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Abstract: The building sector must rapidly adopt measures to reduce its significant contribution to  global 
environmental degradation. However, recent efforts in pursuing improved environmental outcomes in 
the building sector have disproportionately focused on building operation, overlooking the increasingly 
significant construction-related life cycle stages. The environmental effects associated with these life cycle 
stages are often locked-in during the design of a building. As such, design stakeholders must have an 
appreciation of design approaches that affect a buildings’ construction-related or embodied 
environmental flows. Design for Dematerialisation (DfD) is one such approach, however from the 
perspective of the building sector it is not well understood. Informed by research from allied disciplines, 
this study addresses this gap and ascertains that DfD is a design approach that targets reduced material 
and resource inputs whilst pursuing optimal functionality/performance. Implemented in early design 
decision making, DfD requires rethinking the whole building design from a life cycle perspective, 
questioning necessity, and testing alternatives to satisfy user need. Drivers and barriers affecting adoption 
are discussed, and the paper concludes with recommendations to further develop DfD research and 
practice – namely the need to empirically assess built examples of the approach to better support its 
implementation. 
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1. Introduction
Responsible for approximately 36% of global final energy use, 39% of energy and process-related CO2 
emissions, 12% of global freshwater consumption and 24% of raw material extractions (Bribián et al., 
2011; Crawford, 2011; Global Alliance for Buildings and Construction et al., 2019), the building sector is 
under pressure to adopt more environmentally responsible methods of designing, constructing and 
operating the spaces in which we live, work and dwell. Of particular concern to this sector is the impact 
of accelerating material extraction, production and use, which is inextricably linked to these deteriorating 
environmental outcomes (Worrell et al., 2016). Yet, despite these concerns, recent efforts have primarily 
addressed the environmental burden of buildings arising from operation, overlooking the increasingly 
significant embodied environmental flows that may occur during other stages of a building’s life cycle. 
Often determined and locked-in during pre-construction stages, these embodied effects 
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require stakeholders tasked with contemporary building design to be cognisant of sustainable design 
approaches that may contribute to their mitigation. 

One approach that may assist in the reduction of a building’s embodied environmental flows is Design 
for Dematerialisation (DfD). More commonly applied and researched in the fields of industrial/product 
design and industrial ecology, the approach is concerned with the reduction of material and resource 
inputs in the development of an industrialised product. However, from the perspective of the building 
sector, the DfD approach is not widely discussed in literature. Discussion regarding DfD’s conceptual 
foundations and how it may be operationalised in the building sector may lead to an improved 
understanding and adoption of DfD in this context. 

As such, the intent of this paper is to address this gap in research by presenting an understanding of 
the DfD approach as applicable to the building sector. Following an explanation of the importance of 
embodied environmental flows, this study elucidates DfD’s conceptual and operational aspects, drivers 
and barriers to its implementation, and future research opportunities to improve pathways to adoption 
and development of the approach. The outcome of this study forms a foundation for an ongoing doctoral 
research project, which involves the assessment of buildings demonstrating DfD in comparison to typical 
practice for a specific typology and context. 

2. The importance of embodied environmental flows
The life cycle of a building can be divided into embodied (i.e. covering the initial effects from the extraction 
of resources, material manufacture, their transportation, and building construction; and, recurrent 
embodied effects from the replacement and maintenance of its materials throughout its life), operational 
(i.e. encompassing the aspects of running the building such as heating, cooling, and lighting) and end-of-
life (i.e. including the recycling or disposal of the building and its components). The effects of the building 
sector on the natural environment are wide reaching in terms of environmental flows, encompassing 
areas of energy, water, emissions, and raw materials. 

To date, efforts to reduce the environmental effects of the building sector have disproportionately 
focused on a building’s operational stages – particularly operational energy, water and greenhouse gas 
(GHG) emissions – despite concerns regarding the increasing significance of embodied environmental 
flows (Stephan and Crawford, 2014; De Wolf et al., 2017; Stephan and Athanassiadis, 2017). As greater 
efficiencies in the operation of buildings are achieved via improved regulation and technology, the 
proportion of embodied environmental effects increases. Furthermore, demand for a significant 
determinant of embodied environmental flows – material and resources – has increased four-fold over 
the past half-century and will increase two-fold from current levels by 2050 (Allwood et al., 2011). Various 
studies have highlighted the significance of embodied environmental flows, including Stephan and 
Crawford (2014), who demonstrated that embodied water was the highest contributor to life cycle water 
requirements in their case study of an Australian suburban house. An extensive review of life  cycle 
assessment case studies by Röck et al. (2020) also revealed that improvements to operational energy 
demand resulted in embodied GHG emissions taking a greater share of life cycle GHG emissions, with a 
‘carbon spike’ occurring at building construction. As low- and net-zero (operational) energy buildings 
become more commonplace in contemporary building practice, this trend of embodied flows outweighing 
operational flows may be amplified. 

It is therefore essential that embodied environmental flows receive immediate attention, and those 
best tasked with this challenge are stakeholders who determine a building’s construction assemblies, 
materiality and finishes, such as designers. Building design stakeholders hold significant influence over 



357 

Design for Dematerialisation: an approach for reducing a building’s embodied 
environmental flows 

the embodied environmental flows of a building via specification, selection and detailing of material inputs 
(LendLease Building, 2020). When design stakeholders specify construction assemblies, materials and 
finishes, a wide variety of factors will typically be taken into consideration, including thermal performance, 
cost, physical properties, and context (Wastiels and Wouters, 2009; Crawford et al., 2010). However, 
embodied environmental flows – such as energy, water and GHG emissions – are often not considered. 
This may be due to environmental considerations commonly coming too late in the design process (Ding, 
2008) or inconsistent awareness and perceptions of the effects of embodied environmental flows 
(LendLease Building, 2020). Guidance on design approaches that target a building’s materiality may assist 
in enabling the development of a built environment that pursues reductions in embodied environmental 
flows. A number of design approaches may fulfil this objective – such as Design for Disassembly or 
prefabricated/modular design – yet DfD in particular warrants further exploration due to its potential 
benefits and limited existing research. 

3. Design for Dematerialisation
Much of the research focusing on DfD is not directly related to the building sector and is more 
concentrated in the field of industrial ecology – which broadly seeks to understand the material and 
energy flows through an industrialised system – and industrial/product design. Outside of the building 
sector, common examples of dematerialisation may be seen in everyday consumer products, such as 
vehicles and refrigerators (Petrides et al., 2018) and in fully digitised product-service-systems that serve 
consumer needs through digital rather than physical forms (Park and Yoon, 2015). 

When examining literature relating to dematerialisation it can be determined that the approach is one 
of many that may be applied as part of a broader sustainable design strategy. The most common theme 
to emerge from the literature is the reduction of resource and material inputs in the development of a 
product (Herman et al., 1990), in the production of a unit of economic output (Cleveland and Ruth, 1998), 
or in a service rendered (Smil, 2014). A secondary theme – the performance of the output – was also 
identified (Udo de Haes and Heijungs, 2007). 

Dematerialisation’s simple focus on material reduction bares strong similarities to principles of other 
concepts, such as resource/material efficiency and eco-efficiency. These two concepts – which seek to 
provide economically-competitive or economically-valuable products by efficiently using material and 
resource inputs (Allwood et al., 2013; Caiado et al., 2017) – have been researched and applied within the 
building sector. Several commonalities are shared between the concepts – namely efficient resource and 
material use – and Allwood et al. (2011) supports their linkage by positioning dematerialisation as a 
possible approach for contributing to a broader material efficiency strategy in product development, 
albeit noting that applications of dematerialisation require a different product design from the outset. 
Importantly, this small qualification highlights that dematerialisation is not solely concerned with 
incremental efficiency improvements or material substitutions within existing product systems or designs. 
Whilst efficiencies and substitutions may contribute to progress, efficiencies alone will not ameliorate the 
effects of the forecast increase in demand for resources, nor will material substitutions that may not 
account for indirect impacts. This is supported by Persson (1999), who notes that dematerialisation 
requires a fundamental re-think or re-design of the product system from project inception, employing a 
life cycle perspective so that all indirect and direct environmental impacts are considered and addressed 
from early stage design. In this sense, it is posited that DfD implementation requires design stakeholders 
to question the status quo when it comes to designing for user need(s) and managing environmental 
flows. 
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Limited literature specific to the building sector that makes mention of dematerialisation or DfD exists, 

although discussion of the concept is typically brief and in the context of broader sustainable design 
strategies. The themes discussed in this building-specific literature – reduction of resource or material use 
(Fernandez, 2006) and maintaining the quality of service or function (Sato et al., 2011) – align with those 
found in other disciplines. Therefore, in consideration of the literature that has been reviewed, it can be 
determined that conceptually, DfD is an early stage design approach that prioritises reduced material 
and resource inputs across all life cycle stages of a building, whilst not negatively affecting the building’s 
operational performance or intended function. 

Whilst a conceptual understanding of the approach can aid in appreciating its intent, the practicalities 
of how DfD may be operationalised in the building sector still remain somewhat unclear. Contributing to 
this lack of clarity is an absence of empirical assessments of the DfD approach in practice. However, 
despite this gap, some broad guidelines and actions for operationalising the approach can still be deduced 
from existing literature. Beyond the adoption of a life cycle perspective, Brown and Lutz-Carrillo (2009) 
suggest a tripartite strategy to guide DfD implementation: starting with evaluating the necessity of 
components or functions, then determining which aspects are obsolete, and finally, reducing and 
optimising what remains. Implicit in these guidelines is the questioning of client needs during early stage 
or pre-design work, and experimentation with alternative modes of delivering on these needs. Further to 
these guidelines, there are some broad actions that may be implemented as part of the DfD approach. 

Reduction via optimisation is the most apparent action that can be employed. Reductions via 
optimisation may be achieved by reducing overspecification, light-weighting or simplifying building 
systems to reduce material demand, specifying materials that are less energy/water/carbon-intense, or 
simply eliminating materials that may be superfluous to servicing basic user need. Opportunities to 
exercise simple savings have been documented by various authors investigating material efficiency or 
embodied environmental flows, including Moynihan and Allwood (2014), who found in a review of 23 
steel buildings that over 10,000 beams were not using more than half of their load bearing capacity. The 
elimination of internal finishes that are repeatedly replaced or refurbished over the service life of a 
building – such as paint or carpet – will also likely result in the reduction of a building’s embodied energy 
and/or water (McCormack et al., 2007; Crawford, 2012). Optimisation of a building’s structural design may 
also yield significant embodied GHG emission reductions, as demonstrated by Helal et al. (2020). 

Another action is more intensive functional use, which involves the reduction of a building’s physical 
footprint or floor area, incorporation of shared functions, and/or designing for multi-functionality and 
ongoing adaptability. With respect to floor area, researchers have demonstrated that life cycle 
environmental flows (energy, water, GHG emissions) rise with increasing house size (Stephan and 
Crawford, 2016), and Lausselet et al. (2020) found that a reduction of floor area per capita helped to 
mitigate embodied GHG emissions, thus presenting an environmental impetus for smaller dwelling sizes. 
Hertwich et al. (2019) also noted that this reduction in floor area or increased intensity of use may involve 
multi-purpose spaces and shared functions. However, despite these possible benefits, intensive use must 
be applied with caution: reductions should not impede the building’s ability to meet user need(s) or 
operational performance. Moreover, reduction of material quantity via physical footprint does not 
necessarily equate to a one-to-one reduction in embodied environmental flows – for example, a micro 
apartment may result in lower floor area per capita, however if that apartment is located in a tall building 
these savings may be offset by additional structural requirements. These qualifications suggest the need 
for DfD implementation to consider multiple areas of building performance concurrently and for the 
approach to be applied in the early stages of a building’s development, when 
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design decisions are at their most flexible and alternative methods of servicing user need can be 
experimented with or entertained by stakeholders. 

Similar to more intensive functional use is the next action: service life extension of the building and 
its material components. This is supported through the specification of more durable materials that 
require less frequent replacement or refurbishment and designing for a longer building service life. 
Extending the useful service life of a building can significantly reduce its life cycle embodied energy 
demand (initial and recurrent), as demonstrated by Rauf and Crawford (2015). To support the life 
extension of a building, the design should capitalise on the use of more durable materials and components 
and consider how future changes may be undertaken with minimal additional investment of material 
stocks. Such considerations may include flexible floor plates, floor-to-floor heights that can accommodate 
a variety of functions or designing to easily accommodate future additions or alterations. 

The last DfD action to be discussed in brief is reuse, recycling and repair. Reuse and recycling can occur 
across multiple scales: adaptive reuse of an entire building structure, reuse of specific components, or the 
use of recycled construction waste in the creation of a new product (e.g. recycled concrete aggregate). 
Repair (or refurbishment) occurs when the product is still in service and repair will extend its useful service 
life. Again, similar to the reduction of absolute material quantity via the micro apartment example 
previously mentioned, the reuse of products won’t necessarily result in a one-to- one reduction of new 
material production (Cooper and Gutowski, 2017). Each instance of reuse or recycling introduces variables 
– e.g. the extent of a structure being reused, the amount of reprocessing required to bring a reused
component to a serviceable quality, etc. For this reason, it is difficult to understand the magnitude of
effect these actions may have on embodied environmental flows in the absence of empirical assessments 
of the approach in practice. 

Although not an exhaustive list, Figure 1 summarises how these actions may manifest in built form. 

Figure 1: Examples of DfD actions that may be applied to a building 

4. Drivers of and barriers to Design for Dematerialisation
Despite limited literature relating to DfD from the perspective of the building sector, drivers of and 
barriers to the implementation of the approach may still be drawn from allied disciplines and the broader 
behaviours of the building sector itself. 
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Multiple drivers of dematerialisation are evident in literature relating to allied disciplines, including 
(but not limited to) financial, pedagogical, and psychological drivers. Herman et al. (1990), Fernandez 
(2006), and Whitmarsh et al. (2017) all note that reduction in production cost due to lower material or 
resource inputs is a factor driving dematerialisation in several industrial and manufacturing sectors. As 
cost is cited as a barrier to the adoption of environmentally sustainable design and construction practices 
in the building sector (Ahn et al., 2013), this may position DfD as an attractive, comparatively lower cost 
option for improving the environmental performance of a building. DfD may also be driven by pedagogical 
motivations. In the example of the Melbourne School of Design – housing the Faculty of Architecture, 
Building and Planning at the University of Melbourne – design decisions were made to leave key structural 
elements and materials raw or exposed to facilitate a built-pedagogy approach, whereby students use 
their physical environment as part of their learning activities (Russell and Cassell, 2015). Finally, 
Whitmarsh et al. (2017) specifically reflect on the psychological side of dematerialisation behaviours in 
their study, noting that dematerialisation may be motivated by individual or corporate social responsibility 
or pro-environmental values. 

Barriers to DfD were also identified including those relating to aesthetics, social norms, and the 
building sector’s inertia to change. With respect to aesthetics, it is important to appreciate that  buildings 
are creative expressions and their physical characteristics do affect our aesthetic appreciation of the built 
form (Fisher, 2016). Aesthetically, the application of some DfD actions – particularly in building interiors – 
results in a clear, identifiable style that may be incongruent with the aesthetic preferences of some 
developers, architects or building occupants (Fig. 2). This clash may hinder the application of DfD, as the 
conflict between aesthetics and pro-environmental principles – which has been identified in other areas 
of environmental design (Bothwell, 2011) – may prevent buildings from achieving their greatest possible 
resource reductions. 

Figure 2: Examples of buildings using selected dematerialisation strategies (L-R: Clarke, 2015; Suppose 
Design Office, 2020) 

An additional barrier to the practical application of DfD in the building sector is that as a concept it is 
fundamentally opposed to the norm of consumption and the desirability of high-consumption lifestyles 
(Whitmarsh et al., 2017). Ornament or architectural embellishment has been a means of expressing 
status, power or wealth for centuries, particularly in residential environments. Therefore, for those that 
consciously or sub-consciously demonstrate wealth and status through their physical environs, DfD may 
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not be an appealing design approach. Lastly, as articulated by Kibert (2016), professionals in the building 
sector are often slow to change, cautious in employing new approaches, and reactionary against new 
paradigms in practice. The limited built examples and minimal research exploring DfD in the building 
sector may result in the approach being viewed as experimental and novel, triggering apprehension from 
stakeholders considering its use. To overcome this, more information regarding the approach needs to be 
provided to industry, including demonstrations of DfD in practice and assessments of the approach that 
deliver data on DfD’s effect on environmental performance. Comprehensive assessments of DfD may aid 
stakeholders in developing trust in and understanding of the risks, trade-offs, and benefits that may 
emerge from its application. In the context of this study, it is important that such assessments 
demonstrate the effect DfD has on life cycle environmental flows, so that the significance of embodied 
effects on the building’s whole life cycle can be understood in context. 

5. Recommendations for progressing Design for Dematerialisation 
Existing building-sector related DfD research and practice is limited. Although this study demonstrates at 
a high level what the approach entails conceptually and operationally, further efforts can be undertaken 
to progress the approach. Two recommendations that will be discussed include regulating embodied 
environmental flows, and the assessment of DfD’s effect on building performance. 

As previously outlined, there has been a disproportionate amount of attention paid to the operational 
performance of buildings, and embodied environmental flows have been increasingly overlooked. 
Although this attitude is slowly changing, few jurisdictions in the world have measures in place for 
regulating embodied environmental flows or impacts, with European nations generally leading action and 
most policies focussing on embodied GHG emissions. If measures such as targets or caps to the embodied 
environmental flows of a building were implemented, a stronger impetus to pursue approaches such as 
DfD would exist and likely result in increased use. As DfD becomes more common in sustainable design 
practice, the principles and actions would inevitably evolve due to increased scrutiny and 
experimentation. 

Adoption of DfD would be further improved if another gap was resolved, that being the lack of data 
pertaining to the effect of DfD on the embodied environmental flows and environmental performance  of 
a building. DfD’s focus on material and resource inputs suggests that significant reductions may be gained, 
yet no empirical assessments of DfD in practice have been conducted. Although it is not unusual for novel 
sustainable building strategies to have not been scientifically quantified (Kibert, 2016), anecdotes do not 
provide a solid knowledge and evidence base to support broader adoption. Preliminary conclusions may 
be drawn from evidence examining specific actions that are associated with DfD – such as the effect of 
more durable finishes, reduction of steel via structural optimisation – however, as highlighted by 
Skillington et al. (2018), the isolation of performance criteria in building evaluation ignores the possible 
interactions between different areas of performance and the inherent complexity of buildings. Multi-
dimensional, whole life cycle assessments of DfD in practice may help clarify the reductions in embodied 
environmental flows that can be reasonably achieved, balance performance outcomes across multiple life 
cycle stages and/or performance criteria, and uncover indications of possible negative second order 
effects occurring. Known as rebound effects, these second order effects occur when the savings attained 
from one action are negated by increases in demand of an alternative action (Petrides et al., 2018; 
Santarius and Soland, 2018). The presence of rebound effects is an important consideration in 
understanding the performance of a building employing DfD, as stakeholders must be privy to the 
possible trade-offs that may need to occur during design. 
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Furthermore, it is important to note that an evaluation conducted to further understand DfD should be 
done as part of a comprehensive, comparative assessment that can contextualise the effect of DfD against 
what is deemed typical or standard practice for the typology under examination. By conducting a 
comparative assessment, the relative performance of a building employing DfD may be better 
understood. A future research opportunity exists in the demonstration of a multi-dimensional framework 
for comparative assessment – and the assessment itself – and this will be explored in forthcoming work 
by the authors. 

6. Conclusion
As the environmental effects from building operation are progressively improved, the share of commonly 
overlooked embodied environmental effects is increasing. This study presented an understanding of DfD 
as applicable to the building sector. It was shown that it is a potential yet under- researched approach for 
reducing the embodied environmental flows of a building. As discussed, DfD is a life cycle-based approach 
to building design that seeks reductions in material and resource inputs via the rethinking of the whole 
building in early stages of development. Its principles – question necessity, determine obsolescence, 
reduce and optimise the remaining – and actions – such as material reduction via optimisation, service 
life extension – have been discussed to demonstrate how the approach may be implemented. However, 
despite this further understanding, the question of by how much are embodied environmental flows 
affected by DfD in the context of a building’s whole life cycle remains unanswered. A comparative, multi-
dimensional, life cycle assessment between typical and DfD case studies may help practitioners 
understand the relative performance of a building demonstrating DfD, and more broadly, to better 
understand the approach itself. Only at the completion of such an exercise can the benefits, pitfalls, and 
trade-offs of the approach be confidently declared, and its potential to reduce the embodied 
environmental flows of a building be comprehensively understood. 
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