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Abstract 

Coupling of life-cycle thinking with urban metabolism (UM) has the potential to improve sustainable urban planning. Current 
urban metabolism models are largely ‘black-box’ methods which do not reveal the non-linearity of feedback loops and complex 
internal dynamics of urban systems. The integration of system dynamics (SD) with UM based on a life-cycle thinking approach 
can provide built environment professionals (e.g. town planners, civil engineers, architects) with a ‘transparent-box’ solution for 
assessing the potential of urban projects, plans, and their implementation. This paper describes the development of a method that 
integrates input-output (IO) table flows with SD modelling to improve the completeness of UM assessments. This modelling 
framework can also allow for a ‘nested’ multi-region assessment which takes into account sustainability burdens consequent to 
urban system changes occurring elsewhere in the national and/or global economy. Pros and cons of this proposal are showcased 
by the illustration of a model for Lisbon. 
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1. Introduction 

Urbanisation is now an important focus for climate 
research. As populations grow and accumulate in urban 
clusters there is a need to understand the associated global 
warming impacts. Consequent to the growth of urban 
populations and the complexification of the urban energy 
system, urban planning and development must understand the 
quantitative impacts of energy management practices within 
urban boundaries [1, 2]. Climate impacts associated with 
urban processes can be understood linearly using a life-cycle 
thinking approach to UM [1]. The use phase of these 
processes - which occurs in cities - is the focus of traditional 
black-box UM methods, while the environmental impacts 
associated with resource extraction, manufacturing, and 
disposal phases often occur exogenous to the UM boundary. 

The problem remains to understand how the impacts 
associated with urban development processes interact with 
one-another over time [1, 2, 3, 4]. Urban dynamics has a long 
history of evolution beginning in the 1970s, for example [5, 
6], leading to modern modelling concepts [7] such as [8]. This 
paper reviews and addresses weaknesses of existing urban 
impact assessment methods and proposes an integrated 
transdisciplinary modelling framework applied to energy 
flows. A hypothetical example of Lisbon is used to illustrate 
the proposed modelling methodology and its potential 
application to urban planning and development. 

2. Methods 

This section explains three state-of-the-art methods [1] for 
modelling energy and carbon nexus, and their potential 
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contributions to an integrated method. Exploring these 
methods allowed us to design an improved carbon modelling 
solution for future applications to urban planning and 
development. 

2.1. UM and life-cycle thinking 

A valuable example for the collective modelling of urban 
processes required to capture the full life-cycle impacts has 
been proposed by Goldstein et al [9]. This is represented by a 
hybrid model (UM-LCA) built on traditional UM methods to 
enable life-cycle concepts such as life-cycle inventories and 
their indicators, hotspot analysis, and embodied 
environmental impact assessments [9]. UM-LCA could be 
used to estimate the global warming potential of a city. 
Despite being based on a holistic and pragmatic modelling 
system this UM-LCA framework remains limited in 
illuminating the ‘black-box’ of internal dynamic urban 
relationships [1].  

2.2. Life-cycle thinking and SD 

The state of the urban system depends on the causal 
relationships between the system elements [1]. As events 
occur, the state of the system changes. Onat [10, 11] proposed 
the integration of systems thinking with life-cycle 
sustainability assessment (LCSA). Onat and colleagues 
showed the need for interconnectedness in the modelling of 
sustainability impacts using causal loop diagrams to reveal 
dynamic relationships. In accordance with this rationale, we 
propose a method to link the UM-LCA approach with an 
urban sustainability model that considers complex internal 
dynamics, based on SD. 

2.3. SD and UM 

Studies [1, 3, 12, 13, 14, 15] identified this limitation of 
traditional black-box UM methods and proposed the 
integration of dynamic mathematical models for policy 
analysis to better understand the dynamic network of urban 
metabolic processes. In particular, Pincetl et al [3] proposed a 
‘second generation’ UM method coupled with SD. 

Each of these modelling frameworks offers advantages to 
illuminate the UM black-box. The advantages we promote are 
the consideration of dynamic causal feedback loops and 
embodied impacts associated with extended energy streams. 
By combining these features a better understanding of the 
carbon flows resulting from planning interventions and 
development policies may be achieved [1, 3]. Modelling the 
relationships between multiple elements which along multiple 
impact pathways and the network of causal links between 
them will reveal unanticipated trends. The proposed hybrid 
method is described below with reference to Lisbon’s specific 
energy streams. 

2.4. Scope and boundary 

The urban system is defined by the municipal 
administrative boundary, including the relevant endogenous 

elements to represent the carbon metabolism of Lisbon. The 
administrative boundary is chosen to reduce modelling 
complexity. Historical Lisbon UM studies have also used 
fixed administrative boundaries [16, 17]. This boundary 
definition presents a philosophical limitation because natural 
systems do not have political borders. In its favour an 
administrative boundary is more readily transferable between 
cities and allows for easier data collection. This is discussed in 
section 4.2. 

The temporal scale considers the long-term perspective. A 
long-term perspective is necessary in order to reveal the 
complexity with the black-box which is the research objective. 
The number of years, however, is left open for discussion. 

Three mid-point impact categories are chosen: global 
warming potential, particulate matter, and fossil resource use. 
These are chosen on the basis of the authors’ perceived 
relevance to urban energy use. Similarly, impacts associated 
with the end of life of capital goods such as transport 
infrastructure are not included. This is because of these goods 
are assumed to outlive the temporal urban planning horizon. 

3. Results and Discussion 

3.1. Simile software 

The SD model was built using the software Simile v6.8p2 
enterprise. Simile is a product of Simulistics and the basis of 
the Multi-scale Integrated Model of Ecosystem Services 
(MIMES) [18]. The model is composed of several sub-models 
which are system elements between which relationships exist, 
and it is these iterative relations which make the system 
dynamic. 

The model developed for this study is comprised of a 
Lisbon boundary model which contains the sub-models called 
Economic sectors, Energy types, Population classes, Age 
groups, Transport modes, and Carbon stores. Each sub-model 
is an array of instances which account for the multi-scales 
specific to each state variable.  

3.2. Economic sectors  

The Economic sectors sub-model consists of 1 state 
variable (Gross Domestic Product, GDP) and the 
corresponding Production flow. The number of sub-model 
instances is equal to the number of economic sectors. These 
sectors should align with the World Input-Output Database 
(WIOD) [19] from which the import data of fossil fuels are 
obtained. The Energy types sub-model is nested within the 
Economic sectors sub-model in order to assess the energy 
dynamics at a sectoral level. The Energy types sub-model 
consists of 1 state variable (energy used). There are 6 energy 
types (6 instances): petroleum, diesel, LPG, natural gas, 
electricity, and biomass (including biofuels). 

3.3. Population classes 

This sub-model deals with the relationships the day-time 
population has on urban land use and energy demand. There 
are 4 class instances according to income brackets: high, 
medium-high, medium-low, and low. These are defined by the 
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World Bank using Gross National Income (GNI) per capita. 
The Age group sub-model is nested within the population 
classes and contains one state variable (Population). There are 
4 age group instances: 0-14 years, 15-44 years, 45-64 years 
and over 65 years. A 4-by-4 matrix of population is created 
accordingly to allow for the population dynamics to more 
realistically influence economic production and workforce. 
Only the 2nd and 3rd age classes make up the economic 
workforce, while the 2nd, 3rd and 4th make up the potential 
vehicle driving population. 

3.4. Carbon stores 

There are 3 carbon storage instances: trees, buildings, and 
fossil fuels. Influences are defined between tree carbon and 
carbon emissions to air. Similarly, specific fossil fuel stores 
are influenced by transport modes using those respective 
fuels, and these fuels are substituted as mode shares change. 
Simile is easily adapted to include more types of carbon stores 
such as soil and food biomass but for the sake of illustration 
these are not pictured. 

3.5. Transport modes 

This sub-model deals with urban passenger and freight 
movements. It does not include aeroplane transport, ferries or 
shipping. There are 7 transport modes, 6 of which are 
passenger modes: human powered, light private passenger 
vehicles, taxies, buses, metro (underground rail), trains 
(including trams), and freight trucks. It is assumed that mode 
1 uses no energy, modes 2, 3, 4 and 7 use refined fuels (such 
as petroleum, diesel or LPG), and modes 5 and 6 use 
electricity. 

Trans-boundary car movements require detailed 
information in order correctly allocate their associated 
emissions to the urban system. Therefore, care should be 
taken to avoid the risk of over or under counting for 
commuter journeys. 

3.6. Land uses 

This Lisbon system has 20 land use instances, each of 
which has a carbon sequestration profile based on tree-cover. 
The urban system has a land use profile determined by the 
weighted average of land uses, which change according to 
influences from tree growth and urban population [19]. Land 
uses that do not have tree-cover are assumed to not sequester 
carbon from air and those land uses that do have tree-cover 
sequester carbon from air based on tree biomass per m2.  

3.7. Import flows 

Data from the Environmentally Extended Input-Output 
tables of the WIOD are used to account for the pre-use life-
cycle phases [19]. There are 44 country instances including 
Portugal, which in this model is treated like an exogenous 
trading relationship to Lisbon. Lisbon is subtracted from the 
rest of Portugal using Lisbon weighted GDP by sector [17]. 
The IO tables inform the import of energies which are used by 
the economic sectors and transport modes as it is assumed the 
no energy resources are extracted within the city. 

3.8. Impact flows 

The Impact flows module may contains a diverse number 
of mid-point and endpoint life-cycle impact categories 
required to characterise the resources and emissions 
associated with the use of energy and fuels in the model, e.g. 
global warming potential (kg CO2-eq to air), particulate 
matter (kg PM2.5 to air), and fossil resources (kg oil-eq). 
These are the variables used to assess and inform the potential 
urban planning decisions. 

3.9. Model infrastructure 

Fig. 1 shows, by way of recognisable icons, the 
relationships and the major elements which make up the 
proposed model. Fossil fuels and electricity enter the urban 
system from the left. The Lisbon municipal boundary encloses 
the internal energy dynamics which are represented by 
transport modes, industry and carbon stores, and their 
relationships with the urban population. Red arrows indicate 
positive influence and blue arrows indicate negative 
influences. The right side of Fig. 1 shows the elementary 
flows exiting the urban system into the natural environment, 
namely carbon dioxide to air.  

The Simile software allows for the flexibility necessary for 
building and re-building system dynamic urban models, 
which is an ongoing and iterative research enquiry by its 
interdisciplinary and transdisciplinary nature. 

 

 

Fig. 1. Key relationships of Lisbon's energy dynamics. 

4. Conclusions 

The integration of SD, UM, and life-cycle thinking may 
provide more realistic impact assessment results to aid the 
urban planning process.  

Aspects of novel planning concepts such as nature-based 
solutions, biomimicry and vegetecture, which provide co-
benefits, may utilise the integration of SD modelling to 
capture the feedback relationships between the elements under 
their influence. 

4.1. Future research 

This proposed framework may advance the understanding 
of cities’ complex internal energy dynamics, and stimulate 
future research on the integration of computational methods 
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for sustainable urban planning. In particular, there is a need to 
incorporate a more complete urban system which is not 
limited to the elements pertaining to energy and carbon. 
Dynamic systems have been developed to model urban water 
[21], housing [22], and these could be adopted by the 
proposed method. Including those elements would allow for a 
broader range of impact categories to be modelled. 
Furthermore, there is interest from planners to make such a 
model spatially-explicit whereby land uses not only influence 
the dynamics but do so with the inclusion of geographic 
information systems maps. Tree-coverage was used to inform 
the carbon sequestration flow, but it also influences the urban 
heat island effect and social impacts [23, 24, 25] which can 
reduce the urban energy demand for cooling, and therefore is 
potential to expand the model to link other urban systems with 
causal feedbacks between energy and other urban system 
elements [26]. 

4.2. Limitations 

The boundary definition is necessary for identifying which 
elements to model. However, the urban system is an open 
system, causally related to exogenous activities and therefore 
is limited by a fixed administrative model boundary. For 
example, transport flows transcending the administrative 
boundary are difficult to accurately allocate. An option to 
overcome this limitation is to make the system boundary 
spatially dynamic, whereby the perimeter is defined by an 
intensity of activities occurring within it, and as the intensity 
of those activities change over the execution of the model run, 
the perimeter responds by expanding or shrinking. An 
example of this is the Functional Urban Audit, which defines 
urban areas by connectedness of the built environment and 
commuter movements [27]. 

The model goes some way to illuminate the standard 
‘black-box’ UM, but does not inform the urban planner about 
spatially-specific local hotspots. Including spatially-explicit 
information would further complicate the modelling process 
while adding to the uncertainty of results. 

The impact categories are limited in their explanation of 
socio-economic factors. Not all three pillars of sustainability 
are considered. This risks shifting burdens to impact 
categories that are not assessed. Some social well-being 
factors may be loosely inferred from energy poverty and 
exposure to poor air quality. However, we see future research 
adding value by expanding the modelling scope to include an 
extensive profile of impact categories by introducing urban 
systems such as hydrological dynamics, housing dynamics 
with the afore-mentioned land use change dynamics. 
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