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Abstract. The global climate crisis calls for the urgent decrease of life cycle environmental
impacts of building stocks. However, due to the long life spans of buildings, the complexity of
prospective environmental modelling increases, compounded by uncertainty. While dynamic life
cycle assessment (DLCA) is able to incorporate temporal variations of parameters (e.g. energy
mix) or processes (e.g. technological improvement), their modelling methods have not yet been
systematically analysed. This review paper aims to identify the typical dynamic parameters
applied in building stock modelling, and advance the understanding of methods for predicting
the associated temporal evolutions. We searched for publications on Science Direct database and
collected 102 papers. A representative sample of 12 papers was then selected and analysed in
detail. The results include 8 typical dynamic parameters and 5 methods for predicting the
evolutions. We discuss the limitations of each parameter and formulate some recommendations.
Presented research may help produce standardised evolution scenarios which, in turn, will help
quantify the environmental impacts of building stocks in a more consistent manner, and inform
design decisions that yield improved life cycle performance.

1. Introduction

Buildings have a major role in effectively addressing climate change. Globally, buildings are responsible
for at least 38% of total energy-related carbon dioxide emissions [1] while in the European Union, the
built environment is recognised as single largest energy user [2]. As buildings cause environmental
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impacts throughout their life cycle, the pressing nature of climate crisis calls for life cycle impact
assessment on larger scales, such as building stocks. Such impacts may be quantified with life cycle
assessment (LCA), which is an internationally standardised method [3, 4] that evaluates potential
environmental impacts occurring from the extraction of raw materials to the end-of-life phases.
However, the main limitation of LCA is the omission of changes in the parameters affecting
environmental impacts over time [5-7]. This is particularly critical in the case of buildings which last
decades, and sometimes centuries. For example, if a high amount of pollutants is released during the
construction stage, it will not have the same environmental impact compared to spread out emissions
across time, as impacts vary with changes in atmospheric composition [8, 9]. As such, the absence of
temporal data may significantly affect the reliability and accuracy of life cycle assessment results.

Dynamic life cycle assessment (DLCA) explicitly recognizes the importance of timing in the
assessment of potential environmental impacts, and integrates the evolving nature of the assessed system
into the modelling framework. Review papers have already recognised DLCA as a research direction.
However, they are limited to specific parameters, such as carbon dioxide sequestration and emissions
[6, 10, 11], or focused on environmental modelling from urban to transnational scales, only providing
some examples of the dynamic aspects, without systematically analysing them [12, 13]. While review
papers specifically addressing temporal parameters in DLCA modelling framework [5, 14-16] have been
published, none of them have investigated methods for predicting temporal evolutions of parameters. In
this paper, an evolution in DLCA is defined as variation of a parameter or a process, retrospectively or
prospectively, as function of time, in form of hypotheses with defined trends, based on existing data or
what-if scenarios. Also, the term building stock is used to describe all buildings belonging to a
neighbourhood, a city, or any other collection of buildings.

This paper explores the following two research questions: (a.) What are the dynamic parameters
applied in studies of prospective DLCA modelling of building stocks? (b.) What are the methods applied
for predicting the temporal evolutions of parameters? As such, this paper aims to review research articles
on DLCA, identify typical parameters used in modelling building stocks, and investigate methods for
predicting the associated temporal evolutions.

The structure of the paper comprises 5 sections. Following the Introduction, Section 2 describes the
review methodology. Selected sample of studies and analysed evolving parameters are presented in
Section 3. Limitations and recommendations are discussed in Section 4. Finally, Section 5 concludes
the paper.

2. Dynamic life cycle assessment in the literature - methodology

This section presents a method for collecting and analysing a representative sample of articles that are
studying or applying DLCA and temporal evolutions of parameters. We conducted the search on the
Scopus database, limiting results to available review articles, original research articles and conference
papers, published from 2012 until February 2022. The search was conducted within titles, abstracts and
author-specified keywords and limited to papers written in English. Query strings were formulated by
combining keywords through an iterative process. The search keywords included, but were not limited
to, the following three lists: (a.) dynamic life cycle assessment, dynamic life cycle analysis, dynamic
LCA, DLCA, (b.) dynamic, time-dependent, time-varying, temporal, parameter, evolution, variable,
variation, consideration, aspect, and (c.) building stock, buildings.

An example of a query string is [("dynamic life cycle assessment" OR "dynamic life cycle analysis"
OR "dynamic LCA" OR DLCA) AND (buildings OR "building stock")]. The initial subsample of
articles was documented in an EndNote library and comprised citation information, abstracts and
keywords. A subsample was refined through the screening of titles and abstracts. We kept the articles
that met the following criteria: (a.) prospective studies, (b.) studies applying DLCA methods (c.) studies
including at least one evolving parameter, e.g. energy mix, and (d.) studies that are not duplicates of
existing research.

In parallel, the subsample was continuously enlarged through snowballing and reference exchanges
with colleagues. This process identified 102 articles, out of which, 19 are review articles, 71 research
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articles and 12 conference papers. The full text of each article was screened for the dynamic parameters
and methods for obtaining the associated evolutions. A final sample of 12 articles was selected manually
for the purpose of this conference paper, in order to represent a good coverage of different temporal
evolution of parameters. Some parameters were omitted from the literature review, due to the mismatch
in scope (e.g. decay rate of air pollutants or climate-related changes). Data were extracted from the
selected sample, in order to document information about the article (authors, year of publication),
presented study (scale, assessed object and temporal scope), and dynamic parameters (methods, sources
and evolutions). We systematised the data in two tables characterising each article and each evolving
parameter.

It is important to highlight that the scope of this conference paper is limited to 12 articles on purpose,
due to space restrictions. Each selected article was a subject of internal discussions of co-authors. Papers
that are not considered representative are tagged and excluded from the final sample. Reasons for
exclusions are documented. A full review of all papers will be published in a journal article.

3. Dynamic parameters and methods for predicting associated evolutions

Overall, the results presented below reveal 8 dynamic parameters. The highest number of parameters
addressed in a single study is 5, by Negishi et al. [17] and by Sandberg and Brattebe [18]. Studies are
modelling on average 3 parameters. A summary of the analysed publications is presented in Table 1.

Studies are conducted on eight scales ranging from building element (e.g. wooden panel) to
international, but typically focusing on a national (3 of 12 studies) or neighbourhood scale (3). The
results show 9 building types assessed, focusing mostly on residential (8). Only 3 studies included more
than one building type. Building stocks are usually aggregated using an archetype approach (9), that is
described in [12]. The temporal scope typically covers periods of analysis (the effective period of time
over which a built stock is modelled) that start in the year of the study, and end in 2050 (aligned with
strategies for achieving carbon neutral economies, i.e. ~30-50 years). Time horizons, which are defined
as the time over which environmental impacts are modelled, can be extended to a maximum of 500
years.

The dynamic parameters that are most often addressed include stock development (in 6 studies),
energy mix (6) and technological development (6), followed by biogenic carbon (5), carbonation (3),
occupants (3) and population growth (3), and finally degradation of materials and systems (1). Results
show that the stock development mobilises the highest number of parameter types, that comprise new
construction, replacement, renovation, retrofit and demolition. Summary of dynamic parameters is
presented in Table 2.

The evolutions are based on one or more modelling methods, and are developed and/or applied 32
times in total. The evolutions are most often based on a single method: hypotheses in deterministic (10
of 32) and probabilistic (7) modelling, followed by parametric modelling through mathematical
equations (4), interpolation based on existing data and extrapolation (3), output evolution modelled as
function of input evolutions (1), or on a combination of two (4) or even three (2) methods. Lack of data
about the applied method is observed once (1).
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4. Discussion

4.1. Limitations and recommendations for each parameter

The development of the building stock encompasses one or more parameter types, such as future
construction or renovation. This suggests that studies which, for example, omitted the process of
material replacement, did not cover the phase B4 as defined in EN-15978 [29], thus limiting the analysis
of overall dynamic of building stocks. We found that all five methods analysed in this paper are applied
for modelling the evolutions of building stocks. For example, some methods rely heavily on
demographic projections, household size assumptions, number of persons living in a building or size of
a building. Such number of input projections results in high uncertainties. As such, we recommend that
modelling frameworks should allow a high degree of flexibility in testing different evolution values in
a simplified manner, so that the sensibility of results to particular parameters can be identified.

In contrast, electricity mix modelling methods tend to be developed in a more consistent manner.
The reason may be that most of the studies rely on decarbonisation strategies developed by international
agencies (e.g. IEA) or national carbon neutrality roadmaps. The limitation is that such approach
inherently leads to the year 2050 and assumes achievement of carbon emission targets through relatively
short-term projections. Also, current projections are not able to account for the uncertainties (e.g. current
political instabilities at an international level) that can dramatically affect energy mixes. We recommend
higher flexibility of model frameworks, and extension of the temporal scope to enable the application
of evolutions over long periods of time.

Biogenic carbon modelling frameworks account for carbon stored in harvested plants used for
production of bio-based materials (e.g. timber), which seems to yield inconsistent results due to the
allocation of the storage period before or after the harvest. While our limited sample of papers does not
aim at mapping all available models for biogenic carbon accounting, it was still challenging to report
modelling approaches, as many authors did not describe their biogenic carbon model in detail. Thus, we
call for additional transparency in reporting the applied modelling methods for parameter evolutions,
following best practice in industrial ecology [30].

Carbonation is considered in only two analysed studies. The reported limitation is the lack of detailed
data on lime-based materials, such as the surface area exposure to the ambient air during the use of
buildings [26]. However, only the minor carbonation of less than 2% is established during this phase.
After crushing, when the element is used as a recycled aggregate, a significant 20% carbon uptake can
take place [31, 32]. Our recommendation is to clearly define and standardise the scope, in terms of LCA
phases covered. If allocated to the use (phase B1), given the lower significance of carbonation on the
life cycle greenhouse gas emissions of building stocks as compared to other dynamic parameters, we
recommend that it be left as the lower priority in the dynamic life cycle assessment of buildings.

The evolutions of technological processes appear to be modelled consistently, through deterministic
or probabilistic hypotheses developed by the authors. However, it is important to highlight the
heterogeneity of parameter types i.e. electrical appliances (efficiency, distribution, use), domestic hot
water production, heating, and production of construction materials. Thus, we recommend further
research to clarify the scope and integrate the synergies between changes in the electricity mix and
technological development.

Degradation of materials and systems is addressed only in one analysed study. We underline the
importance of adequate reporting of the referenced data and modelling methods. A larger sample of
studies is necessary to discuss the degradation of materials and systems over time.

Occupants and population growth are parameters that are often used as input evolutions for modelling
of the residential stock development over time. The occupants parameter remains limited to the
residential building type, and mainly relies on national statistical data and relating projections. We
recommend extending the scope from residential to other building types, such as offices, educational or
medical buildings. This may also require further research, to formulate new evolving parameters, such
as changes of occupancy rates or changes in building functions (e.g. schools to hospitals or shelters).
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4.2. Relation to other studies
To the best of our knowledge, 1 research and 3 review articles systematise dynamic parameters in LCA.

Negishi et al. [16] propose a DLCA methodology for buildings, and document 12 characteristics of
a building system that should be integrated into the LCA method. Dynamic parameters, named
“characteristics of building system” in [16], that are not included in our study are: thermal comfort
level, integration of renewable energy systems, and improved recycling rate.

Su et al. [14] present 3 typical assessment models for buildings, and 11 dynamic variables in building
life cycle. The four following variables were not identified within our study: end of life stage of
components and devices, temperature change, waste recycling rates and characterisation factor.

Beloin-Saint-Pierre et al. [S] review the temporal considerations in LCA methodology and provide
valuable insights on how and where to include them in the modelling framework i.e. goal and scope
definition, inventory analysis or impact assessment. Temporal consideration, defined as any aspect that
relates to the dimension of time or dynamics of systems in LCA, thus differs from the definitions of
parameter and temporal evolution analysed in our study. An example of temporal consideration in [5] is
a Dynamic functional unit, systematised in subsection “Modelling choices” of section “Goal scope
definition”.

Lueddeckens et al. [15] review temporal issues, based on the ISO 14040 standard [3], and systematise
them in 6 types: time horizon, discounting, temporal resolution of the inventory, time-dependent
characterisation, dynamic weighting, and time-dependent normalisation. Even though the authors
suggest valuable solutions for temporal issues in LCA modlling framework, they do not address dynamic
parameters analysed in our study.

It is important to highlight that none of the above articles have investigated methods used to predict
the temporal evolution of parameters, which are paramount to the rigour and robustness of the evolutions
and associated results.

4.3. Limitations

Our literature review has a number of limitations. Firstly, the selected sample of analysed studies is
restricted in size, which in turn provides limited variation of evidence of modelling methods and
evolutions of certain parameters. Moreover, extracted data types are incomplete and do not cover all
types of data in a life cycle assessment framework, i.e. input data for definition of goal, scope, life cycle
inventory and impact assessment. It is also important not to overlook other methods applied in the
analysed studies, such as material stocks and flow analysis [24] or geographic information systems [21].
Indeed, dynamic modelling of inflows, stock and outflows of resources (e.g. mass of timber) in building
stocks over time, and direct link with the two- or three-dimensional data (e.g. building footprints or
geometries) at urban scales, may provide more robust data and decrease the uncertainty in modelling
dynamic parameters (e.g. biogenic carbon or stock development).

5. Conclusion and recommendations
In this paper we presented a review of the key parameters in prospective building stocks modelling, and
methods for predicting associated temporal evolutions. We deeply analysed a sample of 12
representative studies. Our review identified the following dynamic parameters: building stock
development, electricity mix, biogenic carbon, carbonation, technological improvement, degradation of
materials and systems, occupants and population growth. We analysed their parameter types and the
methods for predicting associated temporal evolutions: hypotheses in deterministic and probabilistic
modelling, detailed parametric modelling through mathematical equations, output evolution modelled
as function of input evolutions and, interpolation according to existing data and extrapolation. Finally,
we offer some recommendations for the DLCA modelling of building stocks:

e Modelling frameworks should allow high flexibility in defining and testing different

hypothesised scenarios in a simplified manner.
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e Standardised and synchronised methods for obtaining evolutions should be developed for
each parameter, in order to be able to apply them in different contexts and reach comparable
results.

e Temporal scope should be extended and clearly defined, to enable the application of
standardised evolutions over long periods of time.

e The topic of interdependence identified between parameters should be further researched.

e Authors should strive for high transparency in reporting about the developed or referenced
modelling methods and data.
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