ‘IEQ’)  

❏ ‘indoor air quality’ (and ‘IAQ’)  

❏ ‘health’  

❏ ‘well-being’  

❏ ‘occupant health’ 

❏ ‘residents’ 

❏ ‘user benefits’ 

❏ ‘circular building’ 

❏ ‘circularity’ 

❏ ‘circular economy’ 

❏ ‘Cradle to Cradle’ 

❏ ‘circular design’ 

❏ ‘regenerative design’  

❏ ‘sustainable building’  

❏ ‘green building’  

❏ ‘built environment’  

❏ ‘buildings’  

❏ ‘building products’ 

❏ ‘impact’ 

❏ ‘assessment’ 

❏ ‘analysis’ 

❏ ‘evaluation’ 

❏ ‘criteria’ 

❏ ‘indicators’ 

❏ ‘measuring’ 

❏ ‘measurement’ 

Subsequently, in Section 4, the link between IAQ and circularity is further explored with regard 

to assessment tools and guidelines that focus on the product and operational level. Because tools and 

guidelines with that specific aim are rare, several instruments with an overlapping scope are 

explored, either concerning material circularity or concerning indoor air quality within sustainable 

building frameworks. Three schemes are scrutinized in more detail: Cradle to Cradle Certified™ 

(version 3.1), the Pre-Returnable Procurement® tool (version 3.1) and the WELL Building Standard™ 

(version 2). The former two show overlaps in their focus on human health and circularity, albeit with 

different objectives and approaches. The latter one does not focus on circularity but puts an accent 

on human health in the overall performance of a building during its service life, including the 

building products. Based on these schemes, criteria are synthesized. Several embodied impacts are 

included to underscore systemic relevance and interrelations between factors. The aim is thus not to 

compare existing tools but to analyse, prioritize and synthesize criteria matching the study’s specific 

objective. 

Next, in Section 5, the synthesized criteria are applied to an indoor partitioning product, 

comprising of a solid, modular prefab wall panel. The aim of this step is twofold: (1) to validate the 

criteria and test the workability, shedding a light on the level of detail required to assess the product 

and operational level, including the entire process from harvesting and/or extraction of resources and 

all people involved in that process, up to use and reuse and (2) to detect specific points of intervention 

regarding the product and operation under scrutiny. Several industry partners contributed to this 

‘residents’
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(the individual fit-out on a household level, usually with shorter use cycles). This notion of short-

cycle functions has a material consequence and, as such, a strong connection with circular, renewable 

material and product flows [13,14]. 

2. Methods 

First, in Section 3, a brief literature review is reported regarding indoor environmental quality 

(IEQ) and indoor air quality (IAQ) in general and the connection with Circ-Flex in particular. The 

emphasis is on residents’ health & well-being in relation to circular building assessments. Multiple 

search terms were used in various combinations, in English as well as in the Dutch translation, using 

multiple-academic and general-search engines. The variation in search engines was deemed 

important, not least given the significance of circular building developments outside of the academic 

realm [15]. The consulted literature during the first iteration contributed to additional key terms, 

subsequently leading to a set of 26 terms, see Table 1. Although there are certainly other terms that 

represent thematic overlaps, it was estimated that aforementioned approach established a 

comprehensive and workable framework. Given that CB is still in its initial stage, particularly with 

regard to a sound scientific and practical evidence-base, other terms (such as ‘sustainable’ and 

‘green’) were applied instead of ‘circular’ in a secondary query. 

Table 1. Search terms applied in various combinations, in English and Dutch translation. 

Residents Health Related Circular Building Related Assessment Related 

❏ ‘indoor environmental quality’ 

(and ‘IEQ’)  

❏ ‘indoor air quality’ (and ‘IAQ’)  

❏ ‘health’  

❏ ‘well-being’  

❏ ‘occupant health’ 

❏ ‘residents’ 

❏ ‘user benefits’ 

❏ ‘circular building’ 

❏ ‘circularity’ 

❏ ‘circular economy’ 

❏ ‘Cradle to Cradle’ 

❏ ‘circular design’ 

❏ ‘regenerative design’  

❏ ‘sustainable building’  

❏ ‘green building’  

❏ ‘built environment’  

❏ ‘buildings’  

❏ ‘building products’ 

❏ ‘impact’ 

❏ ‘assessment’ 

❏ ‘analysis’ 

❏ ‘evaluation’ 

❏ ‘criteria’ 

❏ ‘indicators’ 

❏ ‘measuring’ 

❏ ‘measurement’ 

Subsequently, in Section 4, the link between IAQ and circularity is further explored with regard 

to assessment tools and guidelines that focus on the product and operational level. Because tools and 

guidelines with that specific aim are rare, several instruments with an overlapping scope are 

explored, either concerning material circularity or concerning indoor air quality within sustainable 

building frameworks. Three schemes are scrutinized in more detail: Cradle to Cradle Certified™ 

(version 3.1), the Pre-Returnable Procurement® tool (version 3.1) and the WELL Building Standard™ 

(version 2). The former two show overlaps in their focus on human health and circularity, albeit with 

different objectives and approaches. The latter one does not focus on circularity but puts an accent 

on human health in the overall performance of a building during its service life, including the 

building products. Based on these schemes, criteria are synthesized. Several embodied impacts are 

included to underscore systemic relevance and interrelations between factors. The aim is thus not to 

compare existing tools but to analyse, prioritize and synthesize criteria matching the study’s specific 

objective. 

Next, in Section 5, the synthesized criteria are applied to an indoor partitioning product, 

comprising of a solid, modular prefab wall panel. The aim of this step is twofold: (1) to validate the 

criteria and test the workability, shedding a light on the level of detail required to assess the product 

and operational level, including the entire process from harvesting and/or extraction of resources and 

all people involved in that process, up to use and reuse and (2) to detect specific points of intervention 

regarding the product and operation under scrutiny. Several industry partners contributed to this 

‘user benefits’
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(the individual fit-out on a household level, usually with shorter use cycles). This notion of short-

cycle functions has a material consequence and, as such, a strong connection with circular, renewable 

material and product flows [13,14]. 

2. Methods 

First, in Section 3, a brief literature review is reported regarding indoor environmental quality 

(IEQ) and indoor air quality (IAQ) in general and the connection with Circ-Flex in particular. The 

emphasis is on residents’ health & well-being in relation to circular building assessments. Multiple 

search terms were used in various combinations, in English as well as in the Dutch translation, using 

multiple-academic and general-search engines. The variation in search engines was deemed 

important, not least given the significance of circular building developments outside of the academic 

realm [15]. The consulted literature during the first iteration contributed to additional key terms, 

subsequently leading to a set of 26 terms, see Table 1. Although there are certainly other terms that 

represent thematic overlaps, it was estimated that aforementioned approach established a 

comprehensive and workable framework. Given that CB is still in its initial stage, particularly with 

regard to a sound scientific and practical evidence-base, other terms (such as ‘sustainable’ and 

‘green’) were applied instead of ‘circular’ in a secondary query. 

Table 1. Search terms applied in various combinations, in English and Dutch translation. 

Residents Health Related Circular Building Related Assessment Related 

❏ ‘indoor environmental quality’ 

(and ‘IEQ’)  

❏ ‘indoor air quality’ (and ‘IAQ’)  

❏ ‘health’  

❏ ‘well-being’  

❏ ‘occupant health’ 

❏ ‘residents’ 

❏ ‘user benefits’ 

❏ ‘circular building’ 

❏ ‘circularity’ 

❏ ‘circular economy’ 

❏ ‘Cradle to Cradle’ 

❏ ‘circular design’ 

❏ ‘regenerative design’  

❏ ‘sustainable building’  

❏ ‘green building’  

❏ ‘built environment’  

❏ ‘buildings’  

❏ ‘building products’ 

❏ ‘impact’ 

❏ ‘assessment’ 

❏ ‘analysis’ 

❏ ‘evaluation’ 

❏ ‘criteria’ 

❏ ‘indicators’ 

❏ ‘measuring’ 

❏ ‘measurement’ 

Subsequently, in Section 4, the link between IAQ and circularity is further explored with regard 

to assessment tools and guidelines that focus on the product and operational level. Because tools and 

guidelines with that specific aim are rare, several instruments with an overlapping scope are 

explored, either concerning material circularity or concerning indoor air quality within sustainable 

building frameworks. Three schemes are scrutinized in more detail: Cradle to Cradle Certified™ 

(version 3.1), the Pre-Returnable Procurement® tool (version 3.1) and the WELL Building Standard™ 

(version 2). The former two show overlaps in their focus on human health and circularity, albeit with 

different objectives and approaches. The latter one does not focus on circularity but puts an accent 

on human health in the overall performance of a building during its service life, including the 

building products. Based on these schemes, criteria are synthesized. Several embodied impacts are 

included to underscore systemic relevance and interrelations between factors. The aim is thus not to 

compare existing tools but to analyse, prioritize and synthesize criteria matching the study’s specific 

objective. 

Next, in Section 5, the synthesized criteria are applied to an indoor partitioning product, 

comprising of a solid, modular prefab wall panel. The aim of this step is twofold: (1) to validate the 

criteria and test the workability, shedding a light on the level of detail required to assess the product 

and operational level, including the entire process from harvesting and/or extraction of resources and 

all people involved in that process, up to use and reuse and (2) to detect specific points of intervention 

regarding the product and operation under scrutiny. Several industry partners contributed to this 

‘circular building’
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(the individual fit-out on a household level, usually with shorter use cycles). This notion of short-

cycle functions has a material consequence and, as such, a strong connection with circular, renewable 

material and product flows [13,14]. 

2. Methods 

First, in Section 3, a brief literature review is reported regarding indoor environmental quality 

(IEQ) and indoor air quality (IAQ) in general and the connection with Circ-Flex in particular. The 

emphasis is on residents’ health & well-being in relation to circular building assessments. Multiple 

search terms were used in various combinations, in English as well as in the Dutch translation, using 

multiple-academic and general-search engines. The variation in search engines was deemed 

important, not least given the significance of circular building developments outside of the academic 

realm [15]. The consulted literature during the first iteration contributed to additional key terms, 

subsequently leading to a set of 26 terms, see Table 1. Although there are certainly other terms that 

represent thematic overlaps, it was estimated that aforementioned approach established a 

comprehensive and workable framework. Given that CB is still in its initial stage, particularly with 

regard to a sound scientific and practical evidence-base, other terms (such as ‘sustainable’ and 

‘green’) were applied instead of ‘circular’ in a secondary query. 

Table 1. Search terms applied in various combinations, in English and Dutch translation. 

Residents Health Related Circular Building Related Assessment Related 

❏ ‘indoor environmental quality’ 

(and ‘IEQ’)  

❏ ‘indoor air quality’ (and ‘IAQ’)  

❏ ‘health’  

❏ ‘well-being’  

❏ ‘occupant health’ 

❏ ‘residents’ 

❏ ‘user benefits’ 

❏ ‘circular building’ 

❏ ‘circularity’ 

❏ ‘circular economy’ 

❏ ‘Cradle to Cradle’ 

❏ ‘circular design’ 

❏ ‘regenerative design’  

❏ ‘sustainable building’  

❏ ‘green building’  

❏ ‘built environment’  

❏ ‘buildings’  

❏ ‘building products’ 

❏ ‘impact’ 

❏ ‘assessment’ 

❏ ‘analysis’ 

❏ ‘evaluation’ 

❏ ‘criteria’ 

❏ ‘indicators’ 

❏ ‘measuring’ 

❏ ‘measurement’ 

Subsequently, in Section 4, the link between IAQ and circularity is further explored with regard 

to assessment tools and guidelines that focus on the product and operational level. Because tools and 

guidelines with that specific aim are rare, several instruments with an overlapping scope are 

explored, either concerning material circularity or concerning indoor air quality within sustainable 

building frameworks. Three schemes are scrutinized in more detail: Cradle to Cradle Certified™ 

(version 3.1), the Pre-Returnable Procurement® tool (version 3.1) and the WELL Building Standard™ 

(version 2). The former two show overlaps in their focus on human health and circularity, albeit with 

different objectives and approaches. The latter one does not focus on circularity but puts an accent 

on human health in the overall performance of a building during its service life, including the 

building products. Based on these schemes, criteria are synthesized. Several embodied impacts are 

included to underscore systemic relevance and interrelations between factors. The aim is thus not to 

compare existing tools but to analyse, prioritize and synthesize criteria matching the study’s specific 

objective. 

Next, in Section 5, the synthesized criteria are applied to an indoor partitioning product, 

comprising of a solid, modular prefab wall panel. The aim of this step is twofold: (1) to validate the 

criteria and test the workability, shedding a light on the level of detail required to assess the product 

and operational level, including the entire process from harvesting and/or extraction of resources and 

all people involved in that process, up to use and reuse and (2) to detect specific points of intervention 

regarding the product and operation under scrutiny. Several industry partners contributed to this 

‘circularity’
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(the individual fit-out on a household level, usually with shorter use cycles). This notion of short-

cycle functions has a material consequence and, as such, a strong connection with circular, renewable 

material and product flows [13,14]. 

2. Methods 

First, in Section 3, a brief literature review is reported regarding indoor environmental quality 

(IEQ) and indoor air quality (IAQ) in general and the connection with Circ-Flex in particular. The 

emphasis is on residents’ health & well-being in relation to circular building assessments. Multiple 

search terms were used in various combinations, in English as well as in the Dutch translation, using 

multiple-academic and general-search engines. The variation in search engines was deemed 

important, not least given the significance of circular building developments outside of the academic 

realm [15]. The consulted literature during the first iteration contributed to additional key terms, 

subsequently leading to a set of 26 terms, see Table 1. Although there are certainly other terms that 

represent thematic overlaps, it was estimated that aforementioned approach established a 

comprehensive and workable framework. Given that CB is still in its initial stage, particularly with 

regard to a sound scientific and practical evidence-base, other terms (such as ‘sustainable’ and 

‘green’) were applied instead of ‘circular’ in a secondary query. 

Table 1. Search terms applied in various combinations, in English and Dutch translation. 

Residents Health Related Circular Building Related Assessment Related 

❏ ‘indoor environmental quality’ 

(and ‘IEQ’)  

❏ ‘indoor air quality’ (and ‘IAQ’)  

❏ ‘health’  

❏ ‘well-being’  

❏ ‘occupant health’ 

❏ ‘residents’ 

❏ ‘user benefits’ 

❏ ‘circular building’ 

❏ ‘circularity’ 

❏ ‘circular economy’ 

❏ ‘Cradle to Cradle’ 

❏ ‘circular design’ 

❏ ‘regenerative design’  

❏ ‘sustainable building’  

❏ ‘green building’  

❏ ‘built environment’  

❏ ‘buildings’  

❏ ‘building products’ 

❏ ‘impact’ 

❏ ‘assessment’ 

❏ ‘analysis’ 

❏ ‘evaluation’ 

❏ ‘criteria’ 

❏ ‘indicators’ 

❏ ‘measuring’ 

❏ ‘measurement’ 

Subsequently, in Section 4, the link between IAQ and circularity is further explored with regard 

to assessment tools and guidelines that focus on the product and operational level. Because tools and 

guidelines with that specific aim are rare, several instruments with an overlapping scope are 

explored, either concerning material circularity or concerning indoor air quality within sustainable 

building frameworks. Three schemes are scrutinized in more detail: Cradle to Cradle Certified™ 

(version 3.1), the Pre-Returnable Procurement® tool (version 3.1) and the WELL Building Standard™ 

(version 2). The former two show overlaps in their focus on human health and circularity, albeit with 

different objectives and approaches. The latter one does not focus on circularity but puts an accent 

on human health in the overall performance of a building during its service life, including the 

building products. Based on these schemes, criteria are synthesized. Several embodied impacts are 

included to underscore systemic relevance and interrelations between factors. The aim is thus not to 

compare existing tools but to analyse, prioritize and synthesize criteria matching the study’s specific 

objective. 

Next, in Section 5, the synthesized criteria are applied to an indoor partitioning product, 

comprising of a solid, modular prefab wall panel. The aim of this step is twofold: (1) to validate the 

criteria and test the workability, shedding a light on the level of detail required to assess the product 

and operational level, including the entire process from harvesting and/or extraction of resources and 

all people involved in that process, up to use and reuse and (2) to detect specific points of intervention 

regarding the product and operation under scrutiny. Several industry partners contributed to this 

‘circular economy’
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(the individual fit-out on a household level, usually with shorter use cycles). This notion of short-

cycle functions has a material consequence and, as such, a strong connection with circular, renewable 

material and product flows [13,14]. 

2. Methods 

First, in Section 3, a brief literature review is reported regarding indoor environmental quality 

(IEQ) and indoor air quality (IAQ) in general and the connection with Circ-Flex in particular. The 

emphasis is on residents’ health & well-being in relation to circular building assessments. Multiple 

search terms were used in various combinations, in English as well as in the Dutch translation, using 

multiple-academic and general-search engines. The variation in search engines was deemed 

important, not least given the significance of circular building developments outside of the academic 

realm [15]. The consulted literature during the first iteration contributed to additional key terms, 

subsequently leading to a set of 26 terms, see Table 1. Although there are certainly other terms that 

represent thematic overlaps, it was estimated that aforementioned approach established a 

comprehensive and workable framework. Given that CB is still in its initial stage, particularly with 

regard to a sound scientific and practical evidence-base, other terms (such as ‘sustainable’ and 

‘green’) were applied instead of ‘circular’ in a secondary query. 

Table 1. Search terms applied in various combinations, in English and Dutch translation. 

Residents Health Related Circular Building Related Assessment Related 

❏ ‘indoor environmental quality’ 

(and ‘IEQ’)  

❏ ‘indoor air quality’ (and ‘IAQ’)  

❏ ‘health’  

❏ ‘well-being’  

❏ ‘occupant health’ 

❏ ‘residents’ 

❏ ‘user benefits’ 

❏ ‘circular building’ 

❏ ‘circularity’ 

❏ ‘circular economy’ 

❏ ‘Cradle to Cradle’ 

❏ ‘circular design’ 

❏ ‘regenerative design’  

❏ ‘sustainable building’  

❏ ‘green building’  

❏ ‘built environment’  

❏ ‘buildings’  

❏ ‘building products’ 

❏ ‘impact’ 

❏ ‘assessment’ 

❏ ‘analysis’ 

❏ ‘evaluation’ 

❏ ‘criteria’ 

❏ ‘indicators’ 

❏ ‘measuring’ 

❏ ‘measurement’ 

Subsequently, in Section 4, the link between IAQ and circularity is further explored with regard 

to assessment tools and guidelines that focus on the product and operational level. Because tools and 

guidelines with that specific aim are rare, several instruments with an overlapping scope are 

explored, either concerning material circularity or concerning indoor air quality within sustainable 

building frameworks. Three schemes are scrutinized in more detail: Cradle to Cradle Certified™ 

(version 3.1), the Pre-Returnable Procurement® tool (version 3.1) and the WELL Building Standard™ 

(version 2). The former two show overlaps in their focus on human health and circularity, albeit with 

different objectives and approaches. The latter one does not focus on circularity but puts an accent 

on human health in the overall performance of a building during its service life, including the 

building products. Based on these schemes, criteria are synthesized. Several embodied impacts are 

included to underscore systemic relevance and interrelations between factors. The aim is thus not to 

compare existing tools but to analyse, prioritize and synthesize criteria matching the study’s specific 

objective. 

Next, in Section 5, the synthesized criteria are applied to an indoor partitioning product, 

comprising of a solid, modular prefab wall panel. The aim of this step is twofold: (1) to validate the 

criteria and test the workability, shedding a light on the level of detail required to assess the product 

and operational level, including the entire process from harvesting and/or extraction of resources and 

all people involved in that process, up to use and reuse and (2) to detect specific points of intervention 

regarding the product and operation under scrutiny. Several industry partners contributed to this 

‘Cradle to Cradle’
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(the individual fit-out on a household level, usually with shorter use cycles). This notion of short-

cycle functions has a material consequence and, as such, a strong connection with circular, renewable 

material and product flows [13,14]. 

2. Methods 

First, in Section 3, a brief literature review is reported regarding indoor environmental quality 

(IEQ) and indoor air quality (IAQ) in general and the connection with Circ-Flex in particular. The 

emphasis is on residents’ health & well-being in relation to circular building assessments. Multiple 

search terms were used in various combinations, in English as well as in the Dutch translation, using 

multiple-academic and general-search engines. The variation in search engines was deemed 

important, not least given the significance of circular building developments outside of the academic 

realm [15]. The consulted literature during the first iteration contributed to additional key terms, 

subsequently leading to a set of 26 terms, see Table 1. Although there are certainly other terms that 

represent thematic overlaps, it was estimated that aforementioned approach established a 

comprehensive and workable framework. Given that CB is still in its initial stage, particularly with 

regard to a sound scientific and practical evidence-base, other terms (such as ‘sustainable’ and 

‘green’) were applied instead of ‘circular’ in a secondary query. 

Table 1. Search terms applied in various combinations, in English and Dutch translation. 

Residents Health Related Circular Building Related Assessment Related 

❏ ‘indoor environmental quality’ 

(and ‘IEQ’)  

❏ ‘indoor air quality’ (and ‘IAQ’)  

❏ ‘health’  

❏ ‘well-being’  

❏ ‘occupant health’ 

❏ ‘residents’ 

❏ ‘user benefits’ 

❏ ‘circular building’ 

❏ ‘circularity’ 

❏ ‘circular economy’ 

❏ ‘Cradle to Cradle’ 

❏ ‘circular design’ 

❏ ‘regenerative design’  

❏ ‘sustainable building’  

❏ ‘green building’  

❏ ‘built environment’  

❏ ‘buildings’  

❏ ‘building products’ 

❏ ‘impact’ 

❏ ‘assessment’ 

❏ ‘analysis’ 

❏ ‘evaluation’ 

❏ ‘criteria’ 

❏ ‘indicators’ 

❏ ‘measuring’ 

❏ ‘measurement’ 

Subsequently, in Section 4, the link between IAQ and circularity is further explored with regard 

to assessment tools and guidelines that focus on the product and operational level. Because tools and 

guidelines with that specific aim are rare, several instruments with an overlapping scope are 

explored, either concerning material circularity or concerning indoor air quality within sustainable 

building frameworks. Three schemes are scrutinized in more detail: Cradle to Cradle Certified™ 

(version 3.1), the Pre-Returnable Procurement® tool (version 3.1) and the WELL Building Standard™ 

(version 2). The former two show overlaps in their focus on human health and circularity, albeit with 

different objectives and approaches. The latter one does not focus on circularity but puts an accent 

on human health in the overall performance of a building during its service life, including the 

building products. Based on these schemes, criteria are synthesized. Several embodied impacts are 

included to underscore systemic relevance and interrelations between factors. The aim is thus not to 

compare existing tools but to analyse, prioritize and synthesize criteria matching the study’s specific 

objective. 

Next, in Section 5, the synthesized criteria are applied to an indoor partitioning product, 

comprising of a solid, modular prefab wall panel. The aim of this step is twofold: (1) to validate the 

criteria and test the workability, shedding a light on the level of detail required to assess the product 

and operational level, including the entire process from harvesting and/or extraction of resources and 

all people involved in that process, up to use and reuse and (2) to detect specific points of intervention 

regarding the product and operation under scrutiny. Several industry partners contributed to this 

‘circular design’
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(the individual fit-out on a household level, usually with shorter use cycles). This notion of short-

cycle functions has a material consequence and, as such, a strong connection with circular, renewable 

material and product flows [13,14]. 

2. Methods 

First, in Section 3, a brief literature review is reported regarding indoor environmental quality 

(IEQ) and indoor air quality (IAQ) in general and the connection with Circ-Flex in particular. The 

emphasis is on residents’ health & well-being in relation to circular building assessments. Multiple 

search terms were used in various combinations, in English as well as in the Dutch translation, using 

multiple-academic and general-search engines. The variation in search engines was deemed 

important, not least given the significance of circular building developments outside of the academic 

realm [15]. The consulted literature during the first iteration contributed to additional key terms, 

subsequently leading to a set of 26 terms, see Table 1. Although there are certainly other terms that 

represent thematic overlaps, it was estimated that aforementioned approach established a 

comprehensive and workable framework. Given that CB is still in its initial stage, particularly with 

regard to a sound scientific and practical evidence-base, other terms (such as ‘sustainable’ and 

‘green’) were applied instead of ‘circular’ in a secondary query. 

Table 1. Search terms applied in various combinations, in English and Dutch translation. 

Residents Health Related Circular Building Related Assessment Related 

❏ ‘indoor environmental quality’ 

(and ‘IEQ’)  

❏ ‘indoor air quality’ (and ‘IAQ’)  

❏ ‘health’  

❏ ‘well-being’  

❏ ‘occupant health’ 

❏ ‘residents’ 

❏ ‘user benefits’ 

❏ ‘circular building’ 

❏ ‘circularity’ 

❏ ‘circular economy’ 

❏ ‘Cradle to Cradle’ 

❏ ‘circular design’ 

❏ ‘regenerative design’  

❏ ‘sustainable building’  

❏ ‘green building’  

❏ ‘built environment’  

❏ ‘buildings’  

❏ ‘building products’ 

❏ ‘impact’ 

❏ ‘assessment’ 

❏ ‘analysis’ 

❏ ‘evaluation’ 

❏ ‘criteria’ 

❏ ‘indicators’ 

❏ ‘measuring’ 

❏ ‘measurement’ 

Subsequently, in Section 4, the link between IAQ and circularity is further explored with regard 

to assessment tools and guidelines that focus on the product and operational level. Because tools and 

guidelines with that specific aim are rare, several instruments with an overlapping scope are 

explored, either concerning material circularity or concerning indoor air quality within sustainable 

building frameworks. Three schemes are scrutinized in more detail: Cradle to Cradle Certified™ 

(version 3.1), the Pre-Returnable Procurement® tool (version 3.1) and the WELL Building Standard™ 

(version 2). The former two show overlaps in their focus on human health and circularity, albeit with 

different objectives and approaches. The latter one does not focus on circularity but puts an accent 

on human health in the overall performance of a building during its service life, including the 

building products. Based on these schemes, criteria are synthesized. Several embodied impacts are 

included to underscore systemic relevance and interrelations between factors. The aim is thus not to 

compare existing tools but to analyse, prioritize and synthesize criteria matching the study’s specific 

objective. 

Next, in Section 5, the synthesized criteria are applied to an indoor partitioning product, 

comprising of a solid, modular prefab wall panel. The aim of this step is twofold: (1) to validate the 

criteria and test the workability, shedding a light on the level of detail required to assess the product 

and operational level, including the entire process from harvesting and/or extraction of resources and 

all people involved in that process, up to use and reuse and (2) to detect specific points of intervention 

regarding the product and operation under scrutiny. Several industry partners contributed to this 

‘regenerative design’
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(the individual fit-out on a household level, usually with shorter use cycles). This notion of short-

cycle functions has a material consequence and, as such, a strong connection with circular, renewable 

material and product flows [13,14]. 

2. Methods 

First, in Section 3, a brief literature review is reported regarding indoor environmental quality 

(IEQ) and indoor air quality (IAQ) in general and the connection with Circ-Flex in particular. The 

emphasis is on residents’ health & well-being in relation to circular building assessments. Multiple 

search terms were used in various combinations, in English as well as in the Dutch translation, using 

multiple-academic and general-search engines. The variation in search engines was deemed 

important, not least given the significance of circular building developments outside of the academic 

realm [15]. The consulted literature during the first iteration contributed to additional key terms, 

subsequently leading to a set of 26 terms, see Table 1. Although there are certainly other terms that 

represent thematic overlaps, it was estimated that aforementioned approach established a 

comprehensive and workable framework. Given that CB is still in its initial stage, particularly with 

regard to a sound scientific and practical evidence-base, other terms (such as ‘sustainable’ and 

‘green’) were applied instead of ‘circular’ in a secondary query. 

Table 1. Search terms applied in various combinations, in English and Dutch translation. 

Residents Health Related Circular Building Related Assessment Related 

❏ ‘indoor environmental quality’ 

(and ‘IEQ’)  

❏ ‘indoor air quality’ (and ‘IAQ’)  

❏ ‘health’  

❏ ‘well-being’  

❏ ‘occupant health’ 

❏ ‘residents’ 

❏ ‘user benefits’ 

❏ ‘circular building’ 

❏ ‘circularity’ 

❏ ‘circular economy’ 

❏ ‘Cradle to Cradle’ 

❏ ‘circular design’ 

❏ ‘regenerative design’  

❏ ‘sustainable building’  

❏ ‘green building’  

❏ ‘built environment’  

❏ ‘buildings’  

❏ ‘building products’ 

❏ ‘impact’ 

❏ ‘assessment’ 

❏ ‘analysis’ 

❏ ‘evaluation’ 

❏ ‘criteria’ 

❏ ‘indicators’ 

❏ ‘measuring’ 

❏ ‘measurement’ 

Subsequently, in Section 4, the link between IAQ and circularity is further explored with regard 

to assessment tools and guidelines that focus on the product and operational level. Because tools and 

guidelines with that specific aim are rare, several instruments with an overlapping scope are 

explored, either concerning material circularity or concerning indoor air quality within sustainable 

building frameworks. Three schemes are scrutinized in more detail: Cradle to Cradle Certified™ 

(version 3.1), the Pre-Returnable Procurement® tool (version 3.1) and the WELL Building Standard™ 

(version 2). The former two show overlaps in their focus on human health and circularity, albeit with 

different objectives and approaches. The latter one does not focus on circularity but puts an accent 

on human health in the overall performance of a building during its service life, including the 

building products. Based on these schemes, criteria are synthesized. Several embodied impacts are 

included to underscore systemic relevance and interrelations between factors. The aim is thus not to 

compare existing tools but to analyse, prioritize and synthesize criteria matching the study’s specific 

objective. 

Next, in Section 5, the synthesized criteria are applied to an indoor partitioning product, 

comprising of a solid, modular prefab wall panel. The aim of this step is twofold: (1) to validate the 

criteria and test the workability, shedding a light on the level of detail required to assess the product 

and operational level, including the entire process from harvesting and/or extraction of resources and 

all people involved in that process, up to use and reuse and (2) to detect specific points of intervention 

regarding the product and operation under scrutiny. Several industry partners contributed to this 

‘sustainable building’
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(the individual fit-out on a household level, usually with shorter use cycles). This notion of short-

cycle functions has a material consequence and, as such, a strong connection with circular, renewable 

material and product flows [13,14]. 

2. Methods 

First, in Section 3, a brief literature review is reported regarding indoor environmental quality 

(IEQ) and indoor air quality (IAQ) in general and the connection with Circ-Flex in particular. The 

emphasis is on residents’ health & well-being in relation to circular building assessments. Multiple 

search terms were used in various combinations, in English as well as in the Dutch translation, using 

multiple-academic and general-search engines. The variation in search engines was deemed 

important, not least given the significance of circular building developments outside of the academic 

realm [15]. The consulted literature during the first iteration contributed to additional key terms, 

subsequently leading to a set of 26 terms, see Table 1. Although there are certainly other terms that 

represent thematic overlaps, it was estimated that aforementioned approach established a 

comprehensive and workable framework. Given that CB is still in its initial stage, particularly with 

regard to a sound scientific and practical evidence-base, other terms (such as ‘sustainable’ and 

‘green’) were applied instead of ‘circular’ in a secondary query. 

Table 1. Search terms applied in various combinations, in English and Dutch translation. 

Residents Health Related Circular Building Related Assessment Related 

❏ ‘indoor environmental quality’ 

(and ‘IEQ’)  

❏ ‘indoor air quality’ (and ‘IAQ’)  

❏ ‘health’  

❏ ‘well-being’  

❏ ‘occupant health’ 

❏ ‘residents’ 

❏ ‘user benefits’ 

❏ ‘circular building’ 

❏ ‘circularity’ 

❏ ‘circular economy’ 

❏ ‘Cradle to Cradle’ 

❏ ‘circular design’ 

❏ ‘regenerative design’  

❏ ‘sustainable building’  

❏ ‘green building’  

❏ ‘built environment’  

❏ ‘buildings’  

❏ ‘building products’ 

❏ ‘impact’ 

❏ ‘assessment’ 

❏ ‘analysis’ 

❏ ‘evaluation’ 

❏ ‘criteria’ 

❏ ‘indicators’ 

❏ ‘measuring’ 

❏ ‘measurement’ 

Subsequently, in Section 4, the link between IAQ and circularity is further explored with regard 

to assessment tools and guidelines that focus on the product and operational level. Because tools and 

guidelines with that specific aim are rare, several instruments with an overlapping scope are 

explored, either concerning material circularity or concerning indoor air quality within sustainable 

building frameworks. Three schemes are scrutinized in more detail: Cradle to Cradle Certified™ 

(version 3.1), the Pre-Returnable Procurement® tool (version 3.1) and the WELL Building Standard™ 

(version 2). The former two show overlaps in their focus on human health and circularity, albeit with 

different objectives and approaches. The latter one does not focus on circularity but puts an accent 

on human health in the overall performance of a building during its service life, including the 

building products. Based on these schemes, criteria are synthesized. Several embodied impacts are 

included to underscore systemic relevance and interrelations between factors. The aim is thus not to 

compare existing tools but to analyse, prioritize and synthesize criteria matching the study’s specific 

objective. 

Next, in Section 5, the synthesized criteria are applied to an indoor partitioning product, 

comprising of a solid, modular prefab wall panel. The aim of this step is twofold: (1) to validate the 

criteria and test the workability, shedding a light on the level of detail required to assess the product 

and operational level, including the entire process from harvesting and/or extraction of resources and 

all people involved in that process, up to use and reuse and (2) to detect specific points of intervention 

regarding the product and operation under scrutiny. Several industry partners contributed to this 

‘green building’

Sustainability 2019, 11 FOR PEER REVIEW  3 

(the individual fit-out on a household level, usually with shorter use cycles). This notion of short-

cycle functions has a material consequence and, as such, a strong connection with circular, renewable 

material and product flows [13,14]. 

2. Methods 

First, in Section 3, a brief literature review is reported regarding indoor environmental quality 

(IEQ) and indoor air quality (IAQ) in general and the connection with Circ-Flex in particular. The 

emphasis is on residents’ health & well-being in relation to circular building assessments. Multiple 

search terms were used in various combinations, in English as well as in the Dutch translation, using 

multiple-academic and general-search engines. The variation in search engines was deemed 

important, not least given the significance of circular building developments outside of the academic 

realm [15]. The consulted literature during the first iteration contributed to additional key terms, 

subsequently leading to a set of 26 terms, see Table 1. Although there are certainly other terms that 

represent thematic overlaps, it was estimated that aforementioned approach established a 

comprehensive and workable framework. Given that CB is still in its initial stage, particularly with 

regard to a sound scientific and practical evidence-base, other terms (such as ‘sustainable’ and 

‘green’) were applied instead of ‘circular’ in a secondary query. 

Table 1. Search terms applied in various combinations, in English and Dutch translation. 

Residents Health Related Circular Building Related Assessment Related 

❏ ‘indoor environmental quality’ 

(and ‘IEQ’)  

❏ ‘indoor air quality’ (and ‘IAQ’)  

❏ ‘health’  

❏ ‘well-being’  

❏ ‘occupant health’ 

❏ ‘residents’ 

❏ ‘user benefits’ 

❏ ‘circular building’ 

❏ ‘circularity’ 

❏ ‘circular economy’ 

❏ ‘Cradle to Cradle’ 

❏ ‘circular design’ 

❏ ‘regenerative design’  

❏ ‘sustainable building’  

❏ ‘green building’  

❏ ‘built environment’  

❏ ‘buildings’  

❏ ‘building products’ 

❏ ‘impact’ 

❏ ‘assessment’ 

❏ ‘analysis’ 

❏ ‘evaluation’ 

❏ ‘criteria’ 

❏ ‘indicators’ 

❏ ‘measuring’ 

❏ ‘measurement’ 

Subsequently, in Section 4, the link between IAQ and circularity is further explored with regard 

to assessment tools and guidelines that focus on the product and operational level. Because tools and 

guidelines with that specific aim are rare, several instruments with an overlapping scope are 

explored, either concerning material circularity or concerning indoor air quality within sustainable 

building frameworks. Three schemes are scrutinized in more detail: Cradle to Cradle Certified™ 

(version 3.1), the Pre-Returnable Procurement® tool (version 3.1) and the WELL Building Standard™ 

(version 2). The former two show overlaps in their focus on human health and circularity, albeit with 

different objectives and approaches. The latter one does not focus on circularity but puts an accent 

on human health in the overall performance of a building during its service life, including the 

building products. Based on these schemes, criteria are synthesized. Several embodied impacts are 

included to underscore systemic relevance and interrelations between factors. The aim is thus not to 

compare existing tools but to analyse, prioritize and synthesize criteria matching the study’s specific 

objective. 

Next, in Section 5, the synthesized criteria are applied to an indoor partitioning product, 

comprising of a solid, modular prefab wall panel. The aim of this step is twofold: (1) to validate the 

criteria and test the workability, shedding a light on the level of detail required to assess the product 

and operational level, including the entire process from harvesting and/or extraction of resources and 

all people involved in that process, up to use and reuse and (2) to detect specific points of intervention 

regarding the product and operation under scrutiny. Several industry partners contributed to this 
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(the individual fit-out on a household level, usually with shorter use cycles). This notion of short-

cycle functions has a material consequence and, as such, a strong connection with circular, renewable 

material and product flows [13,14]. 

2. Methods 

First, in Section 3, a brief literature review is reported regarding indoor environmental quality 

(IEQ) and indoor air quality (IAQ) in general and the connection with Circ-Flex in particular. The 

emphasis is on residents’ health & well-being in relation to circular building assessments. Multiple 

search terms were used in various combinations, in English as well as in the Dutch translation, using 

multiple-academic and general-search engines. The variation in search engines was deemed 

important, not least given the significance of circular building developments outside of the academic 

realm [15]. The consulted literature during the first iteration contributed to additional key terms, 

subsequently leading to a set of 26 terms, see Table 1. Although there are certainly other terms that 

represent thematic overlaps, it was estimated that aforementioned approach established a 

comprehensive and workable framework. Given that CB is still in its initial stage, particularly with 

regard to a sound scientific and practical evidence-base, other terms (such as ‘sustainable’ and 

‘green’) were applied instead of ‘circular’ in a secondary query. 

Table 1. Search terms applied in various combinations, in English and Dutch translation. 

Residents Health Related Circular Building Related Assessment Related 

❏ ‘indoor environmental quality’ 

(and ‘IEQ’)  

❏ ‘indoor air quality’ (and ‘IAQ’)  

❏ ‘health’  

❏ ‘well-being’  

❏ ‘occupant health’ 

❏ ‘residents’ 

❏ ‘user benefits’ 

❏ ‘circular building’ 

❏ ‘circularity’ 

❏ ‘circular economy’ 

❏ ‘Cradle to Cradle’ 

❏ ‘circular design’ 

❏ ‘regenerative design’  

❏ ‘sustainable building’  

❏ ‘green building’  

❏ ‘built environment’  

❏ ‘buildings’  

❏ ‘building products’ 

❏ ‘impact’ 

❏ ‘assessment’ 

❏ ‘analysis’ 

❏ ‘evaluation’ 

❏ ‘criteria’ 

❏ ‘indicators’ 

❏ ‘measuring’ 

❏ ‘measurement’ 

Subsequently, in Section 4, the link between IAQ and circularity is further explored with regard 

to assessment tools and guidelines that focus on the product and operational level. Because tools and 

guidelines with that specific aim are rare, several instruments with an overlapping scope are 

explored, either concerning material circularity or concerning indoor air quality within sustainable 

building frameworks. Three schemes are scrutinized in more detail: Cradle to Cradle Certified™ 

(version 3.1), the Pre-Returnable Procurement® tool (version 3.1) and the WELL Building Standard™ 

(version 2). The former two show overlaps in their focus on human health and circularity, albeit with 

different objectives and approaches. The latter one does not focus on circularity but puts an accent 

on human health in the overall performance of a building during its service life, including the 

building products. Based on these schemes, criteria are synthesized. Several embodied impacts are 

included to underscore systemic relevance and interrelations between factors. The aim is thus not to 

compare existing tools but to analyse, prioritize and synthesize criteria matching the study’s specific 

objective. 

Next, in Section 5, the synthesized criteria are applied to an indoor partitioning product, 

comprising of a solid, modular prefab wall panel. The aim of this step is twofold: (1) to validate the 

criteria and test the workability, shedding a light on the level of detail required to assess the product 

and operational level, including the entire process from harvesting and/or extraction of resources and 

all people involved in that process, up to use and reuse and (2) to detect specific points of intervention 

regarding the product and operation under scrutiny. Several industry partners contributed to this 

‘buildings’
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(the individual fit-out on a household level, usually with shorter use cycles). This notion of short-

cycle functions has a material consequence and, as such, a strong connection with circular, renewable 

material and product flows [13,14]. 

2. Methods 

First, in Section 3, a brief literature review is reported regarding indoor environmental quality 

(IEQ) and indoor air quality (IAQ) in general and the connection with Circ-Flex in particular. The 

emphasis is on residents’ health & well-being in relation to circular building assessments. Multiple 

search terms were used in various combinations, in English as well as in the Dutch translation, using 

multiple-academic and general-search engines. The variation in search engines was deemed 

important, not least given the significance of circular building developments outside of the academic 

realm [15]. The consulted literature during the first iteration contributed to additional key terms, 

subsequently leading to a set of 26 terms, see Table 1. Although there are certainly other terms that 

represent thematic overlaps, it was estimated that aforementioned approach established a 

comprehensive and workable framework. Given that CB is still in its initial stage, particularly with 

regard to a sound scientific and practical evidence-base, other terms (such as ‘sustainable’ and 

‘green’) were applied instead of ‘circular’ in a secondary query. 

Table 1. Search terms applied in various combinations, in English and Dutch translation. 

Residents Health Related Circular Building Related Assessment Related 

❏ ‘indoor environmental quality’ 

(and ‘IEQ’)  

❏ ‘indoor air quality’ (and ‘IAQ’)  

❏ ‘health’  

❏ ‘well-being’  

❏ ‘occupant health’ 

❏ ‘residents’ 

❏ ‘user benefits’ 

❏ ‘circular building’ 

❏ ‘circularity’ 

❏ ‘circular economy’ 

❏ ‘Cradle to Cradle’ 

❏ ‘circular design’ 

❏ ‘regenerative design’  

❏ ‘sustainable building’  

❏ ‘green building’  

❏ ‘built environment’  

❏ ‘buildings’  

❏ ‘building products’ 

❏ ‘impact’ 

❏ ‘assessment’ 

❏ ‘analysis’ 

❏ ‘evaluation’ 

❏ ‘criteria’ 

❏ ‘indicators’ 

❏ ‘measuring’ 

❏ ‘measurement’ 

Subsequently, in Section 4, the link between IAQ and circularity is further explored with regard 

to assessment tools and guidelines that focus on the product and operational level. Because tools and 

guidelines with that specific aim are rare, several instruments with an overlapping scope are 

explored, either concerning material circularity or concerning indoor air quality within sustainable 

building frameworks. Three schemes are scrutinized in more detail: Cradle to Cradle Certified™ 

(version 3.1), the Pre-Returnable Procurement® tool (version 3.1) and the WELL Building Standard™ 

(version 2). The former two show overlaps in their focus on human health and circularity, albeit with 

different objectives and approaches. The latter one does not focus on circularity but puts an accent 

on human health in the overall performance of a building during its service life, including the 

building products. Based on these schemes, criteria are synthesized. Several embodied impacts are 

included to underscore systemic relevance and interrelations between factors. The aim is thus not to 

compare existing tools but to analyse, prioritize and synthesize criteria matching the study’s specific 

objective. 

Next, in Section 5, the synthesized criteria are applied to an indoor partitioning product, 

comprising of a solid, modular prefab wall panel. The aim of this step is twofold: (1) to validate the 

criteria and test the workability, shedding a light on the level of detail required to assess the product 

and operational level, including the entire process from harvesting and/or extraction of resources and 

all people involved in that process, up to use and reuse and (2) to detect specific points of intervention 

regarding the product and operation under scrutiny. Several industry partners contributed to this 

‘building products’
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(the individual fit-out on a household level, usually with shorter use cycles). This notion of short-

cycle functions has a material consequence and, as such, a strong connection with circular, renewable 

material and product flows [13,14]. 

2. Methods 

First, in Section 3, a brief literature review is reported regarding indoor environmental quality 

(IEQ) and indoor air quality (IAQ) in general and the connection with Circ-Flex in particular. The 

emphasis is on residents’ health & well-being in relation to circular building assessments. Multiple 

search terms were used in various combinations, in English as well as in the Dutch translation, using 

multiple-academic and general-search engines. The variation in search engines was deemed 

important, not least given the significance of circular building developments outside of the academic 

realm [15]. The consulted literature during the first iteration contributed to additional key terms, 

subsequently leading to a set of 26 terms, see Table 1. Although there are certainly other terms that 

represent thematic overlaps, it was estimated that aforementioned approach established a 

comprehensive and workable framework. Given that CB is still in its initial stage, particularly with 

regard to a sound scientific and practical evidence-base, other terms (such as ‘sustainable’ and 

‘green’) were applied instead of ‘circular’ in a secondary query. 

Table 1. Search terms applied in various combinations, in English and Dutch translation. 

Residents Health Related Circular Building Related Assessment Related 

❏ ‘indoor environmental quality’ 

(and ‘IEQ’)  

❏ ‘indoor air quality’ (and ‘IAQ’)  

❏ ‘health’  

❏ ‘well-being’  

❏ ‘occupant health’ 

❏ ‘residents’ 

❏ ‘user benefits’ 

❏ ‘circular building’ 

❏ ‘circularity’ 

❏ ‘circular economy’ 

❏ ‘Cradle to Cradle’ 

❏ ‘circular design’ 

❏ ‘regenerative design’  

❏ ‘sustainable building’  

❏ ‘green building’  

❏ ‘built environment’  

❏ ‘buildings’  

❏ ‘building products’ 

❏ ‘impact’ 

❏ ‘assessment’ 

❏ ‘analysis’ 

❏ ‘evaluation’ 

❏ ‘criteria’ 

❏ ‘indicators’ 

❏ ‘measuring’ 

❏ ‘measurement’ 

Subsequently, in Section 4, the link between IAQ and circularity is further explored with regard 

to assessment tools and guidelines that focus on the product and operational level. Because tools and 

guidelines with that specific aim are rare, several instruments with an overlapping scope are 

explored, either concerning material circularity or concerning indoor air quality within sustainable 

building frameworks. Three schemes are scrutinized in more detail: Cradle to Cradle Certified™ 

(version 3.1), the Pre-Returnable Procurement® tool (version 3.1) and the WELL Building Standard™ 

(version 2). The former two show overlaps in their focus on human health and circularity, albeit with 

different objectives and approaches. The latter one does not focus on circularity but puts an accent 

on human health in the overall performance of a building during its service life, including the 

building products. Based on these schemes, criteria are synthesized. Several embodied impacts are 

included to underscore systemic relevance and interrelations between factors. The aim is thus not to 

compare existing tools but to analyse, prioritize and synthesize criteria matching the study’s specific 

objective. 

Next, in Section 5, the synthesized criteria are applied to an indoor partitioning product, 

comprising of a solid, modular prefab wall panel. The aim of this step is twofold: (1) to validate the 

criteria and test the workability, shedding a light on the level of detail required to assess the product 

and operational level, including the entire process from harvesting and/or extraction of resources and 

all people involved in that process, up to use and reuse and (2) to detect specific points of intervention 

regarding the product and operation under scrutiny. Several industry partners contributed to this 

‘impact’
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(the individual fit-out on a household level, usually with shorter use cycles). This notion of short-

cycle functions has a material consequence and, as such, a strong connection with circular, renewable 

material and product flows [13,14]. 

2. Methods 

First, in Section 3, a brief literature review is reported regarding indoor environmental quality 

(IEQ) and indoor air quality (IAQ) in general and the connection with Circ-Flex in particular. The 

emphasis is on residents’ health & well-being in relation to circular building assessments. Multiple 

search terms were used in various combinations, in English as well as in the Dutch translation, using 

multiple-academic and general-search engines. The variation in search engines was deemed 

important, not least given the significance of circular building developments outside of the academic 

realm [15]. The consulted literature during the first iteration contributed to additional key terms, 

subsequently leading to a set of 26 terms, see Table 1. Although there are certainly other terms that 

represent thematic overlaps, it was estimated that aforementioned approach established a 

comprehensive and workable framework. Given that CB is still in its initial stage, particularly with 

regard to a sound scientific and practical evidence-base, other terms (such as ‘sustainable’ and 

‘green’) were applied instead of ‘circular’ in a secondary query. 

Table 1. Search terms applied in various combinations, in English and Dutch translation. 

Residents Health Related Circular Building Related Assessment Related 

❏ ‘indoor environmental quality’ 

(and ‘IEQ’)  

❏ ‘indoor air quality’ (and ‘IAQ’)  

❏ ‘health’  

❏ ‘well-being’  

❏ ‘occupant health’ 

❏ ‘residents’ 

❏ ‘user benefits’ 

❏ ‘circular building’ 

❏ ‘circularity’ 

❏ ‘circular economy’ 

❏ ‘Cradle to Cradle’ 

❏ ‘circular design’ 

❏ ‘regenerative design’  

❏ ‘sustainable building’  

❏ ‘green building’  

❏ ‘built environment’  

❏ ‘buildings’  

❏ ‘building products’ 

❏ ‘impact’ 

❏ ‘assessment’ 

❏ ‘analysis’ 

❏ ‘evaluation’ 

❏ ‘criteria’ 

❏ ‘indicators’ 

❏ ‘measuring’ 

❏ ‘measurement’ 

Subsequently, in Section 4, the link between IAQ and circularity is further explored with regard 

to assessment tools and guidelines that focus on the product and operational level. Because tools and 

guidelines with that specific aim are rare, several instruments with an overlapping scope are 

explored, either concerning material circularity or concerning indoor air quality within sustainable 

building frameworks. Three schemes are scrutinized in more detail: Cradle to Cradle Certified™ 

(version 3.1), the Pre-Returnable Procurement® tool (version 3.1) and the WELL Building Standard™ 

(version 2). The former two show overlaps in their focus on human health and circularity, albeit with 

different objectives and approaches. The latter one does not focus on circularity but puts an accent 

on human health in the overall performance of a building during its service life, including the 

building products. Based on these schemes, criteria are synthesized. Several embodied impacts are 

included to underscore systemic relevance and interrelations between factors. The aim is thus not to 

compare existing tools but to analyse, prioritize and synthesize criteria matching the study’s specific 

objective. 

Next, in Section 5, the synthesized criteria are applied to an indoor partitioning product, 

comprising of a solid, modular prefab wall panel. The aim of this step is twofold: (1) to validate the 

criteria and test the workability, shedding a light on the level of detail required to assess the product 

and operational level, including the entire process from harvesting and/or extraction of resources and 

all people involved in that process, up to use and reuse and (2) to detect specific points of intervention 

regarding the product and operation under scrutiny. Several industry partners contributed to this 

‘assessment’
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(the individual fit-out on a household level, usually with shorter use cycles). This notion of short-

cycle functions has a material consequence and, as such, a strong connection with circular, renewable 

material and product flows [13,14]. 

2. Methods 

First, in Section 3, a brief literature review is reported regarding indoor environmental quality 

(IEQ) and indoor air quality (IAQ) in general and the connection with Circ-Flex in particular. The 

emphasis is on residents’ health & well-being in relation to circular building assessments. Multiple 

search terms were used in various combinations, in English as well as in the Dutch translation, using 

multiple-academic and general-search engines. The variation in search engines was deemed 

important, not least given the significance of circular building developments outside of the academic 

realm [15]. The consulted literature during the first iteration contributed to additional key terms, 

subsequently leading to a set of 26 terms, see Table 1. Although there are certainly other terms that 

represent thematic overlaps, it was estimated that aforementioned approach established a 

comprehensive and workable framework. Given that CB is still in its initial stage, particularly with 

regard to a sound scientific and practical evidence-base, other terms (such as ‘sustainable’ and 

‘green’) were applied instead of ‘circular’ in a secondary query. 

Table 1. Search terms applied in various combinations, in English and Dutch translation. 

Residents Health Related Circular Building Related Assessment Related 

❏ ‘indoor environmental quality’ 

(and ‘IEQ’)  

❏ ‘indoor air quality’ (and ‘IAQ’)  

❏ ‘health’  

❏ ‘well-being’  

❏ ‘occupant health’ 

❏ ‘residents’ 

❏ ‘user benefits’ 

❏ ‘circular building’ 

❏ ‘circularity’ 

❏ ‘circular economy’ 

❏ ‘Cradle to Cradle’ 

❏ ‘circular design’ 

❏ ‘regenerative design’  

❏ ‘sustainable building’  

❏ ‘green building’  

❏ ‘built environment’  

❏ ‘buildings’  

❏ ‘building products’ 

❏ ‘impact’ 

❏ ‘assessment’ 

❏ ‘analysis’ 

❏ ‘evaluation’ 

❏ ‘criteria’ 

❏ ‘indicators’ 

❏ ‘measuring’ 

❏ ‘measurement’ 

Subsequently, in Section 4, the link between IAQ and circularity is further explored with regard 

to assessment tools and guidelines that focus on the product and operational level. Because tools and 

guidelines with that specific aim are rare, several instruments with an overlapping scope are 

explored, either concerning material circularity or concerning indoor air quality within sustainable 

building frameworks. Three schemes are scrutinized in more detail: Cradle to Cradle Certified™ 

(version 3.1), the Pre-Returnable Procurement® tool (version 3.1) and the WELL Building Standard™ 

(version 2). The former two show overlaps in their focus on human health and circularity, albeit with 

different objectives and approaches. The latter one does not focus on circularity but puts an accent 

on human health in the overall performance of a building during its service life, including the 

building products. Based on these schemes, criteria are synthesized. Several embodied impacts are 

included to underscore systemic relevance and interrelations between factors. The aim is thus not to 

compare existing tools but to analyse, prioritize and synthesize criteria matching the study’s specific 

objective. 

Next, in Section 5, the synthesized criteria are applied to an indoor partitioning product, 

comprising of a solid, modular prefab wall panel. The aim of this step is twofold: (1) to validate the 

criteria and test the workability, shedding a light on the level of detail required to assess the product 
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the Pre-Returnable Procurement® tool (version 3.1) and the WELL Building Standard™ (version 2).
The former two show overlaps in their focus on human health and circularity, albeit with different
objectives and approaches. The latter one does not focus on circularity but puts an accent on human
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Based on these schemes, criteria are synthesized. Several embodied impacts are included to underscore
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regarding the product and operation under scrutiny. Several industry partners contributed to this
assessment stage, providing data on product properties, production processes, (reverse) supply chain
logistics and waste treatment.

3. Literature Review

3.1. Assessing Indoor Environmental Quality

Indoor Environmental quality (IEQ) can be described by a variety of aspects (or stressors), such as:
odour, air pollution, fresh air supply, air velocity, moisture, temperature, noise, vibrations, illuminance
levels, luminance ratios, reflection, tactility and appearance [5,16,17]. From those aspects, a range of
categories can be derived: from indoor air quality, thermal comfort, acoustics and visual or lighting
quality, to aesthetic quality, spatial quality, tactile quality and ergonomic quality. All related to the
human senses. Potential stress factors concern all three systems of the human body (nervous system,
immune system, endocrine system) and can result in both mental and physical effects [5]. It is estimated
that one in six Europeans live in unhealthy buildings [18]. Bluyssen (2013) states that major health
effects seem to be associated with more than one stressor, whilst taking account of previous and future
exposures, as well as duration and combination of exposures [19]. Figure 1 lists several associated
stressors, stress mechanisms and diseases & disorders.
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Internal partitioning can have an impact on all subsets of IEQ. Most of the subsets are also
addressed in the European standards, albeit on a basic level. The complexity that resonates in Figure 1
has not yet found its way to standardization schemes in line with end-user needs [19–21]. There is
ongoing debate about control measures, assessment methods, indicators and interactions between
factors. With regard to indoor air quality (IAQ), the Scientific Committee on Health and Environmental
Risks (SCHER) states that over 900 chemicals, particles and biological materials are associated with
health effects and the database for indoor air risk assessment is limited [22]. Multiple factors determine
the IAQ, such as quality of the surrounding outdoor air, ventilation and indoor sources of pollution.
For this study, the focus is on indoor sources, specifically building products and finishing materials
associated with the function of partitioning. Products and materials used in indoor partitioning
may release physical, chemical or biological emissions that can have adverse health effects. Primary
emissions are those substances released directly, as an inherent characteristic of the material or product
in question, whereas secondary emissions are those substances that are released through actions on the
materials [23]. Emissions can take place during or shortly after construction as well as in the long-term
use stage and during deconstruction at the end of a material or product service life. Adverse effects for
the residents are dependent on exposure, dose and response over time.

McDonough and Braungart [24] stated that none of the materials used in contemporary
buildings are specifically designed to be healthy to people. This statement underscored the fact
that materials, products and buildings have become more and more heterogeneous, introducing
multiple substances-and synthetics-that pose potential threats to human health. Building standards



Sustainability 2019, 11, 1984 5 of 26

regarding health and safety have difficulties to keep up with this development [25]. In their article,
McDonough and Braungart mention, amongst others, plasticizers in Poly Vinyl Chloride (PVC) that
may disrupt human endocrine systems. Furthermore, they refer to the use of heavy metals such
as lead (that have neurotoxic properties) and cadmium (classified as carcinogenic). Last but not
least, they mention volatile organic compounds (VOC, suspected carcinogens and immune system
disruptors) released from, for example, particle boards, paints and adhesives. The list of harmful
substances is long and risk assessments are up for debate but the statement of McDonough and
Braungart remains valid. Even if some potentially harming chemicals are being phased out, others
emerge, in response to ever changing market and regulatory dynamics. Think of additives to enhance
fire safety, for example. What’s more, the heavy accent on energy efficiency measures in buildings like
airtightness, as a consequence of climate and resource policies, may make matters worse, because such
measures inherently imply an increased need for ventilation to avoid accumulation of air-contaminants,
amongst others [19].

A study by Steinemann et al. [26] on the focus on indoor air quality of green buildings—and
associated certifications–points out that IAQ is not yet fully integrated in the assessment methodologies.
They observe that “green” certification schemes may provide inadequate inherent incentive for
improving IAQ and that “green practices and products could actually impair IAQ.” An important
factor in this respect is the large focus on ventilation for IAQ control, rather than on source control and
exposure reduction [26]. Multiple other studies and policy documents in this or related fields indicate
that there is or should be an increased attention for IAQ in the current (European) building practice,
beyond energy performance and global climate concerns alone [19,25,27–36]. An important step in
securing such attention on the operational side is the recently revised Energy Performance of Buildings
Directive (EU) 2018/844 of The European Commission (EC) which puts more emphasis on human
health and well-being [37]. With regard to the regulatory framework, a brief study of the literature
reveals significant differences between scope, threshold levels, methods and (European Union (EU)
member) states [19,21,38]. The debate is ongoing between academia, industry and authorities regarding
objectives and legally binding restrictions. Not only due to varying interests and interpretations of
available data but also linked to the fact that assessments are difficult because indoor air can contain a
mixture of many different pollutants [22]. Important are the complex interrelations between various
factors, that can have a significant effect on the IAQ. An example is the relation between formaldehyde
emissions, room temperature, relative humidity and air circulation rates [39–42]. EU regulations in
this respect tend to aim at single products rather than accumulated exposure. Moreover, with regard
to the Netherlands, mechanisms of monitoring and law-enforcement are missing [21].

3.2. The Operational Level

This section aims to establish a more integrated approach to indoor environmental quality by
coupling user benefits to circularity and flexibility. Specific attention thus goes to the relation between
the three aspects: user health aspects associated with partition materials; flexibility of partitioning
schemes; and circularity of applied materials and products. The objective is to rate the potential impact
on residents’ health, well-being and comfort concerning, both, the intrinsic material properties of
the wall-components (are there reasons for concern regarding the applied materials on the shorter or
longer term?) and the related construction & deconstruction properties (can the components be placed
and reutilized easily?). Simultaneously, the circularity factor dictates that the whole-reverse-supply
chain needs to be taken into account, in order to facilitate material cycles beyond the housing unit.
Combined, those points increase the complexity of an assessment, not least regarding the availability
of specific data.

Aforementioned complexity is one of the reasons why assessment tools that aim to measure
circularity are often rated sub-optimal [43–50]. Such tools simplify the complexity that is inherently
part of circular product and material systems, failing to take account of a “specific or detailed level
(...) to further focus on the very core and essence of circular economy, which is the circulation and
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recirculation of products and materials in (open or closed) loops” [44]. Saidani et al. introduce an
operational and product level, which they refer to as ‘nano-level,’ next to the macro (city, region or
country), meso (sector or inter-firm) and micro (single company) levels that are the commonly applied
scale-levels in approaches to measure circularity [44,51,52]. The argument for a shift of focus to the
nano-level is that this operational level essentially binds the various scale levels, whilst looking closer
at the actual, effective performance of circular economy implementation [44].

The reality of extracting detailed data from, for example, suppliers and manufacturers, however,
is more often than not disproportionately complicated or labour-intensive, if the data are available at
all. In its elaboration on barriers for the CE, Nguyen et al. identify three barriers that stop companies
from shifting from linear to circular resource use with regard to their products. First, the extensive
supply and manufacturing footprint that companies have created, leading to geographic dispersion
of parts, even for simple products [53]. Second, the sheer complexity and proliferation of modern
product formulations, rarely labelled or made public, hence difficult to identify, even for manufacturers
themselves [53]. And third, the difficulty of ingrained habits, linked to decisions made a long time
ago [53]. It is thus unsurprising that, to date, there is no recognized, evidence-based way to assess
how effective a building product or service truly is in making the transition from a linear to a circular
mode of operation [54–56]. WBMCD states that companies are shaping and framing the concept of CE
based on how it is most material to their core business, which leads to a lack of consensus regarding
measuring circularity [56].

Saidani et al. identified three tools that particularly focus on product and operational circularity:
Material Circularity Indicator (MCI, Ellen MacArthur Foundation, 2015), Circular Economy Toolkit
(CET, University of Cambridge, 2013) and Circular Economy Indicator Prototype (CEIP, Cayzer
et al., 2017) [44]. An assessment of these tools revealed substantial room for improvement with
regard to, most notably, operational value. Each tool shows a lack of data-construction support and
practical guidance. As described above, such operational aspects are crucial in the context of this
paper. Moreover, those tools do not distinguish different renewability routes, nor do they connect
substantially with social factors that are intertwined within the sustainable development goals (SDG),
put forward by the United Nations [57]. For example, with regard to clean water (SDG6), clean energy
(SDG7), decent work (SDG8), reduced inequalities (SDG10) and so forth.

Furthermore, the Circular Building Assessment scheme (CBA) deserves mentioning, which is
currently being developed within the framework of the European Horizon 2020 project Buildings as
Material Banks (BAMB). CBA brings together four years of study and practical experience regarding,
most prominently, reversible building design and material passports. However, at the moment of
writing, this instrument is still in the development stage. Moreover, although CBA is designed as a
modular tool and thus allows for extensions in the future, its scope does not (yet) include health data
in relation to end-users of buildings [58,59].

From the viewpoint of building-occupants’ health related to material use, there are few assessment
schemes on the market that prioritize this domain [3,26]. However, the WELL Building Standard,
launched in 2014, has been identified as a meaningful framework in this context, as it focuses explicitly
on health & well-being of building occupants.

Moreover, the Cradle to Cradle® Product Standardization scheme (C2C Certified™) offers a
matching approach, revolving around material health and material reutilization. Lastly, Dutch firm
Rendemint developed the Pre-Returnable Procurement® circular purchasing tool (PRP®), which is
gradually gaining ground in The Netherlands. PRP® aims at whole value chains, tracking and tracing
resource use and preservation, as well as social fairness. WELL Certified™, C2C Certified™ and PRP®

are further introduced in Section 4.

4. Analysis and Synthesis of Three Assessment Schemes

Three schemes mentioned at the end of Section 3 are further introduced below. Together they
provide the basis for a set of criteria and assessment guidelines.
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4.1. Cradle to Cradle Certified™

With regard to the relation of IAQ and circular building principles, the Cradle to Cradle
concept–philosophy and certification–(C2C®) deserves recognition. As of the 1990s, C2C® has been
dedicated to removing potentially dangerous chemicals from current life cycles, with particular
attention for human exposure in the built environment. The C2C Certified™ program was launched in
2005 by McDonough Braungart Design Chemistry (MBDC). It focuses predominantly on the product
level [60]. In 2010, a scale-up of C2C Certified™ took place, executed by the newly founded Cradle to
Cradle Products Innovation Institute. The C2C Certified™ scheme includes five assessment categories:
Material Health, Material Reutilization, Renewable Energy, Water Stewardship and Social Fairness.
Thirty-nine (39) standard requirements are distributed over these five categories. Furthermore,
Certified™ has five certification levels: Basic, Bronze, Silver, Gold, Platinum, which reflect the level
of accomplishment. The standard requirements relate to one or more of the certification levels. C2C
Certified™ guides and controls the assessment trajectory of products and processes, accentuating the
necessity to submit evidence-based documents and to gradually improve.

4.2. WELL Certified™

The WELL Building Standard was launched by the International WELL Building Institute in 2014,
seeking to implement, validate and measure features that support and advance human health and
well-being of building occupants [61]. WELL approaches human health as a state of being free of
disease and “the enjoyment of productive lives from which we derive happiness and satisfaction” [62].
The Standard’s performance metrics are based on a review of the existing research on the effects of
indoor spaces on individuals and has been advanced through a peer reviewed process. The certification
procedure includes submission of evidence-based documents as well as a performance evaluation.
The focus is on the following categories: Air, Water, Nourishment, Light, Movement, Thermal Comfort,
Sound, Materials, Mind and Community. Within these categories, WELL distinguishes twenty-three
(23) preconditions and ninety-four (94) optimizations [62]. For each certification level (Silver, Gold
and Platinum), 100% of the preconditions must be met. Furthermore, between 20% and 80% of the
optimizations must be met, 20% for Silver and 80% for Platinum [63].

4.3. Pre-Returnable Procurement®

The Pre-Returnable Procurement® tool was first described by Rendemint in 2009 and is available
as a software tool since 2011. PRP® is designed to analyse, measure and compare a reported end-result
(project, process, product), based on ‘circularity potential.’ This circularity potential is defined as the
provable preserved resources throughout the whole value chain, from resource to resource, realized
in accordance with international human rights and relative to ‘absolute circularity’ [64]. ‘Absolute
circularity,’ in the definition of Rendemint, means: zero resource loss and zero human rights violation.
PRP® measures and compares the preservation in quality, quantity, non-toxicity and human rights of
initial and end-weight (in kg) to (1) achieve an end-result, (2) maintain and reuse that end-result and
(3) break the end-result down again to the resource level. PRP® provides an integrated assessment
method, intentionally avoiding a scoring system based on selected criteria. To structure and manage the
data-collection and registration process, PRP® applies a division in three entry levels: Items, Materials
and Resources. Each level distinguishes the categories ‘Product,’ ‘Extraction,’ ‘Social fairness,’ ‘Toxicity’
and ‘Reutilization.’ Data need to be based on verifiable evidence regarding the whole chain of custody.

4.4. Complementary and Overlapping Aspects of the Selected Schemes

The three aforementioned schemes enter the realm of material use, as well as performance
over time, whilst addressing the health and engagement of stakeholders. Given their differentiated
objectives, the schemes cannot be compared but they comprise overlapping and complementary
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attributes. Table 2 lists several characteristics per scheme and indicates the connection with the core
focus of this paper, that is, the relation between (1) user health, (2) circularity and (3) flexibility.

Table 2. Characteristics of three schemes: Cradle to Cradle (C2C) Certified™, WELL Certified™
and PRP®.

C2C Certified™ WELL Certified™ PRP®

Since 2010 (scale-up) 2014 (in pilot) 2011 (software tool)

Main scope
Product design,

development and
reutilization

Building performance
in use

Procurement, analysis and
development of products,

projects, processes

Key target group Designers and
Manufacturers

Building owners,
Developers,

Managers, Employers

Government,
Semi-government, Companies

Data type Quantitative
and Qualitative

Quantitative
and Qualitative Quantitative and Qualitative

Assessment
method

Standardization: Basic,
Bronze, Silver, Gold,

Platinum levels

Standardization: Silver,
Gold, Platinum levels Circularity potential (kg)

Relation with
study focus

User health;
Circularity; Flexibility User health User health;

Circularity; Flexibility

From C2C Certified™, the categories ‘Material Health’ and ‘Material reutilization’ have principal
relevance for underlying study, representing the ultimate goals for all products to be manufactured
using “only those materials that have been optimized and do not contain any materials/chemicals
from the banned list” [60] and for industry to “eliminate the concept of ‘waste’ by designing products
with materials that may be perpetually cycled to retain their value” [Ibid.].

From WELL Certified™ the aspects (concepts) Materials, Air and Community are especially
relevant in this context, due to their direct relationship with material performance and stakeholder
engagement. The first one-Materials-aims to reduce human exposure to hazardous building material
ingredients through the restriction or elimination of compounds or products known to be toxic and
the promotion of safer replacements. The second one-Air- aims to ensure high levels of indoor air
quality across a building’s lifetime through diverse strategies, of which only ‘source elimination’ is
considered in this study. The third one-Community-is selected given its adherence to participatory
design approaches that address the physical determinants of health and well-being. It is within the
concept of ‘Community’ where aspects of user-feedback loops reside.

The integrated PRP® approach opposes a straightforward division and selection of criteria, as
all levels-Items, Materials, Resources-and categories-‘Product,’ ‘Extraction,’ ‘Social fairness,’ ‘Toxicity’
and ‘Reutilization-contribute equally to one unambiguous result. These aspects overlap with many
of the C2C Certified™ and WELL Certified™ features, whilst adding a certain rigor with respect
to completeness: all resources need to be accounted for throughout the whole project’s duration.
In such as system, every modification will come to the foreground and the circularity potential can be
measured in real-time, relative to the initial, baseline assessment.

Figure 2 displays the selected aspects from C2C Certified™ and WELL Certified™ standardization,
as a step up to a synthesis. C2C Certified™ aspects are on the left of Figure 2, with 2 main categories and
13 selected standard requirements. WELL Certified™ aspects are on the right, following 3 categories,
12 preconditions/optimizations and 14 features. In brackets, references to the WELL Certified™
arrangement are added to the preconditions and optimizations. For C2C Certified™, references are
added in brackets concerning the standard requirements’ validity for one or more certification levels,
following the hierarchy: Basic (b), Bronze (B), Silver (S), Gold (G), Platinum (P). The overlap with PRP®

is further addressed in subsequent sections.
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4.5. Additional Features: Embodied Impacts of the Value Chain

Thus far, the focus has been on residents’ direct health and well-being in conjunction with material
use and material reutilization associated with indoor partitioning. But there are impacts elsewhere in
the system as well. Although those impacts are not at the core of this paper, we prefer to integrate some
of them to illustrate the necessity of a systemic perspective. For this, we adhere to two aspects in the
C2C Certified™ and PRP® schemes: social fairness and energy management. Concerning the former:
in shifting the attention of circular building concepts to the health and well-being of residents, the
social aspect of circular building is highlighted. This can never be done in any meaningful way if the
health and well-being of workers in the supply chain is not addressed. Concerning the latter: currently
there is growing attention in the Netherlands, as well as on EU level, about the relation between
circularity, energy and climate, whilst acknowledging the significance of an integrated scope [65–69].
This necessitates a link between materials and energy, looking at resource use-including energy carriers
and other materials.

The expanded system boundary for indoor partitioning is illustrated in Figure 3, taking account
of the whole value chain, including ‘reverse supply.’ Various spatial scale levels are distinguished
associated with the flow and temporary storage of resources. Furthermore, various supply-chain
stages are displayed. The figure reflects the assumption that in a circular economy reverse supply
chain logistics will increase, whilst limiting the dispersion of resources on a global market. At least,
this can be assumed for the (re/de)-materialization of interior partitioning.



Sustainability 2019, 11, 1984 10 of 26

Sustainability 2019, 11 FOR PEER REVIEW  10 

 

Figure 3. Systemic impact building components through spatial scale levels. 

Within the C2C Certified™ framework, the focus is on a “future in which industry and 

commerce positively impact the energy supply, ecosystem balance and community” [60]. Hence, 

their focus is on renewable energy and carbon management, ultimately phasing out any use of fossil 

fuels, whilst managing emissions that do occur as biological nutrients. The requirements for 

organizations striving for certification of a product become more stringent with every hierarchical 

step (from basic to bronze, silver, gold and platinum). The platinum scheme includes energy use and 

greenhouse gas (GHG) emissions associated with the product from Cradle to Gate. This means, from 

a circularity-or continuous flow-perspective, that a significant part of potential embodied energy and 

carbon impact is not accounted for, namely from Gate all the way to-the next-Cradle. It is easy to 

understand why these cut-offs are applied when practicality and allocation issues are taken into 

account. However, for this study, we adhere to the whole value chain from one iteration to the next, 

as anticipated by the PRP® method. Embodied energy is defined as: the total primary energy demand 

for extraction, processing, manufacturing, construction, use, deconstruction and reprocessing to 

secondary materials associated with the partitioning components, including transport (see Figure 3). 

Embodied carbon signifies the related CO2 emissions. 

With regard to social fairness, C2C Certified™ and PRP® bring up human rights for all 

stakeholders in the value chain. Both schemes refer to acknowledged social responsibility programs 

as a benchmark, dependent on the organization, product or project in question. 

4.6. Synthesis of Criteria 

Several key categories can be distinguished that in unison cover the pillars at the heart of 

underlying study: ‘user health,’ ‘flexibility’ and ‘circularity.’ C2C Certified™ and PRP® specifically 

address (1) ‘material health’ & ‘material transparency’ (due to the interlinks, sub-categories are 

combined into one category) and (2) ‘material reutilization.’ WELL Certified™ also focuses on 

material health & transparency but has no focus on the reutilization aspect. Furthermore, WELL 

Certified™ adds a specific criterion concerning (3) ‘microbe & mould control’ to the equation. This 

category is estimated to have particular relevance for this study, concerning inherent material-

selection and handling-properties in relation to moisture conditions and mould growth. Moreover, 

WELL Certified™ introduces notions of (4) ‘health & well-being awareness,’ (5) ‘integrative design’ 

and (6) ‘perceived performance.’ All of which are regarded relevant in relation to product 

performance, notably concerning valuable feedback loops throughout supply, use and reuse chain. 

Figure 3. Systemic impact building components through spatial scale levels.

Within the C2C Certified™ framework, the focus is on a “future in which industry and commerce
positively impact the energy supply, ecosystem balance and community” [60]. Hence, their focus
is on renewable energy and carbon management, ultimately phasing out any use of fossil fuels,
whilst managing emissions that do occur as biological nutrients. The requirements for organizations
striving for certification of a product become more stringent with every hierarchical step (from basic
to bronze, silver, gold and platinum). The platinum scheme includes energy use and greenhouse gas
(GHG) emissions associated with the product from Cradle to Gate. This means, from a circularity-or
continuous flow-perspective, that a significant part of potential embodied energy and carbon impact is
not accounted for, namely from Gate all the way to-the next-Cradle. It is easy to understand why these
cut-offs are applied when practicality and allocation issues are taken into account. However, for this
study, we adhere to the whole value chain from one iteration to the next, as anticipated by the PRP®

method. Embodied energy is defined as: the total primary energy demand for extraction, processing,
manufacturing, construction, use, deconstruction and reprocessing to secondary materials associated
with the partitioning components, including transport (see Figure 3). Embodied carbon signifies the
related CO2 emissions.

With regard to social fairness, C2C Certified™ and PRP® bring up human rights for all
stakeholders in the value chain. Both schemes refer to acknowledged social responsibility programs as
a benchmark, dependent on the organization, product or project in question.

4.6. Synthesis of Criteria

Several key categories can be distinguished that in unison cover the pillars at the heart of
underlying study: ‘user health,’ ‘flexibility’ and ‘circularity.’ C2C Certified™ and PRP® specifically
address (1) ‘material health’ & ‘material transparency’ (due to the interlinks, sub-categories are
combined into one category) and (2) ‘material reutilization.’ WELL Certified™ also focuses on material
health & transparency but has no focus on the reutilization aspect. Furthermore, WELL Certified™
adds a specific criterion concerning (3) ‘microbe & mould control’ to the equation. This category
is estimated to have particular relevance for this study, concerning inherent material-selection and
handling-properties in relation to moisture conditions and mould growth. Moreover, WELL Certified™
introduces notions of (4) ‘health & well-being awareness,’ (5) ‘integrative design’ and (6) ‘perceived
performance.’ All of which are regarded relevant in relation to product performance, notably
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concerning valuable feedback loops throughout supply, use and reuse chain. Finally, ‘embodied
impact’ is represented by (7) ‘embodied energy’ and (8) ‘social fairness,’ which are included in C2C
Certified™ as well as PRP®.

Table 3 displays a synthesized set of criteria and assessment guidelines. It concerns a total
of eighteen criteria, divided over the eight aforementioned categories, derived from the assessment
schemes analysed in Section 4. The term ‘Criteria’ is applied in order to relate to the requirements of C2C
Certified™ as well as features, preconditions and optimizations of WELL Certified™ and integrated aspects
of PRP®. Criteria are either directly transferred from their original framework or slightly adapted.
The latter is the case when aspects from one source are merged, multiple sources overlap or when
aspects are applied to the specific perspective of underlying study. This is indicated in brackets behind
the criteria. Each criterion is accompanied by potential assessment guidelines. Where applicable,
references are made to current European performance requirements for internal partitioning, as part of
the European Technical Approval Guideline, ETAG 003 [70].

C2C Certified™ developed an elaborate set of guidelines regarding problematic substances and
threshold levels. Concerning Category 1 of Table 3, the C2C Certified™ “x-listed” classification is
followed, adhering to the most ambitious level (Platinum). This includes, what C2C Certified™ refers
to as, ‘banned’ list and ‘grey’ (lack of data) chemicals. Within WELL Certified™, many of those
x-listed materials and chemicals are present as well, albeit distributed over multiple requirements
(preconditions and optimizations), in function of its focus on in-use building performance. In most
cases, WELL Certified™ refers to relevant external sources for specific standards and guidelines. PRP®

does not work with precautionary lists but in providing a full account of all resources used, potentially
problematic aspects, such as toxicity, will arise. In this respect, PRP® refers to external standards,
such as the regulatory framework REACH of the European Chemical Agency [71]. Reutilization
criteria, Category 2 of Table 3, are derived from C2C Certified™. These largely overlap with the
scope of PRP®. Categories 3, 4, 5 and 6 are adapted from WELL Certified™. Category 3, regarding
mould control, inherently relates to PRP® as well, being inextricably linked to the-changing-quality
of the item/material/resource. Moreover, the potential addition of (treatment) substances or the
devaluation of quality due to mould will also need to be reported in the PRP® framework. Category 4
concerns the importance of awareness-creation regarding the relation between buildings and health,
particularly aimed at residents. Category 5 addresses the notion of co-design towards better buildings
by integrating feedback loops across the value chain. This category overlaps with PRP® in case
modifications to the initial materialization, on the level of item, material or resource, are concerned.
Category 6 specifically zooms into the performance as perceived-and fed back-by the occupants. Lastly,
in categories 7 and 8 PRP® is guiding, due to its whole-systems scope, integrating associated pre-use,
use and post use processes. These two categories have an overlap with C2C Certified™.
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Table 3. Synthesized set of criteria and assessment guidelines, including European Technical Approval Guidance (ETAG) reference.

CATEGORY Criteria Assessment Guidelines ETAG Reference

1.
MATERIAL
HEALTH &
MATERIAL
TRANSPARENCY

1.1 X-LIST PRODUCT
X-rated chemicals in product. (C2C, in overlap with
WELL and PRP).
NB1: C2C differentiates between biological nutrient (BN)
materials and technical nutrient (TN) materials. Thresholds
relating exposure risks may be different for BN and TN

Appropriate certification, if applicable.
If not:
Banned List declaration
And the following, depending on level of completeness:
Supplier Declarations
Manufacturer Declarations
Section in Bill of Materials (see 1.4)

(EC) No. 1272/2008 (Classification, Labelling and
Packaging of substances)
EN 13501-2 (classification of construction products
and building elements using data from fire
resistance and smoke leakage tests)

1.2 X-LIST PROCESSES
X-rated chemicals in processes. (C2C, in overlap with
WELL and PRP).
NB: See 1.1 above

Identical to 1.1 above (EC) No. 1272/2008 (Classification, Labelling and
Packaging of substances)

1.3 X-LIST OPTIMIZATION
Formulation optimized: all x-assessed chemicals replaced
or phased out. (C2C, in overlap with WELL and PRP).

Strategy Declarations, referring to the documents of 1.1 and 1.4,
including time-plan and budget

1.4 LIST OF MATERIALS
100% characterized. All products/ materials/resources
listed, that is, full ingredient disclosure. (relates to C2C,
PRP and WELL).

Bill of Materials (BoM) and documents listed in 1.1, depending
on the level of completeness.
BoM should include, for example: part description, parts per unit
of product, materials, part weight, total weight and percentage of
total weight.
Moreover, WELL explicitly links this to a “digital or physical
library” open to the residents, in connection with category 4:
Health & Well-being awareness.

1.5 BIO/TECHNO DEFINITION
Materials defined as biological or technological
ingredients (C2C)

Identification in BoM whether technical or biological
cycle applies -

1.6 EMISSION CONTROL (long term)
Long term insulation emission control (WELL, in overlap
with C2C)

Test results of Volatile Organic Compounds (VOC) emissions
from partitioning wall (components), using real-time data or
environmental chambers. For threshold levels, both WELL and
C2C refer to the California Department of Public Health (Latest
standard method: v1.2) [72]

EN 16516 (VOC, SVOC and Very Volatile
Aldehydes, including Formaldehyde)

1.7 EMISSION CONTROL (short term)
Short term emission control regarding adhesives, sealants,
paints, coatings (WELL, in overlap with C2C)

See 1.6 EN 16516 (VOC, SVOC and Very Volatile
Aldehydes, including Formaldehyde)

1.8 PROTECTIVE PRACTICES
Ensure protective practices during repair, renovation,
maintenance and disposal, linked to hazardous materials.
(Adapted from WELL, in overlap with C2C and PRP)

Test results of hazardous substance release from partitioning
materials during repair, (de)construction, maintenance and
disposal activities.
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Table 3. Cont.

CATEGORY Criteria Assessment Guidelines ETAG Reference

2.
MATERIAL
REUTILIZATION

2.1 CYCLE DEFINITION
Defined appropriate cycle. (C2C, in overlap with PRP)

Indication of reutilization route, as either biological or technical
nutrient, after first designated function. For example, added to
the BoM. Similar to 1.5

-

2.2 CYCLE DESIGN
Designed or manufactured for the cycle. (C2C, in overlap
with PRP)

Reutilization score, expressed in percentages of the
homogenous materials concerning a) recycled content or rapidly
renewable (<10 years) content + b) recyclable content or
biodegradable content, in formula:
[% RC or RRC*1] + [%R or B*2]
------------------------------------------ ×100
3

-

2.3 RECOVERY STRATEGY
Defined management strategy for logistics and recovery
systems. (C2C, in overlap with PRP)

Nutrient management strategy, concerning: reutilization
method; contextual conditions (e.g., disassembly); stakeholder
communication method; value chain collaboration; timeline;
budget; targets

-

2.4 RECOVERY & CYCLING
Recovery and cycling in technical or biological
metabolism. (C2C, in overlap with PRP)

Collection and reutilization program
Actual reutilization data
Test results in the case of uncertainties in biological cycle
(e.g., testing how compostable materials are)

3.
MOULD CONTROL

3.1 MOISTURE
(Delayed) moisture related problems (Adapted from
WELL)

Indication of moisture conditions during implementation,
including storage, documented by contractor.

EN 15026:2007-Aspects of Durability and
Serviceability

Mould susceptibility’ declarations (as part of
material documents) EN 12524-Hygrothermal properties

4.
HEALTH &
WELL-BEING
AWARENESS

4.1 INFO & GUIDELINES
Provide product information and guidelines and promote
education to highlight the relationship between health &
well-being and buildings or building components
(Adapted from WELL)

Documentation/professional narrative concerning the
components, including, for example, origin, implementation, use,
reuse and disposal specifications.
Accessibility to educational materials/digital or physical
library regarding health & well-being aspects associated with
the components.

5.
INTEGRATIVE
DESIGN

5.1 CO-DESIGN APPROACHES
Facilitate co-design towards better buildings through
interactions between stakeholders, including, for
example, end-users, designers, investors, sub-contractors
and suppliers, (Adapted from WELL)

Apply feedback mechanisms concerning the way in which
product design, application and logistics evolve, following
know-how, data loops and experience throughout the
value chain.

-
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Table 3. Cont.

CATEGORY Criteria Assessment Guidelines ETAG Reference

6.
PERCEIVED
PERFORMANCE

6.1 PERFORMANCE EVALUATION (POST
OCCUPANCY)
Short and long-term performance-evaluations relating the
component’s functioning. Primarily aimed at the use
stage but also anticipating construction and disposal.
(Adapted from WELL)

Ongoing data report mechanisms in place, concerning the
perceived performance of functions/components, following
appropriate intervals, that is, recurrent surveying (or other
instruments to collect end-user experiences). And the
infrastructure in place to link these data to 5.1
(co-design approaches)

-

7.
EMBODIED
ENERGY AND
CARBON

7.1 EMBODIED ENERGY
Quantification and qualification of total energy required
for the whole-reverse-supply network in the value chain.
(PRP, in overlap with C2C)

Energy balance (input/output) in Joules and GHG emissions
in CO2-eq. per functional unit

8.
SOCIAL FAIRNESS

8.1 SOCIAL IMPACT SUPPLY CHAIN
Potential for social issues throughout the-reverse-supply
network in the value chain, for example, child labour,
forced labour, excessive work time, provision of a living
wage, worker health, safety and legal protection. (PRP, in
overlap with C2C)

Social performance declarations from partners in the (reverse)
supply chain, and/or compliance with certification or
standardization schemes, depending on level of completeness.
Regarding audits or certification, multiple program’s may apply, such
as Global Reporting Initiative, Social Accountability International or
B Corps.
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5. Application of the Criteria to a Partitioning Product

5.1. Introduction

The product in focus is a solid prefab wall module, used in basic partitioning schemes for
commercial and residential purposes. The core of this module is flax-board. Flax is grown for the
production of linen yarns. Flax fibres are primarily meant for the textile industry but are also used in
insulation materials for the building industry and in the paper industry. The seed of the plant is used
for the production of linseed oil. At the end of the chain the remaining woody materials (stalk parts
and roots) are used for the manufacturing of flax-boards. At the manufactory, cable-ducts are cut out
and the flax-boards are bonded together with plasterboard, before being cut to standard size modules.
During assembly on site, chipboard elements (“tongues”) are utilized to keep the wall modules in place
and timber (pinewood) studs are applied as ceiling and floor profiles (as well as posts). Furthermore,
foam is placed in floor and ceiling cavities and MDF or Meranti is applied for skirting. The thickness
of the total module is approximately 54 mm: 34 mm for the flax core and 2 × 10 mm plasterboard.
Figure 4 below is a sketch of the wall module and its main components.
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5.2. Assessment of Product Performance

Virtual starting point: for the renovation of a multi-family apartment block in the Netherlands,
the owner (for example a housing corporation) aims to meet residents’ desires for reconfiguration
of the spatial layout. For the assessment, only the new materialization is taken into account, not the
removal of any existing components. However, future change/removal is factored into the scope.
A standard ‘fitness for use’ is assumed, following the European standard: the product complies with
all requirements in that respect. Moreover, the manufacturer has a proactive stance with regard to
sustainability performance of their products. This resonates, amongst others, in the ambition to adhere
to circularity and flexibility principles, both concerning material performance and-reverse-logistics.
The product has a C2C® certification: Basic. Finishing layers (any type of coating) are not part of the
core assessment but are expected to occur at least once during functional iterations.

The set of criteria and assessment guidelines introduced in the former sections (culminating in
Table 3) form the backbone of this assessment. The product is explored and assessed following eight
categories with eighteen features, applying both quantitative and qualitative elements. This concerns
an explorative assessment to reveal if-and to what extent-the product complies with the given criteria
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and which stakeholders are or need to be involved. Where applicable, the functional unit is: 1 m2 of
partitioning wall. Concerning materials, the main focus is on: plasterboard, flax-board, chipboard
and adhesives (bonding agent between flax-board and plasterboard). The anticipated cycle is from
cradle to cradle: starting from extraction of resources and processing of the parts, to construction,
use, dismantling and repurposing routes (in low or high-grade applications) whilst accounting for
transport in-between. Functional cycles for residential use are estimated to be on average 15–20 years
but the product has a potential service life that is much longer. All stages of the supply-use-reuse
iteration are taken into account as the product’s operational model for assessment.

Figure 5 visualizes supply flows towards the final product. In the far left and right,
a (non-exhaustive) list of most probable raw materials and resources is given. This includes additives,
water and energy, as well as trace elements that may be part of the intermediate goods, albeit in
small quantities. The ‘intermediate goods’ section includes residues that emerge in the manufacturing
process. The same goes for the final product, which also requires the input of resources such as energy
and water. Figure 6 displays end-of-service-life processes, including two scenarios: one towards
down-cycling purposes, gradually reducing the value represented by the product and one towards
higher-grade repurposing, maintaining or adding value. As yet, the former, low-grade, route is
dominant practice in the Netherlands.

Table 4 lists observations and notes with regard to each of the 18 features. This is not so much a
score card to pinpoint good and bad performance aspects but first and foremost a validation of the
synthesized set of criteria. It objectively reflects on the status quo in relation to Circ-Flex ambitions
focus on mental and physical health of residents during use.

Table 4. Test-case assessment of partitioning product following synthesized set of criteria.

Criteria Partitioning Product Test-Case

1.1 X-LIST PRODUCT The product is C2C Certified on a Basic level, which complies with this feature regarding
banned list chemicals and related thresholds.

1.2 X-LIST PROCESSES

The product does not fully anticipate chemicals applied in associated processes. To comply
with this feature, more detailed supplier declarations are required. Moreover, from a
circularity perspective, it is important to anticipate finishing layers on the product.
Such coatings are expected to occur several times during a residential use cycle.

1.3 X-LIST OPTIMIZATION The manufacturer is working on an optimization strategy (as part of the C2C Certified
trajectory) but this is not yet formalized.

1.4 LIST OF MATERIALS The product is 100% characterized by its generic materials (as part of the Basic C2C
certification) but not on a level of detail that is needed for the intended Bill of Materials.

1.5 BIO/TECHNO
DEFINITION

The appropriate metabolism is identified for the product and its materials and/or
chemicals (as part of the Basic C2C certification).

1.6 EMISSION CONTROL
(long term)

This applies to the whole product. Apart from compliance with basic standards for
intermediate goods through their suppliers, the manufacturer tests the final product with
regard to VOC emissions. The product is labelled EU class E1 [73]. Own tests indicate 50%
of that. This is below most standards, including that of the California Department of Public
Health. However, details of those tests were not disclosed.

1.7 EMISSION CONTROL
(short term)

See 1.6 with regard to adhesives. Sealants, paintings or coatings beyond the scope of this
study but are defining factors in the overall performance of the partitioning product.

1.8 PROTECTIVE PRACTICES Not Applicable

2.1 CYCLE DEFINITION The product complies through appropriate certification (C2C Certified Basic)

2.2 CYCLE DESIGN Product can be reused and down-cycled safely (depending on in-use interventions, such as
coatings and finishing layers) but insufficient data to assess reutilization score.

2.3 RECOVERY STRATEGY
Certain aspects of the recovery strategy are met, such as potential reutilization routes and
Design for Disassembly basics. Other aspects are anticipated but at this moment in time
not implemented, such as value chain collaboration, budget and targets in this direction.

2.4 RECOVERY & CYCLING In line with point 2.3 above: an active recovery & cycling program is not in place.
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Table 4. Cont.

Criteria Partitioning Product Test-Case

3.1 MOISTURE

In case the manufacturer executes and controls the work (which is most of the time),
moisture aspects before and during installation are according to the norm.
The manufacturer provides guidelines for transport and storage. Guidelines regarding
conditions on the construction site, such as relative humidity, are provided. Inspections
during and after construction are beyond the manufacturer’s scope. See 1.7 with regard to
the comment on coatings.

4.1 INFO & GUIDELINES

The product comes with basic documents and professional narrative regarding the
product, installation and use. There is little to no information on reuse and disposal stages
that correspond with Circ-Flex ambitions. Furthermore, the manufacturer is not actively
pursuing a role as educator with regard to the relationship between health, well-being and
building components from the occupant’s perspective.

5.1 CO-DESIGN
APPROACHES

The manufacturer seeks interaction with supply-chain stakeholders, to align their product
with demands of the market. This interaction increased, due to the C2C certification
process, which required detailed input from suppliers. There is no structured
communication strategy in place with regard to the input from, for example, residents and
maintenance companies.

6.1 PERFORMANCE
EVALUATION

The product’s prefab process generally increases assembly-and disassembly-speed, whilst
reducing potential nuisances on site. Beyond that, performance evaluations are not in
place, in the sense of formal POE feedback loops.

7.1 EMBODIED ENERGY

In 2016, an LCA study was conducted (as part of the C2C certification process), including
an inventory of thermal energy, electricity and transport fuels used for shipment of the
intermediate goods and manufacturing of the product. These data can easily be converted
to functional units, such as Joules and CO2-eq. per m2 of product. However, this LCA was
not extended to the embodied energy associated with the intermediate goods (left and
right of centre in Figure 6), nor does it take account of shipment to site, instalment, use &
maintenance and repurposing steps.

8.1 SOCIAL IMPACT
SUPPLY CHAIN

A streamlined self-audit has been conducted to assess protection of fundamental human
rights, as part of the C2C certification trajectory (Basic). The basic C2C certification also
includes the implementation of management procedures in case of any identified issues.
Impact associated with the supply-chain is beyond the scope of C2C basic. However, the
manufacturer complies with the global code of conduct (IWAY) enforced by one of
their clients.
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6. Discussion of the Results

After a reflection on the overall research context, particularly in relation to Dutch and EU
standards, the selected criteria are discussed. Each category is briefly reflected upon, from multiple
perspectives relevant for the category in question, with particular attention for operational impact.
Finally, specific results are discussed in relation to the test-case.

6.1. Standardization and Assessment Context

In the Netherlands and the EU, the current regulatory framework does not yet address circularity
performance of products. Occupants health, on the other hand, is part of the scope, albeit with
difficulties to keep up with market dynamics as well as societal and scientific developments,
as discussed in Section 3. Current approval guidelines, such as the ETAG, that each EU member state
has to comply with, have limitations in that respect. Implementation of those guidelines differs greatly
per member state and so does associated law-enforcement. Although-harmonization of-regulations
have improved the overall quality of construction works across Europe in the last decades, it is not
self-evident that this has led to inherently healthy buildings. Quality issues remain an issue in that
respect. Poignant examples of poor indoor air conditions related to, for example, moisture, mould
and formaldehyde problems, are still occurring throughout Europe, The Netherlands included [74].
Against this backdrop, an exploration was carried out into applicable assessment schemes with
an explicit aim for occupant health and material circularity. It was found that three assessment
schemes were particularly eligible with regard to aforementioned task. This is not to say that other
schemes completely omit the mentioned aspects. At the contrary, many instruments on the market
show thematic overlaps. However, end-user health and/or operational product performance is not
commonly addressed, certainly not in an uncompromising manner. This led to the selection of C2C
Certified™, WELL Certified™ and PRP®. These schemes provided a comprehensive framework in
response to set task and form the basis for criteria and assessment guidelines to determine a product’s
performance relating circularity, flexibility and user benefits. Other aspects, such as costs, are beyond
the scope.

6.2. Reflection on the Synthesized Criteria

The synthesized set of criteria comprises eight categories. The first Category, ‘Material Health
& Transparency,’ represents eight criteria that integrate all aspects deemed essential. Starting from a
thorough ‘material passport,’ up to the chemical level and with specific mention of problematic
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substances in product or associated processes. This is, although data-heavy and potentially
data-sensitive, estimated to be crucial in regard of the materialization complexity we face in our
built environment, as mentioned in Section 4. In the case of C2C Certified™, this is safeguarded on
the platinum level in particular, less so-or not-on lower standardization levels. The PRP® approach
can be complementary in that respect. PRP® does not apply a point-based standardization hierarchy
but aims at one score: the circularity potential. This score has the ability to unambiguously reveal
the compliance with or deviation from full circularity, as well as where in the value chain challenges
reside (both relating-data concerning-resources and human rights). Woven into the PRP® approach
is the intention to engage all key stakeholders in the value network, in order to effectively source
data and create awareness. At this moment in time, one could expect barriers to emerge, relating
availability and accessibility of data. This touches upon several interrelated issues, concerning, for
example, material complexity and ingrained habits relating decision-making processes, as addressed
in Section 3.2. Next to that, a point-based scoring system is more familiar to most and the associated
certificates are internalized in market mechanisms. However, such a code of conduct does not mean
that circularity-as an inherently systemic phenomenon-is always facilitated. On the contrary, one could
argue. As long as incentives lack to thoroughly relate individual operations to overarching systems
performance, circularity will never take off. In that respect, creating awareness and engagement across
the chain of custody is an essential step in the transition from linear to circular systems.

Regarding Category 1, the notions of progress and time are addressed by the inclusion of
optimization strategies and anticipation of repair and maintenance cycles. Those aspects underscore
the necessity to integrate learning loops and operational-primarily short-cyclic-interventions associated
with the product. C2C Certified™, with its focus on designers and manufacturers, emphasizes learning
loops for product optimization, whereas WELL Certified™ has specific attention for interventions
in the use-stage. The hazardous materials-Asbestos, Lead and PCBs–part of this WELL Certified™
feature will not be part of new C2C Certified™ products (given the banned list, in alignment with the
Living Building Challenge Red List [75]) and will thus not end up in the materialization. However,
this does not address other aspects that concern product-interventions in the use stage and its impact
on health and/or circularity potential. This will be addressed under Category 4. Lastly, the criteria
on long-term and short-term emission control, derived from WELL Certified™ in overlap with C2C
Certified™, are explicitly distinguished, given their relevance for the scope of this study, that is, infill
product performance and functional iterations. Such products can emit VOCs, either in the short run
or over a longer period. It was stated in Section 3 that norms tend to focus on products rather than
accumulated exposure. This underscores the urge for more integrated approaches. The difficulty to
address this in single product assessments reveals the necessity for stronger communication between
scale levels and during multiple temporal intervals. In that respect, there is currently no attention for
the question: how many qualified products can safely accumulate in relation to VOC emissions and
for how long, in a residential space?

In Category 2, the reutilization of materials in cyclic models is addressed through defining
and designing products and processes appropriately, as well as achieving operational strategies
and execution management. Especially the latter is thought to be important for bridging the gap
between theory and practice. From that viewpoint, PRP® has developed its model for enforcement
of agreements between clients and suppliers, most notably concerning take-back models and reverse
logistics. This proposition concerns legally binding contracts that might be challenging for some
organizations but is estimated to be instrumental in mobilizing the market and creating new potential
for safeguarding actual material circulation in the future. What happens in-use, between supply and
reverse supply, is decisive in this respect.

Category 3, regarding mould, has been included in order to anticipate problems that can emerge
over time as a result of product behaviour, either intrinsically or in relation to contextual conditions.
This indicates, again, the fine line between product and building scales. The main concern is the role a
product has in the possible creation of mould growth. This is usually related to moisture conditions
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but has also strong connotations with applied coatings. It can be expected that products themselves are
in line with the required norms, which shifts the attention to the way products are transported, stored
and treated. Key aspects are, amongst others, storage off the floor and away from weather exposure;
dry and ventilated installation area; wicking prevention; and clear communication regarding wall
finishing and wall treatment. Appropriate guidelines and agreements are thus required, as well as
multiple inspections, taking account of the fact that it takes several days for mould and mildew to
develop [76,77].

Category 4, on health & well-being information of products, is estimated to be a key aspect of
extended stewardship, in which the use and reuse stages are internalized effectively. This criterion is
specifically aimed at increasing the awareness of-and feedback loops from-building users regarding
the relation between health, buildings and materials. Anticipation of interventions that affect the
product quality is important, as it inevitably impacts the performance in terms of health, flexibility,
and/or circularity. WELL Certified™ introduces a wider interpretation of health and well-being, from
the viewpoint of happiness and sense-making, as addressed in Sections 3 and 4. Within the current
criteria such perspectives are addressed implicitly, needing further elaboration.

Categories 5 and 6 have close ties with aspects of co-design and feedback loops. Category 5 hints at
a specific part of the WELL Certified™ precondition ‘Integrative Design.’ Although WELL Certified™
concerns the whole building scale, the integration of stakeholders, such as owners, occupants, architects,
engineers and managers, during the establishment of a project, is thought no less relevant with regard
to specific infill products. Particular emphasis is put on engaging those stakeholders that are usually
kept out of the realization process or those only concerned with fragments of it. This taps into the
notion of interrelated (sub)systems that-in unison-define the quality of a whole building. This has
clear links with factors such as diversity and change, as put forward in Section 3 but also with more
straightforward aspects of logical sequences in which construction takes place. Category 6, on the other
hand, specifically addresses the need for increased monitoring of a product-and building’s-performance
beyond energy efficiency and thermal comfort. Underlying study points at aspects of materialization,
tying into health, well-being and flexibility potential. Post occupancy surveys may be appropriate
tools for this task.

Categories 4, 5 and 6 unveil a challenge, relating the interface between product and building
scopes. For example, regarding the question how far a product supplier’s responsibility stretches,
beyond providing guidelines and professional narratives. What type of monitoring schemes are
appropriate? And who coordinates alignment between the stakeholders in this stage? For the most
part, this remains a grey zone. Knowing that Category 2 primarily hints at material recovery and
reutilization after- not the influencing factors during- a functional iteration, this question relates mainly
to the realm of Categories 4, 5 and 6. Feedback loops and data-sharing between stakeholders could
inform maintenance, repair, reuse and upgrade cycles. However, it does not say a lot about actual
operational performance, defining and securing the required mechanisms at the right moment by
the right stakeholder. Guidelines, contracts, (dynamic) bills of materials and software could be
instrumental here, much in the way PRP® anticipates. In a PRP® trajectory, each intervention or
mutation needs to be registered, be it on the entry level of Item, Material or Resource (see Section 4.3).
The impact on health and circularity potential-relative to a baseline analysis-can thus be assessed in
real-time. This requires consistent coordination efforts, most likely conducted by a housing or facility
manager, in close conjunction with residents, suppliers and (maintenance) contractors. Although
first initiatives in this direction have started, more experience to build on is needed, particularly
regarding residential settings. It has to be seen which models and methods would succeed in Dutch
housing. The building sector in the Netherlands is different from, for example, the Japanese one,
where lifelong contractual relationships between stakeholders, such as housing suppliers, owners and
users, are more common [Geldermans, 2009]. Further research in that field should, amongst others,
deepen the link between business models from the supply side and value as perceived by the user.
These considerations also touch upon the application of ICT in homes. Attention for smart technology
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and building-information-modelling is increasing but innovations have a long way to go, certainly
concerning stakeholder-integration in the residential sector [78–80].

Finally, embodied aspects resonate in Categories 7 and 8. This was not part of the core scope
but integrated to address systemic relevance and threats of burden-shifting. Of course, many other
embodied aspects would apply here as well. A key challenge is related to whole-systems-quantification
regarding embodied energy and carbon: getting the functional unit and system boundaries right,
agreeing upon appropriate cut-offs. This will come back briefly in reflection on the test-case.

6.3. Lessons from the Test-Case

The test-case was focused on a relatively straightforward infill product. Closer examination,
however, paints a more complex picture. Following one product back to its intermediate goods and
subsequent raw materials shows an exponential increase in applied resources. And that is not the
end-or beginning-of the line, as most of those resources originate elsewhere. Confidentiality issues,
unknowns, as well as cultural barriers or ingrained habits pop up in this respect, as addressed in
Section 3. The C2C certified™ scheme offers a system to deal with this but this is not applicable to the
basic certification level that the given product complies with. That said, a generic characterization is
already valuable, pinpointing potential weak spots with regard to health issues or Circ-Flex potential.
In this case one can think of formaldehyde content and product composition. Regarding the former,
the product complies with all relevant norms, as indicated in Section 6.2. In accordance with the
regulatory framework, this does not take into consideration potential accumulated exposure. The latter
aspect (product composition) relates to the fact that it concerns a composite product, in which the
constituent materials together achieve new properties. Those properties reflect the core functional
aspects: room dividing, robust, low-weight, cost-effective, modular and such. The product is
not designed for circularity but is compatible with product and operational models that aim at
longevity and short reuse cycles: the product could be reused multiple times in similar applications.
The manufacturer mentions a predicted service life of 75 years but there is no evidence for this
available yet. Whether or not reuse actually happens is currently beyond the scope of the manufacturer
and depends greatly on what happens in between. How is the product treated? What finishing
layers or jointing products are used? This confirms the remark in Section 6.2 on the grey zone
between the scopes of product and building performance. Also with regard to mould issues, the
application of coatings are decisive factors. This needs to be internalized one way or another, in order
to capitalize on the circularity, flexibility and health potential. Finally, at the very end of its functional
life, the product can be downcycled. Being a composite product makes it impossible to do so in a
high-grade, renewable manner.

Concerning Categories 3–6, the product does not comply in the way that is intended in this
research or lack of data inhibits a proper assessment. This is in line with the regulatory framework
and organisational culture in the sector. Being engaged in the circular building discourse, however,
the supplier explores ways for improvement. This greatly correlates with and depends on shared
efforts between value chain partners, willing to play a pioneering role. At this moment in time,
developments in this direction are in their infancy. Lastly, it could be advocated that inherent benefits
of the product-and the supplier’s agility-are related with Categories 5 and 6. Particularly in regard of
the assembly and disassembly speed and a certain dimensional modularity flexibility.

Taking a brief look into the supply-chain learns that the companies that provide intermediate
goods are generally willing to think along with envisioned changes in the end-product’s performance.
However, they are bound by their own business models and internal processes. A peek into the world
of gypsum, for example, immediately shows the complexity here. Gypsum can be recycled over and
over again, only losing fractions of its initial quality along the way. In the test-case product, recycled
gypsum as well as flue gas desulphurization (FGD) gypsum replace virgin, natural gypsum for 100%.
FGD, coming from coal-fired power plants in Germany and the Netherlands, currently takes up 90% of
the share. Coal-fired power plants are gradually phased out between now and 2035. This necessitates



Sustainability 2019, 11, 1984 22 of 26

the exploration of new sourcing options, unavoidably also leading to virgin gypsum, to be shipped in
from farther away locations. This is but one example of interdependencies within a complex system,
touching upon (embodied) energy and climate, as well as circularity considerations.

7. Conclusions

Against the background of discussions around sustainability in the built environment, emerged
the concept of circular building. Circular building accentuates the closing and coupling of material
flows in order to establish effective and efficient resource cycles but can–in fact: should-not be isolated
from topics such as energy, climate, biodiversity, water use, social fairness, air emissions and health.
In that respect, the sustainable development goals, as developed by the United Nations, need to be
approached holistically [57].

The current traction of CB comes at a cost, namely that the market moves faster than science,
leading to a lack of evidence based knowledge and an overflow of interpretations and assessment
methods. Understandably, most of those assessment methods narrow down the scope to manageable
sizes, inherently simplifying the complexity. Among the aspects that are often underrepresented in
those methods are: actual performance on the product and operational level and the impact on-and
role of-residents. This paper took those two vantage points to explore the state of affairs and integrate
criteria that better reflect the needs in this respect, specifically aimed at Circ-Flex infill products and
health. This led to the prioritization and synthesis of criteria from three different assessment schemes.
The purpose of this exercise was not to compare existing tools but to synergize. It was shown that
these schemes have overlapping and complementary features that, in unison, provide a solid basis for
an integrated assessment of circularity potential and health impact of infill products. In total, eight
categories were defined, comprising eighteen criteria, that were tested on a non-bearing partitioning
product. This helped to validate the set of criteria, while simultaneously pinpointing specific areas
of intervention to match the product’s performance with Circ-Flex requirements. With regard to the
generic criteria, main insights that came to the foreground were related to the connection between
product performance and building performance over time. Specifically concerning orphan operational
processes, that is, those processes that are likely to play a decisive role but are insufficiently addressed
in current assessment methods. New mind-sets are required in the building and housing sector to
implement design and monitoring systems that integrate this grey zone. Product suppliers need to
internalize the use and reutilization stage or have it outsourced to another party, such as a housing
corporation or facility manager. Either way, it must become part of the client-supplier negotiation.
This ties into material composition and health aspects much more than is currently the case. Detailed-up
to date-material and product data are pre-conditional to unlock flexibility and circularity capacity.
And potentially damaging emissions associated with building products are inextricably linked to this.
Design, maintenance and upgrade cycles will thus get a different status in such a model and the role of
the building occupants will also change. Safeguarding a healthy interior over time, whilst securing
circularity potential in the future, necessitates reshuffling of value models and value chains, including
the binding agreements and multi-criteria learning loops that feed them.
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