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ABSTRACT.   
The transition to low carbon urban systems will only be possible if it is supported by a 
transformation of the infrastructure systems that support our cities. This will require rapid and 
unprecedented roll out of low carbon technologies, relying on critical materials, the current stocks 
and future demands of which are not yet well understood. We develop a new approach to the 
analysis of material flows and resulting system vulnerabilities of low carbon infrastructure 
transitions. The work described is unique in its focus on infrastructure and its analytic approach, 
consisting of a dynamic framework that integrates material and technology design choices with 
system level infrastructure changes and vulnerability to critical materials. In this contribution, we 
describe the application of the enhanced stocks and flows model developed to analyse the dynamic 
material dependencies of low carbon infrastructure transitions, on the roll-out of low carbon 
personal vehicles in the Leeds City Region. 
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1. INTRODUCTION 
 
In 2008 the UK government set itself a legally binding Carbon emissions reduction target: 
reducing emissions by 80% compared to 1990 levels by 2050. This target cannot be met with 
the infrastructure we currently have in place – a massive infrastructure renewal and 
replacement program is required to build the low-carbon infrastructure needed to support a 
low-carbon economy. The need for this is recognised by a National Infrastructure Plan 
published by the Treasury in 2011 [1]. This plan outlines a set of approximately 500 projects 
requiring more than £200 billion in investment. Much of the low carbon infrastructure 
required includes technologies that, whilst they are not necessarily new, have not previously 
been used in infrastructure. These technologies often require very specific materials. The 
inclusion of these materials in infrastructure stock can foment a step change in their demand: 
where previously demand was driven by a materials usefulness to a relatively small industrial 
sectors, it is now needed to fulfil the demand of an infrastructure scale roll-out. Furthermore, 
the low carbon technologies for which these materials are required depend on very specific 
materials properties, making substitution of a different material at best difficult and at worst 
impossible. The picture we have is of an infrastructure transition that is critically reliant on 
the continuing supply of materials, the historical supply of which is much lower than the 
anticipated demand. 
 
In England, over 80% of the population now live in urban areas [2] – cities account for a 
large fraction of the total UK carbon emissions. There is significant potential for these carbon 
emissions to be reduced. A report published at the start of 2012 studied the economics of low 
carbon cities – focusing on the potential for the Leeds City Region (LCR) to reduce its carbon 



 
 

emissions [3]. The study included a large selection of carbon reduction measures possible in 
both the domestic and commercial sector. The headline findings for this report included the 
possibility of a reduction in carbon emissions by 2022 on 1990 levels by 12.9% using only 
cost effective investments and 18.8% when applying all realistic measures. The 
implementation of these measures would result in a significant change in the urban 
infrastructure of the Leeds City Region. 
 
The successful planning of a low carbon infrastructure must include an analysis of the risks to 
the successful completion of the transition. Our work concerns the risks posed by supply 
disruption to materials critical to low carbon infrastructure. We are developing a 
methodology that will provide both an assessment of the vulnerability of an infrastructure 
transition to critical material supply risks, and possible actions that could be taken to reduce 
this risk either at the level of policy interventions (for example in instituting recycling 
policies) or at the design stage where technology choices can reduce the impact of supply 
disruptions. In this paper, we describe the model that enables us to make an assessment of the 
material requirements for an infrastructure transition. The model is similar to the dynamic 
material flow model developed by Müller [4], which is used to calculate the material flows 
and in-use stocks of a material required to provide a certain service. Our model is also 
dynamic but it is unique in its focus on infrastructure provision as the service, and the 
inclusion of a hierarchical representation of infrastructure where the stocks and flows of 
technology objects are dynamically modelled as well as the stocks and flows of materials. 
 
To outline how the outputs of the model can lead to smarter planning of city infrastructure, 
we apply it to the adoption of electric vehicles for personal transportation in the Leeds City 
Region. By analysing the demand for Lithium, Cobalt and Neodymium (a rare earth metal) 
required for these vehicles, we can begin to discuss policy interventions that could reduce the 
vulnerability to supply risks inherent in using these materials. For a full quantification of the 
supply risks, factors such geopolitical stability of producer countries, environmental 
restrictions to resource exploitation, competition from other uses and geological availability 
must be analysed. This is beyond the scope of this paper and will be discussed in a later 
publication. Here, we will restrict ourselves to discussing only conclusions that can be easily 
drawn from the material demands generated by the infrastructure deployment. 
 
In the following section, we describe the model used to project material demands in more 
detail. Following this will be the result of applying this model to the adoption of electric 
vehicle technology in the Leeds City Region. Based on this, the next section will then draw 
conclusions about the general application of our methodology to the planning of urban 
infrastructure systems. Finally we discuss how the methodology will be further developed 
from here with a focus on providing useful guidance to urban infrastructure planning. 
 
 

2. AN INFRASTRUCTURE - MATERIAL STOCK MODEL 
 
Our methodology is aimed at the deployment of low carbon infrastructure. This transition 
involves the decommissioning or retrofitting of old infrastructure and its replacement with 
new. Low carbon infrastructure is often made up of technologies that are reliant on a material 
mix that is very different to the materials that make up the old infrastructure. From this 
material centred perspective, the transition is one where the current material embedded in in-
use infrastructure will be gradually replaced by a different mix of in-use material stocks. 
Traditional material flow models (also called stocks and flows models) are very useful in 



 
 

quantifying the stocks of material at various stages of their lifecycle through a system, and the 
flows between those stages, “equating flows at each reservoir within the system by 
conservation of mass” [5]. These models have generally been applied to the flows of a single 
material [6,7] for a single year. A dynamic extension of these models to account for the 
historic drivers of material flows and project their future dynamics has been developed by a 
number of researchers [8,9]. 
 
A particularly useful example for our purposes is the study of concrete in the housing stock in 
the Netherlands by Müller [4]. In this study, a model was developed that begins by 
quantifying the required provision of housing as a service for the population. Using an 
estimate of the material intensity of the housing stock, the in-use stocks, outflows resulting 
from demolition and inflows required for new-builds is then calculated. This setup is similar 
to the model we require: begin with a required provision of infrastructure service, determine 
the stock of technologies required to provide that infrastructure service and their material 
intensities, and finally calculate the material flows embedded within those technologies.  
 
 

2.1 Model Structure 
 
We develop an enhancement of the model of Muller with the addition of a more detailed 
representation of the technology that makes up infrastructure. As we are primarily interested 
in the dynamics of stock in their in-use phase, and to reduce the complexity and the amount 
of data we have to gather, the model is restricted to only in-use stocks. We do not include the 
material flows and stocks during the mining or manufacturing stages of the material lifecycle.  

 

 
Our model has three key features: 
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Figure 1: Model diagram showing the hierarchical structure of four connected stock 
types. 



 
 

1. Infrastructure Focus 
2. Dynamic 
3. Hierarchical 

 
The infrastructure focus is important because the scale of infrastructure is the reason we 
expect step changes in the demand for the materials we study. As we are studying a transition 
in infrastructure provision, the model must be dynamic to reflect the changing infrastructure 
stock the flows resulting from this change. Finally, we use a hierarchical representation of 
infrastructure for a more realistic description of the complex technological objects that can 
make up an infrastructure system. Technology objects are disaggregated into 'Structures' and 
'Components'. Structures are those objects that directly provide the infrastructure service, for 
example the electric vehicles that make up the electric vehicle infrastructure stocks. 
Components are the parts that make up those structures, such as the motors and batteries that 
make up a vehicle. The hierarchy of the four types of stock - infrastructure, technology 
structure, technology component and material - and how one is derived from the other is 
shown in Figure 1. 
 
The inclusion of the technology layer of the model allows us to take into account the varying 
lifetimes of different technology objects. For example, the average lifetime of a vehicle is 
around 14 years, whereas an electric vehicle battery is predicted to last for about 8 years. This 
disparity in lifetimes means that the battery will leave the in-use phase and need to be 
replaced before the rest of the vehicle. Furthermore, when the vehicle reaches the end of its 
life, the battery will be scrapped with it, regardless of its age or functionality. Only by 
including these two objects as two distinct, connected stock objects in the model can this 
complicated dynamic be accurately modelled. 
 
 

2.2 Stock Dynamics 
 
The potential for a disruption in the supply of a material does not depend only on the amount 
of material required but also on when it is required. This is why a dynamic forecast of the 
material requirement for an infrastructure transition is required. The model provides this by 
simulating the flows of the four types of stock described above (infrastructure, technology 
structure, technology component and material) through time. The model carries out these 
calculations in a top down order where at each time step, the stocks of infrastructure objects 
are set first; the technology structure stocks and flows are calculated next, followed by their 
components and finally the materials. We now outline how these calculations are made. 
 
The infrastructure stocks are determined by a scenario dictating the level of infrastructure 
service that will be required. This is the starting point for the calculation. The infrastructure 
objects do not refer to a physical thing but rather to the service that the infrastructure provides 
to society. There is no point in calculating or recording the inflows or outflows that maintain 
this level of service, as they are not flows in any physical sense and are not required for any 
further calculations. Infrastructure objects in the model are thus particularly simple, 
consisting only of a record of the required stock level over time. This stock level is 
represented by the variable; 
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where m enumerates the infrastructure type (there can be more than one in a single model 
run), i indicates that this is an infrastructure stock and t is time. 

 

 
 
Following the infrastructure stock, the stocks and flows of technology structures that directly 
provide this infrastructure service are calculated. An illustration of what drives the stocks and 
flows of these objects is shown in Figure 2. 
As indicated in the figure, the first step is calculating what the required stock level of this 
technology structure is. This is done via a technology mix variable that determines how much 
of an infrastructure service is provided by the selection of technology structures in the model. 
For example, the total wind power capacity of the UK might be 40% provided by onshore 
turbines and 60% by offshore, and this ratio could, of course, change over time. The 
technology structure stock level at time $t$ is thus given by 
  

𝐾!
! 𝑡 =   𝑀!,!

! 𝑡   𝐾!
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where 𝑀!,!

! 𝑡  is the time dependent technology mix variable that determines how much of 
technology structure 𝑛 provides the infrastructure service 𝑚. For the later calculation of 
component stocks and flows, the technology structure stocks must be disaggregated into a set 
of cohorts, i.e. 
  

𝐾!
! 𝑡 = 𝐾!

! 𝜅, 𝑡
!

!!

, 

 
where 𝜅 represents the cohort, or the deployment time of the technology structures. 
 
The flows of structures stocks are derived using the central relation that drives stocks and 
flows modelling - the balance equation: 
  

𝑑
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Figure 2: The stocks and flows of a technology structure indicating the technology mix 
driving the stock level and the lifetime function determining the outflows. 



 
 

where 𝐼!
! 𝑡  is the inflow and 𝑂!

! 𝑡  the outflow. By the definition of a cohort, inflows 
only go into the new cohort leading to the cohort disaggregated balance equation 
  

𝑑
𝑑𝑡   𝐾!

! 𝑘, 𝑡 =    𝐼!
! 𝑡 𝛿 𝑡 − 𝜅 −   𝑂!

! 𝜅, 𝑡 , 
 
where 𝑑(𝑡 − 𝜅) is the Dirac delta function which is equal to one only when 𝑡 = 𝜅 and zero 
otherwise. 
 
The model describes here is stock driven as we know the level of stock that must be provided 
and calculate the flows required to maintain this. Two effects cause an outflow of technology 
structures: the stock required to provide the parent infrastructure service is reduced or the 
technology stock has reached the end of its serviceable life. The outflow that occurs when a 
technology structure reaches end-of-life is calculated based on a lifetime function which we 
assume to be a Gaussian function where the mean, 𝜏, is the average lifetime of this type of 
technology structure with a standard deviation, 𝜎, i.e. 
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The outflow of each cohort due to this (henceforth called the lifetime outflow) is given by 
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where a scaling has been applied to account for outflows caused by stock requirement 
reduction and hence to prevent the stock level from going negative. Once this outflow has 
been taken from the stock level of each cohort, the balance equation is applied to determine 
whether an additional outflow or an inflow is required. Following this, the stocks and flows 
of this technology structure are known for a further time-step. 
 
The calculations of technology component stocks and flows follow the same pattern as the 
technology structures but with a further complication: a component can be decommissioned 
when the parent structure or component is decommissioned. This means that we need to keep 
track of not only which cohort a component belongs to but also the cohort of its parent. The 
stock variable of a component is thus 
 

𝐾!,!
! 𝜅!, 𝜅, 𝑡 , 

 
where 𝑚 is the parent object, 𝑛 enumerates the component type, 𝜅! is the parent cohort and 𝜅 
is the component cohort. The first of the two possible outflows – caused by the outflow of the 
parent - is calculated simply from the change in parent stock, i.e. 
 

𝑂!,!
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The other outflow, caused by a component reaching the end of its serviceable life, is given by 
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The total outflow is simply given by the sum of these two. The corresponding inflow is 
calculated again using the balance equation for stocks and flows. Material stocks and flows 
are calculated in a manner exactly equivalent to component stocks and flows. 
 
 

3. URBAN CASE STUDY 
 

3.1 Background and Scenarios 
 
A report by Gouldson et al. [3] titled "The Economics of Low Carbon Cities" published in 
early 2012 presented a comprehensive analysis of the potential decarbonisation of the Leeds 
City Region. It found that, including background trends such as economic growth and the 
decarbonisation of the national electricity system, a reduction of 42% in the carbon emissions 
of the City Region would be possible by 2022 with a 1990 baseline. Achieving this would 
require an investment of £13.03 billion but generate annual savings of £1.71 billion and pay 
back the investment in 7.6 years. In the transport sector alone, adopting only cost effective 
and cost neutral measures would reduce carbon emissions by 2.5% by 2022 compared to 
1990. The analysis shows that, whilst park and ride schemes and express bus networks are 
very cost effective, 

"the carbon savings available through the widespread adoption of hybrid and electric 
vehicles are by far the most significant." 

However, the adoption of these technological solutions is also most reliant on the reliable 
supply of critical materials. To quantify this, we apply the dynamic material flow model to 
the vehicle stock projected by the Leeds City Region (LCR) report. The vehicle stock model 
for the report is a scaled down version of the Committee on Climate Change (CCC) scenarios 
and includes a detailed disaggregation of vehicles into several types of internal combustion 
engine, hybrid plug-in hybrid and electric technologies used in small, medium and large 
vehicles. In this analysis, we include only these small, medium and large vehicles and not 
commercial vehicles. We further aggregate the vehicles into only four distinct types - internal 
combustion engine vehicles, hybrid vehicles, plug-in hybrid vehicles and electric vehicles - as 
this is the level of detail for which we have material content estimates. The rollout scenarios 
for these vehicle types developed for the LCR report are shown in Figures 3 and 4. The first 
shows a business as usual (BAU) scenario, the second is an ambitious scenario that assumes a 
realistic but rapid adoption of hybrid and electric vehicle technologies. 

 



 
 

 

 
 

 
 
 

3.2 Technologies and Data 
 
The technology objects that we include in the analysis are catalytic converters in internal 
combustion engine vehicles, hybrid vehicles and plug-in hybrids; Nickel Metal Hydride 
(NiMH) batteries in hybrids; Lithium-ion batteries (Li-ion) in plug-in hybrids and electric 
vehicles; and Neodymium based motors (NdFeB) in hybrids, plug-in hybrids and electric 
vehicles. The materials included are Platinum, Neodymium, Cobalt and Lithium. The 
hierarchical arrangement of all the stocks that are represented in the model is shown in Figure 
5. 
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Figure 3: Vehicles sold per year under the business as usual (BAU) scenario. Only 
internal combustion engine and Hybrid vehicles are used in this scenario. 

Figure 4: Vehicles sold under the ambitious scenario. This shows a rapid move 
away from internal combustion engine vehicles and the adoption of hybrid, plug-in 

hybrid and electric vehicles. 



 
 

 
Figure 5: Arrangement of stock objects in the model - vehicles are the infrastructure 

transition being studied; there are four types of vehicle technology structures; four types of 
components of these and four materials that make up the technologies. 

 
For the technology details, we primarily use the US Department of Energy report on Critical 
Material Scarcity [USDOE 2010], which investigates the material dependencies of hybrid and 
electric vehicle technologies. This report includes data on the material contents of a range of 
possible Lithium and NiMH battery technologies from which we take a low and high 
estimate. A summary of the material intensity data we use is given in Table 1 below. 
 
Table 1: Material intensities of components in the vehicle technologies that contain them. 

Component Material 
Intensity (kg/unit) 

Hybrid PHEV Electric 

Li-ion battery 
Lithium - 1.4 – 5.1 3.4 – 12.6 
Cobalt - 0 – 3.1 0 – 9.4 

NiMH battery 
Neodymium 0.2 – 0.3 - - 
Cobalt 0.44 – 0.66 - - 

NdFeB Motor Neodymium 0.3 – 0.6 0.3 – 0.6 0.3 – 0.6 
 
We furthermore use an average lifetime of a vehicle of four years and eight years for 
Lithium-ion batteries. All other components are expected to last for the full lifetime of the 
vehicle.  
 
 

3.3 Results 
 
With this data, we can project the required inflows of lithium and neodymium (for the sake of 
brevity we do not include the results for cobalt) for the adoption of electric vehicles in the 
Leeds city region. The results for Lithium are shown in Figure 6. The possibility of a lithium 
shortage has already been widely discussed in the literature [10,11,12,13,14]. Most of these 
studies take a global perspective - projecting future demand and comparing these to either 
expected global production or known reserves of lithium. Some reports look specifically at 
the importance of lithium for the UK or Europe. The results of these reports are, in some 
cases, contradictory: the British Geological Survey (BGS) give lithium a rating of 6.7 in their 
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Risk List [15], a 2010 report carried out by AEA Technology for Defra finds that lithium is at 
high risk with respect to both demand and supply [16] and the 2010 Critical raw materials for 
the EU report [17] does not include lithium in its list of 14 critical materials. 
 
The global production of lithium in 2010 was about 28,100 tonnes [18]. The UK directly 
imported 1,536 tonnes in 2009 [19]. Including indirect lithium imports (lithium imbedded in 
imported products and their manufacturing supply chain) almost doubles this number to 2,500 
tonnes [20]. Figure 6 shows that the roll-out of hybrid and electric vehicles in the Leeds City 
Region alone would between 50 – 220 tonnes to this.  

 

 
Figure 6: Lithium required for the roll-out of hybrid and electric vehicles in the Ambitious scenario. The BAU 

scenario has no adoption of technologies that contain lithium. The two lines represent the high and low estimates 
for lithium content per battery. 

 
A better sense of scale can be gained by looking at the per capita lithium consumption in the 
UK. This is currently about 40 grams; the LCR low carbon vehicle roll-out would increase 
this by about 20 – 70 grams in 2020 for people in the region (assuming a population of 3 
million).  
 
Another element that has gathered a lot of attention recently is Neodymium, one of the rare 
earth elements. Neodymium is a key material in strong permanent magnets and hence used in 
any application that requires motors or generators where weight is a constraint. This includes 
electric vehicles and low carbon electricity generation technologies such as wind turbines and 
hydro-power. Neodymium can be found near the top of most lists of critical materials: the 
BGS give it a rating of 9.5 at the top of their risk list [15], the AEA report for Defra [16] finds 
it at high risk with respect to both demand and supply and in the Critical raw materials for the 
EU report [17] rare earths are found to be most at risk of supply disruption. The most 
significant contributing factor to this consistently high risk ranking is that currently 97% of 
global production is in China. 
 
In 2010, world production of Neodymium was 22,000 tonnes [18] with the UK directly 
importing about 1,700 tonnes. The UK import number is hard to quantify exactly as only 
aggregated imports of rare earth metals are registered. The indirect imports are also likely to 
be significantly higher as, unlike lithium where the UK has significant manufacturing 
capacity, the primary use for neodymium is in permanent magnets, which are 
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overwhelmingly manufactured in China and Japan [21]. Figure 7 shows the Neodymium 
required for the BAU and ambitious scenario. The amount required for the BAU scenario is 
almost negligible. The ambitious scenario, however, requires between 60 – 120 tons of 
additional neodymium for hybrid, plug-in hybrid and electric vehicles. On a per capita basis, 
by 2021 this adds 20 - 40 grams to the ~5 grams currently consumed by the average person 
(including only direct imports). 
 

 
Figure 7: Neodymium required for the roll-out of hybrid, plug-in hybrid and electric vehicles in the Leeds City Region. Both 

the BAU and Abitious scenario are shown, thought the BAU scenario is barely distinguishable from the x-axis. 

 
The results for both lithium and neodymium show that the roll-out of low carbon vehicles 
alone causes a significant step change in the demand for these materials. Beyond simply 
giving the demand numbers for the year 2020 or 2021, however, our model produces a 
dynamic material demand forecast based on the roll-out scenarios. This includes not only the 
materials required for the sales of new cars but also the materials required for maintenance, 
for instance for Li-ion batteries which are expected to last for only about 8 years. The 
dynamic material flows calculated by the model could also be used to estimate the in-use 
stocks of materials, how these change over time and how they drive the outflow of materials 
due to scrappage of old vehicles. On the relatively short time-scale of this case study the 
results of this are not very interesting as the average lifetime of a vehicles is about the length 
of the scenario – too short to see significant outflows of materials occurring. Over a longer 
period, however, these outflows could be a significant secondary source with the 
implementation of recycling strategies. We now turn to a broader discussion of how the 
application of the model demonstrated on this case study could contribute to sustainable 
urban planning.  
 
 

4. URBAN INFRASTRUCTURE PLANNING 
 
The transition to sustainable cities in the UK will require a systematic roll-out of low carbon 
urban infrastructure. As we have demonstrated, the dependence of such infrastructure on 
critical materials can result in a step change in their demand. Such a step change is 
problematic in two ways. Firstly, if the urban infrastructure transition is mirrored by the 
global adoption of the same technologies, the step change in material demand will occur on a 
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global scale putting enormous pressure on the supply chain. Secondly, the transition causes a 
change in the mix of materials on which the city is reliant. This in itself will expose the urban 
infrastructure to risks that it has not previously faced. This second problem justifies 
integrating a supply risk assessment in the urban infrastructure planning process. 
 
A robust methodology for assessing the supply risks to infrastructure transitions must have 
some key components. To begin with, the process must identify the technology choices that 
can be made at the planning stage. Doing this for urban infrastructure is complicated because 
it reflects the complexity of urban systems. Infrastructure systems interconnect and are 
interdependent – choices in one technology will affect many others. Identifying the possible 
choices will allow an analysis of how these choices impact on the vulnerability of the 
transition to supply disruption – often leading to a trade-off between performance and 
vulnerability [22]. 
 
Once a set of scenarios including the adoption of suite of technologies is known, the materials 
requirements of those scenarios can be determined. This is the purpose of the model 
described in the previous two sections of this paper. The stocks and flows of materials in an 
infrastructure transition should be understood as well as possible to enable both an accurate 
understanding of the potential for disruptions, and the development of appropriate policy 
responses. A dynamics picture is essential to highlight not just where but when a supply 
disruption is likely and damaging. For instance, in the case of the lithium dependence of the 
Leeds City Region transport infrastructure, the demand rises only slowly at first but increases 
rapidly around 2020. It is at this point that the supply of lithium is most critical. Future 
developments of the model presented here will also make it possible to determine the impact 
of recycling strategies in reducing material dependencies. Encouraging the growth of a 
domestic recycling industry could considerably decrease the vulnerability of a low carbon 
transport transition once the in-use stocks of lithium are large enough. This strategy may be 
particularly relevant for lithium where the UK already has a battery manufacturing industry. 
 
Finally, a robust, and preferably quantitative, assessment of the vulnerability to supply 
disruption is needed. The model described in this paper would underpin this, allowing a 
dynamic definition of material criticality.  
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