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Abstract. Buildings and infrastructure assets represent a significant share of
human anthropogenic material stocks, energy use, and related environmental
Sflows, including greenhouse gas emissions. Current methods for assessing built
stocks at a city scale are neither detailed nor comprebensive enough, however.
This piece provides and discusses requirements for digital models to quantify
the combined life-cycle environmental performance and material-flow analysis
of urban built stocks. It justifies why these models need to be bottom-up,
parametric, multi-scale over the life cycle, and spatially explicit, and why they
need to integrate uncertainty. The potential and limitations of such digital
models are discussed.
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Résumé. Les batiments et infrastructures représentent une gmﬂde partie

du stock matériel anthropogénique, de [utilisation d énergie, et des flux
environnementaux associés. Cependant, les méthodes actuelles d évaluation
des stocks batis 4 [échelle urbaine ne sont pas assez détaillées et holistiques. Cer
article présente et discute les exigences des modéles informatiques qui visent 4
quantifier 4 la fois la performance environnementale sur lensemble du cycle
de vie et les flux de matiére des stocks batis urbains. Ces modéles nécessitent
des approches botcom-up, paramétriques, multi-échelle sur le cycle de vie.

1ls doivent aussi étre spatialisés et intégrer les incertitudes. Ces nécessités sont
Justifiées et discutées dans [ article, ainsi que les potentialités et les limites de ce
type de modéles informatiques.

Mots-clés. évaluation de cycle de vie - métabolisme urbain - analyse des flux de
matiére - bitiments - performance environnementale - flux environnementanx
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Introduction

Cities are responsible for more than half
of all anthropogenic energy use (Grubler
et al., 2012) and associated greenhouse
gas emissions (IPCC, 2014). In addition,
construction materials within urban
buildings and infrastructure assets also
represent more than 50% of all accu-
mulated material stocks extracted by
humans (Krausmann et al., 2017). The
extraction, processing, transportation,
maintenance, reuse, recycling, and ul-
timately decommissioning of these ma-
terials require significant amounts of
embodied environmental flows, includ-
ing energy and water. With the climate
emergency upon us (IPCC, 2018) and
dwindling finite resources (Wiedmann
et al., 2015), it is critical to realistically
quantify and map available materials in
urban built stocks and the associated
life-cycle environmental flows needed
to produce construction materials, op-
erate and maintain buildings, and reuse,
replace, recycle, and decommission
construction materials. It is therefore
critical to understand the resource flows
and environmental effects resulting from
constructing, maintaining, and operating
buildings and infrastructure assets (built
stock) to address the challenges posed
by climate change and finite resources.

While there has been significant re-
search conducted on the life-cycle
assessment of buildings (Chastas,
Theodosiou, & Bikas, 2016; Chau, Leung,
& Ng, 2015; Dixit, 2017, 2019; Vilches,
Garcia-Martinez, & Sanchez-Montafies,
2017) and on the material stocks and flow
analysis of cities (Lanau et al., 2019; Ma-
strucci, Marvuglia, Leopold, & Benetto,
2017; Mirabella, Allacker, & Sala, 2019;
Petit-Boix et al., 2017), we do not yet have
the necessary tools to provide a com-
prehensive analysis conducted at scale.
Currently, we either have detailed and
holistic analyses conducted at a building
scale (e.g., Birge and Berger (2019), or
generally rough analyses conducted at
the neighbourhood or urban scale (e.g.,
Lausselet, Ellingsen, Stremman, and
Brattebge (2019). While significant efforts
have been deployed in recent years to
combine a high level of detail with a high
coverage of environmental flows (e.g.,
Stephan and Athanassiadis (2017), there
is still a significant amount of research
required to achieve both and thus ena-
ble a high environmental performance of
built stocks.

This paper highlights the main features
digital models would require to effec-
tively quantify material stocks and flows
and associated life-cycle environmental



flows of urban built stocks. This paper
is by no mean exhaustive and purposely
does not focus on the details due to the
lack of space. For more detailed infor-
mation on the topic, readers are referred
to Stephan, Crawford, Bunster, War-
ren-Myers, and Moosavi (2022).

Digital models for material-
flow analysis and life-cycle
environmental performance

In order to quantify environmental per-
formance in a meaningful manner and
ensure that environmental effects are
not simply shifted across time or scales
of the built environment, digital models
need a significant level of sophistication
and complexity. They need to move clos-
er to what Rosnay (1975) called the ‘mac-
roscope’, a tool that enables us to look
into complex systems. The key features
digital models for urban environmental
performance need are detailed below.

Theoretical framework

Digital models that aim to replicate built
stocks in cities need to adopt a ‘nested
systems’ approach (Walloth, 2016) to
represent the very nature of built stocks,
i.e., construction materials (e.g., steel)
manufactured into construction ele-
ments (e.g., steel rebar), joined into con-
struction assemblies (e.g., reinforced
concrete slab) placed into built assets
(e.g., apartment building) situated in a
neighbourhood (e.g., Soho) located in
a city (e.g., London) within a region or
country (e.g., the United Kingdom). This
enables a model to represent material
flows and quantify environmental per-
formance at different scales while taking
into account the interrelationships be-
tween these scales.

In addition, digital models need to be dy-
namic in order to be able to quantify the
evolution of parameters over time, espe-
cially with modern society’s fast rate of
change and the upcoming decarbonisa-
tion of energy systems. Static modelling
approaches over the long life-span of
built assets simply do not enable a re-
alistic assessment (Su, Zhang, Zuo, Li,
& Yuan, 2021).

Combining a nested approach across
the scales of the built environment with
a dynamic temporal approach enables
broad spatio-temporal coverage of built
stocks which needs to be combined
with a life-cycle approach (ISO, 2006) to
account for life-cycle stages of nested
components (e.g., a construction mate-
rial) that occur outside the spatial sys-

tem of the city (e.g., the extraction of iron
ore from a mine in Western Australia).
The resulting theoretical framework for
effective digital models aimed at urban
environmental performance is depicted
in Figure 1.

Scope

In order to quantify the life-cycle ma-
terial and environmental flows of urban
built assets, a range of indicators need
to be considered. Elementary flows of
material quantities, energy use, water
use, greenhouse gas emissions, and
waste are considered the most critical
environmental flows to consider. Togeth-
er, these flows represent the dominant
majority of all associated environmen-
tal effects, as demonstrate by Oregi,
Hernandez, Gazulla, and Isasa (2015)
for energy alone. The material stock in
existing and future buildings and infra-
structure assets needs to be quantified,
alongside material flows associated with
the replacement of materials. Embod-
ied environmental flows associated with
the production of construction elements
and assemblies as well as the operation-
al flows associated with the use of built
assets (e.g., heating an office building or
lighting a street) need to be considered.
At the urban scale, the environmental
flows associated with the mobility of res-
idential buildings’ occupants need to be
considered to provide a more compre-
hensive approach (Bastos, Batterman, &
Freire, 2015). This broad scope enables
the capture of an extremely broad envi-
ronmental profile of built assets and their
occupants, consistent with the theoreti-
cal framework detailed above.

A bottom-up approach

A bottom-up approach to modelling built
assets is critical in order to enable as-
sessment that provides a sufficient level
of detail. Questions such as, “where is
this material located within a building?”,
“When was it installed?”, “What is the
power rating of the gas boilers in that
train station main terminal?” are es-
sential to allow a detailed assessment.
Digital models at the urban scale that do
not consider the smaller scales or simply
use material intensities per surface area
(e.g., Tanikawa and Hashimoto (2009)
to characterise buildings fail to provide
the information required either for robust
modelling or for assessing the built stock
for urban mining or other circular-econ-
omy approaches. This information in-
cludes, but is not limited to, the bill of
quantities of materials, elements, and
construction assemblies, specifications
of building systems, construction sys-
tems used within the building, the basic
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geometry of the building, and the year of
construction (and ideally of subsequent
renovations).

Parametrisation

In addition to a bottom-up approach,
digital models need to be parametric to
enable the exploration of different urban
designs and building designs and, most
importantly, to test the sensitivity of en-
vironmental performance to a range of
parameters (Hollberg & Ruth, 2016).
Without parametrisation, digital models
will be extremely costly to update and
will not be flexible enough to represent
a broad range of built assets (e.g., dif-
ferent types of streets, different types of
buildings, different types of infrastruc-
ture assets).

Multi-scale life-cycle approach

A bottom-up parametric approach needs
to be adopted across the nested scales
of the built environment and across the
life cycle of each component at each
scale. Failing to do so prevents digital
models from accounting for flow-on ef-
fects between scales and/or between
life-cycle stages. For example, Stephan,
Crawford, and de Myttenaere (2013)
demonstrate that when adopting this ap-
proach, passive houses, which focus on
significantly reducing the space heating
energy demand, tend to shift that energy
use to other life-cycle stages and other
scales of the built environment. In other
terms, the additional embodied energy
needed for the insulation of buildings
is significant and does not necessarily
yield net primary energy savings, de-
pending on the energy source used (as
also demonstrated by Gustavsson and
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Joelsson (2010). Furthermore, as most
passive houses are located in suburban
settings, this implies additional energy
use for mobility, shifting energy use from
the building scale to the urban scale. A
multi-scale life-cycle approach is there-
fore essential.

Spatialisation

In addition to all the features above, spa-
tialising the results is critical from a de-
cision-making perspective. This enables
digital models to answer such important
question as where materials are located,
which buildings need renovation, and
what suburbs are the most energy-in-
tensive in terms of cooling demand. The
importance of spatialisation is highlight-
ed by prominent researchers in the field,
including Tanikawa, Fishman, Okuoka,
and Sugimoto (2015), Kleemann, Leder-
er, Rechberger, and Fellner (2016), and
Creutzig et al. (2019). Integrating digital
models for urban environmental perfor-
mance with geographic information sys-
tems (GIS) is therefore key to adding the
spatial dimension of the assessment.

Uncertainty

A very important aspect of any digital
model that tackles urban environmen-
tal performance is the integration of the
significant underlying uncertainty. Since
any model is only an attempt to repre-
sent reality (Le Moigne, 1999), there will
always be a certain level of uncertain-
ty to take into account. Because of the
sheer number of variables associated
with the digital models presented here,
this accumulated uncertainty can be
such that it hinders decision-making.
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It is therefore critical to incorporate it.
Uncertainty in digital models for urban
environmental performance can be as-
sociated with the core data used (e.g.,
the embodied energy of one cubic me-
tre of 25 MPa concrete), the algorithms
used to derive indicators from such data
(e.g., the outer walls surface area, de-
rived from a plan-view of a building), the
variability associated with parameters
that are not directly modelled (e.g., vari-
ability in hot water usage between differ-
ent occupants in a building), the lack of
integration of certain parameters (e.g.,
the urban cooling effect of tree cano-
pies on the cooling energy demand), the
limited amount of information for certain
variables, and the assumptions made
to fill these data gaps (e.g., the on-site
wastage coefficient associated with
electrical cables), among others. In ad-
dition, the temporal evolution of param-
eters represents increased uncertainty
in digital models for urban environmen-
tal performance, as predicting the future
is speculative at best (Brown, 2004).
Incorporating uncertainty in and propa-
gating it through digital models for urban
environmental performance is therefore
essential.

Discussion and conclusion

This opinion paper has suggested what
digital models would require for integrat-
ed material-flow analysis and life-cycle
assessment of urban built stocks, includ-
ing buildings and infrastructure assets.
The theoretical framework of a dynamic
nested-systems approach across the
life cycle of built assets, combined with
a bottom-up approach, parametrisation,
the multi-scale life cycle approach, the
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need for spatialisation and the need to
account for uncertainty demonstrate the
significant sophistication and complexi-
ty of such digital models.

This results in a number of limitations.
First, these digital models are extreme-
ly data-intensive, which hinders their
applicability, as the lack of data implies
the need for assumptions which result
in additional uncertainty. Second, even
if these models are developed and op-
erational, they might not directly lead
to decisions that result in net environ-
mental-performance gains, because of
the fragmentation of the construction
industry. For instance, even if architects
using the model understand that the
mobility-related environmental flows
are significant for the occupants of their
buildings, they might not have the power
to effect the choices to reduce that en-
vironmental flow. It is possible that an
architect would not even quantify these
mobility-related environmental flows.
This has implications in terms of educa-
tion and awareness that are discussed
below. Third, the algorithms used to
derive certain indicators are much less
mature and tested than others. For ex-
ample, while we can simulate, with a
certain degree of confidence, the heat-
ing demand of a particular building, it is
much harder to approximate the amount
of construction materials in it based on
available data (Lanau et al., 2019). Ad-
ditional advances in such algorithms is
needed to reach a higher and more uni-
form degree of precision.

Despite these limitations, digital tools
for urban environmental performance
that satisfy the requirements discussed
in this paper would enable an unprece-
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dented level of sophistication in guiding
urban design decisions that result in net
environmental gains. Such models are
essential to devise robust policies for
renovation and urban mining and a more
circular economy. Results from applying
such models to international case stud-
ies can also provide critical information
about how to manage cities to yield bet-
ter environmental outcomes (see inter
alia Athanassiadis, Bouillard, Crawford,
& Khan, 2016; Lederer et al.,, 2020;
Stephan & Athanassiadis, 2017, 2018).
The application of such digital models
can also challenge current education-
al paradigms, emphasising the need to
raise built-environment professionals’
awareness of the interconnectedness
of their disciplines and of environmental
flows associated with their design and
management decisions.

Additional information

Nested Phoenix, a digiml model that adop[s these
requirements, is cun‘cntly bcing implcmcn[cd and
will be made available on its dedicated website: www.
ncstcdphocnix,com. Links toall publica[ions‘ and data

sources will also be available on the website.
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