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‘Stocks and flows’ (S&F) modelling provides a useful 

framework for tracking the flows of materials within 

the built environment into and out of a system. In 

previous briefing notes, Roelich [1, 2] explained that 

two important concepts are excluded from existing 

S&F analysis: the potential for disruption of future 

material inflows, defined as material criticality; and 

the properties of the stocks in-use. This briefing note 

focuses on the latter, discussing how a more 

sophisticated analysis of the properties of the 

material, components and structures in the system 

can be used to identify more optimal substitutions 

improving technical performance, whilst reducing 

exposure to critical materials. 

Introduction 
This briefing note is the third in a series of concise 

summaries of key issues affecting how low carbon 

infrastructure transitions in the UK may become 

vulnerable to critical materials. It contributes to the 

development of a framework for the analysis of 

infrastructure transitions that includes; an enhanced 

‘stocks and flows’ model [2]; comprehensive measures 

of criticality [1]; and a process for assessing and/or 

optimising the properties of materials, technologies and 

components within the system. This framework will 

allow users to evaluate the material barriers to 

achieving adaptable, low carbon infrastructure. 

An unprecedented roll out of new, low-carbon 

infrastructure is expected in the UK over the next 40 

years [3]. Engineering interventions, such as partial 

substitutions (e.g. electric motors for internal 

combustion engines) will introduce new materials, 

components and technologies.  

This note is concerned the process of assessment of the 

properties of materials or components within the new 

low-carbon technologies, which will identify material, 

component and technological substitutions that reduce 

exposure to critical material supply chain disruption. It 

specifically deals with the system-wide and long-term 

implications of technological changes made to improve 

specific design criteria. It is principally concerned with 

elements, minerals and alloys associated with low 

carbon infrastructure and technologies. 

Local vs. global properties 
When it comes to design decisions and technology 

substitutions (materials, components, structures) the 

relationship between the properties that determine the 

selection or commissioning of an alternative design of 

technology – the local properties – and the wider 

consequences on the system – the global properties –  

is often overlooked. Specifically, the consequences of 

changing local properties on global properties that 

aren’t directly considered in the design (e.g. 

vulnerability, embodied carbon, material criticality) can 

have significant implications for the sustainability and 

resilience of infrastructure.  

The evolution of permanent magnet (PM) technology 

during the 20
th

 century (Fig 1) is an interesting example 

of local property-based design decisions. The change in 

PM design has been stimulated by a desire to enhance 

the local properties of the magnets; in this example the 

“maximum energy product” (BHmax), a property that 

measures the stored energy of a magnet. 

Improvements in magnet performance in the last 40 

years have been enabled by the introduction of new 

materials such as cobalt and neodymium into magnetic 
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alloys. PMs can now achieve BHmax values 300% higher 

than in the 1960s.  

 

 

PMs are also now required to operate at elevated 

temperatures in new energy-related applications such 

as electric vehicles and direct-drive wind turbines [5]. 

This new demand has led to substitution of materials in 

the magnet to enhance high temperature performance. 

For instance, in the latest PMs, some of the lighter rare 

earth metal (e.g. neodymium) is replaced by heavier 

rare earths such as dysprosium and terbium. The 

substituted material can be very expensive and make 

up the majority of the price of a magnet despite only 

comprising 3-10% of its composition.  

The availability of the rare earth metals – particularly 

the heavier elements – is an area of increased 

geopolitical concern, not least as a result of China’s 

plans for export restrictions [6]. There are also 

economic and environmental concerns over the 

extraction of these materials [7, 8]. Design choices and 

technology substitutions made to enhance local 

property performance do not generally consider the 

whole-system implications such as carbon cost, 

resilience, or risk to continued supply of material; i.e. 

global system properties. This major contributory 

aspect to the overall resilience of low-carbon 

infrastructure transitions is therefore unknown. Hence, 

our ability to adapt to future changes (i.e. socio-

economic or environmental) could be restricted by the 

technology choices made at present, leading to   

negative ‘lock-in’ effect.   

Comparing properties 

Traditional material analysis 
Traditional engineering analysis of the relationships 

between properties used for materials selection by 

designers is carried out using the Ashby plot [9]. This 

relates two local indices of interest, which may be 

either single properties (e.g. strength, density) or 

combinations that allow multiple properties to be 

analysed on the same plot (e.g. strength-to-weight 

ratio). It is generally applied to compare families of 

materials (Fig 2).  

 

Fig 2: Example Ashby diagram for material selection [10] 

This approach is extremely useful for narrowing down a 

wide choice from hundreds of materials to a few likely 

candidates for a given design, but it is difficult to 

identify formal functions between properties from this 

approach without further analysis using other methods. 

It is not generally used explicitly to assess how changing 

local design properties can affect the behaviour or 

properties of the system as a whole.  

Fig 1: Development of permanent magnets and energy density [4]  
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Global Properties analysis 
Some investigators have attempted to relate local 

design properties, materials enhancements or 

technology choices to properties that are likely to be 

important at the global system level. Along with 

economic or technical global properties of interest, 

environmental factors are considered in some analysis.  

The global property of interest is often an eco-indicator 

of some kind, either a single factor (such as global 

warming potential, embodied CO2 or recycled content) 

or composite indices derived from formal LCA studies. 

For example, Rydh and Sun [11] assigned materials to 

one of 17 groups or families according to their typology 

(ferrous, non-ferrous, composites, wood etc.) and a 

suite of local properties (density, elastic modulus and 

yield strength) and presented a series of Ashby charts 

of a composite “ECO’99” index vs. properties. However, 

only ranges of local properties and the corresponding 

eco-indicator were presented, rather than formal 

functional relationships between the two. Kobayashi 

[12] combined formal product design methodology 

with LCA-derived eco-indicators to produce “Factor-X” 

charts of environmental factors vs. product value 

factors, with the objective of optimising product 

performance whilst minimising environmental impact. 

The relationship between descriptors of the product 

function and technical parameters of the design was 

also discussed.  

The variation of embodied CO2 (EC) per unit of 

structural performance for steel, reinforced concrete 

and timber beams and columns as a function of size and 

loading (local variables for structural engineering 

design) has also been analysed [13]. The complexity of 

the relationships uncovered (Fig 3a) demonstrated 

clearly that any materials comparison based on simple 

consideration of EC per unit volume or mass is likely to 

be deeply flawed. It was also reported that concrete, 

which can vary over a wide range of compressive 

strength (its local property) from ~20 – 100 MPa, has a 

distinct optimum in the strength vs. EC curve at around 

50 – 60 MPa [14]. This analysis demonstrated that over 

a range of 256 standard mix designs for concrete, EC 

varied by a factor of almost an order of magnitude (Fig 

3b). There are considerable opportunities for 

minimising CO2 emissions afforded by knowledge of the 

local/global property relationship for structural 

materials.  

 

Fig 3:  eCO2 per unit of structural performance.  

(a.) Long structural columns. SC = steel UC section; CC (open) = 

high-strength CEM1 reinforced concrete, (closed) = 50 MPa CEM1-

PFA reinforced concrete; GC = glulam timber beams.  

(b.) Unreinforced concrete. Solid lines = CEM1 mixes, dashed lines 

= CEM1-PFA mixes. Points = data from the ICE database 

(Hammond & Jones, 2008). For more details see [10] and [11]. 

Elemental vs. composite assessment  
When it comes to the comparison of materials with 

widely varying compositions and properties (such as 

concrete, steel or plastics) most investigations treat 

these materials as effectively elemental; i.e. it is 

implicitly or explicitly assumed that each has a single 

set of local properties. For example, Muller [15] used a 

dynamic ‘stocks and flows’ model to examine the 

impact of past and projected concrete usage in the 

Netherlands on consumption of mineral resources and 

production of waste. In this work, it was assumed that 

the cement content of concrete has (and will) remain 

constant (at 11%) between 1900 and 2100; the effect of 

the wide variation in the local property of concrete (i.e. 

the compressive strength, which is used as a proxy for 

quality, durability and other properties in the 
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construction industry) was not examined. A similar 

approach was applied to the Chinese steel cycle [16], 

explicitly stating that analysis did not differentiate 

between steel, cast iron and all other iron alloys. These 

simplifications are of course necessary in order that 

initial analysis of complex systems can be made.  

A further point of discussion by Pauliuk et al [16] is how 

the change in the ‘quality’ of recycled steel (i.e. its 

content of trace elements) could affect the degree to 

which a closed steel cycle could be achieved, a point 

also recognised by those investigating anthropogenic 

chromium cycles [17]. Muller noted that changing the 

density of the concrete used in the analysis can affect 

the balance between the output of demolition waste 

and requirements for new construction [15]. Where the 

variation in local properties is explicitly acknowledged, 

it is normally presented either as a ‘data sheet’ with 

ranges of properties (especially for plastics), rather than 

as an analysis of the fundamental relationship, or 

particular metallic alloys are presented in elemental 

fashion [18].  

Enhancing property analysis 
There is a need for a more robust analysis of the wider 

implications of local property-led design decisions; 

material criticality is one example of this. Studies 

concerned with scarcity, criticality or vulnerability do 

not typically address the properties issues at all 

although they may distinguish between substitutions of 

elemental choices; for example Graedel’s criticality 

index includes both elemental substitution potential 

and the supply risk of the substitute element [19]. No 

previous work has analysed how criticality might vary at 

different levels in the system e.g. materials, 

component, technology or infrastructure and this 

briefing note attempts to address these extensions by 

proposing a new process of assessment. Explicit 

analysis of the relationship between local and global 

properties would support system optimisation and 

avoids introducing new vulnerabilities into the system. 

Investigators often allude to this in their narrative, even 

if not including it in the formal analysis.  

Variables that relate directly to specific design criteria 

(e.g. tensile strength, magnetic energy product, or 

mass) are defined as the local primary properties. 

Designers optimise these properties at the local level in 

order to effect improvements in a specific property of 

the whole system (e.g. capital expenditure, running 

costs or system capacity) defined as the global primary 

property. However, it is also recognised that changing 

local properties will have an effect on global properties 

other than those directly considered in the design (e.g. 

embodied carbon, or vulnerability to material criticality, 

defined as global secondary properties). Global 

properties will also change according to local properties 

that are not necessarily central to design, defined here 

as local secondary properties; importantly, these will 

be strong or weak functions of the local primary 

properties.  

To understand how local property changes affect the 

global system, translational properties – the subset of 

local properties that link local and global properties – 

must be identified and evaluated (see Fig 4). This local-

translational-global framework provides opportunities 

to reduce the impact and improve the performance of 

the system by developing an understanding of the 

trade-offs between properties at different levels.  

 

Fig 4. Extended properties analysis: Translational properties allow 

primary and secondary properties to be related to the global 

system properties (primary or secondary). 

The analysis is not restricted to the materials level. At 

the component or technology level, the relationship 

between the local primary properties dominating the 

design and the global properties of the system is still of 

interest. For example, the engine (local) for the vehicle 

(global) will be chosen on the basis of the relationship 

between: the global primary properties of speed, 

acceleration and economy; local primary variables such 

as power output and torque curves; translational 

variables including mass and rotational inertia. Fuel 

consumption per unit power output would be both a 
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primary and translational property. At the component 

or technology level, however, property relationships 

will not generally be continuous functions as at the 

materials level, but discrete values for each artefact. It 

follows that property relationships have to be tracked 

through the materials, component, structure and 

technology levels of the system in order that the effect 

on global variables of interest can be properly 

determined. Interventions at any level will cascade in 

both directions and modelling the local-global property 

relationships could avoid unintended consequences.  

Application to this project  
Low carbon infrastructure transitions will require a 

variety of technology choices; however the exact suite 

of technologies (structures, components and materials) 

chosen may be determined based on a limited range of 

design/performance criteria. As a consequence, global 

system properties could be compromised, leading to 

unanticipated negative consequences. The purpose of 

this workstream is to develop a process to support 

analysis of the implications of local property changes 

(generally manifested as technology substitutions) on 

material criticality – in this sense a translational 

property – that will contribute to determination of our 

global property of interest; system vulnerability.  The 

process will be useful for a number of purposes: 

Avoiding negative system substitutions: when 

considering the translational/global property, system 

changes can be determined to be either: 

• positive; reducing the global system 

implications i.e. material criticality and 

vulnerability whilst maintaining or improving 

local properties;  

• or negative; increasing criticality whilst 

maintaining or decreasing local properties (see 

Fig 5). 

In this respect, it is possible to identify trade-offs 

between properties of different technological choices 

or pathways ensuring a more sustainable and resilient 

system. Similarly, within each substitution, continuous 

functions can be explored for each 

technology/component (or material intensity), to 

identify more subtle design changes on material 

criticality (Fig 5 insert) and identify thresholds between 

performance functions (local properties) and 

vulnerability.   

This particular aspect is crucial for reducing primary 

resource consumption by functionalising the 

local/global property relationship. For instance, if 

alterations to improve an existing technology reduce its 

recycling potential by a significant amount, the option 

to use the lesser technology and gain the recycling 

benefits may be more viable. 

 

Fig 5. Schematic property analysis. Assessment of the local 

property and translational/global system properties of numerous 

technology substitutions    

Informing strategic decisions: if the implications of 

utilising rare-earth metals in high powered electrical 

applications (magnets, batteries, etc.) were known 60 

years ago, would designers have developed 

technologies that risked such complicated supply 

constraints? This project aims to combine properties 

analysis with the enhanced stocks and flows analysis to 

provide powerful insight into the vulnerability of future 

infrastructure transitions. 

An improved understanding of the relationship 

between local and global properties could improve low 

carbon infrastructure transitions through: identifying 

and promoting sustainable and resilient technology 

substitutions and designs; reducing negative lock-in 

affects associated technologies; focusing investment 

opportunities in recycling/re-use/refurbishment and 

secondary resource extraction within UK infrastructure; 

reducing material criticality.  
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A unique application of this approach will be the 

capability to assess properties at multiple levels 

through a more detailed understanding of the 

relationship between local and global properties. 

Although we focus on material criticality (as 

translational) and system vulnerability (as global) as our 

properties of interest, they are not exclusive to the 

approach and the consideration of other properties 

could also be used to enhance the system performance. 
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