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Stocks and flows modelling provides a useful 
framework to track the flows of individual materials 
into and out of a system of interest. This working 
paper discusses recent advances in the application and 
development of stocks and flows modelling.  

Recent developments to stocks and flows modelling 
have enhanced it policy relevance. These include; 
dynamic approaches to analysis looking at historical 
and potential future changes, relation of in-use stocks 
to services, application of S&F modelling to large 
infrastructure projects and analysis of the spatial 
distribution of stocks. 

In this project we will build on these developments 
using concepts of dynamic flows, stocks and flows of 
services and spatial analysis of stocks. We will extend 
the methodology to include consideration of the 
vulnerability of inflows to supply chain disruption and 
analysis of the properties of stocks to analyse how we 
could maximise the efficiency of resource recovery.  

Introduction 
This briefing note is the second in a series of concise 
summaries of key issues affecting the vulnerability of 
low carbon infrastructure transitions in the UK to 
critical materials. It contributes to the development of 
an enhanced ‘stocks and flows’ model of materials 
flows that includes measures of criticality1 and material 
properties. This enhanced model will allow users to 
evaluate the material barriers to achieving adaptable, 
low carbon infrastructure. 

                                                           
1
 Assessment of material criticality and its application to 

infrastructure transitions is discussed in Briefing Note 1 – 
Material Criticality 

This note is concerned with the quantification of the 
stocks and flows of critical metals and the application of 
the Stocks and Flows methodology to low carbon 
infrastructure transitions. It is principally concerned 
with non-energy minerals so does not consider fossil 
fuels. It covers the basic methodology developed by 
Yale Stocks and Flows Project [1], extensions that have 
been used and the potential application of the 
methodology to the study of low carbon infrastructure 
transitions. 

Stocks and Flows Methodology  
The basic idea behind Stocks and Flows (S&F) modelling 
is that the flows of materials and energy into a system 
are to a great extent determined by the stocks, the 
infrastructure, existing within the system. Existing 
infrastructure requires input flows for usage, 
maintenance and replacement, and results in output 
flows of wastes and emissions – even without any 
growth in the scale of existing infrastructure, which of 
course would require even more flows of resources in 
and out of the system. This basic idea is illustrated in 
figure 1. 

S&F can also be seen as an accounting tool, not for an 
entire system, like a city or a national economy, but for 
individual substances within the system. This is 
sometimes known as Substance Flow Analysis, and 
applied to heavy metals or toxic chemicals [2]. 

The methodology of stocks and flows also enables the 
quantification of the flow of an individual material into 
and out of a system of interest through the stages of its 
lifecycle [4]. It also allows us to quantify the material 
present at the various lifecycle stages at a particular 
time – the stocks. 



 

 

Sustainable Resilient Infrastructure 
Undermining Infrastructure: BRIEFING NOTE 2 
Stocks and Flows Modelling 

http://SuRe-Infrastructure.leeds.ac.uk 
BRIEFING NOTE 

Page 2 of 6 

 

In order to do this, we need to define the system of 
interest (which might be a company, country, region or 
the world) and a period of time over which flows and 
stocks are quantified (which is usually a year). The 
lifecycle stages of a typical metal and the associated 
metal stocks are shown in Figure 2. 

Metal stocks in virgin ore bodies are considered to be 
“natural stocks”, which are not usually considered in 

S&F analysis. In this project, natural stocks will be 
considered in the assessment of material criticality but 
not in the quantification of existing infrastructure 
stocks. Once extracted, materials are “anthropogenic 
stocks” that are processed, used in the fabrication of 
goods, provide a service and eventually discarded to 
waste management or the environment.  

Stocks usually move through processing and fabrication 

 

Figure 1: System diagram of material flow analysis, based on WRI Matthews et al 2000 [3] 

 

Figure 2: Generic Lifecycle of a metal [4] 
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stages rapidly but may stay “in use” for long periods. 
Stocks are a level variable (e.g. kg) and are usually 
defined as total mass of an element or material. Flows 
are defined as mass of an element or material per 
period of time (e.g. kg/year). 

There are two principal methods for analysing the 
anthropogenic material stocks; top-down and bottom-
up. These methods are described in more detail below. 
See also Kovanda et al (2007) [5] for a comparison of 
these methods.  

Top-down estimation 
Top-down estimations take information regarding flows 
and infer metal stocks in society by calculating the 
cumulative difference between inflow and outflow at a 
particular time. This can be represented as: 

   ∑(                )    

 

  

 

Where: 

St is the stock at time t 
To is time of the initial time step 
T is the current time step 
So is the extant stock at the initial time step 

Contemporary top-down studies disaggregate metal 
production into inflow of specific final goods categories, 
and then model discards by defining lifetime functions 
for final products groups (for example, [6]). However, 
this approach is dependent on inflow data, because 
historical outflow data is so poor. Attempts have been 
made to check results using a discard model (for 
example [7]) but significant effort is required to collect 
outflow data. The quality of the results of top-down 
approaches is usually limited by the quality of outflow 
data. 

Time steps are usually defined as a year, since most 
applicable data are available as annual flows. Spatial 
boundaries are usually defined at the country level or 
higher, because underlying data are only collected at 
the country level. This limits the spatial resolution of 
this approach. 

Bottom-up estimation 
The bottom-up method gathers information on stock 
variables to estimate in-use stocks and infer the 
behaviour of flows. This can be represented as: 

   ∑      

 

 

 

Where: 

Nit is the quantity of final good i in-use at time t 
mit is the metal content of in-use final product group i 
A is the number of different types of final goods. 

Time periods are usually taken to be a year, as a result 
of data availability. Spatial scale is often constrained by 
geopolitical boundaries, however it is possible to 
quantify sub-national stocks (and infer flows) because 
stock-relevant data are frequently available at lower 
levels of aggregation. 

This is the approach followed in the EU DG Environment 
“Large Infrastructure” project, where in-use stocks of 
road, rail and buildings were estimated from the length 
of roads and built-up surface areas for most countries 
in the EU-27 (see chapter 3 of the report “Large Scale 
Planning and Design of Resource Use” [8]).  

Example of results 
Results can be presented in a variety of forms to show 
the movement of materials through the system of 
interest. The Stocks and Flows Project at Yale [1] has 
developed a cyclical graphic which represents these 
flows effectively. An example of Nickel stocks and flows 
in Japan in 2000 taken from Reck et al 2008 [9] is 
presented in Error! Reference source not found.. 

Each process in the nickel lifecycle is represented by a 
box and any stocks held at that stage are represented 
by the adjacent number. The arrows show flows of 
nickel from one process to the next, with the width of 
the arrow proportional to the flow magnitude. Flows 
represent nickel metal but do not differentiate between 
nickel used as metal and that used in stainless steels or 
alloys. This can have significant implications at the 
waste management stage, when recovery options will 
vary significantly depending on whether it is nickel 
metal or an alloy. 
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Key: 

Mi – Mining 
S – Smelting 
R – Refining 
F – Fabrication 
Ma – Manufacturing 
U – Use 
W – Waste management and recycling 

Arrows from a process to the outer circle (or vice versa) 
shows a flow of nickel between Japan and a body 
outside the system of interest. In Error! Reference 
ource not found. this includes trading partners outside 
Japan (pale grey), the lithosphere (dark grey) and 
landfill (black). The circular depiction facilitates the 
analysis of flows within and between lifecycle stages 
and makes interactions with bodies outside the system 
of interest more transparent. 

The example shows that Japan does not mine any nickel 
but imports nickel concentrate for smelting, nickel 
matte for refining and refined nickel at the fabrication 
level. It has substantial fabrication and manufacturing 
processes and exports components from fabrication 
and products from manufacturing. Final products used 
in Japan are captured for recycling and scrap from end 
of life products, manufacturing and imported scrap are 
returned to fabrication. 

Dynamic analysis  
The approach to stocks and flows modelling described 
above is static and does not provide any information of 
historic trends or drivers, which could be used to 
analyse mechanisms of change and potential 
interventions. A number of researchers have 
investigated more dynamic approaches to analysis 
looking at long term changes in material flows. These 
have looked at both historical changes and potential 
future changes in material flows. 

Analysis of historical change in stocks allows for the 
quantification of the material metabolism of a system 
[10]. This can be used for examining and understanding 
past performance phenomena such as ageing and 
material demand patterns that can inform asset 
management in the future [10,11]. 

As an extension to historical analysis, stock dynamics 
have been used as an alternative method for 
forecasting resource demand and waste generation [8]. 
This physical accounting method offers advantages over 
economic methods, because it accounts for stocks in 
use as well as flows through the system. Muller (2005) 
[12] used a ‘bottom-up’ approach and independently 
varied population, stocks of services (see below for 
more information on the use of service as opposed to 
products), lifetime of services and material intensity of 
services to determine future stocks and flows of 
material. Historic trends were used to create low, 
medium and high forecasts for each parameter. The 
parameter forecasts were used in different 
combinations to explore the potential evolution of 
material stocks and flows and the sensitivity or results 
to variants and parameters. 

Extensions 
The traditional approach to stocks and flows modelling 
has been extended to increase its application to 
analysis of material flows. A selection of extensions 
relevant to this project is presented below. 

Stocks of service units 
Muller [12] relates material stocks in-use to services on 
the assumption that material flow analysts are 
interested in the services that materials provide, rather 
than the presence of stocks. The author recognises that 

 Figure 3: Circular nickel diagram for Japan [9] 
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these services can be realised by different stocks of 
good in-use, with different material composition and 
with different lifetimes. This allows the approach to 
modelling to take into account technology and material 
substitution effects. 

The overall stock of service units is driven by population 
and lifestyle (service units per capita). The demand for 
service units in use determine, in conjunction with 
lifetime, how many units need to be added and how 
many units are retired. The input of new service units 
determines, depending on technology (material 
intensity), how much material is needed. This material 
input is used, together with the lifetime, to calculate 
the material stock accumulation and output. This is 
represented in figure 4. 

This approach allows us to explore the relationship 
between the stock of service units in use (which are the 
appropriate functional unit to explore substitution 
effects) and material flows. Muller shows that the stock 
of service in use is a driver of material flows (rather 
than stocks being driven by flows). For example, once 

the stocks of service have reached saturation, there will 
be no need to induce more material flow. 

Dynamic stocks & flows of construction 
materials for large infrastructure 
Dominik Wiedenhofer also developed a dynamic S&F 
model for large infrastructures (road/rail/buildings) in 
the EU-27 based on growth rates of service units, in this 
case length of road and rail tracks of different types, 
and built-up area, and estimated lifetimes and material 
intensities of these stocks [8]. Similarly to D. Muller, he 
found that stock maintenance was a larger driver of 
material flows than stock growth. His bottom-up 
estimate of stocks and flows accounted for roughly half 
of the total construction mineral inputs to the EU-27 
(publication in preparation).  

Spatial distribution of stocks 
The spatial distribution of construction materials over 
time has been determined using 4d-GIS at an urban 
scale [11]. 4d-GIS was used to estimate the volume or 
size of different urban structures (buildings, roads and 
railways) at particular points in time. This physical data 
was multiplied by the intensity of a particular material 
in each structure. The material intensity varied over 
time, to account for changes in the configuration and 
nature of buildings and structures, and by structure 
type, to account for different construction techniques. 
This allows the authors to assess the change in material 
stocks over time and also to estimate where stocks are 
held, based on structure type and location.  

Analysis of temporal data for structure types allowed 
the authors to establish the demolition rate of each 
building type by the year built. This produces a 
demolition curve, which allows the authors to estimate 
the outflow from existing stock in the near future. The 
inclusion of spatial data allows urban planning and 
waste management planning to take local 
characteristics of urban metabolism into account.  

Application to this project 
This project aims to assess the change in the critical 
material vulnerability of an infrastructure system during 
the process of transition to low carbon infrastructure. 
The modelling approach needs to be adaptable to any 
type of infrastructure across a range of infrastructure 

 

Figure 4: Extended MFA system for service-related 
stock dynamics model [12] 
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scales. Therefore, it is likely that a bottom-up approach 
will be most relevant to avoid the limited spatial 
resolution of top-down approached. It may be 
beneficial to incorporate specific spatial data to allow 
identification of existing stocks. 

The dynamic nature of the infrastructure transition will 
require that the modelling system is equally dynamic 
and can take into account change in inflows, outflows 
and stocks over an extended period of time. It may be 
necessary to take into account historic stocks and flows 
to assess the quantity and property of materials in 
infrastructure that will be replaced. More important 
will be the model’s ability to assess the future stocks 
and flows of scenarios of new infrastructure. 

Two important concepts that are excluded from 
existing stocks and flows analysis are: 

 The vulnerability of future material inflows to 
supply chain disruption to determine whether there 
are any material constraints on future scenarios; and 

 The properties of the stocks in-use to analyse how 
changes in the 'quality' of the structural or 
functional materials in the system affect its 
vulnerability, how the maximum value can be 
extracted from obsolete infrastructure during 
demolition, and how new infrastructure can be 
designed for easy resource recovery at end of life.  

Addition of these concepts will be one of the principal 
objectives of the Undermining Infrastructure project. It 
will enable us to use Stocks and Flows modelling as a 
parallel, multi-element planning tool encompassing 
resource demand projections (and hence potential 
vulnerabilities) and material properties information (for 
effective re-use strategies). 

It would be interesting to explore how the concept of 
stocks and flows of service could be integrated into the 
modelling approach. To some extent this will be 
considered when defining new infrastructure in terms 
of its functional units (for example GW wind power, km 
travelled by electric vehicle). However, it might be 
beneficial to consider service units (for example energy, 
mobility) to allow for incorporation of technology and 
material substation. This may be a future extension of 
the current project but should be considered during 
model design to allow for this extension. 
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