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Natural resources and challenges 

The sustainability challenges we are confronted within the built environment are all related to the 

physical consumption of natural resources: energy, water, materials and top soili. Extraction and 

conversion processes lead to depletion and harmful emissions, and as such to challenges in terms of 

ecology, economy and equityii. 

The Matrix of Figure 1 depicts biodiversity, health effects and climate change as the most relevant 

ecological challenges we are confronted with, whereas scarcity of materials and natural resources is 

seen as primary economic challenges. In terms of equity, the unfair distribution of resources or the 

deliberate dumping of our toxic waste in countries with little regulations, stand out. 

 

Figure 1: Matrix Resources-Valuesiii 

 

Nearly Zero Energy? 

Energy has been the most popular studied resource, as we were – and are – confronted with the 

limitations of our fossil fuel dependency as well as its related sensitivity to price fluctuations and geo-

political interests. Subsequently, we are unpleasantly surprised by global climate change as a – highly 

likely – consequence of our large-scale fossil fuel driven economy. Thus far, solutions were sought in 

terms of: reduction of consumption, replacement by renewable sources and improvement of 

efficiencies i.e. steps we know as the ‘Trias Energetica’. The focus has gradually evolved from energy 

reduction via low energy buildings to ‘nearly zero energy buildings’. This approach aims at minimizing 

the negative aspects of building and living, instead of maximizing its potential positive aspects, and is 

as such hardly sustainable.   

                                                           
i Top Soil being the top few centimeters of fertile soil of which most of our food production depends. 
ii Equity in social context, like fairness. 
iii This matrix relates four natural resources to three value areas in our society: Ecology, Economy and Equity. Examples of non-sustainable 
developments are given as well as possible solutions. It can be used to structure discussions on sustainability ambitions. 
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Energy Transition 

At this moment (January 2016) the world population is reaching 7.4 billion: more than seven times 

the number of people at the start of the industrial revolution1,2. During the same timeframe the 

primary energy consumption per capita has nearly tripled3,4 whereby the pressure on our, nearly 

entirely fossil based, energy supply has risen 23-fold. This leads to the present 70 GJ per year per 

person3, the equivalent of 2.2 kW or 3 hp. Fossil fuels are being depleted, peak-oil has passed5 and 

the oil-addicted industry and governments are trying all they can to exploit their investments for yet 

a little longer or to savor the extra time of non-dependency from foreign nations.  

One of the most logical alternatives is solar energy: it is abundantly available and it provides us with 

5,000-10,000 times our current need4. Moreover, it is clean, free, and everlasting (at least for the 

foreseeable future). In approximately 10 years’ time Germany has installed a staggering 50 GWp of 

Photo Voltaic Power6, the peak equivalent of some 50 nuclear power plants, predominantly by 

(groups of) individual citizens. This is a substantial contribution of roughly one fourth of the required 

transition towards 76% renewable energy in 2030, and a fine example of the power of 

democratization of renewable energy generation as described by J.Rifkin7. 

 

Positive Footprint: energy 

If we were able to realize buildings that generate more renewable energy than they consume, 

including the initially invested ‘embodied energy’ in production, transport and construction, one 

could speak of a positive footprint (regarding energy). This is a real paradigm shift; the (group of) 

building(s) couldn’t be big enough from an energy point of view. It would be energetically beneficial 

to its environment and to society. 

 

Improvement Potential using Exergy 

To generate an energetic positive footprint we need to use the full potential of the available energy 
sources. At this moment that is not yet the case; the improvement potential of our energy 
conversions is still very big. 

The focus up until this moment was on reduction of the demand and on production from renewable 
sources. At a systems level the focus was aimed at energy efficiencies, only taking into account the 
first law of thermodynamics. This approach does not consider the quality of different forms of 
energy. It thereby fails to identify the true effectiveness of the used energy carrier in different energy 
systems, as well as its improvement potential. Exergy on the other hand , which is based on the 
second law of thermodynamics, takes into account the ideal conversion of one form of energy into 
another. Hence, exergy identifies the real thermodynamic performance and improvement potential. 
Burning high-value fossil fuels for low temperature heating is energetically highly efficient but 
exergetically disastrous. Simply analyzing energy flows can be very misleading indeed. 
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Resource Depletion 

Our fossil energy sources are exploited to the point of depletion while at the same time causing 

potential climate change. The other resources: water, materials and top soil face similar challenges. 

Water gets contaminated in different ways, sometimes to the point it can hardly be cleaned, several 

materials are expected to be depleted in the coming decades8,12,13, and of all available top-soil 

approximately 50% has been lost during the last 150 years9. Such linear processes – referred to as 

‘Take, Make, Waste’ by Michael Braungart and William McDonough in their book on Cradle to 

Cradle®10 – does not relate well to a finite planet, as illustrated in a striking manner by Annie Leonard 

in her video-animation ‘The Story of Stuff’11.  That is why circularity is key; we must be able to 

endlessly renew all our natural resources. Energy, water, materials and top soil should all be 

renewable or from renewable sources. 

Renewable energy is abundantly available in the form of solar energy. Some material resources are 

also renewable, but most resources used in industry and the built environment are non-renewable. 

The amount of those resources at our disposal is limited and we are consuming them in an 

irresponsible rate, like we have done with our fossil fuels. For example, at the current rate – taking 

into account a 3.1 % per annum increase – the existing world mineral reservesiv of Copper will be 

depleted by as early as 203512. Based on recent sources9,13, and given a general 2 % increase per year, 

one can calculate the depletion of about 12 elements, among which quite common ones such as: 

Lead, Tin, Chromium, Zinc and Copper, in the coming 20 years. 

 

Figure 2: Number of years left to depletion of mineral reserves (Luscuere after USGS8 and Diederen13. 

 

The depletion of resources is more imminent and potentially more disruptive than the fossil energy 

depletion alone. In this context circularity is a means to achieve renewability, whether it concerns 

water, top soil, materials or energy.  

 

 

 

 

                                                           
iv
 
A mineral reserve is defined as that part of a known mineral deposit that can be extracted legally and economically.
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A growing economy, or rather: a growing production of goods requires materials to answer to the 

increased demand. As most technological materials are finite, or only renewable in extremely long 

cycles, we have to find new abundant renewable alternatives alongside the extraction of materials 

from our waste. Furthermore, it is imperative that either the regenerative capacity of the earth 

allows for sufficient food production or that the production of renewable materials does not 

compromise food production. In a way, technological materials that are fully recyclable and capable 

of functioning in continuing cycles, can be considered renewable. Besides this, rare technological 

materials for which no substitutes exist, need to be reserved for specific essential processes. Harmful 

materials and recycling processes must be avoided, just as hybrid materials that thwart the 

continuation of pure – biological or technological – flows (‘monstrous hybrids’ as they are called by 

Braungart en McDonough). 

 

The relation between resources 

It is essential to consider the interrelationship of all resources. Systems for the production of energy 

from renewable sources also require materials, many of which are finite. Well-known examples are 

the so-called ‘Rare Earth Metals’. Water may be a carrier of materials as well, in the form of 

impurities or salt for example. All these materials can be ‘nutrients’ for a material’s cycle. For the 

biological material cycle a relation exists with top soil: the amount of renewable materials to be 

produced depends on the ecological capacity of the earth to (re)generate top soil. This underlines the 

importance to study the flows of energy, water, materials and top soil in an integrated way. 

 

 

Figure 3: Biological and technological material cycles in our society  
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From Recycling to Upcycling 

In the traditional linear economy minerals are mined, processed to products and finally wasted in 

landfills or burnt in incinerators. In order to safeguard the availability of these materials, not only for 

the coming decades but surely also for our progeny, we will have to come up with more effective 

ways to recycle or even upcycle materials. And there is plenty available: not in our mines but in our 

present and historic waste. 

The term ‘upcycling’ often gives rise to confusion. People argue this contradicts the second law of 

thermodynamics, in which entropy is ever increasing. The flaw in this reasoning is that it is not 

forbidden to feed energy to the system. In this way it is for instance possible to combine Carbon 

dioxide (mostly seen as a nasty climate change propelling waste product) with Hydrogen (originating 

from renewably powered electrolysis) to produce Methane. The latter is better known as natural gas, 

but now acquired through a very short-cycled renewable process as opposed to the fossil version.  

 

 

Figure 4: Sustainable energy powering the circular use of natural resources. 

 

Waste as a resource 

Waste does not exist in nature. As in the C2C® principle of Waste = Food10, all biological materials 

end up as intake for other processes. It is challenging to consider CO2 as a resource instead of a 

harmful greenhouse gas. Multiple applications can be found for CO2. In The Netherlands for example, 

where ‘waste’ CO2 from industrial processes is captured and used to fertilize greenhouse agriculture.  

The word ‘waste’ is thus an abomination; it disregards the value of the constituent elements and 

components. In order to understand the true value of this we should approach waste as a resource. 

One kilogram of gold can be obtained from 200-1,000 ton of ore, depending on the richness of the 

mine. In 2009 one could find one kg of gold in 3.3 ton of used mobile phones, alongside 471 kg of 

Copper, 10 kg Silver, 0.4 kg Palladium and 10 grams of Platinum14.  This richness in our ‘waste’ can 

best be described by using Exergy as a metaphor: the Exergy of waste or ‘Ex Waste’. 
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Ex Waste 

Following the mobile phone example: the constituent substances of a mobile phone represent more 

value than the caloric value of the device when burning it. The ways in which the substances are 

mixed, however, often withhold us from harvesting them in a clean and reusable state. For this we 

are dependent on logistics and technologies that may or may not be developed yet and will be 

continuously improved in the future. In the Ex Waste concept such contextual elements are taken 

into account. Ex Waste integrates different ‘embodied values’, depending on the inextricable 

preconditions surrounding the given waste stream. The Netherlands, for example, has an intensive 

livestock industry, producing more manure than can be processed naturally. Therefore manure is 

often seen in The Netherlands as an environmental burden or even a liability, whereas in 

neighbouring countries this manure is highly valued (in original or processed conditions). Ex Waste 

thus uses Exergy as a metaphor rather than an analogy, stressing the quality capacity, including 

thermodynamic principles but not solely depending on them. 

 

Widening the Concept of a Positive Footprint 

The positive footprint concept can be applied to all four resources in the Built Environment:  

1. Energy: Produce more renewable energy than the building consumes, including the 

embodied energy. 

2. Water: Install water treatment that allows for better quality water out as in.  

3. Top Soil: Take measures to produce more top soil during the anticipated life time of the 

building as what is destroyed during construction.  

4. Materials: Bring materials in a biological or technological cycle so that they can be reused 

indefinitely.  

 

Several energy positive buildings have already been realized15, albeit without taking the embodied 

energy thoroughly into account. Biological water purification techniques are applied successfully in 

modern office buildings16 and impressive results are achieved with regard to decentralized water 

purification in places with high concentrations of contaminants, such as hospitals17. Urban greening 

can help to form top soil, and phytoremediation interventions can help restore contaminated top 

soil18. At multiple continents large-scale eco-remediation operations are successful19. Biological 

materials are renewable by definition: they grow. Unfortunately this quality is sometimes 

undermined: trees are being cut down for wood at a far greater rate than they are replanted20. 

Furthermore, dramatic efficiency improvements can be achieved in the cultivation of biological 

materials by choice of different crops21 and harvesting techniques. Technological materials are 

presenting us with far more serious challenges. For several chemical elements the depletion of their 

mineral reserves will be reached in the two decades to come (see Figure 2). Without a doubt prices 

will rise significantly on the mid to long term, whilst showing large fluctuations due to uncertainties. 

The only sustainable way forward is developing improved recycling and upcycling techniques. 
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For each of the resources the question is if, and if so, how the objective of a positive footprint can be 

met. This provides us with some challenging research questions. The research projects proposed in 

the last part address some of the most urgent ones. 

 

New Business models 

As a result of the abovementioned developments new business is emerging: design and development 

of new materials, components and products – that can be restored in the original constituent parts – 

as well as processes and services that enable full recyclability. The associated investments lead to 

new business models in which the ownership of renewable materials remains with the producers. 

The materials are provided for a defined period of time in what is -in fact- a material lease 

construction. At this moment track and trace systems and ‘circularity passports’ are being developed 

to safeguard the value of materials now and in the future, for example in the Horizon 2020 project: 

‘Buildings as Material Banks’.  

 

Social values and health effects 

A positive footprint for energy, water, materials and top soil relates to the users of these resources: 

all of us, here and there, now and later. Therewith it is first and foremost a social transition. But what 

this entails exactly, and how to anticipate it, is not immediately clear. In any case, the social aspects 

will have to be better integrated in the business – or: value – models of the construction sector. An 

instrument such as ‘social return on investment’ can be of assistance to secure the social added value 

of propositions and interventions. This ranges from e.g. stakeholder involvement, procurement 

policy and transparency to health, comfort and environmental effects. Traditional market 

mechanisms and earning models fall hopelessly short in this respect. 

A lot is going on in this area, at various levels of interest. An example is the immense increase of 

decentralized generation of renewable energy, as described by Rifkin7, which is in fact a 

democratization of energy generation. While existing structures are based on centralized generation 

and decentralized consumption, the emerging trend is decentralized generation of a substantial part. 

This transition increasingly takes shape through local cooperatives, which simultaneously promotes 

the social coherence in a neighborhood.  

The fossil fuel industry encounters problems in terms of overcapacity, net problems and reserve 

capacity. Criticism from this industry regarding the ‘subsidization’ of renewable energy sources 

ignores the externalized hidden costs that the fossil fuel industry has forced upon society during its 

entire existence. An estimation of these costs can be found in a working paper from the International 

Monetary Fund: it amounts to 5.3 E12 $/y22,23,24. This equals 9 Million € per minute. 

Furthermore, many materials that are used in our society contain harmful substances for our health. 

Emissions in our indoor environments and exposure to fine particulate matter by industry, building 

activities and traffic shorten our statistical life expectancy25. Such observations may sound quite 

technical but are of course based on real life experienced negative effects (health problems, nuisance 



8 
 

in smell, noise, visual discomfort etc.). Reduction of these hazardous elements in materials is an 

important step towards a sustainable society. 

Functions and applications in the built environment are often very suitable to contribute positively to 

our living environment. For example, plants, trees and mosses are able to intercept or even 

metabolize fine particles, coatings exist with air cleaning properties, and harmful contaminants can 

be eliminated by positive micro-organisms26. 

Competition between energy and materials cycles on one hand, and the production of food on the 

other should be prevented at all costs. A well-known example is the production of 1st generation bio-

fuels, such as corn. Violent protests broke out in Mexico after the price of tortillas quadrupled in 

2007, supposedly as a result of increased demand for corn from the USA for bio-fuel production27. 

Such price increases will first and foremost harm the poorest people on earth, leading to famine and 

increased poverty. Circularity as a concept can help to avoid an increase in the demand for such bio-

fuels, whilst safeguarding sufficient arable land for food production. 

Other aspects related to the concept of circularity and renewability are potential positive effects on 

employment and working conditions on the one hand, and increased flexibility for building owners 

and occupants on the other. 

 

Beyond Sustainability and Cradle to Cradle® 

Some of the ideas in this paper are consistent with or inspired by ideas from Cradle to Cradle ®. Up 

until now no building can claim a C2C-status, but a building that has positive footprints regarding all 

four resources, while honoring the mentioned ecological, economic and social challenges will be well 

on its way.  
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Necessary Research 

Starting points 

1. All four resources renewable or from renewable sources. 

2. Effects on ecology, economy and equity as a framework to assess the desired developments. 

3. Urban development areas as testing grounds. 

4. Securing interdisciplinary collaboration. 

 

Research themes/questions 

1. Energy, materials and use of space 

Generation, conversion, transport and storage of renewable energy in the form of heat, electricity or 

specific energy carriers cannot be seen detached from the required materials, the invested embodied 

energy, the desired circular use, as well as the land use for these systems. Various scale levels should 

reinforce one another. 

 What is the relation between energy at building or district level? 

 What is the relation with circular use of materials? 

 Is the use of space a limiting factor? 

 What is the added value of an exergy approach? 

 

2. Water, top soil and food production 

Strong links exist between water use, water quality and food production. Urban Agriculture is 

increasing, for example by means of Building Integrated Greenhouses, whether or not in combination 

with fish farming. Mutually beneficial cycles are applied here, which reinforces surrounding business 

cases. 

 What is the potential of urban agriculture? 

 What can be the role of local water treatment systems? 

 What are the effects on biodiversity and top soil? 

 Does this development contribute to a better air quality?  

 

3.  Circular Economy 

Circularity, on its own, is not the objective, but renewability of natural resources is. For energy, the 

source should be renewable, such as: solar energy (including wind, tidal, hydro, and biomass) or 

geothermal energy. For all other resources renewability should be pursued by approaching all flows 

(water, materials, nutrients, and waste) as part of ongoing cycles, not as separate consumption 
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flows. Improved recycling or even upcycling will come with added energy input and costs. Processes 

that reduce value must be phased out or eliminated and process steps that increase value need to be 

added. 

 How can energy, water, food and waste flows work together and reinforce one 

another in a circular economy? 

 How can business models help to prevent future shortage of materials? 

 Which techniques/innovations and business models are best suited to facilitate a 

circular economy? (See also28 ). 

 How can we best take the lead in an international context? 

 How do the Internet of Things and Building Information Modelling fit in? 

 

4. Society 

Sustainable developments are influencing the way society evolves. Individual citizens are increasingly 

generating their own renewable energy, and technologies like additive manufacturing allow them to 

become material producers. A shift occurs from ownership to ‘usership’, promoting a sharing 

economy. The system of capitalism/socialism might change into one of communality29, reducing free-

market forces and the role of governments, whilst increasingly measuring success through acquired 

social capital. 

 How can we reduce negative health effects? 

 How can these developments contribute to livable cities? 

 How can we use this to stimulate creativity? 

 How to attract and integrate other fields of expertise, such as Psychology, Sociology, 

and Marketing? 

 How to use Big Data to our advantage whilst protecting our privacy (see also30). 
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