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A B S T R A C T

Building stock models (BSMs) are essential for simulating the contributions of regional and national building
sectors to climate change under different policy scenarios, and for identifying pathways to climate change
mitigation. To date, BSMs have focused on the operational life-cycle impacts of domestic dwellings; there has
been less emphasis either on non-domestic buildings (NDBs) or full life-cycle analysis. This paper provides a
first review of the theory and practice of NDB stock modelling which considers life-cycle energy, emissions
and costs. A meta-analysis of the literature was undertaken involving a structured search of relevant articles in
key scientific repositories. 98 in-scope studies were identified and data collected on their aims and objectives,
methodologies, data sources, system boundaries, considered impacts, representativeness, uncertainty analysis,
validation and verification techniques, further research identified, model transparency and software tools
employed. The review necessitated the classification of modelling methodologies. The existing ‘bottom-up’ and
‘top-down’ groups were found to be ambiguous and led to confusion. Therefore, an alternative methodology
classification is proposed, considering both the modelling technique and model simulation data used. The
findings of the analysis indicate that most approaches use engineering models employing archetype data.
However, almost all current life-cycle models of NDB stocks are incomplete. Only one study considered the
full building life-cycle and most did not include uncertainty analysis. The reproducibility of study results is
poor since most do not provide sufficiently-detailed information on the models and data used. Critically, there
is a lack of representative input data which limits their usefulness as evidence in policymaking.

1. Introduction

Over the last 120 years, anthropogenic greenhouse gas emissions
have increased average global temperatures by approximately one
degree Celsius [1]. A significant proportion of these emissions (62%)
relate to the combustion of fossil fuels and industrial processes, with
buildings and the construction sector accounting for 36% of total global
final energy use in 2018 [2]. As a result, this sector is estimated to be re-
sponsible for 39% [2] and 36% of global and European greenhouse-gas
(GHG) emissions respectively [3–5]. Reducing the emissions’ impacts of
building stocks therefore represents an important objective in tackling
climate change [6] and so ‘should be a major target for GHG emissions
mitigation efforts’ [2].

Policymakers rely on various information sources to develop appro-
priate responses to the challenge of climate change mitigation. One
important tool for testing and developing new policies in the building
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sector is the building stock model. In general, these models represent
regional building stocks and use various economic and climate vari-
able inputs to estimate energy, emissions and cost–benefit outputs. By
varying stock characteristics, new outputs are estimated and evidence-
based policies formulated. For example, such building stock models can
be used to simulate different building stock refurbishment scenarios to
estimate their energy, CO2 and cost impacts. These results can be used
to select the best-performing options (e.g. technology subsidies, taxes,
information campaigns) to achieve climate change mitigation policies.
Using projections of future building stock characteristics, these models
can also be used to simulate associated energy demands and CO2
emissions; this information can be used for policy and infrastructural
planning purposes. This approach is well-recognized as best practice
both in setting and auditing energy and emissions policies in the built
environment [5,7,8].
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Nomenclature

BbB Building-by-building
BoQ Bills of quantities
BS Building stock
BSM Building stock model
CDA Conditional demand analysis
CO2 Carbon dioxide
DBs Domestic buildings
GHG Greenhouse-gas
I–O Input–output
LCA Life-cycle assessment
LCA-BS Life-cycle assessment building stock
LCIA Life-cycle inventory assessment
MFA Material Flow Analysis
ND&D Non-domestic and domestic
NDB Non-domestic building
DBSs Domestic building stocks
NDBS Non-domestic building stock
NDBs Non-domestic buildings
NDBSs Non-domestic building stocks
NZEBs Nearly zero energy buildings
OAT One at a Time

To date, building stock models have largely focused on the domestic
sector, with few examples that consider non-domestic buildings [9–13].
Domestic building stocks are relatively homogeneous compared to non-
domestic stocks, which tend to have a greater range of building sizes,
forms and uses. Therefore, modelling a non-domestic building stock
(NDBS) is more complex than a domestic one and, partly for this reason,
is less frequently undertaken. This represents an important omission,
since non-domestic buildings contribute significantly to both energy use
and emissions. For example, they are responsible for 11% of all global
energy related GHG-emission; the equivalent figure for the domestic
building stock is 17% [2]. In the UK, the NDBS accounts for one-quarter
of building stock energy use and 17% of carbon emissions [14,15].
Commercial buildings account for 19% of total building energy use
in the USA [16]. In 2010 the German non-domestic and domestic
building stocks accounted for 14.2% and 27.4% of total final energy
consumption respectively [17].

Over the last number of decades, building regulations in many
economies have increasingly focused on reducing operational energy
use so that by 2020, for example, all newly-constructed buildings in the
EU must be nearly zero energy (NZEBs) [18,19]. More stringent energy
efficiency standards necessitate more materials (such as energy systems
and insulation) to minimize fabric and ventilation losses, thus increas-
ing the energy and emissions ‘embodied’ in the building structure.
In modern buildings adhering to current energy standards, embodied
energy can equal cumulative lifetime operational energy [20–23]. It
is therefore important that policymakers take account of all life-cycle
phases when assessing building stock policies. Indeed, the European
Union’s ‘‘Energy Performance of Buildings Directive’’ of 2010 [24]
specifies such a requirement.

Life-cycle assessment (LCA) involves an analysis of the environmen-
tal burdens arising from a building’s entire life-cycle, from produc-
tion and construction, through operation and eventual decommission-
ing/demolition (cradle to grave); this scope can be extended to include
decommissioned materials’ recycling and reuse (cradle to cradle). Fig. 1
presents an overview of typical building life-cycle phases. Current
building stock models tend to focus on the operational phase only;
extending this to other phases will increase complexity. For example,
models and data for estimating the embodied impacts of construction,

maintenance and demolition would need to be added to those for
estimating operational impacts. However, the outcome would provide
a more complete analysis better suited to policymaking.

Reviews provide an overview over a field’s diversity and support the
understanding of the readers. In the case of building stock modelling
reviews help the modeller to reflect the possible modelling options and
to choose a fitting methodology. Additionally the reviews can point
out aspects that are not part of the existing models yet, but would
further improve the model’s quality [5]. Therefore a focused review
can advance the starting point in BSM development, leading ideally
to higher quality models, consequently providing better guidance for
model users. A review of NDBS models considering the whole life-cycle
helps to support the development and use of such models, while a clear
model categorization supports the communication in the modelling
community.

Several reviews of building stock modelling methodologies and
practices are reported in the literature. Studies by Swan and Ugur-
sal [25], Kavgic [26] and Brøgger and Wittchen [5] cover a wide
range of approaches specific to the domestic sector. The work of
Lim and Zhai [16] addresses residential and non-residential stocks,
but specifically addresses stochastic modelling methods rather than
general models and their applications. Mastrucci et al. [27] reviewed
environmental life-cycle assessment (LCA) studies, but only considered
bottom-up approaches focusing on domestic buildings. No studies have
reviewed non-domestic building stock models specifically, particularly
from a life-cycle perspective.

The aim of this paper, therefore, is to present a first review of the
theory and practice of non-domestic building stock modelling which
considers life-cycle energy, emissions and costs. It summarizes the
methodologies employed in each life-cycle phase and identifies relevant
software tools. The current ‘bottom-up’ and ‘top-down’ stock model
categorization is critically analysed and developed to incorporate both
the modelling method and input data used. Because non-domestic stock
modelling is an emerging and limited research domain, relevant aspects
of the literature on domestic stock modelling are included here.

The remainder of the paper is structured as follows. Section 2
describes the characteristics of non-domestic building stocks which are
important to the modelling process. It also highlights some key differ-
ences between domestic and non-domestic stocks which are important
to understanding whether and how domestic modelling approaches are
applicable to the non-domestic sector. Section 3 classifies and describes
the structures of different stock modelling methodologies reported
in the literature for the main building life-cycle phases: construc-
tion, operation, maintenance and demolition. Section 4 introduces the
developed building stock model categorization system incorporating
modelling method and input data used. Section 5 details the results
of a meta-analysis of the international literature of life-cycle building
stock simulation studies. Section 6 presents a summary of the main
areas of research required to improve non-domestic life-cycle building
stock models.

2. Non-domestic building stock characteristics

Building stocks can be classified as domestic or non-domestic. While
domestic buildings (DBs) primarily provide living space, non-domestic
buildings (NDBs) can be defined as those where more than half of
the floor area [15,28] is used for purposes other than living [29].
The category is therefore diverse and includes commercial, industrial,
educational, health and public buildings, as well as sheds, garages
and even telephone booths. However, when defining the non-domestic
building stock (NDBS) of relevance to energy and emissions policy-
making, it is important to distinguish between those which are heated
and cooled, and those which are not. The sub-group of thermally-
conditioned NDBs typically includes buildings which are subject to
national energy certification schemes [30]. Buildings that provide only
elemental protection for manufacturing or production processes are
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normally excluded; here, no energy is required for thermal conditioning
or air handling, but only for process energy needs.

Due to their greater functional diversity, non-domestic building
stocks (NDBSs) are more varied than domestic ones (DBSs) in several
ways. For example, they exhibit a wider variety of building forms, uses,
occupancy patterns and energy requirements. This diversity must be
considered when modelling NDBSs, thus making it more complex than
for DBSs.

2.1. Domestic and non-domestic buildings

Table 1 provides an overview of the differences between the domes-
tic and non-domestic building stocks in Germany. Although Germany
is used for reasons of data availability, similar findings are reported
by [31] for building stocks in Greece and by [32,33] for the United
Kingdom. In general, the table highlights that both the DB and NDB
stocks are quite different, and that the latter is more diverse and
complex to model. For example, it can be seen that the NDBS encom-
passes significantly more building categories and space types. Dascalaki
et al. [31] found a significant difference in the energy use of domestic
and non-domestic Greek buildings; operational energy requirements for
DBs were found to range form 108 to 189 kWh

m2 a while those for NDBs
ranged from 167 to 371 kWh

m2 a . This contrasted with average estimated
Greek NDB energy end-use requirements of 280 kWh

m2 a , over 40% greater
than that for DBs [15]. Furthermore, the average electricity consump-
tion of NDBs in Europe is 55% greater than DBs (286 kWh

m2 a and 185 kWh
m2 a

respectively) [15]. These higher energy end uses by NDBs may be
explained by the greater prevalence of more complex mechanical and
electrical systems in these building types.

A comparison of the characteristics of domestic and non-domestic
stocks is highlighted in Table 1 which shows that NDBSs are more
diverse and specialized than DBSs. This relates both to the physical
nature of the buildings (e.g. design, construction and servicing) and
the manner in which they are used (e.g. activities, occupancy patterns
and life expectancy). While data on maintenance and refurbishment
requirements are not readily available, as commercial investments
NDBs are likely to be intensively used and thus have significant mainte-
nance needs. Furthermore, commercial pressures and changing business
practices may lead to frequent refurbishment cycles and explain the
observed shorter building life expectancies for these building types [58,
59]. Many of the observed differences between DBs and NDBs there-
fore indicate that modelling the latter must involve more variables,
parameters and governing equations [33,38,60].

In addition to system complexity, the availability of the data neces-
sary for system modelling also differs significantly between DBSs and
NDBSs. Because DBSs can be represented using a smaller number of
variables, the associated data are easier to collect. This is one reason
why most countries provide relatively better statistics for domestic than
for non-domestic building stocks, the latter often being inconsistent,
intermittent and of poor coverage [33]. Exceptions include the regular
NDBS surveys undertaken in the USA, as part of the Commercial Build-
ing Energy Consumption Survey (CBECS) program [61–63], and the
Canadian Commercial and Institutional Consumption of Energy Survey
(CICES) [64]. Another country which consistently collates relevant
NDBS data is the UK [65], although this is limited to floor areas and
building uses, which are used for taxation purposes. In recent years
this NDBS data gap has been identified in several countries [66,67]
which has lead to the initiation of several data gathering projects [65–
70]. However, while these data will eventually be useful for modelling
national non-domestic building stocks, initially, at least, they will be
limited and incomplete. It is likely to take significant time and effort
before useful data, covering key variables and of sufficient sample sizes,
are available internationally.

In summary, the diversity and complexity of NDBSs and the as-
sociated poor data availability represent significant hurdles to the
modelling of this building stock.

2.2. Life-cycle energy and emissions

The life-cycle phases for a typical building together with the asso-
ciated LCA boundary conditions are presented in Fig. 1. These phases
do not differ between domestic and non-domestic buildings, although
the types and quantities of materials used and energy end uses do.

The first phase of a building’s life-cycle involves production and
construction processes which are typically responsible for the majority
of embodied impacts [74]. Practical completion and commissioning is
followed by the operational phase which is typically the longest life-
cycle phase. Assessing and limiting energy and emissions from this
phase has, up till now, been the main focus of BSMs (see Section 5.1.1)
and legislation [19,24,30,48,75–77]. The decommissioning phase rep-
resents the end of a buildings life-cycle. Maintenance and refurbishment
relates to the ongoing upkeep of the building to maintain its level of
performance, but typically excludes large projects such as extensions.
Maintenance is characterized by regular day-to-day activities, while
refurbishment involves less frequent but more extensive interventions
in the building’s fabric and services. The combination of the design and
construction, maintenance and refurbishment, and the decommission-
ing phases can be referred to as the ‘non-operational phase’, and its
impact is often quantified as embodied energy or emissions.

From a greenhouse gas mitigation policy perspective, only future
emissions are of importance. Past emissions, referred to as ‘sunk’ emis-
sions, cannot be undone. Therefore, building stock LCA simulations
consider future construction as well as the operation, maintenance, re-
furbishment and decommissioning of the stock. In practice, decommis-
sioning is largely neglected as its life-cycle impact is small, representing
at most 5% of life-cycle impacts [10,27,71,78–81].

3. Review of modelling methodologies

This section describes how the literature search was undertaken and
the resulting review of the methodologies used for building energy
and emissions stock modelling, broken down by the main life-cycle
phases: non-operational (construction, maintenance, refurbishment and
decommissioning); and operational.

3.1. Review method

The scope of the review was set to capture all non-domestic building
stock modelling methodologies covering LCAs on energy and emission,
as well as models which focus on individual life-cycle phases.

The review was conducted using the ProQuest, ScienceDirect,
SpringerLink and Google Scholar publication repositories. While the
first three named repositories were used for the primary search, Google
Scholar was used for a secondary search in order to verify results. Only
scientific repositories were searched to ensure the quality and reliability
of the review’s studies and thus of the review results. By extension, most
non-peer reviewed (primarily government) studies are included, since
many of those are undertaken by research-performing organizations
who publish in academic journals [82,83]. The following search terms
were used:

• (building OR urban) AND
• stock AND
• (energy or emission or CO2 or GHG) AND
• (model or simulation) AND
• (‘‘non-domestic’’ OR ‘‘non-residential’’ OR ‘‘non domestic’’ OR

‘‘non residential’’ OR nondomestic OR nonresidential OR commer-
cial) AND

• LCA OR ‘‘life-cycle’’ OR ‘‘life-cycle’’ OR ‘‘life-time’’ OR embod-
ied OR ‘‘non-operational’’ OR ‘‘non operational’’ OR ‘‘life-cycle
assessment’’
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Table 1
Modelling domestic and non-domestic buildings and building stocks — a comparison of complexity from a German perspective.

Characteristics Non-Domestic Buildings (NDBs) Domestic Buildings (DBs)

Available building
categories by usage

∙ 79 building categories by usage defined in the announcement of
the rules for assessment of the energy consumption and energy
benchmarks of non-domestic buildings in Germany [34].

∙ four building categories considering building form defined by the
TABULA project [35].

∙ 29 and 99 building categories respectively in CIBSE-TM46 [36]
and CIBSE Guide F [37].
∙ 17 principle NDB-Forms not considering roof types were identified
in the Non-Domestic Building Stock Project [38].

Available space types
(usage zones)

∙ 43 usage types definitions for NDBs in the German Standard
DIN V 18 599–10 [39].

∙ single usage type ‘‘living’’ for domestic buildings according to the
German legislation and standard [39,40].

∙ 86 non-domestic space types are defined in the CIBSE Guide A
[41]

∙ six space types for dwellings recognized in the CIBSE Guide A
[41].

Size of usage zones ∙ Great diversity of zone areas and volumes. ∙ Generally smaller zone areas compared to NDBs.

∙ The room height varies from storage room (2 m) to high bay
warehouse (50 m [42])

∙ Smaller zone volumes due to generally room heights of about 2,4
to 2.6 m with a maximum of 4.02 m according to analysis of the
representative rent index surveys of Darmstadt [43] and Frankfurt
[44,45].
In Spain the average room height is approximately 3 metres [46].

Mechanical and
electrical Systems

∙ Great specialization and diversity in NDBs which have greater
requirements for mechanical and electrical systems as well as
controls.

∙ The number of systems in the stock of DBs is smaller compared to
the NDB-Stock. The complexity of the systems is also assumed to be
lower due to less specialized requirements.

∙ Specialized space needs (e.g. clean environment or biological
laboratories) for (e.g. air quality, pressure, lighting, shading,
security, temperature).

∙ Newly constructed energy efficient buildings become more
complex due to more implemented systems and home automation.

Building envelopes ∙ Great diversity of envelopes: window area (non, partly, full glass),
construction type (heavy to lightweight) and envelope
(construction, layers and openings) depend greatly on building use.

∙ Domestic buildings are all intended for housing people and are
therefore designed with similar comfort requirements. However,
different construction types (lightweight to heavy) can be utilized.

∙ NDBs can be categorized as buildings for people (office buildings,
hospitals, hotels, etc.) and technical buildings (storage buildings,
industrial production buildings, etc.) which leads to different
comfort requirements (heating, cooling, lighting) and, therefore,
different envelope designs (e.g. insulation, windows, shading).

∙ Historically, domestic building construction varies greatly
depending on their location in terms materials’ availability, climate
and traditions [47].

∙ From a buildings regulation perspective in Germany, non-domestic
buildings envelopes are not treated differently to domestic buildings
[30,40,48–55]. However, in other countries such as Denmark
different requirement apply for DBs and NDBs [56].

Building usage times
and hours

∙ Very diverse, depends on purpose and usage. Up to 24/7 facilities. ∙ Average of 16:47 usage hours per person and day identified by
[57].
However variance will be great due to diverse user groups (e.g.
children, working singles/couples, retired people, unemployed).

Life expectancy ∙ The half-lives of NDBs is 140 years while it is 50 years for
Industrial (production) buildings (sample of 1726 of 5250 Buildings
in Ettlingen (Germany)) [58].

∙ DBs have longer life expectancies with a halve-live of 300 years
reported in Ettlingen, Germany.

∙ The average estimated building age that is reached for NDBs in
Zürich is 138 [59].

∙ and For Zürich, Switzerland an average estimated life-expectancy
age of 202 years is recorded [58,59].

∙ The lower life expectancy leads to a greater stock dynamic
compared to the DBS.

The search focused on the title, abstract and keywords of journal
and conference publications or theses (ProQuest only). Where the
available options did not allow this, the search terms were applied to
the whole document (SpringerLink and ProQuest). The first structured
search was conducted from the 16th to 20th of August 2018 and was
updated on the 14th of April 2020. Fig. 2 provides an overview of the
number of search results of the individual repositories, the screening
process and the final omission duplicates and out-of-scope studies.

In total 770 results were generated by the search. The literature
identified was then screened to ensure it was within in the study scope
by reviewing the title, abstract and conclusions of each publication.
The main reason for omission was that the study related to a single
building, rather than a building stock (e.g. [84]). Further out-of-scope
results such as those focusing on the building users (e.g.[85]) or health
impacts (e.g. [86]) were excluded. The resulting 165 documents were
then analysed in detail which revealed that 32 were duplicates of the
same modelling methodology. A more detailed post-screening analysis
identified a further 35 papers which considered single buildings only

and so these were excluded also. The resulting collection of 98 studies
formed the basis for the review reported in this paper.

3.2. Modelling embodied emissions

This section reports the modelling of embodied energy and emis-
sions in BSMs, and focuses on inventory analysis and impact assess-
ment. Inventory analysis involves data collection and its use to estimate
all relevant in- and out-flows to and from a product system [73].
The literature identifies different levels of data aggregation associated
with stock modelling approaches. For example, in some studies data
were collected at an individual building level (e.g. wall, window and
floor areas), and in others at an aggregated stock level (e.g. total fuel
consumption by type). Since stock models are data-driven, modelling
methods similarly fall into detailed and aggregated approaches. Where
there is a high degree of data aggregation, a Material Flow Analysis
(MFA) modelling methodology is often reported in the literature [27];
this method accounts for energy and material inflows and outflows
at the building stock level [9,87–89]. It is often based on national-,
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Fig. 1. Life-cycle phases of a typical building [71,72] and different possible LCA boundary conditions [72,73]. Own illustration.

Fig. 2. Review methodology of the structured search. Own illustration.

regional- or urban economic statistics such as, for example, the pro-
duction and sales of insulation materials. Models using disaggregated
data reported the use of bills of quantities (BoQ), which consider
building materials and elements at the individual building level, before
aggregating individual simulation results to a building stock level [9,
10,12,13,46,79–81,90–98]. A hybrid combination of both the MFA and
BoQ approaches was reported in Seo et al. [99], Yang et al. [100] and
Kohler et al. [9] where MFA was used to model past and current stock
states, and BoQ were used for forecasting future development.

Stock model life-cycle inventory methods typically employed either
process-based or input–output (I–O) techniques. The choice of approach
was found to depend on the available data. Process-based approaches
involved summing the fuel requirements and emissions for each step in
the supply chain for all materials and processes. Therefore, detailed in-
formation on material and energy quantities, as well as their emissions

factors is required. Input–output indicators require sectoral, regional or
national economic-environmental input–output tables; typically these
describe the emissions resulting from one euro of expenditure in each
sector of an economy. In order to fill data gaps, process and I–O
analysis can be combined in a hybrid framework. This can be used
when material quantities for process analysis are not available, but
expenditure is. In this case, I–O analysis is added to the process based
information to form a hybrid approach, taking care not to double-
count impacts. The choice of the model simulation scale depends on
the available sample size and the level of data aggregation. Examples
of the different approaches are given in Section 5.2.2.

The aim of the impact assessment stage is quantify the environmen-
tal impacts of the building stock [73] considering the stock inventory
and the key life-cycle indicators.
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Fig. 3. Literature assigned bottom-up model approaches. Own illustration based on [5,25,27,101].
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3.3. Modelling operational emissions

The operation of a building results in day-to-day energy end uses for
heating, hot water, cooling, lighting, appliances and auxiliary equip-
ment. The general approach to modelling operational emissions uses
these energy end-uses as the basis for estimating operational GHG-
emissions. The products of all fuel consumption and their respective
emissions factors are summed for all energy end uses. Energy end-uses
are either measured or estimated. While measurement is only possi-
ble for existing buildings, simulation models can provide theoretical
performance values for any type of building, whether proposed or ex-
isting. Generally the theoretical performance of buildings is estimated
using computer simulation models that use information on building
physics (e.g. geometry, materials, systems), usage (usage schedules
and settings) and the environment (climate, weather and shading).
Such models can vary from quite simple to very complex. Several
modelling tools for operational energy simulation of buildings exist (see
Section 5.6 for examples).

Building operational energy models involve estimating energy de-
mands and related emissions in various time steps, typically hourly,
monthly or annual [16,26,27,103]. In the case of dynamic stock fore-
cast models which include all life-cycle phases, annual time steps
are generally used. Operational energy data of smaller time steps
aggregated to annual values (further information in Section 3.4).

3.3.1. Literature-based categorization
In the literature, building operational stock modelling approaches

are normally characterized based only on their levels of data input
aggregation as ‘bottom-up’ or ‘top-down’ [25–27]. However, although
this categorization is widely used in literature, no exact definition is
presented and the difference between the two approaches is therefore
not always clear. Therefore, we adopt the following definitions in this
paper.

Top-down models incorporate aggregated building stock input data.
A pure top-down model uses data which are representative of the
whole stock modelled as a single entity, whereas a pure bottom-up one
models each individual building separately. These definitions represent
the extremes of a spectrum, between which different levels of data
aggregation and modelling resolution lie.

Bottom-up The literature describes bottom-up operational stock models
as those that use input data at the level of appliances, building systems,
end uses or buildings. Analysis is undertaken at a granular level and
then aggregated to the level of the building stock being analysed [16].

Approaches in this category include: statistical, building physics
and energy-economic models [5,104]. These categories are described
in Fig. 3.

Statistical models are generally described as including neural net-
work, regression and conditional demand analysis (CDA), the latter
being a regression model estimating operational energy based on the
prevalence of end-use appliances in the building stock (see Fig. 3).
Regression models utilize statistical relationships between indepen-
dent input parameters and a dependent predictor, while neural net-
work models identify relationships based on a network of parallel
‘neurons’ [104].

Engineering models rely on building physics to calculate energy
requirements. Population distribution approaches use the ownership
structure, concentration, use and efficiency of appliances as engineering
model inputs to estimate energy end-use separately for each build-
ing [25]. The multiple archetype approach employs building archetypes
which are representative of the building stock and have ‘typical’ at-
tributes (e.g. building type, occupancy patterns). These are separately
modelled and the results are proportionately scaled to represent the
stock being analysed [25,27]. Instead of using archetypes or building
types, the sample-approach uses representative samples of building
data as inputs to engineering models. A further engineering model

simulation approach documented in the literature is the building-
by-building approach, also known as ‘micro simulation’ [105]. It is
identical to the sample-approach except that the entire population of
buildings is simulated and the building stock result is obtained by
aggregating all single-buildings results [27].

Energy-economic approaches focus on the building user and rely
on statistical methods. They attempt to replicate the user’s behaviour
(e.g. tenants and owners) with regard to technological uptake, energy
end-use behaviour and the ecological and social influences affecting the
use and development of building stocks [5].

Top-down Top-down modelling approaches treat the building stock
system as a single energy user and do not differentiate between differ-
ent energy end uses. They use regression methods and commonly em-
ploy [25,26] independent variables such as ‘‘macroeconomic indicators
(gross domestic product, employment rates, and price indices), climatic
conditions, housing construction/demolition rates, and estimates of
appliance ownership and the number of units’’ [25].

The literature gives examples of top-down models which can be cat-
egorized as either statistical (including neural network) or hybrid (see
Fig. 4). [25]. Statistical models can be further divided based on model
input data into: econometric, technological and population-driven (see
Fig. 4). For example, econometric models use monetary inputs such as
prices or incomes (e.g. [106]) [25,26], whereas technological models
use stock characteristics such as the prevalence of devices and systems,
as well as technological developments and structural change [25,26].
Population-driven statistical models focus on the influence of regional
populations on building stock performance [107].

3.4. Dynamic stock forecast model

Here, a model is considered dynamic when it represents the building
stock’s development over time. Different time intervals may be consid-
ered, such as monthly, annual or multi-annual. This results in changes
in the values of variables including building stock attributes (e.g. num-
ber of buildings, floor area) and derived attributes (e.g. building retrofit
share, area of envelope insulation). Dynamic stock forecast models can
be used for simulation of future stock characteristics. This process is
referred to as forecasting. Depending on the modelling objectives and
the available data, several forecasting approaches were identified in the
literature. These can be categorized as trend forecasting, aim targeting,
stock turnover, environmental change and hybrid approaches.

Trend forecasting uses trends observed in historic data to estimate
future building stock states including, for example, population, floor
area per person or envelope U-values [11,100,108,109]. Aim targeting
forecasts future states by considering likely future policies and targets
such as legislative priorities or general building stock targets. For exam-
ple, this could include GHG-emissions reduction targets to be achieved
over a specified time horizon, or reaching particular legislative aims for
the year 2050. The forecast is made by choosing certain building stock
parameters (e.g. refurbishment rates and rates of boiler replacement)
which are necessary to achieve policy or regulatory goals. Often a
combination of trend forecasting and aim targeting is used. Hybrid
approaches use a combination of trend forecasting and aim targeting
for stock forecasts [32,56,103,106,110–126].

The stock turnover approach considers the interactions of different
building stock characteristics. For example, not only might a refurbish-
ment rate be defined, but this could be a function both of building
age and the service life of different building components [4,13,107,
127–130]. A further extension is the inclusion of likely stakeholder
behaviour; these are referred to as agent-based approaches [131–134].
System dynamics and MFA are also stock turnover approaches. The
former is based on causal relationships that define the interaction
between the building stock’s in- and out-flows (see [135] for a detailed
introduction). The latter uses material and energy balances to simu-
late the stock’s development in time (see also Section 3.2. Examples
include [87,88,102,136–139]).
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Fig. 4. Literature assigned top-down model approaches. Own illustration based on [25,26,102].

Apart from changing building stock parameters, the dynamic de-
velopment of important input variables such as weather data can also
be considered; this is referred to as climate model input. Typically
this analysis is undertaken while holding building stock parameters
constant and has been used to explore future stock characteristics such
as internal comfort or cooling requirements [122,140].

3.5. Maintenance

For all modelling approaches it is necessary to include the re-
placement and service cycles of building materials, components and
systems. Although the choice of these intervals is important, a scarcity
of data was reported which affected the ability to model this life-
cycle stage. While several standards and guidelines exist which consider
maintenance as part of design-stage life-cycle costing [141,142], these
provide little supporting data. The following small number of building
efficiency- and LCA-studies provide component life expectancies [9,71,
143–146].

4. Proposed categorization system

It can be seen from the foregoing that top-down and bottom-
up statistical approaches are similar, thus making it very difficult to
categorize BS models based either on modelling approach or data
type employed. Similarly, confusion arises in the case where a top-
down engineering approach is used to model a single archetype, since
this is similar to the multiple archetype approach [11]. It can be
observed that the main difference between the bottom-up and top-down
classes is not the type of model used, but rather the level of input
data aggregation when simulating the building stock. Therefore, when
discussing building stock modelling, it is important to distinguish the
modelling technique (engineering, data science etc.) from the scale of
the model simulation (building-by-building, archetype etc.). The lack
of specificity, and the widespread use of the classification system in
the literature, complicates the comparison and discussion of stock mod-
elling methodologies and sometimes results in the ambiguous allocation
of a modelling approach to one of the two groups [135]. Therefore,
an alternative operational phase building stock model classification
system, based both on the level of input data aggregation and the
modelling technique employed, is proposed below in Sections 4.1 and
4.2.

4.1. Modelling method classification

It has been mentioned above that there are currently two main
classes of operational stock modelling methods reported in the litera-
ture: ‘statistical’ and ‘engineering’. However, the term ‘statistical’ does
not encompass a number of techniques such as neural networks and
machine learning. For this reason, the modelling method classes ‘data
science’ and ‘engineering’ are adopted here. Data science models, which
are empirical models, include regression and neural networks, while
engineering models represent the systems on a building physics basis.
Both approaches use data at all levels of data aggregation, but differ in
the independent variables required. Data science models require both
system input and output variables and model the system even where
there is no direct physical relationship between these. Pure engineering
models require only independent input variables, and model outputs
based on the laws of physics. System output variables are required in
engineering models only for the case of validation.

Data science All the data science models reviewed use either statistical
techniques such as statistical regression [12,106,109,120,147–156] or
machine learning techniques like neural networks [104]. The only
neural network approach noted in the literature by Swan et al. was,
however, used in combination with a building physics approach for
operational energy simulations; no pure neural network approach was
identified.

Engineering Engineering approaches to estimating operational energy
incorporate building physics-based models including computational
fluid dynamics or steady state thermodynamic models. These models
all are based on heat transfer, mass flows, thermodynamic relation-
ships, external radiation gains and internal gains of occupants, lighting
and appliances. They estimate operational energy demand based on
building, occupant and environmental parameters as well as the phys-
ical relationships of the building with its environment and internal
interactions (e.g. heat gains from occupants and equipment). Addition-
ally, they may model fuel consumption and emissions based on the
characteristics of the relevant supply technologies. Building physics
building stock models have been developed by many researchers (see
Section 5.2.3 for more details) and can be applied at different levels of
data aggregation. For example, a single archetype approach involves
modelling the entire stock based on one ‘average’ or representative
building type. The use of multiple representative archetypes increases
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modelling resolution. This can be further improved using large building
samples or building-by-building approaches [25,27,101].

Hybrid approach The combination of the data science and engineering
modelling approaches is called hybrid modelling. These models use the
benefits of both modelling techniques by combining two or more mod-
elling methodologies. One example is the Canadian Hybrid Residential
End-use Energy and Emission Model (CHREM) by Swan et al. [104].

Fig. 5 provides an overview on which studies belong to each mod-
elling category.

4.2. Model simulation classification

Model simulation involves inputting a data set into the model to
simulate output results. Therefore, the model simulation classification
should include information on the nature and level of input data
aggregation (see Fig. 6).

Where data are highly aggregated, two types of model input are
possible: lumped stock and single archetype. The former represents a
building stock as a single entity (for example see Sandberg and Brattebø
[136]), while the latter identifies ‘average’ stock building attributes
combined into one representative archetype (see Teh et al. [11]).

Multiple archetype inputs can be seen as the next level of aggrega-
tion. Here, a number of representative archetype buildings are selected
from available data, with the size and scope of the sample determining
the number and nature of archetypes.

The next level of data aggregation is the individual building level,
comprising individual building elements including their geometries
and material properties. Simulations using building level data use, for
example representative sample data of a subset of the population, as
done by Mutani et al. [154] and Oliveira Panão and Brito [157]. Simu-
lations using population-level data are resulting in building-by-building
results. Examples of these data being used are [106,149–151,155] for
the use as inputs to data science models as well as [91,95,158–161] for
the use in engineering models.

There are several studies in the literature which use building com-
ponent and content input data, the most granular being at the level of
individual appliances (see Kadian et al. [106]).

4.3. Combined classification system

The foregoing highlights the need to consider both the model em-
ployed and the level of data aggregation used in the model simulation,
when characterizing building stock modelling studies. Therefore a clear
classification should include both the modelling technique and model
simulation data involved. Fig. 7 presents such a classification 4.1 and
4.2 respectively.

The reference studies in the dark grey bubbles use model simulation
input data from only one aggregation category, while the studies in the
light grey bubbles use data from two categories.

5. Literature meta-analysis

In addition to the general review of stock modelling literature
reported above, a quantitative study of the prevalence of different
methodological approaches used to model the building stock was un-
dertaken. The meta-analysis involved the systematic collection, colla-
tion and classification of relevant study data in order to: (1) identify the
main reasons for undertaking such studies; (2) establish the variety of
building stock modelling approaches; (3) understand how they are used
for forecasting; and (4) highlight possible research gaps. It considered
the 26 building stock life-cycle assessment studies identified above

5.1. Modelling goal and scope

The goal and scope of each study was reviewed using the ISO 14040
categories [73] in order to understand: the life-cycle phases considered;
the building elements and components included; the extent to which
operation, maintenance and retrofitting are addressed; the nature of
the building stocks modelled; and study objectives. Relevant results are
described below and summarized in Table 2.

5.1.1. Life-cycle phases in life-cycle assessment building stock models
The cradle-to-site life-cycle phase, which includes building mate-

rials’ manufacturing and stock construction was included in all the
studies analysed. Operation was considered in almost all studies (85%),
while refurbishment was included in 81%. End-of-life was most fre-
quently omitted and featured in only 35% of studies, with maintenance
only considered 42% of the time. While cradle-to-site, operation and
refurbishment typically are the main contribution phases to the whole
life-cycle impact of buildings, the less influential end-of-life [27] and
maintenance were often neglected. The significant uncertainties regard-
ing end-of-life impacts, which occur many years into the future, may
have brought model developers to the decision to omit their effects.
And the scarcity of maintenance data may have also resulted it the
omission of this stage from most models.

Only one whole life-cycle building stock study included non-
domestic buildings [9]. This study also considered forecasting, costs
and GHG-emissions, but did not include uncertainty analysis. It can be
observed that the more complex the model output, the less likely it is
to be considered in the literature. For example, many models consider
energy and, to a lesser extent, emissions, while very few address cost–
benefits. This omission is likely due to the limited resources available
for modelling exercises.

5.1.2. Building components and systems
The extent to which different building components and systems are

considered is important when comparing models. Five main represen-
tations were identified in the literature:

• buildings distinct existing buildings are represented and are con-
sidered in their entirety. This includes the building envelope,
internal structure and divisions, systems and may include new
construction and demolition;

• new buildings are buildings that will be added to the existing
building stock (new construction);

• envelope refurbishment involves all materials, components and
actions as part of a future refurbishment of the building envelope.

• infrastructure encompasses existing road and public transport,
fuel, electricity and water supply, that are necessary for the
building to work as intended;

• systems includes the building services such as lighting, HVAC,
renewable energy generators, electricity distribution, water dis-
tribution, heating and cooling.

Fig. 8 and Table 2 summarizes the scope of building components
and systems addressed in the studies reviewed. Table 2 shows that the
entire building scope is considered in four models [9,79,88,136,162,
163], the building without systems in four [10,11,13,94] and buildings
including supporting infrastructure by three [12,89,100]. One study
each focused on new buildings with [97] or without [80] infrastructure.
Refurbishment was also found to be a significant focus area: eight
studies assess the refurbishment of both the envelope and building
systems [81,82,92,95,96,98,164,165] with a further four addressing
envelope refurbishment only [87,90,91,93,99] (one excluding win-
dows) [90,91]. One study involved a façade refurbishment excluding
windows, roof and basement refurbishments [46].
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Fig. 5. Model classification in modelling technique categories. Own illustration.

Fig. 6. Model categorization based on input data aggregation level of model simulations. Own illustration.

Fig. 7. Combined BS model simulation classification system based on simulation input data aggregation and modelling technique, with reference studies. Own illustration.

Fig. 8. Covered objects in LCA-models.

5.1.3. Operation, maintenance and refurbishment
Most life-cycle building stock models involved estimating the mate-

rial and energy requirements associated with refurbishment and main-
tenance cycles; . only four did not [11,13,89,97] (Table 2).

As stated above, 26 BSM studies were identified which encompassed
at least the production and construction life-cycle phase (cradle-to-
gate), while a further 72 covered only building operation. However,
given the importance of the operational phase, all 98 studies are
included in the following sections, discussing operation.

5.1.4. Building stock category
Table 3 shows that more than half of the studies (51%) consider

domestic buildings only, while 33% include both domestic and non-
domestic buildings, of which only five are LCA-models [9–13] (see
Table 2). Just 16 studies (16%) specifically focus on the non-domestic
sector of which only one is an LCA [82] (see Table 2). There is
obviously a research gap of models focusing on the more complex
NDBS. Beside the higher complexity of the NDBS also data covering
this stock is scare (see Section 5.2.1) and might lead to this negligence.
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Table 2
Key characteristics of the LCA studies reviewed including life-cycle phases and model attributes considered (D — Domestic; ND — Non-Domestic; ND&D — Non-Domestic and
Domestic).

Study LCA Inventory LC-Phases LCA Impact

Stock Coverage Cradle
to site

Oper-
ation

Main-
tenance

Refur-
bish-
ment

End-of-
life

Fore-
cast

Cost GHG Uncer-
tainties

Impact
assessment
approach

[162,163] D Buildings Yes Yes Yes Yes Yes No No Yes No Process-based

[81] D Refurbishment envelope and
systems

Yes Yes Yes Yes Yes No Yes Yes No Hybrid

[46] D Refurbishment facade (no
windows)

Yes No No Yes No No No Yes No Process-based

[82] ND Refurbishment envelope and
systems

Yes Yes Yes Yes Yes No No Yes Yes Process-based

[90] D Refurbishment envelope (no
windows)

Yes Yes No Yes No No No No Big
sample

Process-based

[79] D Buildings Yes Yes No Yes Yes No Yes Yes No Process-based

[87] D Refurbishment envelope Yes Yes No Yes Yes Yes No Yes No Process-based

[92] D Refurbishment envelope and
systems

Yes Yes No Yes No No Yes Yes Yes Process-based

[93] D Refurbishment envelope Yes No No Yes Yes No No Yes No Process-based

[165] D Refurbishment envelope and
systems

Yes Yes No Yes No Yes No Yes No Process-based

[164] D Refurbishment envelope and
systems

Yes Yes Yes Yes No Yes Yes Yes Big
sample

Process-based

[88,136] D Buildings Yes Yes No Yes No Yes No Yes No Estimation

[99] D Refurbishment envelope Yes Yes Yes Yes No No Yes Yes No Input–output

[94] D Buildings (no systems) Yes Yes No Yes No No No No No Process-based

[10] ND&D Buildings (no systems) Yes Yes Yes Yes No No No Yes Yes Hybrid

[11] ND&D Buildings (no systems) Yes No No No No Yes No Yes Yes Hybrid

[95] D Refurbishment envelope and
systems

Yes Yes No Yes No Yes Yes Yes No Process-based

[9] ND&D Buildings Yes Yes Yes Yes Yes Yes Yes Yes No Hybrid

[12] ND&D Buildings and Infrastructure
(Transport and Utilities)

Yes Yes Yes No No No Yes Yes No Estimation

[89] D Buildings and Infrastructure
(Transport and Utilities)

Yes Yes No No No No No Yes No Input–output

[96] D Refurbishment envelope and
systems

Yes Yes No Yes No No No No No Process-based

[97] D New Buildings, Infrastructure
(Transport)

Yes Yes No No Yes No No Yes No Process-based

[13] ND&D Buildings (no systems) Yes No No No No Yes No Yes No Process-based

[80] D New Buildings Yes Yes Yes Yes Yes No Yes Yes No Process-based

[98] D Refurbishment envelope and
systems

Yes Yes Yes Yes No No No Yes No Process-based

[100] D Buildings and Infrastructure
(Transport and Utilities)

Yes Yes Yes Yes No Yes No Yes No Process-based
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Table 3
Building stocks considered in the review study.

Stock Share

Domestic building stock 51% (n = 50)
Domestic and non-domestic building stock 33% (n = 32)
Non-domestic building stock 16% (n = 16)

Table 4
Aims and objectives of stock modelling studies: directly stated and implied.

Aim Directly stated Implied

A: methodology
development and proof of
concept

12% (n = 12) 88% (n = 86)

B: embodied and/or
operational impacts
(implies A)

38% (n = 37) 53% (n = 52)

C: impacts of
measures/policies (implies
A and B)

46% (n = 43) 9% (n = 8)

D: policy
information/support
(implies A and B and C)

22% (n = 22) 0

E: historic development 4% (n = 4) 0

F: forecasting (implies A
and B)

27% (n = 26) 0

G: uncertainty
analysis/impact (implies A
and B)

2% (n = 2) 0

H: flexibility options
(implies A and B and C)

1% (n = 1) 0

I: exergy efficiency
(implies A and B)

2% (n = 2) 0

5.1.5. Aims and objectives
Aims and objectives were categorized based on the statements in the

aim and objective sections of the studies. Where these were unclear
or missing, findings were used to imply a study’s aims. It can be
seen in Table 4 that of the 98 studies dealing with methodological
development and model testing, only twelve directly state these aims.
The overall aim of the majority of studies (91%) is to estimate the
operational and/or the embodied impacts of a particular building stock,
both in its current form and under different simulated future scenarios.
In this context ‘impacts’ are either input (e.g. energy, material and
cost) or output flows (e.g. CO2, GHG, waste and other environmental
impacts). The most common simulation scenario (56%) is to identify
the effects of energy efficient refurbishment measures on the building
stock or its supply systems (e.g. electricity, transport, green materials)
and/or to investigate the effects of policies (regulations and market
interventions); 50% and 65% of NDBS and LCA-BS studies respectively
specifically mention this aim. 22 (22%) studies target the generation of
knowledge for policymaking, while forecasting the impacts of building
stock development is mentioned in 26 (27%) studies. Very few studies
focus on historic stock development (4%), uncertainty analysis (2%),
the identification of flexibility options of grid power peaks (1%) and
exergy efficiency in the building stock (2%)

Mastrucci et al. reviewing 15 LCA-BSMs identified three main study
goals; these are similar to the findings reported above: ‘evaluation of
the environmental impacts in the current state’ (40%), ‘comparison
with an ideal future state of the stock’ (40%) and ‘assessment of the
evolution of the stock in medium-long term scenarios’ (20%) [27]

5.1.6. Functional units
The functional unit measures the primary purpose of the building

stock model and allows for the comparative analysis and communica-
tion of the simulation results. The functional units used in the studies
are not part of this review since an overview is already provided

in [27]. In summary, typical functional units include per unit area of
building (e.g. heated-, gross-floor-, living-, land-area), per capita, per
retrofitting measure and per construction measure; both annualized and
over the life-cycle.

5.2. Inventory analysis approaches

This section describes the approaches to:

• estimating non-operational inventory life-cycle impacts (material-
and energy-flows);

• estimating operational inventory life-cycle impacts;
• forecasting building stock development;
• model validation and calibration.

5.2.1. Inventory-data approaches
Section 4.3 describes that it is possible to characterize building

stock modelling approaches by either the type of modelling technique
used (mainly engineering and data science — see Section 5.2.3) or by
the level of input data aggregation. Section 4.2 gives an overview of
the different input data aggregation types (data approach categories)
available for stock modelling, and it is observed that the methodology
used often depends on the available data. Therefore, this section char-
acterizes the literature by the data approach categories of the input data
used.

Table 5 shows that just over half (53%) of studies use archetype data
and fall into the archetype approach category. One possible explanation
for its popularity is that the archetype approach to stock modelling
is sufficiently flexible to combine archetype-specific information with
average statistical data in order to fill data gaps where necessary; at the
same time, more detailed, representative archetype data can be used
where available. Also, depending on the number of archetypes used,
the approach can be a statistical representation of the stock (i.e. using a
single archetype), or closer to a BbB approach (multiple representative
archetypes). For this reason, many stock modelling approaches are
combined with available archetype data. For example, 12% of the sam-
ple which use a BbB approach utilize archetype data to supplement the
available building-specific data. Three of the ‘sample-data’ approaches
specified in Section 4.2 also use this approach. Two studies combined
archetypes with a lumped stock approach [9,162,163], while one study
used a single archetype [11]. Of the remaining 28 studies that do not
utilize archetypes, twelve employ building-by-building, nine sample
and seven lumped stock data sets.

The data aggregation categories used in studies focusing on NDBSs
were archetype, building-by-building, sample and lumped stock. These
were not appear to be correlated to the type of stock being assessed,
whether domestic, non-domestic or mixed. 20 of 26 LCA-BSM stud-
ies use archetypal data (14 archetype, three BbB & archetype, two
archetype & lumped stock and one single archetype); of the remaining
six, four used building-by-building, one sample and one lumped stock.
There is a clear tendency towards the use of archetypal input data for
LCA-BSMs, which is possibly related to a lack of computational power,
resources or data. Nonetheless, a wide diversity of LCA-BSM data input
variables and sample sizes used in the models, indicating that it is
sometimes possible to obtain detailed data sets with a high granularity.

Input data types A wide range of input data types was observed in the
study sample. In total, 86 different categories of data were identified.
The most widely-used input data related to the physical buildings,
and are categorized as the ‘building’ input data category. The sample
contains 380 distinct building category variables and includes, for
example, ‘building age’, ‘building use’, ‘building typology’, ‘building
energy systems’ or ‘thermal envelope data’. The next most common
input data category is ‘stock’ (46 instances), which includes numbers
of existing buildings, refurbishments, new constructions and house-
holds. Other common categories include: ‘Occupant’ (27 instances),
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Table 5
Data approaches of reviewed studies.

Data approach category Share in
stock-category
and number

Studies

Archetype approach — 71% (n = 70)

Archetype 53% (n = 52) [4,12,13,33,38,79–
82,87–89,93,94,97–100,
107–110,115–119,121–
126,128–134,138–140,
148,152,153,166–181]

Building-by-building in
combination with
Archetypes

13% (n = 12) [10,46,95,150,151,159,
161,182–186]

Sample in combination
with Archetype

3% (n = 3) [103,111–114,147,156]

Archetype in
combination with
lumped stock

2% (n = 2) [9,162,163]

Single Archetype 1% (n = 1) [11]

Other approaches — 29% (n = 28)

Building-by-Building 13% (n = 12) [90,91,96,101,106,149,
155,158,160,164,165,
187,188]

Sample 9% (n = 9) [32,92,104,120,154,
157,189–192]

Lumped stock 7% (n = 7) [56,88,102,107,127,
135,136,193]

‘Weather/Climate’ (27 instances), ‘Energy use’ (25 instances) and ‘En-
vironmental’ (25 instances) data. Less frequent categories include: ‘Eco-
nomic’ (10 instances), ‘Geographic’ (9 instances), ‘Infrastructure’ (5
instances) and ‘Uncertainty’ (2 instances) information.

The input data categories are presented in Fig. 9 including their
observed frequency in the study sample.

While most input data types are used with both engineering and
data science modelling techniques, some are only employed in one
or the other. For example, geometry, location, construction numbers,
component typology and year of last refurbishment are input data
types to engineering models only. Tenure, maintenance status, GDP,
employment data and household income, amongst others, are only used
in data science models. Engineering models use either information that
can be directly used for building energy calculation or classifying data
(e.g. building age) which points towards statistical data (e.g. aver-
age u-value of building age class) which can be used to compliment
the available data. In comparison, data science models typically use
statistical data.

Input data sources Input data sources are very diverse since every
country, if not every region, collects building stock data in a non-
standardized way. While a detailed analysis of input data sources
is beyond the scope of this review, some data sources which were
commonly observed include:

• Building input data, including:

– Data on a building’s geometry generally provided by Cadas-
tral Registers, Land Registers, Open Street Map (OSM) and
Regional cartography data;

– Information on the other physical attributes of the build-
ing’s are typically obtained from building typologies (i.e
TABULA [194] and EPISCOPE [195]), census data, building
surveys (i.e. Commercial Building Energy Consumption Sur-
vey (CBECS) [62] or English Housing Survey (EHS) [196]),
stock asset ratings, building statistics, building standards
(i.e. DIN 4108-4 [197]), sample buildings, building en-
ergy certificate databases, building insurance companies
and national regulations;

– Data on life-cycle impacts (i.e. building carbon footprint),
life expectancies, building internal layout, components and
material properties are in most studies drawn form other
scientific studies, life-cycle impact indicator databases (i.e.
Ökobaudat [198]) and standards (i.e. VDI 2067 [141]);

– Further building related data usually for data science mod-
els like building and property values, energy expenditure,
equipment possession rate, water consumption, number of
energy metres or number of bathrooms are taken from tax
assessor data, census, national statistics, energy providers
and family expenditure surveys.

• Economic data is reported from three sources: Cost databases
(i.e. BKI [199] or EnergyPLAN [200]), other scientific studies and
national statistics.

• Energy use data is drawn from building energy certificate
databases, building surveys, sample buildings, energy providers
and smart metre data.

• Environmental data for example life-cycle impact indicators and
embodied energy impacts come from life-cycle impact databases
and tools such as Ecoinvent [201], GABI [202], ÖKOBAUDAT
[198], SimaPro [203] and GEMIS [204], but also from other
scientific studies.

• Geographic data, for example location data, elevation models,
urban area types, travel and transport distances are obtained
from cadastral, land registers, Open Street Map (OSM) [205],
regional cartography data, LiDAR data, other scientific studies
and national or global topology/elevation models.

• Infrastructure data, such as typical infrastructure materials, in-
frastructural typology, and infrastructural GIS models are taken
from other scientific studies, Open Street Map (OSM) [205] and
Google Maps [206]

• Occupant data (i.e. occupant composition, tenure, household in-
come and energy patterns) is typically obtained from census,
survey data and standards.

• Regional data on energy and material flows, industrial produc-
tion, modal split, population development, GDP, employment
data and income development are obtained from national statis-
tics, census and other scientific studies.

• Stock data, typically numbers on buildings, households, new con-
struction, refurbishments and the overall stock development are
provided by cadastral databases, land registers, buildings statis-
tics, building surveys, census, stock asset rating survey and other
scientific studies (i.e. ENTRANZE [207] and ODYSSEE [208]).

• Input data distribution for uncertainty assessment were used from
building surveys, building statistics and other scientific studies.

• Weather/Climate data sets are taken from national regulations,
national meteorological data sets (i.e. DWD [209]), global mete-
orological data sets (i.e. NOAA [210]), standards, other scientific
studies and climate models.

5.2.2. Non-operational phase inventory-model approach
Many of the LCA building stock modelling studies (69%) referred to

in Table 2 use a process-based LCA approach. This involves modelling
a system’s inventories at the process- and material-levels [27,211].
Only two of the studies use an input–output LCA methodology [89,
99] utilizing sectoral economic and environmental data from national
accounts [27,211], while four use a hybrid of process-based and input–
output LCA [9–11,81]. While modelling and analysis concludes at the
LCIA stage for the majority of studies, a simple estimation of life-cycle
impacts is conducted in two works [12,88,136]. In these instances,
estimation is undertaken using the results from other studies which
estimate the life-cycle impact of representative buildings. For example,
the specific embodied energy per square metre, used in combination
with the building stock floor area is used to estimate the embodied
energy in the stock. One possible reason for the dominance of process-
based LCA approaches is that it is the best approach for estimating
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Fig. 9. Input data fields used in the reviewed studies. Count and share of studies reporting input data types assigned to the input data fields by model approach.

the future impacts of building stocks. Input–output analysis uses eco-
nomic emissions intensities which rely on past sectoral economic and
environmental data and are complex to derive; they are not easily
projected into the future. Process-based approaches use, for example,
fuel emissions factors, which are more easily forecast. Consequently,
only process-based LCA approaches are useful for models considering
future states of the BS.

5.2.3. Operational phase inventory-model approach
An engineering/building physics approach was used as a modelling

method for operational energy and emissions in the majority of models
reviewed during this study (58%). A possible reason for this is the
flexibility of this approach. Such models can be fed either with aggre-
gated data (e.g. single archetype) or detailed information (e.g. BbB).
In contrast to data science models (e.g neural network or regression),
the engineering/building physics approach does not require large rep-
resentative training data-sets. Five studies use an engineering/building
physics approach; these are used with energy use intensities in conjunc-
tion with building type dependent normalized energy use intensities
( kWh

m2 a ) estimated by others (n = 3) [99,160,162,163], neural networks
(n = 1) [104] or regression (n = 1) [193]. Regression techniques are
the second most used approach, accounting for 14 studies of which
12 use pure regression; one combines the approach with stochastic-
sensitivity [156] and the other also uses a conditional demand analysis
approach [106]. Of the remaining 22 studies reviewed, 14 apply energy
use intensities, one uses a system dynamics approach to determine US
housing stock GHG-emissions [135] while the remaining studies do not
consider the operation phase (n = 7). No preferred modelling approach
was observed for domestic or non-domestic stocks. The tendency to-
wards engineering/building physics approaches was also reported by
Mastrucci et al. [27] as well as Brøgger and Wittchen [5].

5.2.4. Forecasting models
Of the 98 studies reviewed, a total of 40 (41%) include forecasting

for simulating the future development and impacts of the building
stock.

The approaches taken are shown in Fig. 10. Trend forecasts account
for 4% of studies, while aim targeting is used in 8%. Nine studies (10%)
were observed in the survey combining both trend forecasting and aim
targeting in a hybrid approach. Stock turnover models were used in
14% of the studies.

Furthermore, agent-based and climate model input approaches were
observed in 3% and 2% of studies respectively.

There was no significant difference in forecasting method observed
for domestic and non-domestic stock models. Two agent-based forecast-
ing approaches were applied to NDBS models [131,134] and one to a
entire building stock model (ND&D) [132,133]. No agent based fore-
casting approaches have been applied to DBS models. The forecasting
methods applied to the small number (n = 9; 35%) of LCA-BSMs were
mainly based on turnover models, including MFA (stock turnover: n =
2, MFA: n = 3) but also trend forecasting (n = 2), policy aims (n = 1)
and a combination of trend forecast & policy aims (n = 1). Only 20% of
the 15 LCA-BSM studies reviewed by Mastrucci et al. considered stock
dynamics and evolution [27].

All models use one or more key independent variables to explore
future stock development, hereafter referred to as ‘‘drivers’’. It was
found that the maximum number of drivers used in any forecast was
three, while most studies consider just one or two. The use of only
few drivers may be due to the significant forecast uncertainties asso-
ciated with key stock model drivers, which are often model outputs
themselves. Therefore, the greater the number of model drivers, the
greater the BSM output uncertainties. This, in combination with the
uncertainties in the typical BSM input data and the problems with
validation (see Section 5.2.5] may explain the limited use of drivers in a
single simulation. In total fifteen different driver types were identified
and are described in Table 6.

5.2.5. Model validation and verification
Validation is the comparison of the model results to the behaviour

of the real system [212–214] and so requires suitable system data.
For this reason, full validation of LCA building stock models is not
feasible, since measuring the behaviour of such a complex system
is practically impossible [27]. Verification does not require system
data [212,213,215] and can be conducted in different ways, for exam-
ple via peer review or expert opinion, comparison with other studies or
by confirming the appropriate behaviour of the model under different
input conditions.

No reference was found to either validation or verification in 35% of
the studies reviewed, with the balance applying some form of validation
and/or verification.

In general, validation was based on building-level data or national
statistics, and verification by comparison with other studies and other
approaches. A detailed summary of the approaches adopted are pro-
vided in Table 7. In general LCA-BSMs are practically impossible to
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Fig. 10. Forecast approaches taken in the reviewed studies.

Table 6
Forecasting drivers identified in the literature.

Driver type Description of driver Number of drivers

Population development How has and probably will the number of the inhabitants
(users) of a building stock develop

7
[100,102,106,107,109,128,130]

Building owner behaviour How is the behaviour of the building owners in regards to
the buildings (investments, refurbishment and so on) and
how will they probably react in the future to e.g. economic
changes, policies, climate change

1
[134]

Building stock development How has the building stock developed in the past and how
might it develop in the future

12
[4,9,11,103,111–114,117,119–
121,126,127,129,130]

Building construction How many buildings have been constructed in a certain time
step in the past and how will that likely be in the future.
What is a possible demand for new buildings.

4
[13,115,116,135]

Building refurbishment How many buildings have been refurbished in a certain time
step in the past and how will that likely be in the future.
What is a possible demand for refurbishing buildings.

12
[87,95,110,115–117,119,123–125,
131,135,164,165]

Building demolition How many buildings have been demolished in a certain time
step in the past and how will that likely be in the future.
What is a possible necessary demolition requirement.

3
[13,87,116]

Floor space development How has the total or specific floor space developed in the
past and how might it develop in the future based on
population grows, life style changes and so on.

5
[32,88,107,108,110,136]

Policy aims What are the policy aims and which are the requirements to
reach them. Future policy implementation dates and their
impacts.

5
[95,103,111–114,118,130,132,
133]

Life style (Floor Space per Person) How does the life style change and e.g. how does that
influence the demand of the specific floor area per person.

3
[106,107,131]

Financial situation How is the economic situation in general and in specific of
the building stakeholders. How has that been in the past and
how might it be in the future.

4
[106,131–133,164]

Energy system development How have and how will the energy system possibly develop
under consideration of more renewable energies in the grids
as well as a more decentralized energy generation.

2
[56,119]

Climate change What is the likely effect of climate change. 3
[95,122,140]

Technology availability Which kind of technology might be available in the market
and when. Will the technology be accepted and used by the
stakeholders.

2
[125,132,133]

Energy demand development How was the energy demand development in the past and
how might it change in the future.

1
[127]

Workforce availability How is the availability of workers for construction,
refurbishment and demolition, how was it in the past and
how might it change in the future.

1
[164]

validate since embodied energy and emissions can only be measured

by detailed measurements of each single activity upstream of the

modelled building stock. This could be done in theory but would

require enormous resources for implementation. This is reflected in
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the fact that the majority of the LCA-BSMs are not even partially val-
idated [11–13,46,79–82,87–89,92,93,100,136,162–164]. No validated
non-operational models were identified the literature, although three
studies addressing model verification were noted where results were
compared to similar studies [96–98]. One study compared the results
of different models applied to the same stock using both bottom-
up and top-down approaches [9]. Two studies use measured data of
reference buildings for partial validation (e.g. energy demand and
material use) [10,95]. With regard to operational phase models, one
validated [90] and two verified studies were noted, the latter using the
standardized test procedure BESTEST [99] or national statistics [94].
One study used the measured energy use of the entire building stock
for operational model validation [165]. The foregoing illustrates that
there is no commonly used verification procedure for LCA-BSMs, while
full validation is not reported.

5.3. Model impact assessment

In keeping with the ISO14044 LCA specification, the model in-
ventory analysis stage is followed by impact assessment, whereby
inventory data are associated with relevant environmental impact cat-
egories [73]. Below, the impact categories used in the review studies
are described.

5.3.1. Operational phase output categories
Studies involving operational modelling methods (see Section 5.2.3)

describe a variety of outputs which are summarized in Table 8. In
almost all cases, only energy-related outputs are considered (n = 89),
with the exception of those that considered either GHGs (n = 1) or
materials (n = 1). Energy-related output categories can be divided
into: energy; heat; cooling; electricity; and total energy usage. Heat
includes thermal energy used for both space heating and hot water.
Cooling is the energy required for space cooling, while electricity incor-
porates lighting, appliances, devices, plug loads and auxiliary energy.
Some studies considered cooling as part of the electricity demand. The
heating and cooling category combines both electricity and other fuel
demands. The category ‘total energy usage’ refers to studies where
end use is not disaggregated, and heating, cooling and electricity are
reported in one figure.

Of the LCA studies reviewed (see Table 2), 88% report GHG as
an impact category. This is in contrast with models focusing on the
operational phase, where energy is the primary impact category. These
findings are comparable to Mastrucci et al. who also evaluated impact
categories, and found that GHG and energy were used in 93% and 80%
of studies, respectively [27].

5.3.2. Cost impacts
Where building stock models are used for the purpose of pro-

viding knowledge for policymaking, it is important to estimate both
the costs and GHG abatement potential of any stock improvements
being investigated. Of the studies reviewed, 27% (n = 26) include an
estimation of costs, of which, 81% (n = 21) explicitly aim to identify
the impacts of measures/policies. Of these, 43% (n = 9) also state
that policy interventions are being investigated. However, 34 policy-
oriented studies do not consider cost at all. Only two ND-BSM studies
consider costs [32,123,124], while nine whole building stock models
(ND&D) [9,12,56,118,121,132,133,148,176,177,179,180] consider as-
sociated monetary impacts. Table 2 summarizes the extent to which
LCA-BSMs cover costs.

5.3.3. Greenhouse-gas-emission impacts
After energy demand, greenhouse-gas-emissions are the most com-

mon model output in the studies analysed. A high proportion of the
sample (57%) considers this indicator, given its importance in assessing
energy-related climate impacts and its relevance to policymaking. For
LCA-BSMs, GHG impacts are estimated in 23 of the 26 studies (see
Table 2).

Table 7
Validation and verification approaches of building stock models (Percentages might not
sum up to 100% due to rounding errors).

Validation and/or verification approach Number of
studies using
that approach

Measurement data — 20% (n = 20)

Building stock measurement 11% (n = 11)
Building stock measurement and national statistics 1% (n = 1)
Reference building measurement 6% (n = 6)

Reference building measurement and national
statistics

1% (n = 1)

Reference building measurement and other studies
and BESTEST

1% (n = 1)

National statistics — 23% (n = 22)

National statistics 19% (n = 18)
National statistics and other studies 4% (n = 4)

Other studies — 9% (n = 8)

Other studies 7% (n = 7)
Other studies and top-down to bottom-up 1% (n = 1)

Other — 14% (n = 13)

Training and test data set 2% (n = 2)

Total Absolute Error (TAE) and Percentage
Absolute Error (PTAE)

1% (n = 1)

Expert knowledge 1% (n = 1)
Validated model parts 2% (n = 2)
BESTEST verification 1% (n = 1)
Scenario analysis 5% (n = 5)
Sensitivity analysis 2% (n = 2)

No validation or verification — 34% (n = 32)

No 30% (n = 29)
Not mentioned 5% (n = 5)

5.4. Interpretation

The interpretation of model simulation results requires an under-
standing of their representativeness, while information on uncertainty
is also very desirable. The extent to which these issues are addressed
in the literature survey is described below.

5.4.1. Representativeness
The statistical representativeness of the case studies was assessed

under three categories: ‘representative’, ‘unrepresentative’ and ‘repre-
sentativeness unknown’. Case studies were allocated to the represen-
tative category when it was stated that the modelled building stock
was based on building data which was gathered by means of a ran-
domly drawn sample from the whole stock or, alternatively, where a
population of buildings was used. In some studies, sample data were
supplemented by national or regional stock data or estimations by
experts. In these cases, the results were categorized as representative
where the majority of the input data were deemed to be statistically
representative of the stock. All other studies were either categorized as
unrepresentative or, in the case where data sources were unclear, as
representativeness unknown.

In total 55% of the studies were categorized as unrepresentative,
while 43% of the studies fell into the representative category. Two
could not be categorized as it was unclear what data had been used
and were categorized as representativeness unknown [101,149]. Only
four of the 26 LCA-BSMs studies [9,82,164,165] were thought to be
representative.

5.4.2. Uncertainty analysis
An understanding of model output uncertainty is important when

interpreting LCA results [216]. The review indicated that most building
stock modelling practitioners are aware of this fact, but that only a
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Table 8
Operational phase output categories for the reviewed studies (Percentages might not
sum up to 100% due to rounding errors).

Operational phase output-category Number of studies providing
the output category

Energy (Heat, Cooling, Electric) 43% (n = 42)
Energy (Heat and Electric) 19% (n = 19)
Energy (Heat and Cooling) 4% (n = 4)
Energy (Space heating and Electric) 1% (n = 1)
Heat 15% (n = 15)
Heat and auxiliary electricity 2% (n = 2)
Heat (Space heating) 5% (n = 5)
Total energy usage 1% (n = 1)
Material 1% (n = 1)
GHG 1% (n = 1)
None 7% (n = 7)

few undertake the task of quantifying uncertainty. A minority (19%)
of the studies consider uncertainties, while 5% of the studies use large
sample sizes to estimate uncertainties quantified as the variances of key
output variables. Of the 26 LCA-BSMs, only 15% of the models estimate
uncertainty (see Table 2).

Four approaches to estimating stock modelling uncertainty were
noted in the literature. The first was to estimate or assess the probable
uncertainty of input parameters and analyse their impacts on model
outputs by applying scenarios analysis with best-case and worst-case
input data sets. This works best for models with one or a few key
input variables. Either the variable input ranges are varied one-by-
one to estimate output ranges (sensitivity analysis), or a plausible set
of input variable ranges are simultaneously varied to estimate model
output ranges (scenario analysis). An example of best-case, worst-case
scenarios is presented in [82,102]. Examples of scenario analysis with
several scenarios applied (second approach) are found in [10,88,124].
All three of these studies first quantify uncertainty using sensitivity
analysis and investigate scenarios as second step [10,88,124]. The third
approach for estimating uncertainties, the sensitivity analysis, is con-
ducted via the ‘One at a Time’ (OAT) [11,88], interval analysis [10,158]
and Monte Carlo analysis [38,119,152,157,192] techniques.

A fourth approach is to utilize statistical regression models that
quantify the standard error of the model along with the results. This
approach is pursued by [150,151,155,156,193].

By way of comparison, Mastrucci et al. found that 53% of their
reviewed studies carried out a uncertainty estimation of which 63%
were based on sensitivity analysis [27]. These proportions are higher
than those observed in this study, possibly due to the different review
scope applied, as Mastrucci et al. considered 15 selected bottom-up
LCA-BSMs only compared to the sample of 96 here. Both the high
percentage of studies not considering uncertainty and the small number
of representative simulations may be due to a lack of high qualify input
data.

5.5. Model transparency

Being able to use and experiment with stock simulation models
allows for a better understanding of how they work and their under-
lying operation and assumptions. Unfortunately, most studies in the
review do not give detailed information on the implementation of the
model used. Of those which did provide further information, some
are directly available for use, or at least provide detailed information
that enables the reader to replicate them. The openly available cate-
gory includes models that are available in their entirety, in parts (for
example, open-source models are identified, partial models are made
available, or combined open and a commercial models are employed),
governing equations are provided, code or pseudo code are published
and references to standards are provided.

In total, 42% of the studies provide structured information allow-
ing a detailed understanding of the models developed or employed,

Table 9
The most common modelling tools used in building stock models. Ranked by ob-
served frequency. Categorized into ‘Building energy model’, ‘Generic-programming’ and
‘Life-cycle assessment’.

Modelling tool Number of studies using the tool Tool category

EnergyPlus n = 14 Building energy model
Matlab/Simulink n = 10 Generic-programming
Microsoft Excel n = 9 Generic-programming
Python/ArcPy n = 8 Generic-programming
ArcGIS/ArcMap n = 5 Generic-programming
QGIS n = 5 Generic-programming
R n = 4 Generic-programming
GaBi n = 3 Live-cycle assessment
eQuest n = 3 Building energy model
SimaPro n = 3 Live-cycle assessment
Transys n = 3 Generic-programming
Microsoft Access n = 2 Generic-programming
ESP-r n = 2 Building energy model
AccuRate n = 2 Building energy model
GRASS-GIS n = 2 Generic-programming

while the remaining 58% do not provide a sufficient level of detail to
understand model input–output relationships.

Of the 16 NDBS models only three (19%) are openly available [82,
119,178].

5.6. Modelling tools

A total of 39 modelling tools were employed in the studies reviewed.
Of those, 62% were used in one study only, while 38% were used in
more than one study and accounted for about three-quarters of the
studies reviewed; these are listed in Table 9. The 39 tools can be
grouped into generic-programming (n = 55), building energy models
(n = 26), life-cycle assessment models (n = 7), stock models (n = 6)
and others (n = 5). The category ‘‘others’’ includes climate models, cost
calculation tools, optimization tools and Monte Carlo simulation tools.

The use of a wide range of modelling tools shows that there is
no established and commonly accepted building stock modelling tool
for either the DBS nor the NDBS yet available. However, for the
embodied and operational sub-models there are tools such as Ener-
gyPlus or GaBi that are frequently used and so seem to be widely
accepted for their sub-purpose in the overall building stock model (see
most frequently used tools mentioned above). Additionally the ISO
13790 [217] standard has been directly implemented in 11 studies
and partly implemented in further 5 studies, implemented using differ-
ent generic-programming tools. The use of this standard may be due
to its relative simplicity, resulting in low computational complexity
for simulations of large building stocks. The succession standard ISO
52016 [218] was not used in any models, probably since most have
been developed before the standard’s introduction. However, compared
to ISO 13790, the new standard is more complex, leading to longer
calculation times [219] and higher uncertainties, since the necessary
data are generally not available for building stocks. This may explain
the continued popularity of ISO 13790 for BS modelling. In a review of
stochastic building stock models by Lim and Zhai [16], the ISO 13790
based [220] Energy Performance Standard Calculation Toolkit (EPSCT)
was most commonly used, followed by EnergyPlus [16]. These may be
favoured due to their easy accessibility as well as the availability of
validation studies and good documentation.

In summary, what appears to be missing is a flexible building stock
modelling framework that utilizes and combines accepted sub-models
in a way that incorporates building energy performance simulation,
LCA, stock and environmental forecasting as well as cost calculations.
Ideally, this would be an open-source solution.
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5.7. Further research required

Further research which could be undertaken either in the general
field of building stock modelling or on improving existing models was
identified as part of the literature review and is detailed in Table 10.
The main topics identified include:

• model improvement, extension of outputs or linkages to other
models;

• improvement of input data sources;
• improvement of embodied phase LCA methodologies and models;
• validation and/or verification;
• undertaking scenario analysis (e.g. identification of CO2 reduction

options and policy impacts).

5.8. Discussion

The following sub-sections provide a summary and discussion of the
main issues presented in this paper.

5.8.1. Life-cycle assessment building stock models
Life-cycle assessment building stock models (LCA-BSMs) have di-

verse study objectives. The operational life-cycle phase as well as the
retrofitting and maintenance phases are considered in most of the LCA-
BSMs identified in the literature. A similar finding for the operational
phase is reported by Mastrucci et al. [27] who analysed a smaller
sample of studies. However, they found that the retrofitting and main-
tenance phases were not as commonly addressed. However, this review
established that there is no LCA-BSM available that is specifically aimed
at catering for the particular characteristics of the NDBS. Additionally,
LCA-BSMs that take consideration of the entire life-cycle from cradle to
grave are rare. Uncertainty is rarely considered: only one such model
addressed uncertainty by applying scenario analysis with best-case and
worst-case input data sets for two variables [82]. Kohler et al. [9] is
the most complete study which considered a cradle to grave LCA-BSM,
including non-operational and operational life-cycle phases (the latter
with significant simplification), as well as costs and dynamic stock
development. No other study considered all of these aspects together.

5.8.2. Data availability
The observed popularity of archetype approaches is probably due

to the fact that building stock data is from secondary sources and
is therefore of limited in size and scope. For this reason, several
sources have to be utilized and combined into archetypes for modelling
purposes. This popularity is also attributable to the availability of
published building archetypes; for example in Europe these are readily
available from the TABULA and EPISCOPE projects. If bespoke, well
specified, large representative primary data sets were available there
would be no need for archetype data input, other than for reducing
calculation complexity and resource requirements. This lack of data
availability is evident in the high share of studies using archetype
data. While 52% and 56% of studies modelling the domestic and com-
bined domestic/non-domestic stocks respectively use archetype data,
for NDBS models (where data are most scarce) this share is 69%. This
seems to correlate with the greater complexity of NDBs compared to
DBs discussed above, as well as the poor data availability in this sector.
Mastrucci et al. as well as Brøgger and Wittchen identified also a strong
tendency towards archetype approaches. A lack of available data is
also evident in the modelling approaches adopted in the studies. For
example, the absence of large data sets may explain the small number
of studies using regression models. The majority of the models utilize a
building physics approach, which requires less data and can integrate
disparate data sources. The representativeness of the modelling results
depends on the quality and representativeness of input data. Data were
limited in a majority of the studies reviewed, thus leading to non-
representative results. The problems of data availability and quality

have been recognized in many countries and monitoring projects have
been initiated [61,62,64–67,70]. Brøgger and Wittchen found that none
of their reviewed studies ‘‘addresses the issue of what makes a building
representative or why the ‘representative buildings’ in the given study
is representative of the building stock it is meant to represent’’ [5].
The representatives of simulation results and therefore of the model
input data is a major problem of BSMs, that can only be solved by
representative data sources as proposed by the monitoring projects
mentioned above. Representative stock monitoring therefore is the
essential basis for the stock modelling, especially where robust policy
advice is needed.

5.8.3. Open and commonly accepted models
The majority of the studies do not provide detailed information on

the operation of the models used. Most models are not open source, nor
are they accompanied with detailed descriptions necessary to replicate
them. Models are generally developed by the studies’ authors and a
widely adopted state-of-the-art model was not identified. Most stud-
ies combine or integrate existing building modelling tools, embodied
assessment methodologies and other useful programmes into their mod-
els, and develop the building stock modelling framework around these
components. While a wide variety of modelling tools are used as BS
LCA sub-models, a small number dominate particular modelling aspects
such as: Matlab/Simulink, Microsoft Excel and Python for scripting
and programming; Energy Plus for building energy modelling; and
GaBi and SimaPro for LCA. The review indicates the absence of a
commonly accepted building stock modelling framework that integrates
widely-used sub-models. Such a model would combine building energy
performance simulation, LCA, stock and environmental forecasting, and
cost estimation.

5.8.4. Forecasting
Forecasting energy uses, environmental impacts and costs are im-

portant functions of building stock modelling, especially for policy-
making. It was found that approximately 40% of the studies reviewed
included stock development forecasts, and that several forecast drivers
are used in this process. However, a more limited set of forecast-
ing drivers are used for NDB-LCA-BSMs where only building stock
development, construction and demolition are used; no economic or
social forecasting drivers were observed. This is surprising, since the
development of NDBS is strongly influenced by economic drivers, such
as the growth of certain economic sectors. Therefore, there is scope to
improve the forecasting quality of NDBS models by including a broader
range of forecasting inputs, such as economic and social drivers.

5.8.5. Uncertainties
In general, LCA-building stock simulations do not contain uncer-

tainty analysis. It appears that, from the outset, uncertainty analysis
was generally outside the scope of the studies reviewed: only 2% of
studies included uncertainty in their aims and objectives. Considering
model output uncertainties would greatly enhance their value, partic-
ularly given the significant uncertainties involved in the data used and
forecasting assumptions.

5.8.6. Comparability, verification and validation
The overall comparability of the studies reviewed is poor due to dif-

fering study objectives, so that the models used apply different system
boundaries thus hindering a clear comparison and cross-verification.
Several different functional units are reported in the literature which
also reduces the comparability of the BSM results. The use of standard
functional units in BSMs would improve the comparability of results.
Only a small number of studies consider validation using building stock
data, reference building energy data or national statistics. More often
than not, however, the data necessary for validation do not exist; this is
especially true for the validation of embodied energy and carbon. The
review studies of Mastrucci et al. [27] and of Brøgger and Wittchen [5]
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Table 10
Further research identified by authors of the reviewed studies.
Further research category Number of studies

Model improvement, extension of model outputs or linkages to other models

Improvement of model, add more detail, increase spatial distribution, scale model, add dynamic, add smaller time steps 18
Inclusion of cost and economic aspects, also from an macro economics point of view 11
Improvement or implementation of forecast dynamic models (new construction, maintenance, demolition) 10
Inclusion of stakeholders and user behaviours and general social aspects 9
Inclusion of non-domestic buildings 7
Inclusion and quantification of uncertainty as well as input data sensitivity and variation 7
Linking to energy system models 5
Inclusion of climate change forecast weather data 2
Inclusion of embodied energy and life-cycle assessment 2
Linking of building stock model to infrastructure and mobility 2

Improvement of data sources

Better data on building stocks, better archetypes, representative data 15
Better data on life-cycle indicators and upstream chain 10
Better data on life expectancies 5
Better data on material composition 4

Conducting of scenario analysis, e.g. to identify CO2 reduction possibilities and policy impacts

Conducting of scenario analysis, e.g. to identify CO2 reduction possibilities and policy impacts 13

Improvement of embodied phase LCA-methodologies and models

Improvement of LCA-methodologies and life-cycle inventory 4
Forecasting the LCA-indicators development 1

Validation and/or verification of the model

Validation and/or verification of the model 6

report the same lack of validation and verification in most studies. As
Hong [221] states, these validation problems are often not addressed
in the studies, which leads to the incorrect interpretation and use of
simulation results.

5.8.7. Further research identified by the reviewed studies
Further research referred to within the studies reviewed supports

many of the above-mentioned shortcomings and research gaps. The
improvement of existing models by including NDBs, uncertainty quan-
tification, LCA, forecasting, user and stakeholder behaviour and cost
are most commonly highlighted. A second area of general concern
relates to the availability of suitable data, with a lack of representative
data, better life-cycle indicators, data on life expectancies and the
material composition of buildings highlighted by several researchers.
In addition, many studies propose undertaking further detailed simula-
tions with the existing models in order to identify more CO2 reduction
strategies and policy options.

6. Conclusions

This paper presents a first review of the current state-of-the-art in
non-domestic building stock modelling. In doing so, it addresses the
shortcomings in stock model categorization generally, and proposes an
alternative approach which considers both the modelling technique and
the data types employed in the model simulation process.

In conclusion, there is no complete non-domestic life cycle building
stock model reported in the literature. While operational, retrofitting
and maintenance life cycle phases are considered in most of the
LCA-BSMs, construction and demolition rarely are, and never are in
the specific case of non-domestic stocks. Furthermore, uncertainty is
rarely considered in any building stock model, either domestic or
non-domestic. The representativeness and functionality of BSMs is de-
pendent on data input quality; however, all building stock data are from
secondary sources and are therefore of limited quality. This problem
is most pronounced for non-domestic stocks, where little secondary
data are available, and these are typically of poor quality. As a result,
modellers rely on ‘flexible’ models which can utilize small samples of
disparate data, most commonly involving engineering techniques using
archetype simulations. Few consider verification or validation and most
models, not just those for non-domestic stocks, do not provide economic

output parameters, a key consideration for policymaking end-users. It
is thus evident that there is considerable scope for further research in
the field of building stock modelling generally, and for non-domestic
stocks in particular.

Some of the most important research gaps which need to be ad-
dressed in order to advance the current state-of-the-art in modelling
the life-cycle impacts of non-domestic building stocks include:

• the development of a modelling framework that utilizes and
combines commonly accepted building, building stock and LCA
modelling tools;

• the extension of this framework to encompass a cradle-to-grave
life cycle scope, all building stock life cycle phases, forecasting
and costings;

• incorporation of uncertainty quantification into simulation results
and

• the collection of comparable, statistically representative building
stock data.

In summary, to date there is no life-cycle tool for non-domestic
building stock modelling that utilizes and combines accepted sub-
models to generate an open-source model that incorporates build-
ing operation, embodied aspects, stock and environmental forecasting
as well as cost calculations. In addition, an accepted approach to
validation/verification and uncertainty analysis would be beneficial.
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