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Abstract

The buildings’ sector is one of the major consumers of materials and energy in the world. Thus,
the construction of more efficient buildings is a fundamental undertaking to reach a more
sustainable future. The evaluation of energy demand during use is no more enough, urban
policymakers and urban designers are asking for more broad evaluation scenarios for their aims.
The life cycle assessment (LCA) approach coupled with the energy modelling of large building
stocks could answer to this request. This paper analyses the main studies available in the
literature that apply LCA to large building stocks. The research approach is usually performed in
steps: the characterisation of the buildings, the energy modelling and the LCA study. In literature,
very few studies performed a full LCA due to the high complexity considering large building stocks.

1. Introduction

In 2015, all 193 governments of the United Nations adopted the 2030 agenda for
sustainable development comprehending its 17 Sustainable Development Goals
(SDGs) (United Nations, 2015). Particularly, the SDG 11 “Sustainable cities and
communities” emphasizes the importance of cities and in general, the settlements
in which people live. According to the United Nations, from 2007, more than half
of the world population is living in urban areas (around 55 %), and this percentage
is foreseen to rise further (United Nations, 2018). Particularly, the building sector
and its industry are great consumers in terms of energy and materials (Lotteau et
al., 2015). By consequence, efficient buildings are fundamental to reach a more
sustainable future maintaining high-quality life standards in cities. In this scenario,
municipalities, mayors and cities councils are facing new challenges to improve
sustainability in cities and need evaluation criteria and perspective, to establish
the best solutions to decrease the overall environmental impacts (Mastrucci et
al., 2017). The mere evaluation of energy demand during the use of buildings is
no more enough. Nowadays, regulations (United Nations, 2015) and the scientific
community ask to evaluate the implementation of different energy conservation
measures, not only from the energy-efficiency point of view but considering a
holistic approach, able to evaluate the real and complete environmental
assessment of the proposed strategies. The Life Cycle Assessment (LCA) (ISO,
2006) approach may provide the answer to this request. The approaches
employed in several studies found in the literature generally employ two steps to
apply LCA to large building stocks. Firstly, the building stock is modelled, and the
energy demand is assessed; secondly, the LCA is applied to the modelling inputs
and outputs to assess the environmental impacts. This paper reviews the main
studies available in the literature applying LCA to large building stocks (from
neighbourhood to city scale). The results are summarized in Table 1 and
explained in detail in the following sections.
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2. Building stock modelling methods

The aim of this step is the characterisation of the buildings in the large stock and
its modelling to assess the energy use. This is a fundamental step to achieve
reliable outputs from the LCA studies.

2.1.Building stock description methods

A fundamental and complex phase is the description of buildings at large-scale,
called also building stock aggregation. Buildings need to be described starting
from the individual stock features (building fabric, systems, usage patterns, etc.).
This description relies on the availability of data, such as geographic information
system (GIS), census data, building databases, etc. Buildings can be
characterized by archetypes or with building-by-building methods. The
archetypes method is used to create some “typical buildings” (from few to some
thousands) that are able to well-characterize the entire building stock. Some up-
scaling factors are then used to extrapolate results for all the building stock. The
number of archetypes should be assessed considering the proper trade-off
between simplification and representativeness (Lavagna et al. 2018). At smaller
scales (neighbourhood or district), the number of archetypes is usually small due
to a relative homogeneity. On the other hand, considering city scale (or regional,
national), a higher number of archetypes is required to consider different building
typologies, construction characteristics and climatic zones (Mastrucci et al.,
2017). In the second method, building-by-building, each building is characterized
individually based on real case studies, selected for their representativeness. The
whole building stock may be evaluated by direct aggregation (summing-up) of
results of individual buildings.

2.2.Energy modelling methods

The building stock energy modelling methods can be divided into two main
approaches (Swan and Ugursal, 2009): top-down and bottom-up. Top-down
models estimate the energy consumption of buildings from agglomerated data on
large-scale. Usually, they do not need detailed data of the buildings, because
they are able to (mainly statistically) estimate long-term relationships among the
energy use of an urban area and some drivers. The typology of these drivers
brings to a further differentiation among top-down models. They can be
subdivided in socio-econometric (van Vuuren et al., 2009), technical (Norman et
al., 2006) and physical models (Zhang, 2004). On the other hand, the bottom-up
approaches combine the calculation of individual buildings (or small groups of
buildings) to describe the city or the region. Bottom-up models deal with single
buildings and individual end-users. Energy consumption is calculated at a single
building scale and then aggregated at different levels, considering an integrated
framework. Among this typology of models, a further differentiation is possible,
between statistical and physics-based models. The statistical (or data-driven)
models use data mining and machine learning techniques to assess the energy
demand of buildings (Mastrucci et al., 2014). The physics-based (or engineering)



models deal with detailed modelling and simulation techniques derived by
building energy modelling (Stephan et al., 2013; Fonseca et al., 2016)).

3. Life Cycle Assessment

The description and the energy modelling of the buildings give the energy
employed in the use-phase and the characteristics of each building (e.g., building
fabric) as an outcome. The second step, associates and combines these results
to perform an LCA study. In this section, the methodologies available in the
literature to perform the four steps of LCA for large building stocks are analysed.

3.1.Goal definition and scopes

The main goal of LCA applied to large-scale building stock is the assessment of
sustainability considering a life-cycle approach to support urban planning and
policy-making by decision-support and eco-design. Usually, decision-support
studies are conducted at an early stage of design (Riera Pérez and Rey, 2013),
while, eco-design studies deal mainly with evaluation scenarios in terms of
buildings and spaces features (Stephan et al., 2013). Two main streams of
investigations are identified: evaluation of the impacts at the current state and of
future scenarios. The choice of the Functional Unit (FU) is quite heterogenous on
LCA studies regarding large building stocks, depending on the objectives to
reach. A vast typology of FUs are used (e.g., absolute, spatial or per capita),
however, in some studies, the FU is not explicitly defined. Many authors use as
FU the heated or living floor area (Trigaux et al., 2014; Sartori and Calmon,
2019), to make direct comparisons among different building stocks. Per
inhabitant or per person FUs are also widely used (Heeren et al., 2013) to
compare different life cycle stages and sectors. Absolute FUs are also adopted
(Saner et al., 2013) however, the derived comparisons could be misleading
considering that researchers studied different large areas that are largely
heterogeneous (their density ranges from 370 inhabitants/m? (Nichols and
Kockelman, 2014) to 34,400 inhabitants/m? (Li and Wang, 2009)). Sometimes a
combination of different FUs is used (Norman et al., 2006). The service life of
buildings is fundamental to assess the building life cycle, and also for this,
heterogeneous approaches are used. Some authors assign fixed service life to
buildings. For new buildings, a typical value is from 50 to 100 years (Norman et
al., 2006; Stephan et al., 2013), while for existing buildings is usually set a
residual life varying from 35 to 50 years.

The LCA model of a large-scale urban area is complex and thus the definition of
the scope. Two main aspects have to be taken into account in this step: the
boundaries and life cycle phases to consider. In fact, a large heterogeneity is
reported in the studies, depending on the specific goal. Four main fields of the
built environment are indicated: buildings, open spaces, energy networks and
mobility (Lotteau et al., 2015). Just very few studies consider all the fours aspects
(Stephan et al., 2013; Nichols and Kockelman, 2014; Norman et al., 2006) while
others consider only buildings (Davila and Reinhart, 2013) and others neglect
mobility. The possible life cycle phases to consider are production (extraction and



manufacturing), construction (transport and actual construction), use (actual use
and maintenance) and end-of-life (deconstruction, transport and disposal or
recycling). The production and use phases are considered in almost all the
studies because they are strictly connected with the building stock modelling step
(exceptions are addressed in Table 1). Also, few studies consider the end-of-life
phase (Anderson et al., 2015). This differentiation is mainly due to the final aim
of the study, some authors are focused on the end-of-life of building stocks
(Mastrucci et al., 2017), while others are more focused on the comparison of
different energy conservation measures in the building stock (Norman et al.,
2006).

3.2.Inventory

The inventory step regards the collection of inputs and outputs of materials and
energy within the boundary of the considered system. A distinction must be done
between foreground and background data (EC JRC, 2010), respectively what is
and what is not in the control of who is performing the LCA (Mastrucci et al.,
2017). The foreground data consists of materials and construction data, building
operation data, end of life data and mobility data. The materials and construction
are usually derived from local GIS datasets, building registers, statistical data,
real estate market databases, national building libraries, surveys, guidelines and
case studies. These data can be also directly taken by the process of the
description of the building stock. The operation data are then derived from the
energy modelling step, if the modelling does not include all the needed output
(e.g., water usage, waste production) some integrations with average statistical
data can be performed (Nichols and Kockelman, 2015). The end-of-life data is
usually derived from the used materials in the construction phase but more often
average data from the available databases are employed. The mobility data are
derived from regional or national averages (Norman et al., 2006) or from the
normative method (Riera Pérez and Rey, 2013). The background data (e.qg.,
extraction of raw materials for building components and transport, production of
electricity, etc) are usually derived from process-based LCA databases
(Ecoinvent, Gabi), and the average energy mixes are employed.

3.3.Impact assessment

In LCA studies on large building stock, the mid-point impact assessment method
is the most used. In particular, Global Warming Potential and Primary Energy are
chosen because they are the two key drivers for policymaking in the built
environment. Very few studies considered also other categories, such as the
Particular Matter Formation (Saner et al., 2014), abiotic depletion potential (Li
and Wang, 2009) or land use (Trigaux et al., 2017). The use of a few indicators
may lead to the definition of policies that determine the burden-shifting among
different impact categories. The optional elements of normalization and weighting
are not usually used in the type of studies under review (exceptions are (Wang
and Li, 2015; Trigaux et al., 2014; Anderson et al., 2015; Lavagna et al., 2018)).



3.4.Interpretation

During the interpretation phase, the results are checked and summarized to
provide recommendations regarding the goal and scope of the study. The
common steps are contribution analysis, uncertainty and sensitivity analysis and
spatial visualization of the results. Most of the authors performed the contribution
analysis to assess which are the most impactful phases of the system. Generally,
almost all agree that production and use phases are the most impactful compared
to other phases. Just a few authors (as reported in Table 1) performed a proper
uncertainty or sensitivity analysis due to the complexity of run simulations on
large-scale and applied LCA to such heterogeneous systems. Finally, the
visualization of results is usually GIS-based, providing maps and 3D visuals that
are effective and explicit. This is fundamental to achieve good communication
with stakeholders and policymakers.

4. Limitations and conclusions

This paper reviews the scientific literature that deals with the LCA studies of large
building stocks, trying to retrace the methodologies employed in the literature. To
achieve trustworthy results, a modelling of the building stock is followed by an
LCA study. The use of a not reliable building stock modelling method could result
in unrealistic conclusions. Especially the employed description method can bring
to large differences in the final accuracy of the results. Thus, this first phase is
fundamental to achieve solid results because the inventory and energy modelling
depend strongly on it. Besides the limitations of these methods, it is fundamental
to study new approaches to implement LCA studies on large building stocks
modelling. Considering only the use phase is relatively simple, however, it is a
very limited approach that does not give an answer to policymakers and
designers that ask to evaluate the implementation of different energy
conservation measures. In addition to the consideration of more Life-Cycle
phases, it is important to reach a more holistic approach considering more
Boundaries of cities (such as open spaces, energy networks and mobility). Lastly,
to boost comparisons between studies, a more structured method should be
proposed together with a common nomenclature to follow. Nowadays, the lack of
a common approach is the main obstacle to the development of such
methodologies.
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