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Definition and acronyms
Acronyms

Definitions

CMCC

Centro Euro-Mediterraneo sui Cambiamenti Climatici

E3M

Energy Economy Environment Modelling

EDGE

Energy Demand Generator (model)

PIK

Potsdam Institute for Climate Impact Research

PRIMES

Price-Induced Market Equilibrium System (model)

REMIND

Regionalized Model of Investments and Development (model)
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A. Introduction
The residential and services sectors are an essential part of the European strategy to
decarbonise its energy system. In 2015, 38% of the final energy was consumed in
buildings in the European Union. In terms of CO2 emissions this sector accounted for
15% of continental emissions, when considering only on-site emissions, and 34% when
also including induced emissions from energy supply (e.g. emissions from the
generation of electricity consumed in buildings). While the high level of energy
consumption in buildings is a challenge for decarbonisation, it is also an opportunity as
many options exist to decrease energy demand and emissions in this sector.
The Task 3.3 of the INNOPATHS project has as principal objective to provide a better
understanding of energy demand in the residential and commercial sectors and to
investigate the contribution of buildings in decarbonisation pathways globally and at
the European level. During the project, three modelling tools —PRIMES, REMIND and
EDGE— have been either created or improved to better represent the dynamics at
work in the buildings sector. Equipped with these models, we were able to analyse the
future developments of buildings energy demand, as well as the potential for energy
demand reductions, in the context of a decarbonisation strategy. From the five studies
which are contained in this deliverable, we extracted five overarching insights as a
summary.
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Table 1 Summary of papers (full texts are included in the Annex)
Author

Paper Acronym

Paper title

PIK

P1

How much energy will buildings consume in 2100? A
global perspective within a scenario framework

PIK

P2

Halving energy demand from buildings: The impact of low
consumption practices

CMCC

P3

Long term, cross-country effects of buildings insulation
policies

PIK, CMCC

P4

Buildings Energy Strategy for the European Union: an
assessment from an economic perspective

E3M

P5

Modelling the endogenous decision of energy efficiency
investment in the buildings of the residential sector in the
EU

Insight #1: The global energy landscape will undergo a paradigm change
•

•

PU

While buildings energy demand at the global level amounted to 115 EJ/yr in
2015, it is likely to increase two- or threefold in the future. This is primarily the
consequence of the economic development in developing countries. However
some scenarios, even in the absence of specific policies, assume that energy
demand could stay relatively stable. Beyond the projected increase in buildings
energy demand, the composition of end-uses and energy carriers is set to
change radically. In 2015, a quarter of buildings energy consumption was
dedicated to cooking, and a quarter was fuelled by biomass. This reflects the
importance of developing countries in the global mix. By 2100, none of these
will be important. By contrast, space cooling, appliances and lighting will
strongly rise as a response to economic development especially in hot regions.
The share of electricity will consequently increase. Space heating demand, in
comparison, is set to decrease in absolute terms in the context of an increasing
global energy demand. (P1)
The investigation of the dynamics of the global building stock revealed that the
majority of buildings standing in 2050 will have been built after 2015, letting
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great room for major changes in the buildings properties compared to those
standing today. In Europe, the share of buildings built after 2015 is projected to
be 38%. (P3)

Figure 1 illustrating Insight #2, derived from P2. The figure shows buildings energy consumption at the global level in
three scenarios for 2050 and 2100. The scenarios assume different energy practices, covering both behaviours and
technologies adopted. The reductions in energy demand in ‘Low’ and ‘Very Low’ are disaggregated across individual
measures.

Insight #2: There is a large potential for reductions, technologically and
from energy practices
•

•

PU

If all new commercial and residential buildings were built globally as near zeroenergy buildings, energy demand for space heating and cooling could decrease
by as much as 43% in China and 64% in Africa, compared to a projected
baseline. Ambitious renovations in Europe could save about half of energy
demand at the horizon 2050. (P3, P5)
Similarly, we investigated the impact that low-energy practices could have on
global energy demand. What would happen if people were to reduce the time
they spend under the shower or if they were to use very efficient heat pumps
and insulate their homes to the highest standards? We find that energy
demand, could be halved compared to a reference case, and decrease by 10%
compared to current values. These developments hide a large regional diversity
between developing countries whose energy demand would increase less, and
developed regions whose energy demand would decrease. (P2)
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Insight #3: The economic potential of energy efficiency is important,
especially in the long term, but might be smaller than expected in the
short term
•

•

According to scenario from (P4), the economic potential for energy demand
reductions in Europe lies between 12-21% in 2030 and 31-46% by 2050
compared to a reference scenario. If changes in preferences towards
sufficiency are also taken into account, these figures rise to 28% in 2030 and
53% in 2050. (P4)
According to scenario from (P4), the European efficiency target of 32.5%
reduction in energy demand by 2030 (compared to a reference significantly
higher than in our scenarios) can only be considered cost-effective if rapid and
deep reductions in costs of technologies take place. (P4)

Insight #4: Policies to reduce energy demand should not be delayed and
should be comprehensive
•
•

Delaying the implementation of stringent building codes by only ten years, from
2020 to 2030, would limit the reduction in energy demand by 2050 very
significantly. The reductions in Europe are divided by a factor of two. (P3)
Alleviating barriers to energy efficiency is not enough to substantially decrease
emissions. In scenarios solely removing barriers, emissions decrease only
proportionally to energy demand, which is not in line with a decarbonisation
strategy. Additional policies are therefore necessary to achieve the potential of
buildings emission reductions, including carbon pricing. (P4)

Insight #5: A variety of policies is necessary to reduce energy demand,
with trade-offs between economic efficiency and equity
•

•

PU

The removal of non-market barriers is of great importance for reducing energy
consumption and increasing both the pace and the deepness of renovation
investment. However, the institutional measures alone are not enough to
induce energy efficiency improvement to scale required achieving the climateneutral objectives. (P5)
In the policy mixes tested in (P5), a uniform subsidy for energy reductions to all
categories of households and buildings leads to the lowest economic costs. But
it does not allow reducing the gap in energy expenditures compared to income
between rich and poor. The optimum policy mix obviously derives from a
compromise among various aims, including the cost-effectiveness of the policy
budget (direct or indirect) and the distributional impacts. (P5)
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Model Developments:
In the course of the INNOPATHS project, three energy models have been either
created or enhanced. We would like to underline that the project has been the
opportunity to strengthen the ties between modelling teams, share ideas and
approaches. In particular, PIK and CMCC initiated cooperation around the EDGE model
to improve its code and share its developments. It resulted in two scientific papers
attached in the Annex (P3, P4). In the following, we detail the model improvements
carried out during the project:
The Energy Demand Generator model (EDGE) has been created and developed
with support of the INNOPATHS project. EDGE is a simulation model projecting
buildings energy demand for five end-uses (P1). It represents demand for
multiple regions covering the global energy demand. In the latest versions,
European countries are modelled individually. The model makes scenario
assumption concerning the future level of energy services in developed
countries, and assumes that developing countries will catch-up to similar levels
as they develop economically.
• In the original EDGE formulation, the aggregate thermal conductivity of the
buildings shell (U-value) was related to regional climate conditions and income
levels. However the model did not regard the vintages of buildings and
therefore did not consider the relevant dynamic constraints on the thermal
conductivity of the building stock. This formulation has been improved by
CMCC in order to overcome this shortcoming (P3). The new model, which from
here on will be called EDGE 2.0, includes an explicit representation of the
building stock development over time, affected by construction and demolition
cycles, together with a new thermal insulation investment module.
• REMIND is a global energy-economy model representing both energy demand
and supply. In that sense, buildings energy demand is only one of its
components. Previously, energy demand in this sector was only disaggregated
across energy carriers and the model had no possibility to raise energy
efficiency in that specific sector. Energy efficiency could only be raised at the
macro-economic level. The representation has since then been greatly
improved. The model developments introduced the various end-uses in
buildings (space heating, cooling, etc.) and importantly included end-use
specific trade-offs between energy consumption and efficiency capital
investments. The ease of substitution between energy consumption and capital
investments was estimated within the model against technological data. In
addition, a novel approach was taken to replicate inertia in the buildings stock
in an integrated assessment model. (P4)
•
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•
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The PRIMES-Buildings Model (PRIMES-BuiMo) is the detailed buildings module
of the PRIMES energy system model. The model covers in detail the residential
and services sector for each EU-28 country separately, segmenting the
buildings into many categories, in order to account for the different energy
efficiency potentials and the implications for energy-related costs and energy
savings. The model also represents various consumer behaviours differentiated
among others by income class. The model includes a detailed portrayal of
policies specific to the sector, comprising economic policies and measures,
regulatory instruments (i.e. standards) as well as research and development
measures.
Within the INNOPATHS H2020 research project, PRIMES-BuiMo has been
significantly expanded and improved. More precisely we have expanded the
taxonomy of market and non-market barriers hampering energy efficiency
investment, which are commonly neglected in pure engineering calculations,
and result in what is sometimes considered as irrational behaviour of
consumers. Irrational behaviour, which challenges conventional microeconomic
theory, is for some the reason of limited rates of energy-efficient renovation of
buildings. The approach proposed includes non-market barriers in conventional
microeconomic modelling which combined with idiosyncratic preferences can
capture poor energy efficiency choices and still represent rational behaviours.
The abovementioned enhancements allowed improving the modelling of
extreme energy efficiency scenarios in the buildings sector, including targets for
zero energy or carbon footprints for the entire stock. (P5)
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The demand for energy in buildings varies strongly across countries and climatic zones. These differences
result from manifold factors, whose future evolution is uncertain. In order to assess buildings' energy
demand across the 21st century, we develop an energy demand model d EDGE d and apply it in an
analytical scenario framework d the shared socio-economic pathways (SSPs) d to take socio-economic
uncertainty into consideration. EDGE projects energy demand for ﬁve energy services, four fuel categories, and eleven regions covering the world.
The analysis shows that, without further climate policies, global ﬁnal energy demand from buildings
could increase from 116 EJ/yr in 2010 to a range of 120e378 EJ/yr in 2100. Our results show a paradigm
shift in buildings' energy demand: appliances, lighting and space cooling dominate demand, while the
weight of space heating and cooking declines. The importance of developing countries increases and
electricity becomes the main energy carrier.
Our results are of high relevance for climate mitigation studies as they create detailed baselines that
deﬁne the mitigation challenge: the stress on the energy supply system stemming from buildings will
grow, though mainly in the form of electricity for which a number of options to decrease GHG emissions
exist.
© 2018 Elsevier Ltd. All rights reserved.

Keywords:
Buildings energy demand
SSP
Energy models
Projections
Space heating
Space cooling

1. Introduction
Buildings account for approximately one third of global ﬁnal
energy consumption. Because energy demand is one of the main
sources of GHG emissions, the buildings sector should be part of
any policy package aiming at limiting global warming below 2  C.
To analyse the role buildings should take in climate policy, the
deﬁnition of the baseline energy trajectory is of utmost importance.
First, because baseline projections, against which the climate policy
scenarios are assessed, inﬂuence estimated mitigation costs [1].
Second, because some policy targets d e.g. some Nationally
Determined Contributions (NDCs) or the European energy efﬁciency target d are expressed relative to a baseline. Anticipating
the development of energy demand from buildings in the long term
is hence crucial for assessing the challenges ahead of any

* Corresponding author.
E-mail address: levesque@pik-potsdam.de (A. Levesque).
https://doi.org/10.1016/j.energy.2018.01.139
0360-5442/© 2018 Elsevier Ltd. All rights reserved.

comprehensive climate policy.
The consumption of energy in buildings is very heterogeneous
across regions. This results from differences in, among others, income levels, climate, and behaviour. While buildings' energy consumption in developed countries amounts to 42 GJ/cap/yr, is used
primarily for space heating (50%) and is fuelled with electricity and
gas (73%), building's energy consumption in developing countries is
much lower (11 GJ/cap/yr), is used primarily for cooking (47%) and
is fuelled with biomass (53%)1. The combined effect of economic
development, of the growing energy demand from hot climate
countries, and of the saturation of the demand for some end-uses
could reshape this picture in the long term.
To assess the possible long-term pathways for the buildings
sector, we developed the Energy Demand GEnerator (EDGE) model;
an energy demand model covering ﬁve end-uses d appliances and
lighting, cooking, water heating, space heating, and space cooling

1

Adapted from IEA [2e4].

A. Levesque et al. / Energy 148 (2018) 514e527

d, four energy carriers categories d electricity, other grids, liquids/
modern biomass, and traditional solids2d, and eleven regions3
representing the world consumption.
Several studies analysed the future evolution of energy demand
in buildings, often with a focus on developing countries. Daioglou
et al. [5] and van Ruijven et al. [6] showed that the residential energy consumption in developing countries shifts towards modern
energy types, with pockets of traditional biomass use remaining in
rural areas. In the long term, they expect the energy consumption in
these countries to grow despite improved energy efﬁciency. Eom
et al. [7] and Chaturvedi et al. [8] extended the analysis to the whole
buildings sector and reached similar conclusions in the cases of
China and India. The inﬂuence of climate change on thermal energy
demand has also been studied and was found to be small overall,
with nevertheless strong impacts on heating and cooling taken
individually [9,10]. Urge-Vorsatz et al. [11] summarised the ﬁndings
from nine model projections at the global level. Models covering all
end-uses project an increase of global buildings' energy consumption from 31% to 95% between 20054 and 2050, compared to a
range of 34%e179% in the EDGE scenario framework reported here.
However, none of these studies assessed the global implication
of the socio-economic uncertainty within a coherent framework.
Projections to distant time horizons involve large uncertainties
pertaining to the socio-economic drivers and to the relationship
between these drivers and the energy demand. To address this
difﬁculty and to integrate the possibility of social shifts in our
projections, we adapt a scenario framework to our modelling d the
Shared Socio-economic Pathways d, where each scenario describes a different world with prevailing lifestyles, institutions,
mind-sets, etc. The EDGE model combines short-term projections
based on historical relationships and long-term projections
allowing for a growing role of scenario assumptions over historical
patterns in the future. The importance of the scenario assumptions
on the EDGE projections therefore grows heavily in the long term,
while the historical patterns outweigh scenario assumptions to
inﬂuence short-term projections.
The paper introduces the EDGE model, explains the implementation of the scenario framework in the model and presents the results.
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2. EDGE model
The EDGE model fundamentally works on the concept of useful
energy, which is of major importance when comparing energy use
across different countries at different stages of development. It
builds on the idea that while people usually buy ﬁnal energy carriers
like electricity or natural gas, they do not demand the energy in
itself, but rather the service it provides d a heated room, a cooked
meal, transportation. The useful energy represents the amount of
energy that is made directly available for the energy service provision, e.g. radiant energy leaving a light bulb thus providing illumination, or kinetic energy available at the transmission of a vehicle
providing transportation services. Useful energy is the result of
energy conversions of ﬁnal energy carriers in end-use devices. By
contrast, ﬁnal energy is the energy made available in form of energy
carriers to the energy consumer and is usually subject to economic
market transactions. In the case of space heating, ﬁnal energy is the
amount of natural gas or biomass fed into a boiler, and the useful
energy is the heat coming from the boiler and available to heat a
room. Using the concept of useful instead of ﬁnal energy allows
studying the energy demand independently of conversion efﬁciencies and better grasps the demand for the energy service d in
that case, a comfortable room temperature.
The projections from the EDGE model follow four steps illustrated in Fig. 1. The ﬁrst step collects historical data and scenario
projections for fundamental drivers for the energy demand in the
buildings sector. These drivers cover several dimensions: a demographic dimension d population, population density d, an
economic dimension d income per capita d, and a climate
dimension d Heating and Cooling Degree Days. Subsequently, the
model projects ﬂoor space demand, which is an important driver
for energy services in buildings.
In the second step we calculate useful energy demand from the
drivers and ﬂoor space. As in other studies d e.g. Refs. [7e9] d,
EDGE relies on aggregate end-use energy functions describing the
relationships between energy demand and underlying socioeconomic factors. While it seems plausible to assume that the developments observed over the last decades will persist in the short

Fig. 1. EDGE Flow chart. The numbers indicate the steps in the model and are explained in detail in the text.

2
‘Other grids’ covers natural gas and district heating/cooling. ‘Liquids/modern
biomass’ covers liquid oil products and modern biomass (e.g. pellets). ‘Traditional
solids’ covers coal products and traditional biomass.
3
EDGE regions include Africa, China, Europe, the United States of America,
Russia, India, Japan, Other South East Asia, Middle East countries, Other OECD, and
Other non-OECD. The regional allocation across income groups and development
groups is provided in the Supplementary Information.
4
In some studies, the reference year is 2007.

term, in the long term, shifts in cultures, values, lifestyles etc, could
greatly alter the link between drivers and demand [12]. To address
this issue, and similarly to van Sluisveld [12], we modify the parametrisation of the functions to represent changes in cultural and
behavioural dimensions. We embed the functions in a scenario
framework, where the functions' parametrisation gradually deviates from historical values to scenario assumptions. In that sense
EDGE does not represent sudden discontinuities but gradual shifts.
The second step delivers useful energy projections. To be able to
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compare our results with other studies and to draw some implications of our results for the energy supply, we need to translate the
useful energy projections into ﬁnal energy. To that end, the third
step estimates future changes in ﬁnal-to-useful energy efﬁciencies
as well as energy carrier shares in each end-use. This information is
required for step 4, in which the useful energy demand computed
in step 2 is converted to ﬁnal energy demand and these amounts
are allocated to the different energy carriers.
EDGE focuses on the energy demand side, i.e. it adopts the
consumer's perspective. Which energy services will consumers
require in the future? Which energy carriers will they collect or
purchase to satisfy their needs? Therefore, the question of how
these energy carriers were provided by the supply sector d
whether electricity was generated through coal combustion or
solar energy d is beyond the scope of this study.
2.1. Historical data
The successive steps of the model require different sets of historical data to calibrate the model to the historical relationships. For
step 1, population and population density data stem from the
World Bank [13], while income per capita history was taken from
James et al. [14]. Heating and Cooling degree days d HDD and CDD,
respectively d were computed from historical temperatures [15]
collected within the Inter-Sectoral Impact Model Intercomparison
Project [16]. HDD totalises daily temperature degrees below 18  C
in a region over a year, while CDD totalises daily temperature degrees above 21  C. The aggregation from the grid resolution of observations to the EDGE regions was weighted with population data.
The assessment of residential ﬂoor space demand relies on the
data collected in Daioglou et al. [5], completed by other sources
[17e23]. For some of the most populous countries, residential ﬂoor
space data has remained unavailable. Indonesia (240 million people), Brazil (195 million people, urban data only), Pakistan (173
million people), Nigeria (160 million people, urban data only),
Bangladesh (151 million people) are therefore not part of the data
set used for the estimation. The disparity of data sources possibly
leads to differences in the deﬁnition of the ﬂoor space per capita, or
in the survey methodology employed. Commercial ﬂoor space data
were taken from the IEA [24].
The calibration of the model requires historical data on useful
energy consumption disaggregated across end-uses. The Energy
Balances database published regularly by the International Energy
Agency [3,4] reports on the ﬁnal energy consumption for numerous
countries and over several decades across energy sectors d
transport, industry, residential and commercial buildings, etc.d,
fuel types d electricity, natural gas, district heat, etc.d, but it does
not precise the purpose for which this energy was consumed d the
end-use d and the corresponding amount of useful energy. We
disaggregate this database into end-uses d space heating, space
cooling, appliances and lighting, water heating, cooking d by using
information available on the share of each end-use (IEA 2014a,
2015) and on the fuel distribution within each end-use [5]. The
disaggregation methodology is explained in more detail in the
Supplementary Information.
To estimate the useful energy amounts associated with ﬁnal
energy data, we based ourselves on the work done by De Stercke
[25], who recomposed an energy database d the Primary, Final and
Useful Energy Database, PFUDB d including ﬁnal and useful energy
estimations and covering the period from 1900 to 2010 [26]. This
study uses energy efﬁciency functions which relate energy efﬁciency to income per capita. We use the same approach and calibrate energy efﬁciency functions with the PFUDB data tailored to
the EDGE end-use categories. This involves the disaggregation of
the PFUDB to the EDGE end-uses by applying the same

disaggregation methodology as for the IEA Energy Balances. These
efﬁciency functions are ﬁnally used to obtain the useful energy
database disaggregated by end-use. The reader can ﬁnd more information on these efﬁciency functions in the description of steps 3
and 4 of the model as well as in the Supplementary Information.
2.2. Floor space demand
In EDGE, residential and commercial sectors are merged into the
buildings sector. However, as the availability of commercial ﬂoor
space data is limited, we ﬁrst project residential area based on past
data, and then compute the demand for commercial area by
applying a coefﬁcient on the residential area.
The size of living space is a key driver of energy demand for
thermal comfort. Historical data show that even at high levels of
income and dwelling area, the positive relationship between
wealth and ﬂoor space demand persists [27]. There could be many
channels between economic growth and ﬂoor space demand
explaining this relationship. For instance, the purchase of new
goods tied with consumption growth, or the wish to live in larger
spaces, may lead to additional space requirements. Further, Moura
et al. [17] explain that the decrease in household size, in combination with a constant average size of dwelling units, conduced to
the observed rise in ﬂoor space per capita in the United States. If the
fall of household size were the main explanation why ﬂoor space
per capita increased steadily with income, we could expect a
saturation as the household size cannot fall below one. Here, we
assume household size is not the driving factor for per capita ﬂoor
space and, considering historical patterns, we expect that living
space will continue to grow with wealth, even at high income
levels, but at a pace which will greatly vary across scenarios to
represent the large uncertainty as to whether past trends will hold
in the future or not.
We model ﬂoor space expansion with an income elasticity
constant across income levels5, and additionally assume a population density effect.

F ¼ aI b Dg
where F is the ﬂoor space demand per capita (m2), I the income per
capita (US$(2005)), D the population density (people/km2), a is a
scaling constant, and b and g are the elasticities with respect to
income and population density, respectively. We estimate the
elasticities by regressing the linearised equation on historical data.
The derived parameters for ﬂoor space can be found in Table SI 4.
We project living area at the country level, and use the expression
above to ﬁll in the 2010 values for countries without historical data.
As we assume that the income elasticity will evolve over time according to scenario assumptions (more in Section 3.2.1 and in
Table SI 5), the elasticity at a certain point in time will only inﬂuence the incremental ﬂoor space demand. We therefore use a
stepwise calculation of future ﬂoor space demand based on the
value in the previous time step:


Ft;s ¼ Ft1;s

It;s
It1;s

bt;s 


Dt;s g
Dt1;s

where t and s denote the period and the scenario, respectively.
Because urbanisation will continue rising in the 21st century

5
In their analysis of the past US residential ﬂoor space demand, Moura et al. [16]
show that the logarithms of income per capita and ﬂoor space per capita have
evolved proportionately in the past indicating a constant elasticity across income
levels over that period.
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[28], and ﬂoor space per capita is lower in urban than rural regions,
we decrease the income elasticity over time in most scenarios.
Once residential ﬂoor space expansion is projected, we compute
commercial area by projecting the ratio of commercial-toresidential area against the income levels. We use a Gompertz
function, which describes an S-curve, and calibrate it on past data
[24]. For levels of income per capita above US$(2005) 20 000, the
commercial-to-residential area ratio levels off close to 35%. Hence,
in developed countries growth in commercial space is expected to
be as fast as residential space.
2.3. The end-use functions
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saturation equation is directly taken from McNeil et al. [31]6.
Second, the demand per square metre adjusted for the climate
impact and buildings' insulation grows with income per capita and
the effect of marginal income is low for low and high income levels
and high for medium income levels, achieving a saturation level.
The effect of wealth on the climate adjusted space cooling demand
can hence be described by a logit cumulative distribution function.

ClimateMaximumðCDDÞ ¼ 1  0:949  e0:00187CDD
SC
f1
i
h
¼ CDD  ClimateMaximumðCDDÞ 
F  Uvalue
1 þ exp f2 I
f3

Following Fig. 1 from the left to the right, socio-economic and
climatic drivers come as an input to the end-use functions. The
latter project useful energy demand for each energy service. Unless
speciﬁed otherwise, the end-use functions are calibrated against
historical useful energy consumption and the energy demand is
given in useful energy. The parameters can be found in the Supplementary Information.
2.3.1. Space heating
In 2014, space heating accounted for approximately 37% of
buildings ﬁnal energy consumption at the global level [2]. This
energy demand mainly comes from countries with predominantly
cold winters. In EDGE, the useful energy demand of space heating
adjusted for buildings' insulation evolves in proportion with the
number of heating degree days and with the demand for ﬂoor
space. We assume that income levels inﬂuence the energy demand
only indirectly through the increasing demand for residential and
commercial space.

SH
¼ d  HDD
F  Uvalue
where SH is the space heating demand per capita (MJ), F is the ﬂoor
space per capita (m2), Uvalue stands for the conductivity of the
building shell (W/m2,C) and HDD is the number of heating degree
days (d,C). d is a positive parameter.
2.3.2. Space cooling
Space cooling energy demand reacts in a complex manner to
electriﬁcation, purchasing power and climate. First, the penetration
of air conditioners is enabled by electricity availability to consumers,
and electriﬁcation rates increase with income levels. In 2014, 1.2
billion people did not have access to electricity and the majority lived
in hot regions [29]. Second, at low income levels, the acquisition of
energy using assets begins with other appliances including fans,
televisions and refrigerators as suggested in other studies [6,30,31].
Both effects imply low penetration of air conditioners for low levels
of income. Finally, space cooling demand per square meter is subject
to saturation, which implies that space cooling per square meter and
CDD do not increase indeﬁnitely with income.
To model the complex relationships between electriﬁcation,
purchasing power, climate and space cooling, we make two main
assumptions. First, following McNeil and Letschert [31] and Isaac
and van Vuuren [9], we represent the impact of CDD on space cooling
demand as a combination of two distinct effects: on the one hand, in
regions with only few hot days in a year, the penetration of air
conditioners will remain low, irrespective of the income level d this
is the climate maximum saturation effect. On the other hand, for the
air conditioners installed, the energy demand grows linearly with
CDD. Even though we do not explicitly include the ownership rates
of space cooling systems in our model, we can integrate the full
impact of CDD by multiplying both effects. The climate maximum

where SC is the space cooling useful energy demand per capita (MJ),
F the buildings ﬂoor space per capita (m2), CDD represents the
cooling degree days (d,C), Uvalue stands for the conductivity of the
building shell (W/m2,C), I the income per capita (US$(2005)), f1 is
the asymptote of the function when income approaches inﬁnity, f2
is the midpoint of the sigmoid curve and f3 a horizontal scale
parameter of the curve.
2.3.3. Appliances and lighting
The category of appliances covers a range of heterogeneous
devices from refrigerators and computers to dishwashers and
vacuum cleaner robots. Lighting accounts for all energy consumption producing light with various technologies. In EDGE, lighting
and appliances are grouped together.
Energy demand for appliances and lighting is linked with per
capita income growth in two distinct ways; from the production
side and from the consumption side. We argue that both these
aspects will raise the energy demand for lighting and appliances
and rule out a saturation level in a growing economy. First, economic growth goes along with growth in the service sector. In the
past and in high income regions, the growth rate in the service
sector even outpaced the growth rate of the whole economy [32].
Assuming on the one hand that the share of electronic services (e.g.,
internet-based services) in the service sector will grow and, on the
other hand, that electronic appliances constitute a channel to raise
productivity in the service sector, it seems plausible to assume that
economic growth requires growth in buildings' energy demand for
appliances and lighting. Second, economic growth also implies
increased direct consumption by the private and public sectors, and
it appears probable that increased consumption translates into the
invention and purchase of new appliances.
In the case of lighting, although consumption per capita has
risen exponentially over the last centuries to levels inconceivable in
the past [33,34], Tsao et al. [34] estimate that the demand for
lighting in terms of lumens, i.e. in terms of light and not electricity,
could still increase tenfold or more in developed countries before
reaching saturation.
The relationship between income and energy demand can be
summarised with an income elasticity of the demand. Fouquet [35]
showed that the income elasticity of energy demand decreased
over time d and therefore decreased with income d in the United
Kingdom. The elasticities fell below unity but remained above zero
in the long term. This means that while a 1% increase in income
will, in the long term, generate an increase in the energy demand
for each service, the increase will be less than 1%.We implement
these insights in our modelling by applying a function displaying a
declining income elasticity.

6
However, compared to the reference cited, we use CDD values for a threshold of
21  C instead of 18  C.
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b
sincome ¼ f1 þ pﬃﬃ
I

where sincome is the income elasticity, f1 is the asymptote of the
income elasticity, b a parameter inﬂuencing the speed of the
convergence towards the asymptote, I the income per capita
(US$(2005)). By integrating the previous equation and by adding a
scenario-speciﬁc parameter a, we obtain the function:



g
AL ¼ a  exp f2 þ f1  logðIÞ þ pﬃﬃ ;
I

with g ¼ 2b

where AL is the useful energy consumption for appliances and
lighting per capita (TJ) and a is a scenario speciﬁc parameter equal
to one when estimating the other parameters with historical data.
We assume that the elasticity will tend towards 0.3 in the long run,
which is in the low range of current income elasticity for energy
services computed for the United Kingdom [35]. We estimate g and
f2 with a linear regression.
Our description does not reﬂect individual technologies, which
constitutes a drawback in the sense that the modelling is more abstract and probably less accurate in the short-term. But considering
the long-term perspective of this study, the representation of demand for appliances and lighting through a list of existing technologies would underestimate the future growth in these services.
Indeed, including solely existing technologies would not take into
account the emergence of new services, new appliances, which will
reshape our understanding of the needs for energy, as happened in
the past. By contrast, the implementation chosen here does not build
in an artiﬁcial saturation for the energy demand of appliances and
lighting, and attempts to reproduce historical patterns.
2.3.4. Cooking
Cooking accounts for two-thirds of the ﬁnal energy demand in
buildings in Africa and India, while it plays a minor role in developed
countries [2]. This difference partly results from the importance of
other end-uses in developed countries, and partly from the low efﬁciencies induced by the use of inefﬁcient cooking stoves in developing countries. In contrast to ﬁnal energy demand of cooking, we
consider that useful energy demand for cooking is independent of
income and that regional discrepancies in useful energy demand per
capita d 0.4e5 GJ/cap/yr in our database d result from differences
in geographical and cultural patterns or from inaccuracies in our
energy database. For the default scenario assumption, all useful
energy demands converge towards 1.8 GJ/cap/yr in the long term.
The degree of regional convergence by 2100 depends upon the
scenario assumption as explained in Section 3.2.2.
2.3.5. Water heating
As data suggest [5], the useful energy demand for water heating
increases with income. However, as incomes reach high levels, we
expect a satiation level to be reached, where an increased quantity
of hot water would not add to the amenity. We model the
increasing demand for water heating energy with a logit cumulative distribution function which satisﬁes the satiation assumption
and increases the demand only after income has passed a certain
threshold. We assume that the per capita energy demand will
converge for all regions to the same saturation point, and does not
depend upon climate.

WH ¼

f1


1 þ exp ff2 I
3

where WH is the water heating energy demand per capita (GJ), I the

income per capita (US$(2005)), f1 is the asymptote, f2 is the
midpoint of the sigmoid curve and f3 a horizontal scale parameter
of the curve.
The regression-based parametrisation gives an asymptote corresponding to US levels of energy consumption. In the long term,
we assume that the scenario continuing historical trends will rather
follow values consistent with European or Japanese consumption
levels7.
2.4. Useful to ﬁnal energy
The previous sections described steps 1 and 2 of the EDGE ﬂow
chart (Fig. 1) and showed how useful energy projections were produced. These projections constitute the core of the EDGE model
because useful energy better grasps the demand for the energy service than ﬁnal energy does. However, we are also interested in
deriving the broad implications of these useful energy pathways for
the energy supply system, which delivers ﬁnal energy. In addition,
most studies dealing with energy demand report their results in
terms of ﬁnal energy. To assess the relevance of our results for the
supply sector and to compare our projections with other studies, we
therefore need to make additional, simple assumptions to convert
our useful energy projections into ﬁnal energy projections. Useful
energy is derived from ﬁnal energy by applying a conversion efﬁciency factor, which is different among different end-use conversion
devices and therefore from one energy carrier to another. As shown in
the equations below, in order to obtain ﬁnal energy amounts
distributed across energy carriers from useful energy amounts, two
pieces of information are needed: ﬁnal-to-useful energy conversion
efﬁciencies for each energy carrier and the ﬁnal energy shares of each
energy carrier. In the following, we describe how we derive both.

UEs ¼

X

UEs;ec ¼

ec

X

qs;ec FEs;ec ¼

ec

⇔FEs ¼ P

X

qs;ec gs;ec FEs

ec

UEs

ec qs;ec gs;ec

⇔FEs;ec ¼ gs;ec P

UEs

ec qs;ec gs;ec

where UE is useful energy, FE is ﬁnal energy, qs,ec is the ﬁnal-touseful energy conversion efﬁciency for the end-use s and the energy carrier ec, and gs,ec the ﬁnal energy share of an energy carrier
in one end-use.
2.4.1. FE-UE efﬁciencies
The conversion from ﬁnal to useful energy in the model is
operated with energy efﬁciency functions, which were already
used to derive the useful energy database. These functions relate
energy efﬁciency with income and take, according the ﬁrst law of
thermodynamics, a maximum below unity, with the exception of
heat pump and similar air conditioning systems, whose efﬁciency
can exceed this threshold.

efficiency ¼ f1 þ ðf2  f1 Þexpð  expðf3 Þincome Þ
where f1 is the minimum efﬁciency, f2 the maximum efﬁciency
and f3 describes the curvature of the function.

7
The regression yields an asymptote of 8.3 GJ/cap/yr, which is equivalent to 22.7
MJ/cap/day or a temperature elevation of 40  C (e.g. from 15 to 55  C) for 216 L per
day and per person. By comparison, Japanese of European levels are closer to 5 GJ/
cap/yr (13.7 MJ/cap/day) corresponding to 130 L.
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These functions are calibrated using the data from the Primary,
Final and Useful energy Database [25]. The PFUDB is built on estimates of conversion efﬁciencies from ﬁnal to useful energy for
several useful energy forms d light, mechanical, heat, and other d
and several aggregates of ﬁnal energy carriers d coal/biomass,
electricity and other. In the PFUDB, efﬁciencies depend upon the
sector and on the income level of each region; and they follow a
negative exponential growth curve which means that they grow
monotonically from a minimum to a maximum. The parametrisation of the efﬁciency functions is derived from a regression
analysis. Each efﬁciency function is speciﬁc for one combination of
energy carrier and energy end-use. The efﬁciency function for
electric space heating differs from the efﬁciency function for space
heating delivered by the combustion of solid fuels.
After the computation of the parameters of the efﬁciency
functions with the disaggregated PFUDB, we add slight corrections
where the parameters appeared implausible. This applies to space
cooling: instead of converting electricity to ‘cold’ (negative heat),
air conditioning systems move heat from one sink to another. These
systems are therefore not subject to an upper limit of one for efﬁciency8. Assuming a Seasonal Energy Efﬁciency Ratio (SEER) d a
measure of the thermal efﬁciency of heat pumps and space cooling
systems d of 3.1 for high incomes [36]9, we set the upper limit of
space cooling efﬁciency to this value in 2010.
There are some caveats for the use of the negative exponential
growth function. First, appliances cover a very heterogeneous set of
devices ranging from computers to refrigerators which provide
distinct services d communication, entertainment, refrigeration,
etc. This heterogeneity makes comparison of efﬁciencies difﬁcult
and undermines our assumption of steady increase in efﬁciency
with income. The assumption is therefore that efﬁciency improvements in each service offset a possible shift within energy use
for appliances and lighting towards less efﬁcient services. Historically there is no indication that the opposite is true [25]. Second,
and more generally, the efﬁciency functions have been calibrated to
match historical data. Here, we assume that historical efﬁciency
trends will persist in the future.
2.4.2. Long-term energy carrier shares
In order to provide an aggregate guidance of how the useful
energy pathways will translate in terms of ﬁnal energy, we make
simple assumptions on the development of the shares of energy
carriers in each energy service as explained below.
According to the concept of the energy ladder [37], traditional
biomass and coal provide the primary fuel for low incomes. They
are then replaced by liquid fuels which are supplanted by modern
energy, such as natural gas and electricity. At high income levels
there is no similar concept describing the use of speciﬁc energy
carriers. The energy carrier shares are partly determined by relative
energy prices, but large uncertainty surrounds the future development of energy prices and how the demand will react to these.
For modelling these two aspects d the energy ladder and the uncertainty at high income levels d we distinguish between two sets
of energy carriers. First, we predict that the use of traditional10 fuels

8
For heat pumps, this measure of efﬁciency (heat removed or heat added over
electricity input) is often called Coefﬁcient of Performance (COP).
9
In Werner [35], the SEER is estimated by comparing electricity consumption in
kWh/m2 with cooling output in kWh/m2, so that SEER is dimensionless. SEER is
sometimes expressed in BTU/Wh. 3.1 corresponds to 10.58 BTU/Wh, which is, by
comparison, lower than the US requirements for new cooling equipment of 14 BTU/
Wh.
10
Here we consider modern fuels to cover electricity, other grids, and liquids/
modern biomass (except in the case of appliances and light). Traditional fuels
include traditional solids and liquids/modern biomass for appliances and light.
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will decrease towards 1% as the income approaches
US(2005)$20000/cap. Second, for the modern fuels, we prescribe
shares (Table SI 10) towards which the regional fuel distribution
will converge with time, or as the economy grows. We make
different assumptions for each energy service. While space cooling
is powered exclusively by electricity in 2010, we assume that district cooling will account for some of it in the future.
3. Scenarios
Long-term projections are fraught with uncertainties. Historical
relationships between variables could change over the years to
extents that are hard to quantify or to predict. This uncertainty led
researchers facing long-term challenges to adopt the scenario
approach to map different likely futures, without assigning the
single scenarios any probability. Over the last years, a new set of
scenarios has been created for climate policy and climate impact
research d the Shared Socio-Economic Pathways (SSP). Five SSPs
have been designed mapping different combinations of challenges
to adaptation to climate change and challenges to mitigation of
climate change. Each SSP builds on a narrative describing the future
it represents. These narratives have been interpreted in quantitative scenarios, used as a basis for many studies dealing with issues
requiring a long-term perspective. We brieﬂy describe the ﬁve SSP
narratives whose extended descriptions can be found in O'Neill
et al. [38].
SSP1 d Sustainability e Taking the green road d combines low
challenges to adaptation and to mitigation. It represents a break
with historical patterns with a growing awareness for environmental issues and the adoption of less resource-intensive lifestyles.
The world engages in achieving development goals accelerating the
convergence of developing countries towards higher standards of
living. SSP2 d Middle of the Road d displays moderate challenges
to adaptation and to mitigation and constitutes a continuation of
historical trends: reduction of poverty and higher education
continue to advance moderately in developing countries, the
resource and energy intensities decline slightly. SSP3 d Regional
Rivalry d shows strong difﬁculties for both adaptation and mitigation. Countries reject globalisation and implement protectionist
policies. This scenario is deﬁned by low investments in education,
resource intensive lifestyles and persistent inequalities. Weak international institutions cannot support a collective approach of
global environmental issues. SSP4 d Inequality: a road divided d is
characterized by inequalities across and within countries. It combines low-income groups which do not have the means to hedge
against climate impacts (high challenges to adaptation), and high
income, internationally connected groups which can support
environmental measures (low challenges to mitigation). Finally,
SSP5 d Fossil-fuelled development d ﬁlls the gap with low challenges to adaptation but high challenges to mitigation. Fast development is achieved worldwide with widespread education and
high rates of extraction and combustion of fossil fuels. People adopt
material intensive lifestyles and global environmental challenges
are not addressed.
An important characteristic of the scenarios shown here is that
they do not include additional climate policies. The SSP framework
intends to divide the question of the uncertainty pertaining to the
development of the world d its institutions, its prevailing lifestyles,
its economic expansion, its population, etc. d from the question of
the optimal climate policy which could be implemented in any of
these different worlds. Constructing a coherent baseline scenario is
an important exercise not least because baseline projections inﬂuence the conclusions of climate policy assessments [1]. Therefore, our scenarios depict future potential worlds in the absence of
climate policy, and attempt to reﬂect the variety of possible socio-

520

A. Levesque et al. / Energy 148 (2018) 514e527

Fig. 2. Exogenous projections for socio-economic and climatic drivers at the global level used in EDGE.

economic, cultural, behavioural developments.
In the model, the qualitative characteristics of each scenario
translate into quantitative differences through several channels:
exogenous projections for basic drivers d GDP, population d,
variations in the parameters of energy demand functions, global
convergence assumptions, long-term shares of ﬁnal energy carriers,
and conversion efﬁciencies. We detail the scenario implementation
in the following paragraphs, and add further information in the
Supplementary Information.
3.1. Socio-economic and climatic drivers
3.1.1. Population and income projections
Population projections are taken from KC and Lutz [39]. The
rapidity of the demographic transition in developing countries
constitutes the largest source of uncertainty in these projections
which unfolds in a signiﬁcant range for the 2100 population size d
between 7 and 12.5 billion people.
This spectrum reﬂects the diversity characterising SSP storylines. In some scenarios, the assumption of strong and widespread
education drives women's fertility rates down quickly in developing countries [40], shrinking population size compared with
other scenarios.
Gross Domestic Product projections stem from Dellink et al. [41].
Developing countries can experience larger growth rates than
developed countries as their technological advancement is lower
than and rises towards the levels of developed countries. The high
convergence assumption of SSP1 and SSP5 leads therefore to a
much quicker growth in developing countries than in developed
countries. Globally, the projected GDP levels in 2100 across SSPs lie
between US$(2005) 280 trillion (SSP3) and 1000 trillion (SSP5)
compared with an approximate US$(2005) 70 trillion in 2010.
These ﬁgures hide an even larger difference in per capita income
due to a lower population in prosperous scenarios d US$(2005)
140 000 in SSP5 against 22 000 in SSP3.
3.1.2. Heating degree days and cooling degree days
Each socio-economic scenario can result in different climate
outcomes. Scenarios with greater challenges to mitigation are likely
to reach greater temperature changes over the 21st century than
scenarios with smaller challenges to mitigation. We therefore adopt
different climate scenarios for each SSP scenario, applying higher
global temperatures for the fossil fuel intensive scenario SSP5 and
lower temperatures for SSP1, which represents a sustainabilityoriented world with correspondingly lower GHG emissions and
warming even in absence of dedicated climate policies. Accordingly, we use the representative concentration pathways (RCPs) 8.5
for SSP5, RCP 6.0 for SSP2 and SSP3, and RCP 4.5 for SSP1 and SSP4.

The future trends in HDD and CDD do not only reﬂect the effect
of global warming, they also translate the changing demographic
distribution across regions, as HDD and CDD are aggregated based
on the geographical distribution of the population. This means that
populous Africa drives the global estimate for HDD down and the
estimate for CDD up. As the global population increase in hot climates, the average global citizen moves to a hotter place, with less
HDD and more CDD. The assumptions made on the speed of the
demographic transition in hot developing countries are therefore
crucial for the global estimate of CDD and HDD in the different
scenarios. In most scenarios, the trends express that, globally, the
climate-driven per capita need for cooling will grow, while the
climate-driven per capita need for heating will decrease.
HDD and CDD projections are computed from climate projections collected for the Inter-Sectoral Impact Model Intercomparison Project [16,42,43]. The Supplementary Information
explains the choice of relevant climate scenarios for individual SSP
scenarios.
The threshold used to compute CDD and HDD contains a
behavioural assumption: that people will start consider cooling/
heating from this threshold on. By using a threshold of 18  C for
HDD, we therefore assume that above an atmospheric temperature
of 18  C, nobody will turn on the heating; and conversely for space
cooling with the 21  C threshold. We thus modify the thresholds
according to the scenario narratives (Table SI3). For instance, as in
SSP1 people adopt eco-friendly behaviours, we assume that in the
course of the century, the threshold of CDD will shift from 21  C to
25  C in this scenario. The number of days in which people feel the
need for cooling will therefore drop in this scenario. As can be
observed on Fig. 2, the effect on the amount of CDD is substantial as
it falls below the 2010 ﬁgure despite global warming and the demographic growth in hot countries.
3.2. Scenario assumptions
3.2.1. Variations in coefﬁcients
Equation parameters in the model determine the relationship
between drivers and the demand for energy or ﬂoor space. In a ﬁrst
step, these parameters are calibrated with our historical energy
database. While it seems reasonable to assume that historical relationships will hold for the near-to medium-term, long run developments could be heavily inﬂuenced by changes in cultures,
values, lifestyles, etc., captured in the scenario narratives. In EDGE,
we represent this duality between short and long-term projections
by assuming a common parametrisation derived from historical
data for all scenarios in the short term and by assuming a growing
importance of scenario-deﬁned parameters in the long term.
So, the value of equation parameters changes over time
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Fig. 3. Global useful energy demand for buildings disaggregated by end-use.

according to scenario assumptions made in accordance with the
scenario narratives. Different coefﬁcients represent different cultural, urban, behavioural or technological developments shared
globally that are not explicitly represented by variables in the
model and still inﬂuence the level of energy demand. SSP5 for
instance describes a world with energy intensive lifestyles. We
therefore assume that in SSP5 people use more hot water than in
SSP2. For all scenarios, we multiply relevant function parameters
(Table SI 4) by a scenario coefﬁcient to represent the different
possible futures (Table SI 5). SSP2 continues the historical trends.
The transition from the historical trajectory to the scenario trajectory is assumed to take ﬁfty years between 2020 and 2070.
3.2.2. Regional convergence assumptions
The historical data on ﬂoor space and energy use show substantial differences between regional values for similar income and
population density levels or climate. These regional differences are
motivated by cultural factors, behaviour, geographical characteristics, etc., which are not represented explicitly in the model. Because
of a lack of comprehension of these processes, we mitigate the role
of these variables on regional discrepancies in the long run, and
assume linear convergence towards a global convergence line
which summarises the relationship between a driver and an
explained variable. The convergence assumption towards a global
value or relation varies from one scenario to another, in accordance
with SSP narratives.
3.2.3. Assumptions on efﬁciencies
There are only a limited number of instances where the scenario
affects the assumptions about efﬁciency (beyond the dependence
on income). More information is provided in the Supplementary
Information (Tables SI 7 and SI 8).
 Electric space heating and water heating: the efﬁciency of electric
boilers is close to but lower than one. However, heat pumps,
because they transfer energy from a heat source to another sink,

can achieve much higher efﬁciency rates. Assuming different
penetration rates for heat pump systems, as well as average
efﬁciencies for each scenario, we modiﬁed the upper limit of the
aggregated efﬁciency of all electric heating accordingly.
 Electric space cooling: typical Coefﬁcients of Performance (COP)
of air conditioning systems lie between 2 and 4, far from their
theoretical maximum11, letting room for improvements. In
addition, the market for air conditioning systems might also
grow rapidly with economic development in hot regions,
potentially leading to higher R&D investments. We therefore
expect efﬁciency improvements for electric space cooling and
formulate scenario assumptions on the maximum SEER12 achieved in the future.
 Electricity for appliances and lighting: we assume the maximum
efﬁciency of appliances will continue to increase until 2100, but
stay below one.

4. Results and discussion
As EDGE is a demand model, it is focused primarily on useful
energy pathways. We therefore ﬁrst report on the results in terms
of useful energy before turning towards ﬁnal energy in order to
compare with other studies and to show the implications the
projections have for the energy supply system.
Useful energy demand from buildings increases from an estimated 70 EJ/yr in 2010 to 164e951 EJ/yr in 2100, which corresponds approximately to a two-to fourteenfold increase (Fig. 3).

11
The COP measures the ratio of heat removed per unit of electricity required. The
maximum COP of a cooling system is derived as the maximum efﬁciency of a Carnot
cycle. For an indoor temperature of 18  C and an outdoor temperature of 27  C, the
maximum efﬁciency is approximately 32. (18 þ 273.15)/((27 þ 273.15)(18 þ 273.15)).
12
The COP of a heating pump measures the performance of the equipment at one
point in time, while the SEER measures the performance over a longer period. A
higher potential for COP therefore means a higher potential for SEER.
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Fig. 4. Global ﬁnal energy demand for buildings disaggregated by end-use. The transparent purple area shows the range of demand pathways in a number of Integrated Assessment
Models (IAMs) as reported in Bauer et al. [44]. The grey area shows historical demand from the IEA [3,4].

This translates in a per-capita increase from 10 GJ/yr to 24e131 GJ/
yr. Comparing developed and developing regions, we can note that
the ratio in per-capita energy consumption between both regions in
2010 is larger in terms of useful energy d 35 to 4 GJ/yr d than in
terms of ﬁnal energy d 42 to 11 GJ/yr d due to the lower efﬁciencies in developing regions. This relative gap in terms of useful
energy diminishes strongly in all scenarios d 51 to 23 GJ/yr is the
maximum ratio in 2100.
What appears clearly from Fig. 3 is that the need for space
cooling dwarfs all other end-uses in all scenarios; it surges from 14%
of the demand to 36e71%. In particular, the need for space cooling
strongly exceeds the need for space heating, which accounts for
40% of the consumption in 2010.
Turning to ﬁnal energy estimates, buildings' ﬁnal energy demand grows from 116 EJ/yr in 2010 to a range of 120e378 EJ/yr by
the end of the 21st century (Fig. 4). As population varies between
the SSPs, the relative gap in per capita ﬁnal energy use narrows
slightly; the average person uses 17 GJ/yr in SSP1, where energy
demand per capita is the lowest and 51 GJ/yr in SSP5, where energy
demand per capita is the largest. By comparison, the 2010 average
demand per capita was 17 GJ/yr globally, 39 GJ/yr in Europe, 63 GJ/
yr in the United States, 12 GJ/yr in Africa as well as in China. These
developments are explained by the rising role of appliances and
lighting, the greater need for space cooling, and the population
dynamics.
The increase of ﬁnal energy demand is much smaller compared
to the changes observed in the useful energy pathways. Where
useful energy trends increased by 130e1250%, ﬁnal energy trends
increase by 5e225%. This is due to an overall efﬁciency improvement of buildings demand which is caused by a shift of the demand
towards more efﬁcient services (space cooling), a shift away from
inefﬁcient energy carriers, and the technological improvement of
each conversion technology itself.
Lighting and appliances account for the bulk of the energy demand increase. This component rises from 23 EJ/yr in 2010 to a

range of 72e195 EJ/yr until 2100. In global average per capita terms,
this represents a demand of 1900e7300 kWh/yr/cap, up from
930 kWh/yr/cap in 2010. For comparison, the electricity consumption for appliances and light was, in 2010, 5500 kWh/yr/cap in
the United States, 3200 kWh/yr/cap in Japan, 2000 kWh/yr/cap in
Europe, and 215 kWh/yr/cap in India13. The absence of a saturation
assumption for appliances and lighting explains the large role it
plays by the end of the century in the model d 31-60% in 2100. By
contrast, for all other service demands we assume a saturation of
the direct effect of income on the demand level. Space cooling
demand grows nevertheless substantially because developing
countries only reach the saturation level within the second half the
century. Globally the share of space cooling rises from 4% in 2010 to
11e37% in 2100. As a corollary to the rise in the share of appliances,
lighting, and space cooling, the relative demand for heat d cooking,
space heating and water heating d decreases strongly. Heat falls
from 76% in 2010 to 18e42% by 2100. In almost all scenarios d
except for SSP3 d, the demand for heat even falls in absolute terms
due to improved buildings' insulation, improved conversion efﬁciencies and to the shift away from inefﬁcient traditional fuels.
We now compare the EDGE scenarios with three other sets of
projections. Compared to other simulations adopting the SSP
framework [44] (Fig. 4), EDGE seems to conﬁrm previous results,
with the notable exception of SSP1, where demand in EDGE declines earlier and deeper than in other energy demand pathways.
Strong assumptions on behaviours and efﬁciency improvements in
the EDGE SSP1 scenario most likely account for this difference.
Compared to projections from the AR5 scenario database [46] and
presented in Lucon et al. [45], the socio-economic uncertainty
displayed in EDGE scenarios covers much of the range formed by
former Integrated Assessment Models (IAMs) projections (Fig. 5).
Again, the SSP1 scenario occupies the lower band of projections. To

13

Adapted from (IEA, 2015, 2014a, 2014b).
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Fig. 5. Comparison of the EDGE results with projections from the literature, such as Lucon et al. [45] on the left-hand side and Güneralp et al. [47] on the right-hand side. Energy
demand from Güneralp et al. [47] only shows heating and cooling energy demand until 2050. Sectoral projections depicted in Lucon et al. [45] (Figure 9.20) could not be added as
they are not included in the AR5 scenario database [46]. Contrary to the original ﬁgure, we show the projections until 2100 instead of 2050.

assess where this scenario lies in comparison with other lowdemand scenarios, we added projections from Güneralp et al.
[47] to Fig. 5. These scenarios only represent the demand for heat
and cooling and assume some climate policy, by contrast with the
EDGE SSP1 scenario. The EDGE SSP1 results are very similar
compared to the projections from the IAM GCAM, both in magnitude and dynamics. Compared to the results from the bottom-up
model 3CSEP HEB, the 2050 EDGE SSP1 results (51 EJ/yr) are
midway between the projections with current efﬁciency initiatives
(81 EJ/yr) and the projections assuming advanced efﬁciency initiatives (38 EJ/yr). Due to different starting points, the differences in
absolute terms between EDGE SSP1 and the Advanced Efﬁciency
Scenario hide even larger variations in the relative evolutions of
demand14, The reduction in demand between 2015 and 2050 in
3CSEP HEB is by far larger than the evolutions in EDGE SSP1
d 38% for 3CSEP HEB against þ6% for EDGE SSP1. This seems
plausible given the assumption about strong climate policies in the
Advanced Efﬁciency Scenario.
The role of developing countries in the regional composition of
buildings' ﬁnal energy demand increases over the century. The
share of OECD countries, which mostly have cold winters d coloured in blue in Fig. 6 d drops from 43% in 2010 to a range of
17e24% in 2100. By contrast, developing countries' share rises
overall, though with disparate patterns. Chinese energy demand
accounts for 20% by 2050 up from 14% in 2010, before falling to
9e14% by the end of the century because of declining population
projections. This peak-and-decline trajectory sharply contrasts
with the case of Africa d 10% to 9e13% by 2050, and 17e28% by
2100 d whose share's growth remains modest within the ﬁrst half
of the century before soaring in the second part. India's share rises
steadily over the century. We also observe a strong shift in the
importance of each end-use compared with 2010 (Fig. 7). The
prevalence of space heating in developed countries and of cooking
in developing countries disappears in all scenarios. Space heating's
share decreases from 50% to 14e30% in the developed regions
while cooking's share in developing countries dwindles from 47% to
5e18%. Space cooling in developing countries rises from 3% in 2010
to 14e43% in 2100. Appliances and lighting account for a large
share in both regions.

14
Historical estimates in the different models diverge for 2010 and 2015. EDGE
has a heating and cooling demand of 48 EJ/yr in 2010 and 45 EJ/yr in 2015, while
GCAM has a demand of 42 EJ/yr in 2010 and 3CSEP HEB of 61e69 EJ/yr in 2015.

In scenarios showing convergence of incomes d SSP1, SSP5 and
to a lesser extent SSP2 d, the gap in ﬁnal energy consumption per
capita between developing and developed regions closes (Fig. 8, All
end-uses). Apart from SSP1 d the ecological scenario d, the demand per capita increases in developing countries and stagnates in
developed countries. In SSP1 there is a strong convergence between
developed and developing countries towards a low-demand
pathway. In developed countries, the demand for space cooling
almost vanishes to a great extent because the CDD setting point
shifts from 21  C to 25  C. The demand for space heating shows
large uncertainty and could become as low as 5 GJ/cap because of
improved insulation, a lower HDD setting point and a partial shift
to efﬁcient heat pumps. In developing countries, space cooling
demand varies signiﬁcantly across scenarios. Despite hotter outdoor temperatures, space cooling energy demand in developing
countries barely exceeds that in developed countries in SSP3 and
SSP4 due to lower income levels. In SSP5, cooling demand in
developing countries shows a very strong increase to 20GJ/cap until
income in hot countries reaches US$(2005) 50 000, but then levels
off due to the saturation of the need for cooling.
Considering the repartition across energy carriers, all scenarios
project a profound electriﬁcation of the buildings' energy use. This
comes primarily from the massive deployment of space cooling and
appliances observed in the projections (Fig. 9). Both services rely to
a large extent on electricity. To a lesser degree, this is explained by
assumptions on the electriﬁcation of heat through efﬁcient heat
pumps, electric stoves and electric boilers. The share of electricity
rises from 28% to 63e90% globally. This trend affects both developing regions d 18% to 64e91% d and developed regions d 40% to
56e86%. Natural gas and district heating/cooling (Other Grids) is
the second most used category globally by 2100 d 28% in 2010 to
8e22% in 2100. Finally, the share of traditional solids declines
rapidly and in some SSPs disappears almost completely as early as
mid-century.
5. Conclusion
In this paper we present a model for scenario projections of the
energy demand of buildings. This model explicitly represents ﬁve
energy end-uses d cooking, appliances and lighting, water heating,
space heating and space cooling d, four fuel categories and eleven
regions covering the global demand. The model is applied within
the SSP scenario framework to show the effect of the uncertainties

524

A. Levesque et al. / Energy 148 (2018) 514e527

Fig. 6. Regional shares in global buildings' ﬁnal energy demand.

Fig. 7. End-use shares in 2100 for developed and developing regions.

about the socio-economic developments until 2100. Each scenario
is represented in the model through different exogenous demographic and economic projections, as well as through parameter
choices in line with the scenario narratives. The projections presented in this paper study the future of the buildings' energy demand without additional climate policies. Thereby, the projections
map the different contexts in which any climate policy would be
implemented, and identiﬁes challenges policies would have to
address.
Our results show growth in buildings' energy demand across all
SSPs. This growth is especially strong when considering useful
energy projections d 70 EJ/yr in 2010 to 164e951 EJ/yr in 2100 d
heavily driven by cooling energy consumption. In terms of ﬁnal
energy, the extent of the demand increase differs widely across
scenarios d from 116 EJ/yr in 2010 to a range of 120e378 EJ/yr by
2100 d, underlining the importance of socio-economic, climatic
and lifestyles development on long-term projections. For most
scenarios, the results lie within the spectrum of previous studies

[44,45]. The projection for the environmental scenario d SSP1,
120 EJ/yr in 2100 d remains below prior baseline forecasts,
reﬂecting the strong structural developments towards sustainability assumed in this scenario.
Despite the differences in aggregate energy demand, common
patterns arise between scenarios. The ﬁnal energy distribution
across end-uses changes radically between 2010 and 2100. While in
2010, cooking and space heating constituted the main end-uses in
developing and developed countries respectively, in 2100, appliances and lighting will be the dominant end-use, representing
30e60% of total demand. In developing countries, space cooling has
a similar importance as appliance and lighting, while in developed
countries space heating is the next largest end use, accounting for
roughly a fourth of demand. Another differentiation between 2010
and 2100 lies in the distribution across energy carriers. Conﬁrming
ﬁndings from previous studies [5,7,8,10,48], our results indicate
that developing countries will turn away from solid fuels to experience a deep electriﬁcation of their buildings' energy use. We ﬁnd,
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Fig. 8. Per capita energy consumption in developing and in developed regions.

Fig. 9. Fuel type shares in global buildings' ﬁnal energy demand. Electricity is represented with blue colours. For 1990 and 2000, electricity consumption is reported in the aggregate
only. (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the Web version of this article.)

in addition, that electriﬁcation also concerns developed countries
due to the saturation of thermal needs and the growing demand for
lighting and appliances. The scenario analysis, however, does not
show convergence of per capita energy demand between

developed and developing regions in all scenarios. Convergence
only occurs in scenarios where income per capita converges.
The modelling of the demand for appliances and lighting posed
the greatest challenges and deserves further improvements in the
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future, not least because of the importance it takes in our projections. We decided on purpose not to model individual appliances
but instead to project the aggregate energy demand for appliances
and lighting, in order to avoid building in an arbitrary saturation
level in the long term when currently existing appliances reach
saturation. Given the variety of newly developed appliances over
the last decades, it seems presumptuous to claim that there will be
no comparable innovations in the future, leading to new appliances
and thus additional demand. This choice comes however at a cost:
while the behaviour of diffusion curves of existing appliances is
well understood and can yield accurate projections [49], modelling
the aggregate behaviour of energy demand for appliances is fraught
with uncertainty and necessitates additional assumptions about
the functional form of the relationship with income growth.
To conclude, our analysis provides results that are an important
input for the analysis of long-term climate change mitigation. They
indicate that in absence of vigorous energy efﬁciency improvement
efforts (as assumed in the SSP1 scenario) buildings' energy demand
will increase substantially over the 21st century, imposing greater
stress on the energy supply system. Most of this demand increase
will come from electricity, for which many decarbonisation options
exist [50]. Moreover, the radical shift in the types of services impacts policy making as well; strategies and potentials to decrease
energy demand will differ between a context of high demand for
heat, as in 2010, and a context of high demand for lighting and
appliances, as projected for 2100. A better understanding of
different types of energy demand in the buildings sector is therefore a crucial input when analysing the contribution of buildings'
energy use to climate change, and for exploring the mitigation
possibilities in this sector that remain substantial.
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Limiting global warming below 1.5 °C requires rapid decarbonization of energy systems. Reductions of energy
demand have an important role to play in a sustainable energy transition. Here we explore the extent to which
the emergence of low energy consuming practices, encompassing new behaviors and the adoption of more
efficient technologies, could contribute to lowering energy demand and thereby to reducing CO2 emissions.
To this end, we design three detailed energy consumption profiles which could be adopted by individuals in
current and future wealthy regions. To what extent does the setting of air conditioners to higher temperatures or
the widespread use of efficient showerheads reduce the aggregate energy demand? We investigate the potential
of new practices at the global level for 2050 and 2100.
The adoption of new, energy saving practices could reduce global energy demand from buildings by up to
47% in 2050 and 61% in 2100 compared to a scenario following current trends. This strong reduction is primarily accounted for by changes in hot water usage, insulation of buildings and consumer choices in air conditioners and heat pumps. New behaviors and efficient technologies could make a significant long-term contribution to reducing buildings' energy demand, and thus facilitate the achieval of stringent climate change
mitigation targets while limiting the adverse sustainability impacts from the energy supply system.

1. Introduction
Limiting global warming in line with the Paris Climate Agreement
poses a great challenge to socio-economic structures across the world.
On the one hand, geophysical studies revealed a proportional relationship between cumulative CO2 emissions and temperature increases (Matthews et al., 2009), which means that staying below 1.5 °C
global warming requires cumulated emissions to remain within a tight
carbon budget (Rogelj et al., 2016). Carbon neutrality must therefore be
reached by mid-century (Rogelj et al., 2015). On the other hand, the
pace of emission reductions necessary for remaining below 2 °C, and a
fortiori below 1.5 °C global warming, resembles only few examples in
history (Riahi et al., 2015) and is unprecedented on a global scale.
Energy consumption in buildings accounted for 23% of energy-related CO2 emissions in 2014 (Rogelj et al., 2018). These emissions resulted from both direct emissions released by on-site combustion of
fossil fuels and biomass (8%), as well as from indirect emissions attributed to electricity consumption in buildings and district heating
(15%). Reducing energy demand in buildings therefore constitutes an
important strategy to decrease GHG emissions.
Many studies appraised the global potential for reduction of the
⁎

energy consumed in buildings. Overall, they found this potential to be
substantial (Lucon et al., 2014). However, these studies usually assessed
the potential as a result of technological changes, leaving aside the
impact of behavioral changes (e.g. Chaturvedi et al., 2014; IEA, 2016;
Teske et al., 2015). Some other studies investigated the energy demand
reduction potential following changes in lifestyles, while excluding
technological changes. Thereby, these studies implied a dichotomy
between technological and behavioral solutions (e.g. van Sluisveld
et al., 2016; Ven et al., 2017).
However, this dichotomy between technological solutions and behavioral solutions to climate change overlooks the co-evolution of
technologies and behaviors identified in several social theory frameworks. For instance, Steg and Vlek (2009), in a review of psychological
studies focusing on the determinants of individual behavior, delineate
three factors determining environmental behavior: individual motivations, habitual behavior, and contextual factors. The last covers factors
including physical infrastructure, technologies available on the markets
and the characteristics of the technologies. Taking a more macro perspective, the socio-technical regime concept (Geels et al., 2017; Smith,
2007) underlines that technical arrangements include a social dimension and that new technologies cannot advance without changes in
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energy carrier categories for European countries and ten other regions1
covering the global demand. EDGE assumes that consumption levels of
energy services in developing countries will gradually converge to levels observed in developed countries for similar per-capita income levels — adjusted for climate conditions. In developed countries, it assumes electric demand from appliances and lighting to increase with
income levels, while space heating, space cooling, water heating and
cooking are assumed to reach a saturation level. The model has been
developed to cover a wide array of socio-economic trajectories. Socioeconomic and behavioral assumptions are introduced through exogenous economic, population and climate projections but also through
model parameters. EDGE is therefore able to provide a detailed representation of practices in buildings. All relevant equations in the
model are explained in Levesque et al. (2018) and replicated in the
Appendix.

purchasing practices, daily rituals, professional skills, etc. Drawing
upon these theories but giving more weight to the individual perspective, Stephenson et al. (2010) conceived the Energy Cultures framework
which encompasses the different dimensions of energy behaviors. In
this framework, consumer energy behavior can be understood through
the interactions between cognitive norms, material culture (technologies) and energy practices (activities, processes). Each dimension interacts with the others to shape the energy consuming behavior. For
instance, the presence of an insulation layer on the external walls of a
building will influence how much people heat, in which rooms. Each
dimension is influenced by different factors: education influences cognitive norms; energy prices affect energy practices, etc. By shifting one
of these dimensions, it is possible to influence behaviors. The theory of
practices (e.g. Shove and Walker, 2010) constitutes another perspective
on energy behaviors which insists on the inter-connectedness of many
elements playing on the adoption and evolution of practices. Within
this theoretical framework, Gram-Hanssen (2014) proposes to classify
elements holding practices together within four categories: embodied
habits, institutional knowledge, engagement (the meaning to the people
following such practices) and technologies. There is therefore a widespread agreement across these various theories that technologies and
behaviors are interdependent. For our purpose, this means that energy
demand reduction potentials should consider technological and behavioral aspects alike.
Some analyses exploring the potential for reduction of energy demand already considered technological and behavioral approaches together. Taking an individual perspective, Dietz et al. (2009) considered
all the interventions that US households could take to reduce their
emissions, and therefore their energy demand, covering changes in
technology purchase patterns as well as usage habits. According to
them, residential emissions could decrease by 20% within ten years if
all these measures were implemented. Anable et al. (2011) started from
the assumption that behaviors change over time and that deep cuts in
energy demand will require changes at the social level, implying new
norms and conventions. From this premise, they imagine scenarios
where people, motivated by concerns about energy use and environmental issues, change their consumption patterns as well as their
technological choices. They find that the UK energy demand could
decrease by 50% until 2050. More recently, Grubler et al. (2018) designed a low energy demand scenario at the global level. Despite the
growing income and population in developing countries, their scenario
also envisions a halving of buildings' energy demand until 2050,
In this paper, we investigate more closely the potential of new
practices for global energy demand from buildings. We first present the
Energy Demand Generator model (EDGE) — a bottom-up energy demand model projecting buildings' energy demand at the global scale for
five energy services (Levesque et al., 2018). We then design three individual energy consumption profiles which could prevail for individuals in current and future advanced economies. These profiles
describe how people shower, heat or cool their homes and offices, insulate their buildings, etc. We hence focus on the question of how
people consume energy, and not on the question of which factors drive
them to change practices—like the influence of energy prices for instance. Two of these profiles display low energy consuming practices.
With the EDGE model, we can then appraise the impact of these contrasted energy practices on buildings' energy demand in 2050 and 2100,
and compare with scenarios from other studies, before concluding.

2.2. Future scenarios for energy-consuming practices
In this section, we present three scenarios for future energy consuming practices in buildings: a reference scenario (“Reference”), a low
energy demand scenario (“Low”), and a very low energy demand scenario (“Very Low”). Energy practices in buildings cover a wide range of
activities from taking a shower to the use of computers in a business.
For each scenario, we design a profile of energy practices (Fig. 1), i.e. a
combination of behaviors and technologies, and assess the repercussions at the global level for the consumption of energy in buildings.
Each profile combines energy behaviors already existing in the sheer
diversity of current consumption patterns (Lucon et al., 2014), and the
adoption of technologies which either already exist, or whose development in the future is plausible.
Our assumptions concern primarily the level of consumption at high
levels of income. The low demand scenarios therefore do not curb the
service demand for low-income countries. Instead, they reduce the level
of saturation for wealthy consumers. For instance, the demand for space
cooling in developed countries will be lower in case people adopt more
efficient air conditioners or accept higher indoor temperatures. At the
same time, people in developing countries will increase their purchases
of air conditioners as their income rises.
In addition to these assumptions, future energy demand will heavily
depend on future population trends and per capita income projections.
We use the demographic and economic projections from the
SSP2—“Middle of the Road”—scenario (Dellink et al., 2017; KC and
Lutz, 2017), which assumes a continuation of historical patterns and
was developed within the Shared Socio-economic Pathways framework
(O'Neill et al., 2017). We assume that in all three scenarios these projections will remain identical, i.e. we assume that changes in practices
at the saturation level have no impact on the population and economic
growth trajectories.
In the following, we will present our assumptions for the five energy
services depicted in EDGE: space cooling, space heating, water heating,
appliances and lighting, and cooking.
Our assumptions concentrate on the demand for useful energy.
Except in the case of heat pumps and air conditioners, we do not make a
separate assumption for the final-to-useful energy efficiencies. We
concentrate on heat pumps and air conditioners because their efficiencies remain far from their theoretical optimum. There is thus still
room for large efficiency improvements, and we address this with our
scenario assumptions.

2. Methods

2.2.1. Space heating and space cooling
2.2.1.1. Indoor temperature. Indoor temperature is one of the most
important drivers of the demand for heating and cooling. In the

2.1. Description of the EDGE model
The Energy Demand GEnerator (EDGE) is a bottom-up energy demand model which currently focuses on the buildings sector (Levesque
et al., 2018). It projects buildings' energy demand at the useful and final
energy levels, distinguishing between five energy services and several

1
Africa, China, India, Japan, Middle East, South East Asia, Russia, the United
States, Other OECD, Other non-OECD.
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Fig. 1. Scenario assumptions for low energy consuming practices in EDGE. The right column of each table indicates whether the measure is predominantly behavioral
(B) or technological (T).
Table 1
Assumptions for the indoor temperature and Degree Days thresholds.
HDD

Heating season indoor temperature (°C)

Corresponding outside temperature (°C)

Threshold HDD after heterogeneity (°C)

22
20
19

20
18
17

23
21
20

Cooling season indoor temperature (°C)

Corresponding outside temperature (°C)

Threshold CDD after heterogeneity (°C)

23
25
26

21
23
24

18
20
21

Reference
Low
Very Low

CDD
Reference
Low
Very Low

Internal heat gains (°C)
Heterogeneity (°C)

2
3

model EDGE however, indoor temperatures do not directly enter as
model parameters, but rather indirectly via the computation of heating
and cooling Degree Days (HDD and CDD, respectively). This
computation requires a balance point to which outdoor temperatures
are compared to derive the Degree Days. We will therefore derive the
balance points for the Degree Days from our assumptions on
comfortable indoor temperatures, internal heat gains and
heterogeneity among people. These assumptions are summarized in
Table 1.
2.2.1.1.1. Comfortable indoor temperature. Thermal comfort is a key
determinant of the satisfaction with the indoor environment. Two main
models exist to account for the level of comfort corresponding with a
given indoor temperature. The PMV model (Fanger, 1970) explains
thermal comfort as the result of heat transfers between the body and its
environment. It takes six factors into account: the level of activity of the
human body, clothing, air temperature, mean radiant temperature, air
velocity and humidity. The model has been extended to better predict
the comfort sensation reported by survey subjects by introducing a
psychological parameter (Fanger and Toftum, 2002).
On the other hand, Nicol and Humphreys (2002) take another

approach and start from the observation that predictions from the PMV
model, which are based on experiments in climate chambers, were not
always successful in predicting comfort sensation in field studies. The
authors assume a feedback between climate and the behavior of individuals which explains why the range of comfortable temperatures
might be large and vary across seasons and building set-ups. In particular, people might change their clothing, adjust the ventilation and
shading of the building, depending on the climatic context. One important element influencing the range of comfortable temperatures is
the ability to control the indoor temperature. Buildings with adaptive
systems might therefore allow for a larger range of comfortable indoor
temperatures. So, the extent to which adaptive strategies can broaden
the range of comfortable temperatures depends on the heating and
cooling systems in place, as well as whether or not the temperatures
indoor tend to vary a lot across seasons (Rijal et al., 2017). Changing
habits concerning desired indoor temperatures therefore necessitates
technological systems which encourage indoor temperature variability
while offering some controls to adapt. As an illustration, in a study
assessing the thermal comfort in buildings complying with the Setsuden
campaign in Japan, which required setting the temperature control to
255

Technological Forecasting & Social Change 146 (2019) 253–266

A. Levesque, et al.

28 °C, the authors found that the design of buildings, which were built
to run with air conditioning, was a limiting factor for the adoption of
adaptive practices such as natural ventilation (Indraganti et al., 2013).
The incidence of temperature on thermal comfort, both in the PMV
and in the adaptive model, is measured through reported comfort
sensation by experiment subjects. However, the influence of indoor
temperature may also be felt through the change in economic productivity (Hsiang, 2010) or mental alertness (Tham and Willem, 2010).
This aspect is especially important as it used in studies assessing the
future economic cost of global warming (Burke et al., 2015). Office
managers might be more concerned by the influence of indoor temperatures on productivity than on the reported thermal comfort, as it
directly affects firms' profits. Summarizing results from ergonomic
studies on the relationship between indoor temperatures and performance loss, Hsiang (2010) finds that productivity starts declining above
temperatures of 25–26 °C.
Against this background, we consider that the future built environment, allowing for the adoption of adaptive strategies, will allow
people to feel comfortable within a range of 19 °C–26 °C. This range
slightly exceeds the 6 K interval reported in Rijal et al. (2017), but it is
consistent with the range of comfortable temperatures between 17 °C
and 30 °C given in Yang et al. (2014). It is also consistent with the
temperature limit above which economic productivity declines. We
chose our median estimates for indoor temperature within this range
(Table 1). Energy conserving practices will tend to be closer to the
lower bound in the heating season and closer to the upper bound in the
cooling season.
2.2.1.1.2. Internal heat gains. The discussion above pertains to the
temperature people wish to have indoor. However, even without space
heating or cooling, indoor and outdoor temperatures differ due to,
among other factors, internal heat gains (IHGs). IHGs result from the
metabolic activity of building occupants, from the heat released during
cooking and activities which consume hot water, from appliances as
well as lighting. In countries where the climate would not, in principle,
require demand for mechanical cooling, internal heat gains might
justify the installation of air conditioning systems (Walker et al.,
2014). IHGs lead to higher indoor temperatures, depending upon the
thermal insulation of the envelope: The better the insulation, the higher
the temperature gains stemming from IHGs. For the sake of simplicity,
we assume IHGs to contribute to a temperature increase of 2 °C within
buildings.2 Integrating the contributions of the different energy services
and occupancy into the computation could be the focus of further
research in the future. By adopting a static approach, and considering
the growing demand for appliances and light projected in EDGE
(Levesque et al., 2018), we might underestimate the impact of
internal gains on indoor temperatures (Elsland et al., 2014), therefore
overestimating space heating energy demand, and underestimating
space cooling energy demand.
2.2.1.1.3. Heterogeneity. The functions representing energy demand
for space heating and cooling in EDGE (see Appendix) imply that in case
the number of Degree Days is zero, the demand will also be zero. While
this makes sense for the median behavior we have designed with the
indoor temperatures and the IHGs, the real-world heterogeneity in
behaviors and perceived comfort temperatures makes this implausible.
There will still be some heating (cooling) demand when the median
behavior reaches its HDD (CDD) threshold because some people will
have a higher (lower) preferred temperature. In order to account to
some extent for the heterogeneity in the population, we shift the

temperature balance point by 3 °C.
2.2.1.2. Insulation of buildings. There are several channels through
which the insulation of buildings could co-evolve with practices.
First, beyond its impact on indoor temperatures, insulation influences
other determinants of thermal comfort. Second, very efficient materials
currently under development offer new properties and application
opportunities beyond their mere thermal characteristics. These, in
turn, could lead to new building designs and practices.
To further elaborate on the first effect, beyond its impact on energy
requirements to meet a certain indoor temperature, insulation can have
a positive impact on thermal comfort. As stated above, thermal comfort,
according to the PMV theory, depends upon six factors including mean
radiant temperature and air velocity. While insulation allows achieving
higher indoor temperatures at a given level of energy consumption, it
also improves other factors: the radiant temperature of surrounding
surfaces and the air speed and turbulence. The insulation level of
windows is especially influential in that respect as windows are currently the building components leading to the highest thermal losses,
and the temperature difference between windows and the indoor temperature is therefore the largest. This temperature difference causes
large radiant temperature exchanges as well as drafts, both leading to
sensations of discomfort (Huizenga et al., 2006). Improved insulation
can therefore increase the acceptance for reduced indoor temperatures.
This is consistent with our assumption of lower indoor temperatures in
the heating season and is an important mechanism for the Passive
House concept, which aims at providing comfortable, low indoor temperatures (Cuce and Riffat, 2015; Passive Houses, 2007).
Regarding the second phenomenon, very efficient materials under
development might offer other properties which could shape new
practices for buildings' developers and occupants. Traditional insulation
materials such as mineral wool, expanded and extruded polystyrene
reach thermal conductivity properties in the range of 0.03–0.04 W/
(mK). Therefore, achieving low U-values for building envelopes necessitates thick insulation to compensate the high conductivity of
concrete or bricks walls (Jelle, 2011). State-of-the-art technologies including in particular vacuum insulation panels (VIP) and aerogels display thermal conductivities three to ten times lower than traditional
materials and could therefore save a great amount of space to achieve
similar or better levels of insulation. This property, combined with high
costs for floor area in urbanized centers, could make highly isolating
materials an attractive technology in expensive cities (Jelle, 2011). The
strong urbanization forecasted for the future could therefore offer a
niche for highly performant insulation material. Other properties such
as the acoustic performance of building envelopes might lead people to
increase the level of insulation. Aerogels perform well in this regard
(Cuce et al., 2014; Schiavoni et al., 2016). Aerogels, in addition, may be
opaque, translucent or transparent, possibly reconfiguring how insulation materials may be used.
Similarly to insulation building material, new technologies in windows offer prospects of large improvements in the U-values of windows.
The estimates for current windows lie between 2 and 3.5 W/(m2 K) and
new technologies ranging from triple glazing to aerogels reach U-values
closer to 0.5 W/(m2 K) (Cuce and Riffat, 2015; Jelle et al., 2012).
In EDGE, the current estimates for buildings' U-values are based on
the EU buildings batabase (European Commission, 2017), where the Uvalues for different building components are given for EU countries and
buildings of different vintages. As we were not able to gather similar
data for other regions, we drew on the relationship between U-values
and climate conditions in Europe to estimate U-values in other regions.
In addition, U-values were adjusted upwards for countries with low
income levels. While this methodology lets much room for uncertainty,
we consider it a reasonable approximation. For more details on the
methodology, please refer to Levesque et al. (2018)
The assumptions for the current and Reference scenario properties
of the buildings stock are summarized in Table 2a and Table 2b. For the

2
We compute the estimate of 2 °C by assuming a transmission loss of the
building envelope of 1.6 W/(m2·°C), internal heat gains equal to 3 W/m2—this
is within the range of 1–5 W/m2 found in (Elsland et al., 2014). We consider no
ventilation losses and no solar heat gains, and we assume the ratio between
external surface and indoor floor space to be one. These assumptions give us a
temperature increase of 1.875 °C which we round to 2 °C.
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0.89
2.22
2.83
5.40

1.12
0.45
0.35
0.19

1.12
0.45
0.35
0.19

Table 2b
Buildings' components U-values. The underlined figures are directly taken from
the EU buildings database. To compute the envelope U-value, we weighted the
window value with approximately 0.25 and the wall value with 0.75, which is
consistent with current data.

Current - 2010

Walls
Windows
Envelope
Walls
Windows
Envelope
Walls
Windows
Envelope
Walls
Windows
Envelope

0.66
1.99
2.50
5.00

Low - 2100

0.04
0.04
0.02
0.01

Average Thickness of
insulation (m)
0.24
0.24
0.33
0.40
0.40
0.40
0.40
0.40
1.70
1.70
1.20
1.00
Walls
Walls
Walls
Walls
Current - 2010
Reference - 2100
Low - 2100
Very Low -2100

U-value (W/Km2)
1.12
3.25
1.60
0.45
2.00
0.85
0.35
0.80
0.45
0.19
0.50
0.26

current U-values, we take the estimate from the database for the whole
buildings stock at 1.60 W/(m2 K). In the Reference scenario, we assume
that U-values for the whole building stock will decrease to 0.85 W/
(m2 K) by 2100. As this value corresponds to the average U-value of
European buildings built between 2000 and 2010 (European
Commission, 2017), this is a conservative assumption, implying no
further tightening of efficiency standards, but simply bringing old
buildings to the current standard.
For the Low and Very Low scenarios, we introduce assumptions
based on the future development of insulation materials and windows.
To do this, we first reconstruct exemplary buildings' characteristics—thermal conductivity of dry walls, of insulation material and
insulation layer width—which are consistent with current estimates of
the U-value of the aggregate buildings stock. The consistency is
achieved through the adjustment of the average thickness of insulation
(Table 2a). We then make our assumptions on the evolution of the individual characteristics and assess the impact of the buildings' stock
aggregate U-values.
For the thermal conductivity of dry walls, we consider an evolution
comparable to a shift from dense concrete (assumed at 1.7 W/mK) to
brickwork walls (assumed at 1.2 W/mK). There would be much more
efficient materials (e.g. insulating bricks have a thermal conductivity of
0.15 W/mK), but because this characteristic is unlikely to change for
standing buildings, we chose a rather conservative assumption. The
quality of insulation material also improves and the thermal conductivity of these materials decreases by 50% in the Low scenario and
by 75% in the Very Low scenario compared to the Reference. These
values correspond to the difference between standard materials, such as
extruded polystyrene, and state-of-the-art technologies like aerogels
(Cuce et al., 2014; Jelle, 2011; Schiavoni et al., 2016). The average
thickness of insulation is assumed to decrease in the Low and Very Low
scenarios compared the Reference scenario because high-performing
insulation materials can achieve low U-values with thin layers and that
thin layers are cheaper and more suitable in urban contexts. Similar
improvements are assumed for windows with the spread of triple
glazing or aerogels which can achieve U-values as low as 0.5 W/(m2·K)
(Table 2b) (Cuce and Riffat, 2015; Jelle et al., 2012). In the Low scenario, the U-value of windows improves by 60% compared to the Reference. This figure rises to 75% in the Very Low scenario. In order to
compute the U-value estimate for the whole envelope based on the
estimates for the walls and the windows, we weight the U-value from
the wall with approximately three quarters and that of windows with
one quarter, in line with the ratios observed in the current data.
Overall, our assumptions for the European building stock are that
until 2100, the U-value for the whole envelope will decrease by 47%
(0.85 W/(m2 K)) in the Reference compared to 2015 (1.60 W/(m2 K)),
72% (0.45 W/(m2 K)) in the Low scenario and 84% (0.26 W/(m2 K)) in

Thermal conductivity of
insulation (W/mK)
R wall (Km2/
W)
Thickness of wall
(m)
Building's
component

Thermal conductivity of wall
(W/mK)

Building's component

Very Low -2100

Scenario & year

Table 2a
Assumptions and data for the current and scenario walls characteristics. The underlined figures are directly taken from the EU buildings database.

Scenario & year

Reference - 2100

0.02
0.07
0.05
0.05

R insulation (Km2/
W)

Rall (Km2/
W)

Uall (W/
m2)

U-value (W/
Km2)
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cap corresponds to Japanese levels (approximately 45 m2/cap and
15 m2/cap for residential and commercial, respectively) (Table 3).

the Very Low scenario. Because the historical U-values in the EDGE
regions differ from the European values from Table 2b, we do not assume the average building envelopes in each region to achieve the
absolute U-values stated above. Instead, the U-values are projected to
decrease compared to their historical value by 47%, 72% and 84% in
the Reference, Low and Very Low scenarios, respectively. The current
regional U-values will decrease linearly between 2015 and 2100 to
reach the full U-value reduction by 2100.

2.2.2. Water heating
Hot water is mostly needed for personal hygiene and washing
clothes. In the United states, about half of the hot water was dedicated
to washing clothes, 40% for personal hygiene and 3% for washing
dishes (Inskeep and Attari, 2014). There also exists a demand for hot
water in public and commercial buildings—e.g. in hotels, laundry,
restaurants, hospitals—but we were not able to find estimates for the
consumption in these buildings. The discussion will therefore focus on
residential uses.
Hot water usage can be lowered in many ways: people can spend
less time under the shower, avoid taking baths, use low-flow shower
heads, or they can shower with lower temperatures, etc. Efficiency
standards in the market of white appliances could also encourage the
penetration of efficient models. In the next paragraphs we review our
assumptions for each energy service. All assumptions are to be found in
Table 4a and Table 4b.

2.2.1.3. Efficiency of heating and cooling. Of all the technologies
converting final energy to useful energy, heat pumps and air
conditioning systems are probably the ones whose future might be
most influential for energy demand. These technologies, unlike many
others in buildings, remain far from their theoretical maximum.3 Even
on current markets in developed countries the efficiencies of air
conditioners show a very broad range. Typical ranges spread from a
SEER4 (W/W) of 3 to a SEER of 8 (IEA, 2018). Best available
technologies reach a SEER of up to 12, while market averages evolve
around a SEER of 4.
Similarly to the scenarios from the IEA (2018), we assume that the
efficiency of air conditioning systems will continue growing in the future. Starting from an historical value close to 3.7 for developed
countries, we assume that the SEER will grow to 6 in Reference, 8 in
Low and 10 in Very low. Thereby, we do not make assumptions beyond
what currently best available technologies may deliver. Minimum energy efficiency standards and R&D investments could raise the efficiency of the air conditioners stock while maintaining prices of equipment affordable. There are already some examples of such policies: for
instance in South East Asia, the ASEAN SHINE initiative aims at harmonizing air conditioner standards in ASEAN member countries, and at
raising the efficiency of air conditioners available on the market (IEA,
2017a).
For heat pumps, we assume a similar development for the SEER
values as for the air conditioning systems. For the penetration of heat
pumps, we assume that it will reach 30% of the electric heating demand
in the Reference scenario, 50% in the Low Demand scenario, and 70%
in the Very Low demand scenario.

2.2.2.1. Personal hygiene. Currently in the United States, people spend
approximately 8 min per day under the shower and shower once a day
(Inskeep and Attari, 2014). As personal hygiene habits have varied in
the past (Hand et al., 2005), we could assume that the saturation level
could continue to change in the future. We assume that the saturation
level in the Reference case will remain at the level assumed for 2015. In
addition we assume showerheads' flow rates of 9.5 L/min which is
equivalent to the 2.5 g/min standard in the United States, and a
temperature elevation from 15 °C to 40 °C. In the other scenarios,
people are assumed to dedicate less time to showering. They shower
once a day for 5 min in the Low Demand scenario, and 4 min every
other day in the Very Low Demand scenario. They also adopt very
efficient showerheads (7.6 L/min and 2.8 L/min). By comparison, the
current WaterSense label in the United States requires showerheads'
flow rates to fall below 7.6 L/min (2 g/min) while most efficient
products rated by WaterSense reach as low as 3.8 L/min (1 g/min).
Most efficient products rated by the Australian Water Efficient Labels
and Standards consume as low as 5 L/min. Newly developed products
consume as little as 2.8 L/min.
The water demand for showering at the saturation level drops from
76 L/day/cap in the Reference scenario, to 38 L/day/cap in the Low
Demand scenario and 5.7 L/day/cap in the Very Low Demand scenario.

2.2.1.4. Floor space demand. In EDGE, floor space demand increases
with income per capita and decreases with population density. Future
projections follow historical patterns and continue increasing with
economic income without saturation. However, the increase of floor
space demand in reaction to an income increment weakens at higher
income levels and over time.
Other trajectories which would cut the tie between economic wealth
and floor space demand are however possible. People might prefer
living in cities with short distances between workplaces, dwellings, and
recreational places, thus favoring compact cities and reduced living
spaces. More people might share their flats or houses so that the
number of persons per dwelling increases. Urban policies such as
zoning policies could help managing the expansion of cities and regulate their densities, reducing the floor space area per capita. In the
Low demand scenario, we introduce a cap on the residential and
commercial area per capita at the current level of demand from the
United States (approximately 70 m2/cap for the residential demand and
23 m2/cap for commercial area). In the Very Low Demand scenario, the

2.2.2.2. Clothes washing. Next to showering and bathing, cleanliness of
clothes is one of the activities consuming the most hot water. In the
Reference case, we assume each individual to launch two wash cycles a
week. Each cycle consumes 87 L (23 g/cycle)—the current consumption
for a standard machine in the USA (Energy Star, 2018)—and raises the
water temperature from 15 °C to an assumed 70 °C. In the Low Demand
scenario, people tend to wear clothes several times before washing
them and halve the number of cycles per week to one. The water
consumption within a cycle drops to 50 L (13 g/cycle), the consumption
of Energy Star appliances, and the temperature to 40 °C instead of 70 °C.
In the Very Low demand scenario, the water consumption decreases to
40 L per cycle, the value of efficient clothes washers on today's German
market. The temperature of cycles is assumed to be 30 °C.
The water demand for washing clothes in each scenario is 25 L/cap/
day, 7 L/cap/day and 5.7 L/cap/day in the Reference, Low Demand and
Very Low Demand scenarios, respectively.

3
As an example, the theoretical thermodynamic maximum for the coefficient
of performance (COP, a performance index closely related to the Seasonal energy efficiency ratio (SEER)) of an air conditioner is 22.7, considering an indoor
temperature of 22 °C and an outdoor temperature of 35 °C (22 + 273.15)/
(35 − 22).
4
The Seasonal energy efficiency ratio (SEER) measures the ratio between the
output cooling capacity and the electricity input, taking the seasonal range of
outdoor temperatures into account. Here, as in IEA (2018), we use the definition of SEER in metric units (W/W) and not in BTU/h/W.

2.2.2.3. Dishwashers and faucets usage. Dishwashers and faucets usage
are other sources of hot water consumption, though they are not as
important as the first two services.
We assume that people will use dishwasher to wash their dishes at
the saturation level. The efficiency of dishwasher varies greatly on today's markets. Habits can also play a role in reducing the demand for
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Table 3
Assumptions on floor space demand.
Floor space

Saturation at current
regional level

Reference
Low
Very Low

None
USA
Japan

Residential (m2)

Commercial (m2)

–
70
45

–
25
16

Table 4b
Saturation level for hot water consumption and the related energy consumption.
Hot water (L)
Scenario

Total
residential

Reference
Low
Very Low

hot water. Avoiding rinsing dishes before placing them in the dishwasher or starting a wash cycle only for full loads help reducing hot
water consumption. Here we assume that the number of wash cycles per
capita will decline from the Reference scenario to the Low Demand and
Very Low demand scenarios. The efficiency of dishwasher is also expected to increase and the temperature used to wash dishes to decrease.
Usage of faucets cover water demand for washing hands, for cooking, to
clean vegetables, wash dishes not washable in the dishwasher, shaving,
tooth brushing. The aggregate demand for hot water from faucets and
dishwashers is estimated to be 10, 5 and 3 L/cap/day for the Reference,
Low Demand and Very Low demand scenarios.

Useful energy (GJ/yr)

Total buildings
(+5%)

110.9
49.6
14.3

Total
residential

116.4
52.0
15.0

Total buildings
(+5%)

5.51
1.77
0.44

5.8
1.9
0.5

cap/yr in Europe, 2650 kWh/cap/yr in Japan, and 5200 kWh/cap/yr in
the United States, while income levels per capita were comparable in
Europe and Japan and were 25% lower than in the United States. These
differences can be explained by varying ownership rates, penetration
levels of new appliances, usage of appliances, energy wastage patterns,
efficiency levels of appliances, and to the varying importance of the
service sector in the economy.
Energy consumption for appliances and lighting can be reduced
through many channels, as past policies and empirical studies have
demonstrated. Information policies have proven a sound way of decreasing electricity consumption (Delmas et al., 2013), though feedback
on consumption must be repeated over time to sustain limited power
consumption reductions (Allcott and Rogers, 2014). The framing of
information messages can greatly alter the impact of information
campaigns. For instance, information about monetary losses from
overconsumption can lead to a licensing effect: consumers feel entitled
to consume as they pay for it and may increase their consumption if
they feel that consumption does not cost much (Delmas et al., 2013). By
contrast, delivering information on environmental benefits from saving
energy can yield higher savings (Asensio and Delmas, 2015). All these
feedback policies however need accurate information on electricity
consumption, which necessitates the deployment of (smart) metering
devices.
Stand-by electricity consumption from appliances can represent a
significant share of residential electricity consumption—11% in Europe
(de Almeida et al., 2011)—, though it does not deliver energy services.
The One-watt Initiative launched by the IEA at the turn of the century
helped reducing stand-by power consumption of many appliances. The
recent development of networked appliances poses new challenges for
both appliances stand-by consumption and data centers. Similar efforts

2.2.2.4. Total demand for hot water. Adding up across all individual
services, the demand for hot water is assumed to saturate at 111, 50 and
14 L/cap/day in the three scenarios. However, we only considered
residential uses in the preceding paragraphs. As stated above, we were
not able to find relevant data for the hot water consumption in other
types of buildings including hotels, restaurants, laundry, etc. We make
the assumption based on our own judgement that in regions reaching
saturation of the demand, non-residential buildings use 5% of the
residential demand. So, the demand for hot water in buildings is
assumed to be 116, 52 and 15 L/cap/day. Considering the
temperature elevation of water assumed for each service and
scenario, these amounts of hot water correspond to energy demands
of approximately 16, 5 and 1 MJ/cap/day. Thus, the Very Low scenario
uses as little as 13% of the Reference demand level.
2.2.3. Appliances and lighting
There are large heterogeneities in energy demand for appliances
across regions, even between developed countries. According to our
estimates adapted from IEA statistics (IEA, 2015, 2017b, 2017c), the
2015 demand for lighting and appliances in buildings was 1850 kWh/
Table 4a
Assumptions on the per capita consumption of hot water.
Shower

Showers/day/cap

Shower length (min)

Showerhead (L/min)

Hot water (L)

Target Temperature

Base Temperature

Useful energy (GJ/yr)

Reference
Low
Very Low

1.0
1.0
0.5

8.00
5.00
4.00

9.5
7.6
2.8

75.7
37.9
5.7

40
38
38

15
15
15

2.89
1.33
0.20

Clothes Washing

Cycles per week/cap

Cycles per day

Water per cycle (L)

Hot water (L)

Target Temperature

Base Temperature

Useful energy (GJ/yr)

Reference
Low
Very Low

2.0
1.0
1.0

0.29
0.14
0.14

87.1
49.2
40.0

24.9
7.0
5.7

70
40
30

15
15
15

2.09
0.27
0.13

Dishwasher

Cycles per week/cap

Cycles per day

Water per cycle (L)

Hot water (L)

Target Temperature

Base Temperature

Useful energy (GJ/yr)

Reference
Low
Very Low

1.5
1.3
1.0

0.21
0.18
0.14

20.0
15.0
10.0

4.3
2.7
1.4

60
40
40

15
15
15

0.29
0.10
0.05

Faucet

Minutes per day

Share hot water

Tap flow (L)

Hot water (L)

Target Temperature

Base Temperature

Useful energy (GJ/yr)

Reference
Low
Very Low

5.0
4.0
3.0

0.10
0.10
0.10

12.0
5.0
5.0

6.0
2.0
1.5

40
38
38

15
15
15

0.23
0.07
0.05
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as for the stand-by consumption of traditional appliances could deliver
large energy demand reductions (IEA, 2013a).
Furthermore, market regulations and labelling policies can do a lot
to change consumers' purchasing patterns. As shown by Grubb et al.
(2014, pp. 166–169), mandatory efficiency labels quickly transformed
appliances markets in the past. In the case of refrigerators in the
Europe, the EU labelling policy, complemented with rebate and information programs, drove the market share of most efficient appliances from 5 to almost 60% within a decade. Other examples, including
the Top runner program in Japan, the Energy Star program in the US or
the Energy Rating in Australia raised the energy efficiency of appliances
in the past (IEA, 2013b, pp. 225–231).
The representation of appliances and lighting in EDGE is too synthetic to relate energy demand to concrete practices. However, the
success of former policies to raise the penetration of efficient appliances
and lighting fixtures suggests that new purchasing habits and market
reforms can continue encouraging a shift towards low consumption
patterns.
In the Reference scenario, the assumed income dependency of appliances and lighting converges towards a Japanese development with a
demand of approximately 2650 kWh/cap/yr for an income level of US
$35000. In the Very Low Demand scenario, we assume that incomedependent demand converges to a European trajectory—approximately
1850 kWh/cap/yr for the same income level—and we therefore assume
a 30% decrease compared to the Reference. The Low Demand scenario
assumption lies in-between both cases and assumes a 15% decrease.
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Fig. 2. Final energy demand by end-use shown for historical values (left) as
well as for the three scenarios of future energy consumption practices in 2050
and 2100.

Low energy demand scenarios paint a very different picture from the
Reference case. First, the increase in energy demand is much milder
compared to 2015. The demand in the Low (Very Low) scenario stagnates (declines) between 2015 and 2050, while it rises modestly (declines) by 2100 (+26% for the Low scenario, and −11% for the Very
Low scenario). Compared to the Reference scenario, this implies that
changes in practices can engender a decrease in energy demand of 33%
and 44% by 2050, and 47% and 61% by 2100, for the Low and Very
Low scenario, respectively. The impact of changes in practices on energy demand is therefore substantial.
Second, we evaluate the contribution of each individual change in
consumption patterns. Even though these changes might be interdependent, in particular the indoor temperature setting and the degree
of insulation, we attribute the reduction in energy demand to individual
dimensions of the practices. The decomposition follows the methodology presented in Sun and Ang (2000) and is further explained in the
Appendix. Fig. 3 displays the contribution of individual measures to the
total energy demand reductions. It shows that the majority of the reduction in demand can be accounted for by space heating and cooling
measures, mostly through improvement of the building envelope and
the adoption of efficient heat pumps and air conditioners. Another
important part of the reduction in energy demand can be explained by
water conservation measures and habits (WH). Floor space demand
reductions contribute only moderately compared with changed practices in indoor temperature and appliances and lighting.
Thirdly, we compared the EDGE scenarios with other scenarios
available in the literature. Fig. 4 shows the reference and policy scenarios from the Integrated Assessment Model (IAM) REMIND
(ADVANCE, 2016; Luderer et al., 2018), the Energy Technology Perspectives (ETP, IEA, 2017c), the IAM MESSAGE (Grubler et al., 2018)
and the Greenpeace [R]evolution report (Teske et al., 2015). The Very
Low scenario from EDGE slightly exceeds the reductions from the ETP
B2DS scenario as well as from the Greenpeace [R]evolution scenario
(−12% vs −7% and −8%). However it remains far from the reduction
observed in the MESSAGE LED scenario (−43%), which is explained by
differences in the demand for thermal needs (space heating and cooling,
water heating, cooking), much lower in the LED scenario.
By design, EDGE and REMIND share a similar reference trajectory
(see Appendix for more details). However, the energy demand reductions in REMIND mitigation scenarios are assumed to be induced by
carbon pricing only, without additional regulation or non-price-driven
lifestyle changes towards energy saving practices. As a consequence,
the energy demand in the REMIND 1.5 °C scenario is much higher than
in both EDGE low consumption scenarios. This applies to 2050 (−23%

2.2.4. Cooking
We do not make any assumption for cooking practices at the saturation level as we assume there is only little room to change these
practices in developed countries and because cooking represents only a
small share of the demand in these regions—unlike in developing
countries. However, cooking demand in developing countries will still
converge towards developed countries' patterns, most importantly
through the shift from traditional to modern fuels.
2.2.5. Timing
We assume that all changes will be effective by 2050 and stay
constant in the period from 2050 to 2100, except for insulation, heat
pumps and air conditioning. For these, we assume the full reduction
will be achieved only by 2100, due to the inertia of the building stock.
The cap on floor space per capita is effective from 2020, but regions
already exceeding the cap will decrease the demand gradually towards
the maximum floor space demand.
3. Results
We first present the scenario results for final energy demand at the
global level. Fig. 2 displays the final energy demand in all three scenarios for 2015, 2050 and 2100, disaggregated by energy services. In
2015, the global demand amounted to 115 EJ/yr. The largest share of
demand was dedicated to space heating (34%). Cooking was another
important service (26%), due to the widespread use of inefficient traditional biomass in developing countries. In 2050, the Reference scenario shows a strong increase in the aggregate demand (+62%) spurred
by a growth in appliances and lighting consumption, space cooling and
water heating. In 2100, this pattern is accentuated with a doubling of
the demand compared to 2015 (+126%), explained mostly by appliances and lighting (86 EJ/yr against 22 EJ/yr), space cooling (81 EJ/yr
against 5 EJ/yr) and water heating (42 EJ/yr against 19 EJ/yr). The
importance of the main energy services in 2015, space heating and
cooking, strongly declines in the long term (12% and 8%, respectively).
These trends are driven by the growth in population and income,
especially in hot regions, where the potential for space cooling demand
is large.
The changes in consumer practices assumed in the Low and Very
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Final Energy demand [EJ/yr]

2050

Fig. 3. Contribution of individual aspects of changes in
practices to decrease in energy demand compared to the reference scenario. The grey bar shows the final energy demand
in each scenario. The red line gives the 2015 demand. (For
interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)
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vs −33% and −47%), but is even more pronounced in 2100 (−14% vs
−44% and −61%).

and alongside the adoption of new insulation materials, the quality of
building envelopes could improve a great deal in the future. Second, the
average efficiency of air conditioners purchased today is, by and large,
below the state-of-the-art models available. Minimum Energy
Performance standards or labelling policies, by encouraging the uptake
of efficient equipment could make a dent in energy demand. Third, over
100 L of hot water per person per day could be saved compared to the
Reference scenario via the adoption of water-saving showerheads
combined with shorter showering habits, and the penetration of high
efficiency washing machines combined with a reduction in their use
frequency.
The purpose of this paper has been to illustrate the impact that deep
shifts in energy practices could have on energy demand. It has not been
concerned with the critical question of how exactly to achieve these
changes, or more specifically the selection of policies which could foster
them. A foreseeable first reflex of policy makers could be to distinguish
between policies which address technology uptake and those that aim
to change behaviors. However, as underlined by the social theory literature reviewed in the introduction, technologies and behaviors are

4. Discussion
The adoption of new behaviors and technologies in buildings could
have a large impact on energy demand. By 2100, it could lead to a 61%
reduction in final energy demand from the sector. This potential for
energy savings could leave energy demand in buildings below its 2015
value - a stark contrast to the doubling of consumption projected by the
Reference scenario, owing to socio-economic developments.
The reduction in energy demand is driven most prominently by new
practices in the insulation of buildings, the penetration of efficient heat
pumps and air conditioners, and reductions in water consumption. In
real-world practice, there is ample opportunity for improvement in all
three of these factors. First, the thermal conductivity of buildings
constructed after 2000 in Europe greatly outperforms the average of the
continent's building stock, reflecting new practices in the construction
sector. If this trend continues with other world regions following suit,
2050
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Fig. 4. Final energy demand from buildings in 2050 and 2100
in various scenarios. The grey shaded horizontal area represents the range of historical values in the different models
(2015 in EDGE and REMIND, 2014 in IEA ETP, 2020 in
MESSAGE, 2012 for Greenpeace). The percentages above the
bars show the difference compared to the last historical value
for each model. The REMIND reference scenario has been
calibrated to approximately match the EDGE reference scenario. IEA ETP is taken from the IEA (2017c). The reference
scenario refers to the “reference technology scenario”, the
2DS to the “2 °C scenario” and the B2DS to the “beyond 2 °C
scenario”. The LED scenario is taken from Grubler et al.
(2018) while the Greenpeace scenarios come from Teske et al.
(2015).
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often inseparable. Changing one can influence the other. Technologydirected policies like standards could certainly deliver demand reductions when the link between technology and behavior is relatively
weak, e.g. replacing an inefficient refrigerator might not change the
way refrigerators are used (although some empirical studies show that
refrigeration efficiency gains have been partially offset by increasing
refrigerator size, see e.g. (Davis et al., 2014)). However, when the link
between technology options and behavior is stronger—e.g. a watersaving shower head offers a different user experience, building standards might change investment patterns— pure technological policies
are likely to have unforeseen effects which would need to be checked by
other, probably more complex, policies.
Low consumption practices can achieve energy demand reductions
which are much larger than the REMIND 1.5 °C scenario. The REMIND
1.5 °C scenario ensures the energy system is consistent with a 1.5 °C
climate target solely by means of carbon pricing. This means that, on
one hand, the 1.5 °C target could even be achieved with only moderate
changes in energy practices. On the other hand, such changes in practices could greatly reduce residual fossil CO2 emissions, thus alleviating
pressure on the energy supply to meet stringent climate targets and
mitigating the necessity of controversial and potentially unsustainable
carbon dioxide removal technologies (Bertram et al., 2018; Grubler
et al., 2018; Smith et al., 2015; Vuuren et al., 2018).

consumption profiles and assessed the outcome for global building
sector energy demand by 2050 and 2100.
We find that the adoption of low consumption practices can save as
much as 61% of the energy that would be consumed by 2100 in the
reference scenario. In other words, energy consumption from activities
in buildings at the end of the century would decrease by 11% compared
to the 2015 level, instead of a 126% increase. The decrease in energy
demand is driven by new practices for hot water usage, insulation and
by the increased use of efficient air conditioners and heat pumps.
A comparison of the present results with the REMIND 1.5 °C scenario showed that even moderate changes in practices might be compatible with a trajectory limiting global warming below 1.5 °C. But
energy saving practices could greatly alleviate pressure on the energy
supply system and reduce the adverse effects from a full decarbonization of energy supply.
This paper has shown that deep changes in energy practices would
allow for considerable reductions in energy demand. However, it has
not described a set of policies which would be able to deliver such
changes. In particular, the complementarity of carbon pricing policies
with other dedicated policies targeting the different dimensions of energy consumption practices would be an important topic for future
research.
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In this article, we explore the impact that the adoption of low energy consuming practices by individuals could have on the aggregate
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Appendix A
A. EDGE equations
In the following we detail the EDGE functions representing the consumption of energy services.
Space heating and space cooling
In EDGE, space heating (SH) is a function of floor space (F), the quality of the building envelope (Uvalue), and the Heating Degree Days (HDD).
The demand for space heating energy increases linearly with floor space and HDD, and decreases linearly with the quality of the building's insulation.
The parameter δ is a constant which is estimated against past data:

SH
=
F × Uvalue

× HDD

(1)

Space Cooling (SC) is a function of floor space (F), the quality of the building envelope (Uvalue), income (I) and the Cooling Degree Days (CDD).
The relation between space cooling demand and CDD is non-linear since for a low amount of CDD, the penetration of cooling equipment will be low
(Eq. (3)). Thus, the ownership rate of air conditioners, implicit in the equation, increases both with the number of CDD (Climate Maximum) and with
income. The relationship between income and the demand for space cooling per square meter follows an S-curve, meaning that it reaches saturation
after a certain level of income is passed.

SC
1
= CDD × ClimateMaximum (CDD) ×
F × Uvalue
1 + exp

ClimateMaximum (CDD) = 1

0.949 × e

I

2

(2)

3

(3)

0.00187 × CDD

Floor space demand
In EDGE, floor space demand is adjusted iteratively from one period to another. The demand for floor space per capita in period t and scenario s
(Ft, s) depends upon the value in the former period (Ft−1, s), as well as in the change in income per capita

Ft , s = Ft

1, s

It , s
It 1, s

t, s

Dt , s
Dt 1, s

( ) and in the density ( ):
It , s
It 1, s

Dt , s
Dt 1, s

(4)
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Water heating
The demand for water heating depends upon income (I), and follows a Gompertz function which approaches the asymptote ϕ1 for high income
values. In the Reference scenario, the value of ϕ1 is set to 5.8 GJ/yr.
1

WH =

I

2

1 + exp

(5)

3

Appliances and lighting
The demand for appliances and lighting in EDGE is represented synthetically to represent historical patterns. Fouquet (2014) showed that the
income elasticity of energy demand decreased over time—and therefore decreased with income—in the United Kingdom. The elasticities fell below
unity but remained above zero in the long term. This means that while a 1% increase in income will, in the long term, generate an increase in the
energy demand for each service, the increase will be less than 1%. We implement these insights in our modelling by applying a function displaying
declining income elasticity.
income

=

+

1

(6)

I

With σincome the income elasticity, ϕ1 the lower bound of the elasticity below unity, I the income per capital and β a parameter influencing the
speed of convergence towards the lower bound. By integrating Eq. (6) and multiplying by the factor α, we obtain:

AL =

× exp

2

+

1

× log (I ) +

I

, with

=

2

(7)

B. Decomposition methodology
In Fig. 3, we disentangle the influence of new energy practices to explain the change in energy consumption. Some of the new practices though
are interdependent and we cannot directly identify the effect of single practices on energy demand. For instance, the effect of lower indoor temperature will vary according to the width of the insulation layer on buildings' walls. In order to estimate the impact of individual practices on
buildings energy demand, we therefore need to apply a decomposition technique. Here we rely on the methodology proposed by Sun and Ang
(2000). They show that the variation of the variable V between the scenarios S and T can be decomposed into effects (xi) attributable to each factor
(Xi) (Eqs. (8) and (9)). The effects xi are computed as a sum of the basic variations of the Xi factor and of the evenly distributed interactions between
factor variations (Eq. (10)).
(8)

V = X1 X2…Xn

V=
xi =

VS

VT

(9)

= x1 + x2 + …+ xn

VS
1
Xi +
2
XiS

n
j i

VS
1
Xi Xj +
3
XiS X jS

n
j i

VS
X X … Xn
Xi Xj X + …+ 1 2
n
XiS X jS X S

(10)

To apply this methodology to our scenarios, we first need to define energy service demand as a product similar to Eq. (8). Eqs. (11) and (12) give
the formulas for space heating and space cooling. As we do not decompose the changes appliances and lighting, we do not need to create specific
formulas for these energy services.

FESH = FactorSH × HDD × Floorspace × Uvalue × IntensitySH

(11)

FESC = FactorSC × CDDcoef × Floorspace × Uvalue × IntensitySC

(12)

Where:

FactorSH =

UESH
Floorspace × HDD × Uvalue

(13)

FactorSC =

UESH
Floorspace × CDDcoef × Uvalue

(14)

IntensityX =

FEX
UEX

(15)
(16)

CDDcoef = CDD × ClimateMaximum (CDD)

The effects attributed to the changes in FactorSH and in FactorSC are shared equally between the other variables explaining the variations in energy
demand. The effects from HDD and CDDcoef are lumped together in the “Indoor temperature” category.
For the decomposition of the impact of water heating, we simply attribute the decrease in water heating to the individual measures based on their
contribution to the reduction of demand in the scenario assumptions.
C. REMIND scenarios
In Fig. 4, we display the results from two REMIND scenarios. In the following, we detail how EDGE and REMIND scenarios are linked, and how
the 1.5 °C scenario was set up.
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Description of the REMIND model and comparison with EDGE
REMIND (ADVANCE, 2016; Luderer et al., 2015) is an integrated energy-economy general equilibrium model with a detailed representation of
the energy supply system and a synthetic representation of energy demand sectors. REMIND computes GHG emissions from the energy system, the
agricultural and land-use sectors, and takes exogenous F-Gases emissions into account. Crucial path-dependencies of the energy supply system are
introduced in the model through investment dynamics for individual conversion and distribution technologies, learning-by-doing cost curves, or
constraints on ramp-up rates of innovative technologies. These path-dependencies are highly relevant for a realistic analysis of stringent climate
targets, which require rapid transformations of energy systems to limit emissions. The demand for energy is represented for three sectors—buildings,
industry and transport. Energy demand reductions can be achieved in climate policy scenarios through macro-economic substitution of capital for
energy via a constant elasticity of substitution function. The demand can also shift from fossil fuels to electricity or low-carbon energy carriers,
depending upon the relative energy prices. The model is linked to a reduced climate model, so that it is well suited for the investigation of energy
demand and supply pathways consistent with specific climate targets (Luderer et al., 2013).
Due to the necessity of limiting computational needs, and as a heritage of its focus on supply side issues, REMIND's representation of energy
demand is kept to a synthetic formulation. The question of how exactly people change their purchasing and consuming habits in a mitigation
scenario compared to a reference scenario thus cannot be addressed directly with this tool. However, REMIND does provide information on the
aggregate buildings energy demand response to climate policy, and due to the integration of most GHG emitting sectors and their interactions, it can
ensure that the buildings energy demand pathway is consistent with a given climate target. The energy demand reductions result from the model cost
optimization which strikes the balance between changes in energy supply side technologies and demand reductions to deliver an emission pathway
consistent with a given climate target.
EDGE by contrast does not display the interactions with other emitting sectors, the costs of mitigation and is not capable of providing explicit
consistency between an energy demand pathways and climate targets. But EDGE can use the information of how long people take shower, which
temperature they have in their offices, how much they insulate their buildings. It is therefore in a position to describe practices and how changes in
practices translate into aggregate energy demand.
Both models hence offer different perspectives on the future of buildings energy demand. Here, we combine both approaches and enhance the
comparability of both models through the calibration of the REMIND baseline to the EDGE Reference scenario.
Calibration of the REMIND baseline scenario
To allow for meaningful comparisons between both models' scenarios, we calibrate the REMIND baseline scenario so that its final energy demand
pathways correspond to the EDGE Reference scenario. We calibrate REMIND in an iterative process by adjusting efficiency parameters of the energy
demand functions in REMIND until the final energy demand closely resembles the EDGE projections. It should be noted that buildings' energy
demand in REMIND covers one minor sector in addition to the ones covered in EDGE5 and therefore does not fully match the EDGE projections.
The energy demand functions in REMIND take the form of a nested CES function. Each level of the CES nest has the following form.
1
o

Vo =

o
i ( i Vi )

(17)

(o , i )

where Vo is the output, Vi one of the inputs, ξi the output share of Vi, θi an efficiency parameter, ρo a parameter related to the elasticity of substitution σo.
o

=1

1

(18)

o

At the lowest level of the nested CES function, the inputs Vi represent energy carriers provided by the Energy System Module (ESM) of REMIND.
The difficulty to produce these energy carriers is reflected in the energy prices derived from the ESM. The calibration consists in adapting the
efficiency parameters ξi and θi such that, for the energy prices provided by the ESM, exogenous demand quantities Vi are optimal. These exogenous
demand quantities are provided by the EDGE model.
The calibration has to fulfill two constraints. The first one is a technological constraint. According to the Euler's rule, the output of a homogenous
function of degree one equals the sum of inputs weighted by their derivatives. The second constraint is economic: the ratio of derivatives must equal
the ratio of prices, which we here simplify by equalizing prices and derivatives. From this we can compute the intermediary products in the nested
CES function from the exogenous demand pathways Vi and from the exogenous prices pi , derived from the ESM (Eq. (19)).

Vo =

pi Vi

(19)

(o , i )

(

pi Vi Vo
,
Vo Vi

)

We then equalize the prices and the derivatives by adjusting ξi and θi. The couple ( i , i) =
solves the equality between the prices and the
derivatives.
By adjusting the quantities Vo (which become the inputs Vi at the above level of the CES nest) iteratively over the levels of the CES nest, and the
parameters ξi and θi, we ensure that the quantities Vi at the bottom level of the CES nest are optimal for the pi prices. At the top level of the CES nest,
which combines labor, capital and energy services to produce GDP, we adjust the price of labor to make sure that the exogenous GDP trajectory is
met while respecting Eq. (19).
However, the prices taken at first from the ESM may not correspond to the production of the EDGE quantities. To make sure that the prices from
the ESM correspond to the exogenous energy demand quantities, we run REMIND with the efficiencies computed above and derive the new ESM
prices from this run. We then compute new efficiencies based on the new prices and the EDGE projections, and run REMIND again. After several
iterations, prices converge, so that the efficiencies computed do correspond to the EDGE projections and that the REMIND run yields the EDGE final
energy projections.

5
While EDGE only accounts for residential and commercial energy demand, REMIND also covers energy demand which could not be attributed to residential,
commercial, industrial, transportation or non-energy uses (ONONSPEC in the IEA Energy Balances). This energy demand category is however small compared to the
two residential and commercial uses.
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REMIND reference and 1.5 °C scenarios
One of the main insights from climate research is the proportionality between cumulated emissions of carbon dioxide and global temperature
increases (Matthews et al., 2009). This implies that to limit the global temperature increase to a certain target with a given likelihood, only a limited
budget of CO2 can be emitted. While the exact relation between specific amounts of carbon budgets and climate targets is still debated (Millar et al.,
2017; Rogelj et al., 2016, 2018), we here assume a cumulated 2011–2100 budget of 600 Gt CO2 to achieve a 66% likelihood of staying below 1.5 °C
warming. Until 2020, policies are projected to follow the Nationally Determined Contributions pledged ahead of the Paris Agreement. From 2025,
the model is free to compute the cost-minimizing trajectory consistent with the carbon budget.
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Building codes are an effective policy instrument to reduce energy consumption. The impact of building codes depends on construction and demolition cycles, affected by regional economic and demographic development. In this research a unique global building stock model, with country level detail,
is developed to understand the global impact of building codes. Globally, the majority of buildings
standing in 2050 will be built after 2015. Especially in regions outside of the OECD the increasing
shares of new buildings is striking. While space cooling demand is expected to grow due to economic
development, the level of insulation of new buildings remains low in these regions. New construction
polices could thereby have a significant impact. In Africa and China, for example, implementing near
zero-energy buildings for all new constructed buildings would result in saving respectively 64 % and
43% of their space heating and cooling energy demand in 2050. In OECD countries, on the contrary,
the slower stock turn-over results in renovation policies being more effective. Delaying policy implementation by only 10 years drops global emission savings in 2050 by approximately 1 Gt, showing the
necessity of a fast and ambitious ramp up of building codes for achieving the Paris climate agreement.

1. Introduction
Buildings consume around one third of the world final
energy use [1]. Therefore implementation of effective buildings energy efficiency policies has a huge potential to decrease global energy demand. It is not surprising in that
sense, that policymakers have addressed this potential, with
40 national governments having building energy codes in
place as of 2015 [2]. However, these codes vary significantly
in their stringency and the very long lifespans of buildings
result in inertia in their impact. As a consequence, there is a
significant risk of lock-in effects [3][4]. In countries outside
of the OECD, where there are relatively high levels of new
construction, stringent building codes for new buildings can
largely affect future energy requirements. In OECD countries, on the other hand, where the majority of the current
building stock is projected to still be standing in 2050, refurbishment policies are likely more effective [5] [6].
The policy impact of building codes thus varies per region and depends on buildings stock dynamics. Delayed policy and policy stringency decision have long term impacts.
Although detailed stock models exist at the national level,
mostly for European countries [7, 8], global energy models
typically neglect the building infrastructure. These global
models have been extensively used to analyse long-term climate mitigation strategies, such as for the IPCC assessment
reports, and are important tools to understand how consis⋆
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tently, across regions, sectors and time, climate targets can
be reached. To understand how the inertia in the building
stock turnover affects the impact of building energy codes
on the long-term however, regional buildings stock dynamics should be accounted for in these global models.
Improving buildings’ insulation levels will reduce the
space heating and cooling needs, which currently account for
one third of the total buildings energy use. The demand for
heating and cooling clearly differs per region, affected by its
climate. Correspondingly, climate change can affect future
heating and cooling consumption. Using a method based on
econometric results, van Ruijven et al. recently found that
climate-exposed energy demand would rise significantly in
a vigorous warming scenario [9]. Rising temperatures are
expected to increase demand for air conditioning, while decreasing heating needs.
Several modelling studies have analysed the long-term
implications of this relation between climate and heating and
cooling demand. At the national level, the study of Zhou et
al. [10], analysed the uncertainty on future climate change
coupled with the evolution of population distribution in China
and U.S., finding that heating demand decreases more than it
offsets the cooling consumption increase. Olonscheck et al.
[11] combined the implications of climate change on buildings energy demand in Germany, with changes in building
stock and renovation measures. They find that heating energy demand will decrease substantially in the future, affected by the number of renovated buildings, climate change
scenarios and slightly by demographic changes.
Global models, that are also capable of evaluating cross
country temperature effects, have addressed this topic as well.
Isaac et al. [12] for example, find that across regions the
climate effect on residential energy use is negligible, since
decreased demand for heating is compensated for by rising
cooling needs. However, at the regional level the impact of
Page 1 of 11

Long term, cross-regional effects of building insulation policies

climate change on demand for heating and cooling can be
striking. Clarke et al. [13] focused on global buildings expenditures for heating and cooling demand, which they estimate to decrease in heating-based climates, whereas the opposite happens in warm countries, due to the great increase
in cooling consumption. So far, however, these global models, have not been combined with a thorough understanding
of building stock dynamics, which at the regional level has
shown to be so important.
In order to understand the actual potential of improved
insulation for buildings as a global climate policy measure,
building stock dynamics and climate effects at the regional
level should be accounted for. Therefore, this research has
developed a new modelling approach to project the building stock developments across regions, and estimate future
shares of building vintages, coupled with a thermal insulation investment module, which responds to climate dependent energy expenditures. The model is unique in its kind,
projecting the size of buildings vintages, and construction
levels of all countries worldwide. Within the global context
of the changing climate, with the new developed tool, the impact of the implementation of building energy codes across
regions, and under different climate futures, is as such evaluated.
This paper is organized as follows: Section 2 introduces
the main equations and concepts employed within this work.
Section 3 presents the scenario framework used, section 4
discusses the main results that were obtained. Finally, section 5 and 6 summarize and discuss the main conclusions of
this study.

2. Methods
To assess global projections of space heating and space
cooling, this research builds upon the existing Energy Demand GEnerator (EDGE) model [14]. EDGE is a bottom-up,
statistically-based simulation model, which is multi-regional
and employs a long-term perspective. The model is unique
in the sense that it projects global buildings energy demand
under different socio-economic futures. While short-term
projections are based on historical relationships, in the longterm there is a growing role of the scenario assumptions,
which are in line with the recently developed, and extensively used, shared socio-economic pathways (SSPs) [15].
The model works on the concept of useful energy for
the different buildings end-uses. This is extremely important when comparing demand across regions, with different
stages of development and different climates, but in particular also, to understand the role of building shell efficiency
as it affects useful energy demands. Since this paper analyses the regional impact of building codes, we focus on the
space heating and space cooling useful energy demand projections of EDGE (see Equation 1 and 2). These equations
relate the space heating (SH) and space cooling (SC) demand
per capita (MJ) to their respective key drivers. Here F is the
floorspace per capita (m2 ), U-value stands for the conductivity of the building shell (W/m2 ◦ C) and HDD or CDD is
OY Edelenbosch et al.: Preprint submitted to Elsevier

repsectively the number of heating degree or cooling days (d
⋅ C), and 𝛿 is a positive parameter, found through regression
analysis. In the space heating equation floorspace per capita
(F) is related to income per capita, while space cooling is directly related to income per capita (I). The useful energy is
then converted to final energy, based on regional energy efficiency projections. A full description of the original EDGE
model can be found in [14].
𝑆𝐻
= 𝛿 ⋅ 𝐻𝐷𝐷
𝐹 ⋅ 𝑈 − 𝑣𝑎𝑙𝑢𝑒

(1)

𝑆𝐶
= 𝐶𝐷𝐷 ⋅ 𝐶𝑚𝑎𝑥 ⋅
𝐹 ⋅ 𝑈 − 𝑣𝑎𝑙𝑢𝑒

𝜙1
,
𝜙 −𝐼
)
1 + 𝑒𝑥𝑝( 2
𝜙3

𝑤𝑖𝑡ℎ 𝐶𝑚𝑎𝑥 = 1 − 0.949𝑋𝑒0.00187 ⋅ 𝐶𝐷𝐷

(2)

2.1. Model development
In the original EDGE formulation, the aggregate thermal conductivity of the buildings shell (U-value) is related
to regional climate conditions and income levels. However
the model did not regard the vintages of buildings and therefore did not consider the relevant dynamic constraints on the
thermal conductivity of the building stock. This formulation has been improved in the present work in order to overcome this shortcoming. The new model, which from here
on will be called EDGE 2.0, includes an explicit representation of the building stock development over time, affected
by construction and demolition cycles, together with a new
thermal insulation investment module. The remaining part
of the methods describes the the EDGE 2.0 model development.
2.2. Building Stock Module
Stock of buildings is correlated to population dynamics,
in terms of size and age, as well as economic growth [16].
In Europe in recent years there has been extensive work to
collect, for each member state, detailed building sector data
[17]. The data used in this research includes building vintage shares, the amount of constructed dwellings, and the
size of the occupied building stock, expressed in number
of dwellings. Since this research is directed at heating and
cooling consumption, we focus on the occupied stock. For
regions outside Europe, we use time-series data of global
household size to estimate the number of occupied dwellings.
Figure 1 shows that there is a clear relation between the
number of dwellings per capita (i.e, the inverse of the household size) and GDP per capita, that follows a logarithmic
form. This relation saturates at approximately 0.5 dwelling
per capita, or in other words a household size of 2. Two
models are applied to the data following Equation 3.
𝑠𝑡𝑜𝑐𝑘 𝑝𝑒𝑟 𝑐𝑎𝑝𝑖𝑡𝑎 =

𝜙1 ∗ 𝐷
1 + 𝑒𝑥𝑝(−(𝜙2 + 𝜙3 ∗

𝐺𝐷𝑃
)
𝑐𝑎𝑝

(3)

𝑤𝑖𝑡ℎ𝐷 = 𝑃 𝑜𝑝𝑢𝑙𝑎𝑡𝑖𝑜𝑛𝐴𝑔𝑒𝑓 𝑜𝑟𝑚𝑜𝑑𝑒𝑙 1𝑎𝑛𝑑 1𝑓 𝑜𝑟𝑚𝑜𝑑𝑒𝑙 2.
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Figure 1: Building stock per capita compared to GDP per capita across global regions. Left panel: Data from European
Commission [17] and Global household surveys [18]. Middle panel: Model 1 projections. Right panel: Model 2 projections. The
global regions compared are AFR: Africa, CHN: China, EUR: Europe + Russia, IND: India, MIE: Middle East, NCD: Other Non
OECD, OAS: Other Asia, OCD: Other OECD countries, and USA: The United States.

Model 1 adjusts the curves’ maximum value by the populations mean age and has an improved fit (see Table 1) compared to Model 2, where population age is not accounted for.
Figure 1 also shows that by including the population age in
the regression, the wide spread across regions in stock per
capita is better captured. In this paper, therefore, we apply
model 1.
The building stock formulation, combined with assumed
Table 1
Regression analysis results of two building stock models,
following equation 3
Models

Model1

Model2

𝜙1
Pr(>|t|)
𝜙2
Pr(>|t|)
𝜙3
Pr(>|t|)

1.12
< 2e-16
1.95e-01
2.52e-13
6.87e-05
< 2e-16

4.38e+02
<2e-16
-7.97e-01
<2e-16
1.09e-04
<2e-16

AIC
BIC

26329.33
26352.74

29016.27
29039.88

demolition rates, allows us to estimate historic construction
levels, following historic GDP and population trends, through
equation 4 (with t = time [years]).
𝐶𝑜𝑛𝑠𝑡𝑟𝑢𝑐𝑡𝑖𝑜𝑛𝑡 = 𝑆𝑡𝑜𝑐𝑘𝑡 − 𝑆𝑡𝑜𝑐𝑘𝑡−1 + 𝐷𝑒𝑚𝑜𝑙𝑖𝑡𝑖𝑜𝑛𝑡 (4)
By running these equations from 1945 onward, historic construction and vintage shares over time are projected, which
have been compared to the available European data, as a validation test. For Europe, following the literature, a constant
demolition rate of 0.8 % is assumed in this period [19, 20].
Figure 2 shows that, although there are some discrepancies,
overall the model data is in line with the historical vintage
shares. More details on the historic validation, including
projected construction trends, is presented in the Supplementary Materials. As far as the data allowed for it, in adOY Edelenbosch et al.: Preprint submitted to Elsevier

dition, a comparison of the historic model results of construction and vintage shares outside of Europe to actual data
was made. Besides different population size, GDP and population age affecting regional building stock development, a
key difference is the building lifetimes affecting demolition
rates[5]. We find, based on different sources (see Supplementary Materials) that building lifetimes are the longest in
Europe, approximately 120 years, followed by North America, while in China and Japan they buildings last on average
30 years.
The new global building stock model runs from 1945
with a yearly time step up to 2010, projecting construction
and demolition levels per year and the resulting stock vintage
shares for each country in the world. From 2010 the model
uses a 5 years time step. Projections of GDP, population and
age developments follow the well known SSP2 middle of the
road scenario [15].

2.3. U-value module
The primary drivers of investment in the building insulation, affecting the surface U-values, are climate, energy
prices, useful energy demand, heating or cooling system efficiency, and insulation technology costs [5]. All these different factors are accounted for in the Net Present Cost (NPC)
approach, which is used in EDGE 2.0 to represent the attractiveness of an investment for each insulation technology.
It also allows to calculate the optimal thickness of insulation, needed for opaque components. How the optimal thickness is calculated in the new model is described in the section 2.3.2. The thermal insulation module distinguishes between technologies for glazed (i.e. windows) and opaque
(i.e. walls, roof, floor) surfaces. The technology costs assumptions are presented in Tables 2 and 3, and explained
with more detail in the Supplementary Materials.
The NPC is the sum of investment costs and the discounted energy expenditures (Eq. 5), where the "c" subscript
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Figure 2: 2014 projected building vintages (model) compared to historical vintages data (value) [17] for the European memberstates.
Table 2
Window insulation technologies. Costs are normalized by m2 of surface.
Technology

U-value [W/m2 /K]

Cost2015 [$/m2 ]

Cost2050 [$/m2 ]

Single-glazed
Double-glazed, clear glass
Double-glazed, thermal break and low-e coating
Triple-glazed
Future window

5.8
3.8
2.3
1.1
0.6

150
220
280
400
-

106
155
197
281
500

refers to either glazed or opaque components.
[$/m2 ]

𝑁𝑃 𝐶𝑐 = 𝐼𝑛𝑣𝑐 + 𝐸𝑥𝑝

(5)

with
𝐸𝑥𝑝 =

𝐿𝑖𝑓∑
𝑒𝑠𝑝𝑎𝑛
𝑡=1

=

(𝐸𝑥𝑝𝑆𝐻 + 𝐸𝑥𝑝𝑆𝐶 )
=
(1 + 𝜌)𝑡

𝐿𝑖𝑓∑
𝑒𝑠𝑝𝑎𝑛

(𝐶𝑈 𝐸−𝐹 𝐸,𝑆𝐻 ⋅ 𝑈 𝐸𝑆𝐻 + 𝐶𝑈 𝐸−𝐹 𝐸,𝑆𝐶 ⋅ 𝑈 𝐸𝑆𝐶 )

𝑡=1

(1 + 𝜌)𝑡

than investment costs (Eq 6). Useful Energy Demand (UE)
for heating and cooling are respectively represented by 𝑈 𝐸𝑆𝐻
and 𝑈 𝐸𝑆𝐶 . The two 𝐶𝑈 𝐸−𝐹 𝐸 coefficients are used to translate useful energy into the market price of final energy, as
equation 7 outlines, both for heating and cooling equipment.
It represents the summation of each final energy carrier (FEC)
coefficient, which is the ratio of its price to its final-to-useful
energy efficiency, 𝜂𝑈 𝐸−𝐹 𝐸 , weighted by the final energy market share (see Eq. 7).
𝑛𝐹 𝐸𝐶

𝐶𝑈 𝐸−𝐹 𝐸 =
(6)

∑

𝑛𝐹 𝐸𝐶

𝐶𝑈 𝐸−𝐹 𝐸,𝑖 =

𝑖=1

∑ 𝐹 𝐸𝐶𝑝𝑟𝑖𝑐𝑒,𝑖 ⋅ 𝐹 𝐸𝐶𝑠ℎ𝑎𝑟𝑒,𝑖
𝜂𝑈 𝐸−𝐹 𝐸,𝑖

𝑖=1

[$/kWh]

(7)

NPC is evaluated over a defined lifespan, and through the
discount rate a higher weight given to energy expenditures
Table 3
Opaque surfaces insulation technologies. Costs are normalized by m2 of surface and by cm of added insulation
material.
Technology

Thermal conductivity [W/m/K]

Cost2015 [$/m2 /cm]

Cost2050 [$/m2 /cm]

Conventional
Aerogel
Vacuum insulation panel

0.03
0.015
0.008

1.2
27
40

0.8
13
28
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2.3.1. Multinomial logit
To represent the heterogeneity in the market a multinomial logit (MNL) equation is used, assigning each technology a market share on the basis of its relative NPC following
to equation 8:
𝑒−𝑁𝑃 𝐶𝑖 ⋅𝜆
𝑆ℎ𝑎𝑟𝑒𝑖 = ∑𝑛
𝑇 𝑒𝑐ℎ𝑛𝑜𝑙𝑜𝑔𝑖𝑒𝑠 −𝑁𝑃 𝐶 ⋅𝜆
𝑖
𝑒
𝑖=1

(8)

The 𝜆 term is the so-called logit parameter and determines
the sensitivity of markets to differences in NPC.
2.3.2. Optimal U-value calculation
The investment costs for opaque components depend on
the technology but also on the thickness of the insulation
layer applied, following equation 9 [21, 22]. 𝐹 represents
fixed costs for insulation, which include assembly costs and
auxiliary equipment [23], while 𝑠 is the thickness of the insulation material and 𝑣 the insulation variable costs.
𝐼𝑛𝑣𝑒𝑠𝑡𝑚𝑒𝑛𝑡𝑜𝑝𝑎𝑞𝑢𝑒 = 𝐹 + 𝑠 ⋅ 𝑣

[$/m2 ]

(9)

For this reason, before comparing the different technologies
in the model, for each technology first the optimal level of
insulation has to be determined. In the following section we
describe how this is derived.
The energy expenditures are calculated by actualizing
the yearly cash flows of money deriving by having a certain
level of insulation, based on current energy prices. Since
the estimated energy expenditures are as a result constant,
equation 6 can be reformulated by means of the concept of
Present Worth Factor (PWF), introduced in 10.
𝑃𝑊 𝐹 =

𝐿𝑖𝑓∑
𝑒𝑠𝑝𝑎𝑛

(1 + 𝜌)−𝑡 =

𝑡=1

(1 + 𝜌)𝐿𝑖𝑓 𝑒𝑠𝑝𝑎𝑛 − 1
(10)
𝜌 ⋅ (1 + 𝜌)𝐿𝑖𝑓 𝑒𝑠𝑝𝑎𝑛

The Energy Present Cost (EPC) represents the actualized
flow of energy expenditures, normalized by the component
U-value.
𝐸𝑥𝑝 = (𝐸𝑥𝑝ℎ𝑒𝑎𝑡𝑖𝑛𝑔 + 𝐸𝑥𝑝𝑐𝑜𝑜𝑙𝑖𝑛𝑔 ) ⋅ 𝑃 𝑊 𝐹 = 𝑈𝑣𝑎𝑙𝑢𝑒 ⋅ 𝐸𝑃 𝐶
(11)
This formulation allows to account for both climate data,
represented by HDD and CDD, technology cost, and energy
expenditures, based on heating and cooling plant efficiency,
FEC prices and shares. It can be demonstrated (see Supplementary Materials) that the optimal U-value and added
insulation thickness, with 𝑘 the thermal conductivity, 𝑣 the
variable insulation costs, 𝑈0 the U-value at time step 0, and
𝑠𝑜 𝑝𝑡 the optimal thickness, can be formulated as follows:
√
𝑘⋅𝑣
𝑈𝑜𝑝𝑡 =
(12)
𝐸𝑃 𝐶
√
𝑠𝑜𝑝𝑡 =

𝐸𝑃 𝐶 ⋅ 𝑘
𝑘
−
𝑣
𝑈0
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(13)

The optimal U-value thus depends on the product of thermal
conductivity and variable costs of the insulation material,
which is used to determine the level of insulation per technology, the resulting costs and efficiency improvement. The
opaque components (floor, roof, and walls) all have similar
technologies for insulation improvement, and are averaged
into one single value both for renovation and new construction. While so far the general model approach is described,
in the next two sections specific assumptions for renovation
and new construction decisions are presented.
2.3.3. Renovation rate
In order to evaluate the profitability of applying the renovation technologies, the aggregated U-values and cost of the
technology mix calculated by the MNL are compared against
the existing level of insulation of the vintage, and the payback time (PBT) of the renovation is computed. According
to [24], high PBT represents one of the most important barriers to renovation. Moreover, renovation is more likely to
happen in older vintages, due to general maintenance issues
and the lower existing levels of insulation [17], affecting the
profitability of the renovation. The model accounts for these
effects by implementing a dependence between the renovation rate (RR) and the PBT of the refurbishment measure,
according to equation 14:
𝑅𝑅 = 𝑅𝑒𝑛𝑙𝑜𝑤 + (𝑅𝑒𝑛𝑢𝑝 − 𝑅𝑒𝑛𝑙𝑜𝑤 ) ⋅ (1 −

𝑃 𝐵𝑇
) (14)
𝑃 𝐵𝑇𝑚𝑎𝑥

The Ren𝑙𝑜𝑤 , set to 1.5, term indicates the minimum fraction
of the vintage which is renovated when it is convenient to do
so. Conversely, Ren𝑢𝑝 , set to 2.0, represents the maximum
limit. These two values are based on current renovation rates
in Europe (see figure 8 in the Supplementary Materials).
2.4. New construction
In the new construction module the computed U-value
is applied to the full stock. In order to improve the response
of optimal U-value calculation to external factors, such as
climate and energy prices, the profitability of the optimal Uvalue investment resulting from the MNL aggregation was
compared with a no insulation option and then aggregated
again (see Supplementary Materials). For window technologies, the U-value resulting from the MNL aggregation is directly applied.
2.5. Model calibration
By applying the above described equations, the model
determines the U-value for each vintage and each region.
The average U-value per region is then calculated based on
the vintage shares calculated by the building stock module.
𝑈𝑐𝑜𝑢𝑛𝑡𝑟𝑦 =

𝑣𝑖𝑛𝑡𝑎𝑔𝑒𝑠
∑
𝑖=1

𝑈𝑖 ⋅

𝐵𝑢𝑖𝑙𝑑𝑖𝑛𝑔𝑠𝑖
𝐵𝑢𝑖𝑙𝑑𝑖𝑛𝑔𝑠𝑐𝑜𝑢𝑛𝑡𝑟𝑦

(15)

Due to lack of data availability, it has been assumed that
the floor space per building (Eq. 15) remains equal for each
vintage 𝑖 , therefore country level U-values are weighted on
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the vintage share of buildings. We assume that the commercial buildings U-value follows the residential calculations.
The model estimates are compared to actual U-value data.
Detailed U-value data is available for each European member state in 2008 and 2014. Moreover, an extensive literature review was performed to estimate U-value in countries outside of Europe. Overall, the model captures the general trends well. Country level discount rates were adjusted
through auto calibration, to better reflect on regional preferences, with higher discount rates for developing regions and
lower for developed regions (see Supplementary Materials).
This fits our expectations as in general lower incomes discount the future more [25]. The higher discount rates are
assumed to decrease with increasing income over time.

3. Scenarios
3.1. Reference scenarios
The SSPs scenarios follow different socio-economic narratives and have aligned key model drivers along these narratives. In these scenarios economic growth, population growth
and population age have been quantified. The reference scenario in this paper is based on the projected drivers of SSP2,
the middle of the road scenario (see Table ??). In the original
EDGE model future projections of useful energy and technology change are matched to the SSP story lines [14]. We
apply the same approach in this paper, and align the technology costs of the U-value investment module, the buildings
lifetimes, and the convergence of regional discount rates in
the new module with the SSP narrative. We compare the
reference scenario (Ref no climate), with constant temperature assumptions, to a scenario where regional temperatures
follow RCP 6.0 (Ref climate) [26], see Table 4.

Based on these values, a representative U-value for an nZEB
was chosen to be 0.3 𝑊 ∕𝑚2 ∕𝐾.
In terms of renovation policy ambition, the EPBD states the
ambition to have all buildings, therefore also the entire current building stock, at net zero levels by 2050. In the Global
standards scenario we therfore assume that the existing building stock in all regions will linearly meet this target over
time.
Policy delay and stringency
While Europe has a strong policy ambition, implementation
and regulation can be challenging. Delayed policy implementation and/or weakened stringency will effect the policy
impact. For countries outside of Europe it is unlikely that
they will have the same ambitious policies in place by 2020,
but might increase ambition in the years to come. The Delayed standards and Mild Standards scenarios allow to test
the impact of delayed policy implementation (by 10 years)
and milder policy standards, across the different regions. In
the mild policy case, a representative U-value of 1.0 𝑊 ∕𝑚2 ∕𝐾
is assumed. Table 4 summarizes the scenarios analysed in
this paper.
Table 4
Scenarios
Scenarios

BaselineRCP

Ref no climate SSP2
Ref climate
SSP2
Global standards SSP2
Delayed standardsSSP2
Mild standards SSP2

Policy

no changeCurrent
RCP 6.0 Current
no changeEU policy by 2020
no changeEU policy by 2030
no changeMild policy by 2020

4. Results

4.1. Baseline results
Figure 3 shows that the projected share of buildings ages
in 2050 is significantly different across regions. For example, in 2050 in China, 69 % is built after 2015, in Africa it is
80 %, while in Europe it is 38%. Following the building stock
equations (Section 2.2), this is the result of the projected
GDP growth and population age, which drives the average
household size, combined with the population growth, determining the building stock size. In addition, the estimated
buildings lifetime determines the building stock turnover rate,
Global standards: EPBD ambition
affecting the amount of new buildings needed to fulfill that
The directive states that all new construction buildings must
demand.
be nearly zero-energy buildings (nZEB) from 31 December
In China the population remains close to current values,
2020. In this scenario we assume that all countries follow
but as can be seen in Figure 3 in the left panel, the buildthis ambition by 2025. The exact insulation level or U-value
ing stock still grows, which means that the household size
corresponding to nZEB levels is not set in the EPBD, and
is decreasing. The growing economy and ageing population
EU member states are allowed to define at the national legleads to higher demand for smaller size households. Comislation level their interpretation of nZEB. The Zebra 2020
bined with the relatively low buildings lifetime in China,
project outlines that insulation levels in nZEBs generally do
this leads to the high new construction shares in the buildnot differ much across climates, with opaque surfaces Uing stock. In Europe and other OECD countries, household
values of around 0.1-0.2 𝑊 ∕𝑚2 ∕𝐾 and triple-glazed winsize remains more or less constant (in Europe for example on
dows with low-e coating, with a U-value of around 1.1 𝑊 ∕𝑚2 ∕𝐾.
3.2. Policy scenarios
The European Energy Performance of Buildings Directive (EPBD) has set ambitious targets for both the energy
performance of renovation as well as new construction. To
evaluate the impact of implementing building codes, with
the stringency of the European legislation across regions, in
the Global standards we assume that all regions follow the
EPBD ambition.
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Figure 3: Projected building vintages for each global region in 2020 and 2050, compared to the key regional drivers for the Ref
no Climate scenario. Key regional drivers depicted are: GDP per capita, Population size, Population average age and Buildings
lifetime. The global regions compared are AFR: Africa, CHN: China, EUR: Europe + Russia, IND: India, OCD: Other OECD
countries, and Rest: the Rest fo the World.

Figure 4: The Degree days, U-Value, Final energy projections for the Reference No Climate scenario, across the regions. The
global regions compared are AFR: Africa, CHN: China, EUR: Europe + Russia, IND: India, OCD: Other OECD countries, and
Rest: the Rest of the World.

average 2.3 in 2020 and 2.0 in 2050), in spite of the continuing growth of income and population age, as the decreasing household size is projected to bottom at around 2.0. In
these regions, therefore, this effect combined with the higher
building lifetime leads to relatively low new construction
shares. The difference in new construction shares between
OY Edelenbosch et al.: Preprint submitted to Elsevier

Europe and the other OECD countries shows the high impact
of the building lifetime on new construction shares. While
the growth in the other building stock drivers between the
two regions are comparable, this key difference explains the
higher share of pre-2015 buildings in Europe in 2050.
In the ’Reference No Climate’ scenario the temperature
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Figure 5: The U-Value, Useful and Final energy projections for the Reference No Climate scenario compared to the Reference
Climate scenarios. The global regions compared are AFR: Africa, CHN: China, EUR: Europe + Russia, IND: India, OCD: Other
OECD countries, and Rest: the Rest fo the World.

is assumed to remain at current values. Figure 4 middle
panel shows that for this scenario overall the differences in
U-values across regions are more striking than the differences over time. The regions show different trends for the Uvalue development across vintages. In Africa, India and the
rest of the world region the U-values of the new constructed
buildings decrease steadily, following decreasing technology cost and higher income levels. In Europe, on the contrary, new construction remains more or less at current levels, being rather stringent already, while through renovation
the older vintages’ U-values continue to improve, following
historic trends.
The final energy demand projections are the results of the
useful energy demand projection (see Equations 1 and 2), the
improved heating or cooling technology energy efficiency
and the U-value. The bottom panel of 4 shows that in China,
India and the Rest of the World, the final energy demand for
cooling is projected to grow rapidly. In these regions cooling
demand in 2050 grows to a level that is comparable to their
heating final energy needs. In Africa the increase in cooling
demand in 2050 is more than tenfold with respect to 2015.
The European final energy demand projections show that if
annual CDDs are low then cooling demand remains small, irrespective of income growth. Here it should be noted that the
different individual European member states are included in
the model, therefore local response to climate is accounted
for. In China, the CDDs are significantly lower than in India
or the rest of the World. Nevertheless, and despite having
better insulation levels, in China the amount of cooling per
OY Edelenbosch et al.: Preprint submitted to Elsevier

capita in these regions is comparable. Therefore, the model
shows that if a region experiences a certain amount of CDDs
per year, higher economic prosperity can strongly drive the
demand for cooling.
The heating demand remains close to current values in
all regions. Still, there are some interesting regional differences. In Europe the demand actually reduces, following decreasing U-values, while for example in Africa and the rest
of the world heating demand increases, as a result of increasing population growth.
Figure 5 shows the CDD and HDD degree days, Useful Energy and Final energy demand for space heating and
cooling for the Ref no climate compared to the Ref climate.
The figure shows that up to 2050 the temperature increase
associated with the RCP 6.0 𝑊 ∕𝑚2 does not lead to a strong
heating or cooling demand response. The difference in the
projected degree days for both scenarios show that by 2050
the increased temperature has not had such a large affect,
which explains this result. Towards the end of the century,
however, the CDDs, in particular in Africa, India and China,
have increased with about 1000 C⋅days which shows an impact on the final energy demand. This effect is compensated
slightly by improved U-value in these regions, responding to
the higher profitability in that case.

4.2. Impact of building standard implementation
Figure 6 top row shows for the different global regions
the final energy savings of new construction building codes
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Figure 6: Top row: Space heating and space cooling final energy savings across regions when EPBD (nZEB) policy ambition is
followed. The policy impact is shown for new constructed buildings, post 1980 buildings and pre 1980 buildings. Middle row:
Final energy savings if building code is less stringent (i.e. Uvalue of 1.0 𝑊 ∕𝑚2 ∕𝐾. Bottom row: Final energy savings if EPBD
policy is delayed to 2030.

and renovation improvement following the EPBD targets.
The figure shows how the regional stock development has a
huge impact on the potential savings of implementing building standards across regions. The projected high shares of
new construction in 2050 in China and Africa, result in a
relatively fast and large impact of implementing new construction building codes, saving by itself respectively 43%
and 64% of final energy by 2050 for space heating and cooling. In Europe on the other hand the renovation policies result in the largest energy savings. This is a combined effect
of the large share of older buildings and new buildings having relatively high insulation levels in the baseline scenario.
Renovation of post 1980 buildings and pre 1980 buildings
can save respectively up to 20% and 32% of the total 2050
buildings space heating and cooling final energy demand,
while new construction building codes can save up to 15%.
The two lower panels show the impact of delayed policy and policy stringency across regions. The delayed policy scenario demonstrates that there are major cumulative
losses of a ten year delay in all regions. In those regions
where there is a faster stock turnover rate, however, new construction policies can have an impact at a faster speed. As a
consequence the reduced savings due to delayed policy implementation is caught up quicker than in countries with a
lower stock turnover rate. In China, for example, by delaying policy implementation to 2030, total savings drop from
75% to 50% in 2050, while in Europe total savings drop from
68% to 39%. The middle panel shows, not surprisingly, that
the effect of lower policy ambition on potential energy savings varies across regions. With current U-values around
3 𝑊 ∕𝑚2 ∕𝐾 in India and Africa, setting building codes at
OY Edelenbosch et al.: Preprint submitted to Elsevier

1.0 𝑊 ∕𝑚2 ∕𝐾 is still a large improvement, while in Europe
and other OECD countries, 1.0 𝑊 ∕𝑚2 ∕𝐾 or 0.3 𝑊 ∕𝑚2 ∕𝐾
makes all the difference. Given the high space heating and
cooling demand in the EU and other OECD regions, accounting for the majority share of global space heating and
cooling in 2020, stringency and fast implementation in these
regions is fundamental.

5. Discussion and research needs
It is important to acknowledge that there are significant
uncertainties coupled to the projected figures, inherent to
the global scope of the model and the long time frame over
which the results are projected. While historical GDP and
population data are more reliable, the data for U-value, building vintages, space heating and cooling energy consumption
- in particular outside of Europe - were frequently unavailable. The logic behind the assumptions that needed to be
made as a consequence, and the calibration and validation of
the model is extensively discussed in the Supplementary Materials. More consistent and structural data collection at the
country level of variables related to building stock and building energy use, however, would allow to for better model
testing.
In this research useful energy requirement are related to
U-values, which is a commonly used and reported measure
of the level of insulation. For cooling this relation is however
more complex, related also to the interaction with sunlight,
and building geometry. This allows also for alternative policy strategies to reduce cooling demand. Reflective coatings
and adequate SHGC windows, for example, have the potenPage 9 of 11
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tial to strongly reduce cooling loads. Given the global point
of view of the model, and the strong local dependency of the
impact of these technologies, this was not accounted for in
the model.
Finally, in the scenarios the implementation of EPBD policy worldwide was tested. The reasoning behind the scenario design was to test the policy potential, even though
in certain regions this might be more feasible than in other.
NZEB buildings are capital intensive buildings, and therefore of building codes in developing countries in line with
nZEB would require huge investments. This money might
not be available in these countries, or they might prioritize
other infrastructures before.

6. Conclusions
In this paper a global, long term model of building stock
development is presented, impacting buildings energy consumption, which has been neglected in the global studies so
far. This new tool demonstrates key regional differences that
should be considered when designing building energy policy. The results give insight to where what kind of policy is
the most effective, and how policy decisions carry out over
time. The model is based on in depth data collection, has a
transparent structure, while containing many country level
details that reflect the different regional realities. The model
is validated at intermediate output level, such as construction
and building stock size, as well as final output levels, such
as U-value and final energy consumption.
The model projections show that while globally the majority of buildings in 2050 are build after 2015, in Europe,
the opposite is true. This has major consequences for policy
impact of building codes. In Europe and other OECD countries, renovating the existing building stock results in significantly higher savings than implementing new construction policies, due to the slower stock turnover and the relatively high current insulation levels of new build buildings.
In China and Africa, on the other hand, focusing on new
construction policies can be extremely effective, saving on
itself up to respectively 43% and 64% of space heating and
cooling final energy demand in 2050. Subsequently, Europe
and other OECD countries are more vulnerable to lock in effects, therefore in these regions acting fast and implementing
ambitious (nZEB level) standards is fundamental to reduce
building sector emissions. Following EPBD policy ambition
in 2020 would save 68% of Europe’s space heating and space
cooling energy demand in 2050, while if policy implementation is delayed to 2030 savings drop to 39%.
In particular in China, final energy for cooling is projected to strongly increase in the decades to come, following
the projected economic growth. As a result, in a no policy
scenario, final energy demand for space heating and cooling would almost double in the coming 30 years. While
climate change does further increase cooling demand, this
effect is relatively small in the time period assessed (up to
2050). Only through the combined effort of new construction and renovation policies would space heating and cooling
final energy demand be reduced compared to current levels.
OY Edelenbosch et al.: Preprint submitted to Elsevier

Reducing energy demand growth has many environmental benefits, such as reducing air pollution and greenhouse
gas emissions. Assuming an electricity emission factor of
96 g/MJ (average of SSP2 baseline results for 2050 of the 6
marker models) and standard emission factors of other fuels
globally implementation of the EPDB standards (the global
stands scenario) would save approximately 3 Gt worldwide.
Delaying policy implementation with 10 years would reduce
savings with about 1 Gt. In this case the largest relative
losses due to delayed implementation occur in Europe, Russia and NCD countries.
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1. Input Data
Energy prices
The prices of final energy for electricity, fuel oil for heating, natural gas and coal across
different world regions were taken from [1]. This price data includes also the regional
level of taxes and subsidies in the energy price. Modern biomass and district heating
prices in Europe were taken from [2]. [3] outlines a range of prices for modern biomass
pellets in China and USA, while [4] indicates district heating prices in Russia. For
other nations with unknown costs, the district heating price is related to the average of
coal, natural gas and oil price, with a procedure similar to [2], in which heating prices
are related to natural gas ones. For modern biomass, when for specific regions no data
was available, a cost of 0.05 $/kWh is assumed.
For traditional biomass, i.e. collected wood, [5] show that the cost of collection
and transportation is a main component of the final price. However, in regions such
as sub-saharian Africa, biomass is directly collected through time consuming activities
by women and children, thus it does not get across any economic transaction [6].
Therefore, a representative low price of 0.01 $/kWh is assigned to this carrier. This
assumption will impact in particular developing regions, where a large share of the
heating is provided by traditional biomass.

Technologies
This section provides a summary of the choices made for the insulation technology
representation in the new model formulation.
Opaque surface insulation technologies
Currently most important insulation technologies can be grouped into 3 main groups:
traditional materials, aerogel and vacuum insulated panels (VIP). Two options are
already available, despite still experiencing high costs:
1. Aerogel: with a thermal conductivity ranging from 0.012 to 0.02 W/m/K, it is
believed to be one of the materials that will dominate future global markets [7],
while other authors outline that they are unlikely to reach high market penetration [8]. Indeed, the main barriers for this technology are related to high costs,
due to the complexity of the manufacturing process, and brittleness. Even if due
5

to the latter aspect, the flexibility of this technology is not as high as conventional
materials, perforation does not represent a problem for aerogel, too [9]. Lower
density, compared to conventional insulation materials, is another advantage [7].
Some applications in which it represented feasible solutions are related to highly
constrained spaces and thermal bridges [10].
2. Vacuum Insulated Panels (VIP): they show extraordinary low thermal conductivity levels, down to 3-4 mW/m/K at the center of the panel in fresh conditions. Such low values are reached by creating an open porous structure which
is evacuated, in order to decrease the kgas term in equation ?? to a negligible
value. A gas barrier is then wrapped around the panel. However, air and vapour
diffusion through the VIP envelope make ageing one of the main weaknesses of
this technology, since after 25 years the thermal conductivity inevitably reaches
values of 8 mW/m/K. Moreover, puncturing the VIP envelope would reset all its
advantages, since the thermal conductivity would immediately increase to 0.02
W/m/K. Therefore, VIPs cannot be cut for adjustment at the building site and
since a simple nail can strongly decrease their thermal performance, this class of
technologies does not definitely offer the same flexibility advantages of aerogels
and conventional materials. Indeed, their introduction in the market will put
new demands on building planners regarding how to plan and handle VIP [11].
Moreover, the gas barrier represents a dangerous thermal bridge, thus increasing
the overall conductivity of the VIP, with respect to the center-of-the-panel value
[12]. Insulation solutions with VIP wrapped in EPS are currently in use, yet in
this configuration the loss of vacuum is not easy to detect (while with no additional covers, damages can be detected by a simple visual inspection), therefore
increases the probability of installing panels with no vacuum [9]. High cost also
represents a barrier for the wide-scale adoption of VIPs [13]. However, due to
the achievable levels of thermal performance, it is claimed that their contribution
to the near future should not be neglected, even if they may not represent the
ultimate solution [9].
Even though the new insulation technology costs are high, some studies claim that
these new technologies are already convenient when the space saving benefits, due to a
much lower thermal conductivity, compensate for higher material costs (e.g. in a city
apartment, where the economic potential of increased floorspace is high [14]). Therefore they might represent important options especially for retrofitting applications [7].
Other technology possibilities are related to Gas-filled panels, which work on the
same principle as VIP but do not have to withstand vacuum, being them filled with
a noble gas, which has lower thermal conductivity than air. However, their overall
performances are lower than VIPs [9]. Modified atmosphere insulation (MAI) is another vacuum technology, which is similar to VIPs but employs fewer processing steps.
Since manufacturing can account for 75% of the VIP price [15], critical paths are currently being developed to produce MAI at 40% lower cost than VIP [16]. Finally, a
new concept of insulation technologies may be represented by phase change materials,
which are able to absorb and release heat while keeping a constant temperature, thus

stabilizing heating and cooling loads. However, this class of materials has still not been
used as envelope insulators [9].
The costs and thermal conductivity assumptions are depicted in 1, based on a thorough literature search and several data sources [17, 18, 2, 19, 20, 21, 22, 23, 24, 25, 26,
27, 14, 27, 7, 28]. In the future aerogel cost might get down to 5 $/m2 /cm [28], while
modified atmosphere insulation (MAI) might achieve a 40% cost reduction compared to
current VIP [16]. Sectors key publications, such as [10], provide qualitative indications
on market entry and future improvements can be derived by the main reports, but no
quantitative cost data. [29] outlines ranges of cost decrease depending on the intensity
of renovation. They range from a reduction of 0.5%/y for minor renovation depth (i.e.
leading to a 15% energy reduction) to 2%/y for nZEB-level refurbishment (i.e. leading
to a 95% energy reduction). Clearly, future cost projections are uncertain, but based
on these indications cost development assumptions to 2050 have been made, see Table
1.
For insulation fixed costs, a representative value of 60 $/m2 is assumed, based on
literature indications [2, 30, 8, 31]. External wall refurbishment have a relatively high
fixed costs compared to the insulation costs of roof and floor [8]. This value should be
seen as a representative average cost for insulation of opaque surfaces.
Technology
Traditional materials
Aerogel
Vacuum insulated panels (VIP)

Thermal conductivity [W/m/K]
0.03
0.008
0.015

Cost2015 [$/m2 ]
1.2
27
40

Cost2050 [$/m2 /cm]
0.8
13
28

Table 1: Implemented parameters related to opaque insulation technologies

Window technologies
5 groups of windows technologies are considered in the model, of which the implemented U-values and costs are summarized in table 2, based on literature indications
[8, 2, 32, 33, 34]. Below we summarize their key characteristics.
Single-glazed
2
components: their U-values range from 7.9 W/m /K for aluminium frame, clear
glass technologies to 2.9 W/m2 /K, for coated, timber-framed windows [35]. Firstly,
low-emissivity coatings are represented by thin transparent metal film, which are
able to both reduce the window thermal loss and also reflect solar energy. Indeed,
[10] outlines that U-values can be reduced by up to 42 % when low-e coatings are
applied on single glazed, clear glass windows. Secondly, non-metallic frames can
be employed in order to reduce thermal bridging, but then some drawbacks in the
window structural properties arise. Due to high structural requirements for many
services sub-sector buildings, an aluminium frame must be chosen. However, even in
this case, thermal breaks can be implemented within the frame, in order to hamper
heat transfer and accordingly reduce U-value.
Double-glazed windows present a new degree of freedom in their implementation,
since they present a gap between the two glasses, which is generally filled with air.
Inert gases can be employed, to further reduce heat transfer between cavities. The gap
width is also another important parameter to be optimized, considering the thermal
properties of the filling gas, in order to reduce convection heat flow. Considering all

of these variables, [35] outlines that double-glazed windows U-values range from 6.2
to 2.5 W/m2 /K. However, IEA indicates that aluminium framed windows with low-e
coatings and thermal breaks, which are used in the services sub-sector, reach U-values
of 2.3 W/m2 /K. Moreover, non-metallic frames windows with low-e coating and inert
gases are used in cold OECD countries and reach interesting U-values of 1.8 W/m2 /K
[10].
Triple-glazed windows generally show very high thermal performances in any
case. Indications from the literature show U-values ranging from 2.9 W/m2 /K for
clear glass and aluminium frame elements [34], down to 1.1 W/m2 /K, which is related
to building codes requirements in some European countries [10]. However, very
high-performance windows are generally not economically viable and great research
effort is still required. Future goals are related to U-values around 0.6 W/m2 /K. A
key economic perspective for policy makers is represented by assuming a point of view
beyond the simple energy savings of the windows components, thus considering overall
system efficiencies. In this way, reductions in heating and cooling equipment size due
to lower energy loads can be accounted and included in the profitability calculation.
More advanced window technologies are available, thus not always showing an
improvement in terms of both costs and performances compared to the groups that
were discussed. An interesting option is represented by vacuum glazing, which is seen
as a way to achieve significant U-values reduction while keeping a thin glazing unit.
However, due to thermal expansion issues they cannot be implemented in severe cold
climates, where they would presumably be needed the most, and show limitations
on size. Moreover, they do not exceed triple-glazed windows in terms of thermal
performance [10]. Another very interesting option is represented by aerogel glazing.
Mounting an aerogel sheet between two low-e coated glass panes and using krypton as
a filling gas, U-values lower than 0.4 W/m2 /K were reached.
Single-glazed and triple-glazed U-values are referred to the upper and lower limit
of windows U-values found in the EU database. The ”future window” technology is
based on the IEA description for high performance windows [10]. No cost indications
were found for a window with such a low U-value, therefore the cost is initially
assumed to be extremely high, in order for this technology to not enter the market in
2015. The 2050 cost is computed assuming increasing marginal costs for an additional
reduction of U-value, as happens with opaque surfaces insulation. Hypotheses on cost
reductions are applied to all the considered components.

Technology
Single-glazed
Double-glazed, clear glass
Double-glazed, thermal break and low-e coating
Triple-glazed
Future window

U-value [W/m2 /K]
5.8
3.8
2.3
1.1
0.6

Cost2015 [$/m2 ]
150
220
280
400
-

Table 2: Implemented parameters related to window technologies

Cost2050 [$/m2 ]
106
155
197
281
500

Cost differentiation across regions
To differentiate between different price levels, affecting the costs of insulation construction, following the approach of [2], European countries were grouped by Price
level index (PLI) in country level clusters[36]. Then, the basic technology costs presented above were multiplied by the corresponding PLI of the country. This means
that in country with a PLI of 120 would the technology investment costs is 20% higher
than the base costs.

Building lifespan
The lifetime of buildings is very regional dependent. IEA outlines that buildings in
developing countries tend to have shorter lifespans, ranging from 25-35 years [10], while
[37] indicated lifespans of 50-80 years for European and U.S. buildings. [38] analyse the
housing situation in Japan and confirm that building lifetimes are significantly shorter
compared to the US or the UK. The average building age, according to this source,
in Japan at demolition is 32.2, while in the US it is 66.6 and in the UK 80.6. They
provide different reasons for this variation: 1) in Japan there is a strong preference
for new houses, and a tendency to think that old houses have lost their value, 2) the
initial design concept of housing often do not consider future renovation, and 3) during
the high-growth period in Japan building quantity was more important than quality
and as a results these building have poor residential performance. The same is true for
China where there is in addition a big difference between building lifetimes is urban
areas and rural areas. Although the Chinese design code regulates that residential
buildings should be constructed to operate for 50 years at least [39], [40] estimates that
the building lifetimes in urban areas is around 30-40 years, while in rural ares 15 year.
In Europe currently 40% of the building is constructed before 1960, with a substantial
share also being older than 100 years. [41] apply a detailed building stock model to
different European member states, assuming building lifetimes generally around 120
year, with some memberstate outliers such as 80 years in Greece and 175 in the UK.
Based on this literature research, and testing of the model for historic periods, the
following lifetimes are assumed in EDGE (see table 3). In the model the building
lifetimes are used to estimate the regional demolition rates. They could also affect the
time accounted for in which an investment should pay itself back, therefore affecting the
Price Worth Factor of the insulation investment (see equation 10 in the manuscript).
However, here it is not expected that a payback time of longer than a few decades is
considered for insulation investment, therefore we assume same values across regions.

Region
Europe
Russia
USA
Turkey, Norway, Mexico
China
Japan
India
Africa
Rest of the world

Building lifetime [years]
120
120
100
75
40
40
40
40
40

Table 3: Building lifetime assumption for EDGE global regions

2. Residential and
non-residential U-values
The European commission has collected U-value data of different building vintages for
all its member states [42]. Across European countries the majority of the floor area
is composed by residential buildings, but the share varies considerably, going from 6065% in Romania, Lithuania or Czech Republic to around 85% in southern countries
such as Cyprus, Malta and Italy [43]. The TABULA report presents a small chapter
on non-residential buildings. It highlights the difficulties arising when trying to classify
this sector, due to the variety of uses and characteristics. It is outlined that data from
official statistics are generally poor, therefore, knowledge regarding the European nonresidential building stock is small.
Based on the available non-residential data we conclude however that differences
between residential and non-residential U-values at the envelope, vintage as well as
the component level are small, see Figure 1, Figure 2, and Figure 3. Therefore in the
stock model advancement within EDGE we assume the non-residential sector follows
the residential U-values.

Figure 1: Country-level U-values of different envelope components, for the residential and nonresidential sector (European Commission database)
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Figure 2: Country-level envelope U-values, for the residential and non-residential sector (European
Commission database)

Figure 3: U-values related to different vintages, for the residential and non-residential sector (European Commission database)

3. Optimal U-value calculation
This section explains how from equation 11 in the manuscript (depicted here as equation
1), equations 12 and 13 are deducted. Our starting point (equation 1) translates the
heating and cooling expenditures to the so-called Energy Present Costs, by normalising
the expenditures by the U-value.
Exp = (Expheating + Expcooling ) · P W F = Uvalue · EP C

(1)

The U-value term can be both refer to glazed and opaque surfaces. For opaque surfaces
the new U-value, after adding insulation, depends on the thermal conductivity (k) and
its thickness (s) of that insulation layer plus the original U-value, see equation 2.
Uvalue =

1
1
s
+
U0 k

(2)

The model simulates the most profitable choice by calculating the optimal U-value,
i.e. the insulation level that minimizes the NPC under the given discount rate, at each
timestep. Following the description of [20], equation 2 can be rewritten as a function
of thickness:
U0 − U
s=
·k
(3)
U0 · U
Recalling the definition of Net Present Cost, equation 5 in the manuscript:
N P C = Investment + Expenditures

(4)

equation 4 can be also rewritten as:
N P C = (F +

U0 − U
k · v) + (U · EP C)
U0 · U

The optimal U-value can be then found by setting the NPC derivative equal to zero
and rearranging the terms, being both U and U0 strictly positive.
∂(N P C)
1
1
=0=
(−1)kv + EP C
kv +
2
∂U
U0 · U
U0 · U
−(U − U0 )kv − U kv + U 2 U0 · EP C = −U0 kv + U 2 U0 · EP C = 0

13

As a result, the optimal U-value and added insulation thickness can be explicitly written
as:
r
k·v
Uopt =
(5)
EP C
r
EP C · k
k
(6)
−
sopt =
v
U0

4. World regions U-value
For regions outside of Europe, a literature research on U-values, classified by component type comparable to those in the EU database, was performed. This regional
U-value data is used to calibrate the model historic results (see Section 5). In some
regions housing surveys have reported U-values, while for others no structural reporting was found. In those regions U-values have been estimated based indications from
the literature and expertise, which is summarized for each region below. For the oldest vintages, when no information was available, U-values were increased using the
time coefficients found regressing European U-values against time. Envelope U-values
are calculated as an average of walls, roof, floor and window U-values (in W/m2 /K),
following the same procedure of the European commission database [42].

United States
Several housing surveys ae performed in the United States, however limited information is collected in these surveys on insulation levels. The most indicative survey is
the commercial buildings survey, which outlines insulation levels classified by vintages
(until a pre-1980 group) and climate zones [44]. As outlined in section , residential and
non-residential sub-sectors show similar levels of insulation in Europe, thus the same
will be assumed for the United States. The computed average U-values, considering
the climate zones where most of the energy demand comes from, are summarized in
table 4.
Vintage
pre-1945
1945-1969
1969-1979
1979-1989
1989-1999
1999-2009
2009-2014

Envelope
2.45
2.0661
1.7182
1.5791
1.5399
1.4757
1.3936

Walls
1.8
1.468
1.136
0.9656
0.9088
0.852
0.7384

Roof
1.5
0.9772
0.4544
0.3692
0.3692
0.3692
0.3408

Floor
1.5
1.1192
0.7384
0.6816
0.6816
0.6816
0.7952

Windows
5
4.7
4.544
4.3
4.2
4
3.7

Table 4: United States U-values, deduced from [44]
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Russia
The currently required U-values, or in other words building codes, are reported for
walls, roof, windows in [45], depending on the climate zone of the country (classified
by means of HDD). The average HDD in Russia in EDGE is around 5000 K*day, therefore the average standards for 4000 and 6000 HDDs is taken. The same study outlines
typical U-values for the pre-1979 vintages and their evolution over time, to eventually reach the current standards. [46] outlines typical Moscow U-values for walls and
windows, highlighting that the thermal performance of buildings constructed between
1954 and 1979, similar to European values, have not changed much. No information
on floor U-values was found, thus U-values of former soviet countries such as Estonia
were compared to obtain reasonable values. The implemented U-values, divided by
component, are summarized in table 5.
Vintage
pre-1945
1945-1969
1969-1979
1979-1989
1989-1999
1999-2009
2009-2014

Envelope
1.625
1.625
1.625
1.375
1.2
0.855
0.705

Walls
1.6
1.2
1.2
1
0.8
0.5
0.32

Roof
1.6
1.2
1.2
0.9
0.7
0.3
0.23

Floor
1.6
1.2
1.2
1
0.7
0.32
0.32

Windows
3.5
2.9
2.9
2.6
2.6
2.3
1.95

Table 5: Russian U-values, deduced from [45, 46]

China
For China the literature reports a range of U-values. [47] for example reports U-values
of 1.7 and 2.0 W/m2 /K for respectively urban and rural buildings in 2005, which would
be comparable to European U-values (in 2014, the average EU U-value ia 1.69 W/m2 /K
[48]). This is contradicted by a 2003 article [49], stating U-values in Chinese buildings
to be 2-3 times higher than Europe. [50] outlines that Chinese rural buildings are
very inefficient compared to urban houses, which could explain the broad variety. The
oldest vintages are located in rural zones, while most of the recent new constructions
are situated in cities. [51] indicates that in 2012, rural houses accounted for 60% of the
total floor space area of China and that urbanization rates are projected to strongly
increase.
China is generally divided into 5 climatic zones (from severe cold to hot summer,
warm winter zone). [52, 53] show that severe cold regions U-values are less than half of
the warmer zones ones, for all components. Although most of the population does not
live in the severe cold zone, 40% of China total urban building energy use does come
from the northern regions. Taking in to account both the climate and rural/urban
dimensions, in our study Shanghai is considered as a representative average of Chinese
climatic zones data, given that Shanghai is located in the hot summer cold winter
region and its U-values are in the middle of both zones insulation levels. Data on Uvalues development across vintages was found in [54]. U-values are raised compared this

specific reference, especially for older vintages, in order to keep into account the shares
of rural buildings. The assumed U-values in China, based on the above considerations,
are synthesized in table 6.
Vintage
pre-1945
1945-1969
1969-1979
1979-1989
1989-1999
1999-2009
2009-2014

Envelope
3.15
2.65
2.45
2.1
1.75
1.6125
1.525

Walls
2.4
2
2
1.7
1.4
1.2
1.15

Roof
2
1.6
1.3
1
0.8
0.75
0.7

Floor
2.4
2
2
1.7
1.4
1.2
1.15

Windows
5.8
5
4.5
4
3.4
3.3
3.1

Table 6: Chinese U-values

Japan
Japanese standard building codes outline requirements in terms of maximum allowed
U-values [55], which makes it difficult to deduct from these values the actual U-values
levels. The building code requirements, however, are rather strict, in particular for
opaque surfaces. [56] highlights that Chinese buildings heat losses through walls are
3 times higher than comparable Japanese houses, while loss through windows is twice
as high. Calculating U-values according to this indication would lead Japan to have
a building stock much more efficient than the European building stock. Based on the
consideration that European and Japanese building codes are however comparable [57],
it is assumed in this work that the U-values are also comparable, as can be seen in
table 7.
Vintage
pre-1945
1945-1969
1969-1979
1979-1989
1989-1999
1999-2009
2009-2014

Envelope
2.42
2.26
1.85
1.46
1.2
0.94
0.94

Walls
1.84
1.65
1.24
0.85
0.7
0.54
0.5

Roof
1.86
1.67
1.1
0.76
0.64
0.36
0.35

Floor
1.74
1.63
1.29
0.94
0.77
0.58
0.5

Windows
4.25
4.1
3.77
3.3
2.69
2.26
2

Table 7: Japanese U-values

Middle East
Middle East countries building stock generally have single-glazed windows installed
[58]. U-values of roof, walls and floor components for typical buildings vary from 1
to 2 W/m2 /K, according to several sources [59, 58, 60]. [61] outlines that in Gulf
countries, building codes were introduced from 1984. Based on these indications, for
the oldest buildings in the Middle East region U-values of the hottest regions in Europe

are applied. A slight linear decrease for opaque surfaces U-values was applied, with a
stronger shift in 1980 due to the application of building standards, while no reduction
was considered for windows U-values. Results are summarized in table 8.
Vintage
pre-1945
1945-1969
1969-1979
1979-1989
1989-1999
1999-2009
2009-2014

Envelope
3.525
3.4
3.175
2.95
2.775
2.575
2.5

Walls
2
2
1.8
1.7
1.6
1.4
1.2

Roof
3.3
3
2.5
2
1.5
1
1

Floor
3
2.8
2.6
2.3
2.2
2.1
2

Windows
5.8
5.8
5.8
5.8
5.8
5.8
5.8

Table 8: Middle East U-values

India, Africa and Other Asian Countries
In India, Africa and other asian countries it is less common practice to implement
policies directed at insulation levels. India is the only country which issued building
codes for commercial buildings, implementing U-values of around 0.5 W/m2 /K for
opaque components (floors excluded) and improved windows, from 2007 [62]. In ”Other
Asian countries” the greatest population shares are related to Bangladesh and Pakistan.
In this region as well as in India a large part of the population of these countries lives
in slums, with percentages reaching 30% of the urban population in India, for instance
[63]. The U-value of a slum is not easily quantified. However, a study performed in
a slum building in Kenya outlines that U-values are around 7 W/m2 /K for the roof,
3 W/m2 /K for walls and single-glazed windows are installed [64]. This is in line with
what IEA outlines: U-values ranging from 3 to 10 W/m2 /K for totally uninsulated
opaque surfaces [10]. [65] even highlights that common slums roofing types include
iron sheet materials, with a thermal conductivity of 37 W/m/K and thickness of 3
mm. This would lead to an extremely high U-values.
However, the climate in these regions will lead mostly to demand for cooling. Those
households that can afford air conditioning, and have the largest demand for energy,
likely also live in better insulated houses. Therefore, estimations on current U-values
of traditional North-African houses were used as an indication [66]. These houses are
built in a warm climate, are not particular well insulated, but provide basic insulation.
Table 9 summarizes the assumed Indian U-values, with a slight decrease from 2000 on
due to the policy implementation. The African and other Asian countries U-values are
assumed equal to the Indian values, without any decrease for the newest vintages.

Other non-OECD countries
This region is mostly constituted by Latin American countries, with cooling-based
climates. As outlined previously, in this kind of climates very low insulation levels are
present. This is indeed confirmed by a [67] which discusses this for the case of Brazil.

Vintage
pre-1945
1945-1969
1969-1979
1979-1989
1989-1999
1999-2009
2009-2014

Envelope
3.475
3.475
3.475
3.475
3.475
3.15
3.025

Walls
2.4
2.4
2.4
2.4
2.4
2.2
2

Roof
3.3
3.3
3.3
3.3
3.3
3
2.7

Floor
2.4
2.4
2.4
2.4
2.4
2.4
2.4

Windows
5.8
5.8
5.8
5.8
5.8
5
5

Table 9: Indian U-values

The assumed U-values, summarized in table 10, reflect this situation, begin slightly
higher than African countries due to the higher income effect.
Vintage
pre-1945
1945-1969
1969-1979
1979-1989
1989-1999
1999-2009
2009-2014

Envelope
3.15
3
2.875
2.8
2.725
2.65
2.65

Walls
2.4
2.1
1.9
1.8
1.7
1.6
1.6

Roof
2
2
1.9
1.8
1.7
1.6
1.6

Floor
2.4
2.1
1.9
1.8
1.7
1.6
1.6

Windows
5.8
5.8
5.8
5.8
5.8
5.8
5.8

Table 10: Non-OECD countries U-values

Other OECD countries
The region other OECD countries in EDGE includes countries belonging to very different climates, including Canada, Australia, Mexico and Turkey. The U-values of
Mexico were found to be similar to the ones of Latin-American countries, while Turkish U-values are close to middle east levels. Overall, these two nations show generally
high U-values, while constituting around 75% of the total population of this region.
Canada (which holds around 15% of the population), on the ohter hand, shows really
high insulation levels. Roof U-values range from 0.26 to 0.2 W/m2 /K, walls and floor
U-values vary among 0.5 and 0.4 W/m2 /K depending on the vintage [68]. Finally Australia, which approximately holds the remaining 10% of the population, building codes
were found to require relatively low U-values for any type of climate [69]. Therefore, the
U-values summarized in table 11 were computed by decreasing the other non-OECD
U-values, by the population shares of Canada and Australia.

Vintage
pre-1945
1945-1969
1969-1979
1979-1989
1989-1999
1999-2009
2009-2014

Envelope
2.615
2.49125
2.39
2.28
2.17
2.06
2.01

Walls
1.92
1.68
1.52
1.44
1.36
1.28
1.28

Roof
1.5
1.5
1.425
1.35
1.275
1.2
1.2

Floor
2.04
1.785
1.615
1.53
1.445
1.36
1.36

Table 11: Other OECD countries U-values

Windows
5
5
5
4.8
4.6
4.4
4.2

5. Calibration and Validation of
the model outputs
The new modules of EDGE 2.0 have been subject to different validation tests and
where needed calibrated to better represent the observed trends. Below we describe the
validation tests for the Building stock module, followed by validation and calibration
of the U-value investment module.

Building stock projections
The starting point of the building stock model is the relationship between income,
population, population age and building stock. The derivative of the building stock
over time then drives construction per year, subject also to demolition rates (equation
3 and 4 in the main manuscript). By running the model from 1945 the age distribution
of the building stock in each year can be computed. Figure 4 and 5 and show the
computed construction and vintages are compared to the European member states
data [42].

Figure 4: 2014 projected vintages (model) compared to empirical vintages data (value) for different
countries in Europe.

For countries outside of Europe time series construction data and vintages data was
more difficult to find. The Japanese government official statics database contains an21

Figure 5: Projected construction (model) compared to empirical construction data (data) for different countries in Europe.

nual housings starts, documented from 1993 to 2018 [70]. The US government collected
buildings energy data, including construction of new homes in the Buildings Energy
Data Book. The last Buildings Energy Data Book was published in 2011 [71]. In addition, the US energy information administration performed quite detailed household
surveys which include also information on the buildings year of construction, see Figure
7. Both the Chinese and Russian government also have collected historical buildings
construction data, but in this case expressed in floorspace as opposed to number of
buildings. For data comparison in Figure 6 for both region the assumption is made
that 1 household is equal to 70 m2 . From the figures it can be seen that the model
generally captures the order of magnitude and the overall patterns. The building lifetime in the US is set to 120 years in the model for a better fit of the construction
data, however still there the model overestimates compared to the collected data. In
China the model shows a clear different trend then the data. This is the result of Chinese buildings policy. In cities until 1978, urban housing was allocated by the Chinese
government as part of social welfare for urban households, which limited the growth.
While after 1978, a reform that has as aim to liberate the housing markets, triggered
a strong wave of urban housing development[72].

Uvalue projections
U-value data in Europe is collected for two different years (2008 and 2014), as well
as for the other model regions (see section 3), which allows to analyse and calibrate
the model computation over time. Renovation rates, Window area, Implicit discount
rate and the logit value in the multinomial logit are all model parameters that affect
the U-value investment desicion. In this section we discuss how these parameters were
deducted for the EDGE 2.0 model.

Figure 6: Projected construction (model) compared to empirical construction data (data) in China
(CHN), Japan (JPN), USA and Russia (RUS).

Figure 7: 2014 projected vintages (model) compared to empirical vintage data (data) for the USA.

Renovation rates
The rate of renovation is a fundamental parameter in the model, which is endogenously
calculated following equation 14 in the manuscript. There is a wide spread in reported
renovation rates in the literature. [73] studied renovation rates in France and finds
values of 6% of glazed surfaces and 4% for opaque components being renovated over
a period of 6 years. [41], in line with [73], outlines that despite scenario analyses
commonly assuming renovation rates of 2.5-3%, in the reality rates are lower. Annual
renovation rates resulting from dwelling stocks’ ownership turnover, or need for
maintenance (therefore when energy efficiency measures could be readily introduced),
range from 0.5-1.5% of the total stock. This is confirmed by the IEA, which indicate

an annual 1% renovation rate. Considering that the EU EPBD has an objective of a
3% annual renovation rate, this would be a significant increase.
These different renovation rate sources do not contain any information about the
intensity of renovation. The Zebra 2020 project collected data on major renovation
rate equivalent [74], summarized in figure 8. Major renovation refers to a renovation
where either the total cost exceeds 25% of the building value, or more than 25%
of the building envelope surface undergoes refurbishment. It is assumes that major
renovations lead to final energy reductions of about 50-80%.

Figure 8: Equivalent major renovation rate [74]

In the model, renovation is either implemented for all opaque surfaces and/or for
all windows. The model calculates very low renovation rates for windows and high for
opaque surfaces, in accordance to [10], that find that windows replacement at for the
benefit of energy conservation is rarely profitable, while this is not the case for opaque
surfaces. The optimal U-value for opaque components generally equates to about
0.25 W/m2 /K, which can be seen as a major renovation for all regions, and vintages.
Renlow and Renup (equation 14 in the manuscript) are used to calibrate the model
renovation rates to average renovation rate for the considered countries depicted in 8.
The same equation 14 includes the P BTmax term, which represents the maximum
amount of time that is given to the energy savings to pay back the initial investment
cost. [18] assumes 30 years as the considered span of time over which the profitability
of the investment is evaluated, while [75] indicates 25 years for this parameter. Based
on these indications, in the model 30 years is assumed.

Windows area
As mentioned the model works on two different groups of surfaces (opaque and glazed).
The results from each computation are eventually aggregated in order to calculate the

envelope U-value, following equation 7. The share of windows compared to opaques
surface is deducted on EU database for each region, which contain U-values of the
separate components as well as the entire envelope. Especially for the newest vintages
the windows share was often found to be higher than the conventionally assumed 25%.
Uenvelope = Uopaque · (1 − Awindow ) + Uwindow · Awindow

(7)

Implicit discount rates
The value of implicit discount rates are highly uncertain while playing an important role
in the evaluation of building retrofit decisions. For instance, [76] states that applying
a Monte Carlo simulation on Net Present Values, 60 % of their variance is explained
by the discount rate, which was varied from 0 to 15%. Different studies assess what
the levels are of discount rates that consumers implicitly assume. [77] states that
investments in the building envelope show high rates of 10-30%, while indicates a 18%
median consumer discount rate for the same type of investments. The PRIMES model
assumed a 17.5% household discount rate which then decreases over time in response to
policy implementation [78]. The IPCC 4th assessment report, outlines that in developed
countries, rates of around 4-6% are justified, while for developing countries this value
could get to 12%. In this study discount rates are use as a calibration parameter.
In order to match historical data implicit discount rates and MNL lambda values
are computed through auto-calibration. To obtain reasonable values, upper and lower
limits of the implicit discount rates are respectively fixed to 3% and 15%. The regional
results are shown in figure 9. The default value for the MNL logit parameter λ was set
to 0.01 to reflect the market heterogeneity of technology choice. In some, in warmer
climate regions, however, the data showed less heterogeneity (i.e. basically all houses
have single glazed windows). In these regions the lambda value was set slightly higher,
optimizing more for costs. Figure 10 outlines the computed values.

Figure 9: Computed implicit discount rates from the calibration process

From the figure it can be seen that the computed implicit discount rates seems
to be reasonable, with rather rational values for European nations, which on average
show levels of 5%. A noticeable exception is represented by Italy, which shows an
implicit discount rate of 10%. In developing countries, the implicit discount rate is
higher (i.e. closer to 15%), meaning that even if it would be convenient to insulate

Figure 10: Computed logit parameters from the calibration process

for future savings, current expenditures are values more. The effect is that in these
regions U-values are higher. These results are in accordance to the indications of [78].
The comparison of the model outcomes for 2010, with estimated/collected U-value
data, is presented in figure 11. A general improvement of model results is reached
by the auto-calibration. The only exception is represented by China, which both
before and after calibration shows higher U-values compared to the actual data. As
mentioned China presents a huge efficiency gap across rural and urban buildings [50].
Considering that most of the Chinese new construction will be placed in cities, in the
model a correction which is specific for China is added, in order to reduce the new
construction U-value.

Figure 11: Comparison between actual and computed U-valuesn

Future assumption for implicit discount rate and logit parameter
The development of country implicit discount rates over time is highly uncertain. Given
that these parameters show relatively low values for developed countries, no future
changes are assumed for these regions. For the developing regions, discount rates are
assumed to linearly decrease with increased wealth, up to to 5% when their GDP
per capita is equal to the European countries average in 2015. In addition, the logit
parameter of developing countries (and Malta as well) is assumed to progressively
decreased to 0.01 when the income levels of these regions reach 27500 $2005 /cap. It is
thus assumed as economies grow, technology markets in these countries start working
as they now do in Europe.
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Abstract
As part of its climate strategy, the European Union has committed itself to
reduce its energy consumption by 32.5% in 2030. Raising the energy eﬀiciency
of buildings energy demand plays a key part for the achievement of this goal.
Here, we assess buildings energy demand reductions in the EU from an economic perspective. There are many reasons why it may be cost-effective to
pursue energy eﬀiciency. A first one concerns the prevailing market failures in
eﬀiciency markets that prevent people from realising energy savings that would
exceed their investment costs. Second, energy prices do not yet reflect their true
environmental costs as the implied emissions are not priced properly in most
EU countries. Consequently, the incentive for eﬀiciency investments is lower
than it should be. Third, investments into energy eﬀicient technologies could
decrease the costs of these technologies. Beyond these first reasons, changes in
preferences and consumption patterns towards suﬀiciency could have an impact
on the optimal level of energy consumption. In this study, we design six scenarios along these economic reasons and run them with two energy models. We
find that there are strong differences in the level of energy reductions depending upon which economic motives are addressed. Only addressing market and
behavioural failures, i.e. parts of the barriers to energy eﬀiciency, does not lead
to strong reductions in buildings emissions. We further find that the European
eﬀiciency target can only be considered cost-effective in an interpretation of economic optimality which embraces much room for rapid reductions of eﬀicient
technology costs, or assumes changes in preferences towards suﬀiciency.
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1. Introduction
As part of its climate strategy, the European Union has committed itself to
reduce its energy consumption by 20% in 2020 and by 32.5% in 2030, compared
to a baseline. The buildings sector plays an important role in reaching this objective. In 2015, 38% of the final energy in the European Union was consumed
in buildings (IEA 2017b). Direct CO2 emissions from buildings amounted to
529 MtCO2 in 2014 or approximately 15% of European CO2 emissions (IEA
(2017a), Global Carbon Project (GCP) (n.d.)). If including the indirect emissions from electricity generation, this figure rises to 34% (ENERDATA 2019).
The energy demand profile in European countries is characterised by a dominance of heating end-uses. Space heating and water heating account together
for 75% of buildings energy consumption. While appliances and lighting become
increasingly important, the achievement of European targets is conditioned by a
decrease of energy consumption for heat and a switch towards renewables-based
energy carriers.
The European energy strategy is therefore characterised by a number of
directives and policies targeting buildings energy eﬀiciency:
• The Energy Labelling and Ecodesign Framework directives have introduced two policy tools to raise the energy eﬀiciency of appliances. On the
one hand, they introduce energy labels on appliances to provide consumers
with standardised information on the energy consumption of appliances.
On the other hand, the least-eﬀicient products, which are not complying
with minimum standards, are withdrawn from the markets. An iconic
product concerned by this policy is the incandescent lightbulb, which is
gradually phased out from the markets.
• The Energy Performance of Buildings Directive obligates Member states
to implement energy eﬀiciency requirements in building codes for new
buildings and major renovations, it improves the information on buildings
eﬀiciency performance via the introduction of certificates. This directive
also prescribes that from 2021 on, all new buildings will be nearly zeroenergy buildings (NZEB).
• The Energy Eﬀiciency Directive requires Member States to reduce their
energy sales by 1.5% each year, to renovate 3% of their central administration buildings every year, and to implement minimum eﬀiciency standards
for boilers.
There have been many studies either assessing the existing policies (e.g
Braungardt et al. (2014), The Coalition for Energy Savings and Ecofys (2017),
European Commission (2016)), or offering a strategy for European buildings
energy demand (e.g BPIE (2011), Paardekooper et al. (2018), Bossmann, Eichhammer, and Elsland (2012)). Only rarely if at all have these studies assessed
the preferable level of energy eﬀiciency from an economic perspective. Instead
they are more often focussed on the potential policies to reduce energy demand,
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even if the resulting reductions do not comply with economic principles. Here
we want to investigate the desirable amount of energy demand reductions from
an economic perspective. In fact, there are many reasons why it can be costeffective to pursue energy eﬀiciency.
First, the penetration of eﬀicient technologies is hampered by market failures
as well as by decisions a priori contradicting rationality principles. These failures may take many forms: missing information on the eﬀiciency of products,
split incentives between landlords and renters or restricted access to capital
markets. On the behavioural side, people may not act rationally by prefering
the status quo or by using heuristics to make decisions. This is especially the
case for economic actors and consumers who do not deal on a daily basis with
their energy expenditures. By fixing these failures, policies could increase the
welfare of consumers and decrease the energy costs of organisations. As we
have seen, the Energy Labelling directive, by providing missing information, is
a good example of a policy addressing a market failure. Importantly, not all
barriers to energy eﬀiciency are economic failures. To take a well-known example, the heterogeneity of consumers constitutes a barrier to eﬀiciency, but it
is not an market failure. A consumer with low energy needs saves less money
from more eﬀicient technologies and therefore has a lesser incentive to invest in
eﬀiciency. Because of their low consumption, the savings would not recover the
costs incurred. Some barriers may also be hard or costly to remove, and should
therefore be considered as unavoidable.
A second reason why it might be cost-effective to raise the level of eﬀiciency
is climate change mitigation. Energy eﬀiciency is long recognized as one of
the main pillars of climate policies: by reducing energy demand, policies can
lower the amount of GHG emissions. Currently, emissions resulting from energy
consumption are not properly priced, i.e the energy prices do not reflect the
environmental cost of energy demand. As mentioned above, emissions coming
from buildings energy consumption are not covered by the EU ETS, except for
electricity. This means that, as a default, emissions from buildings are not priced.
Nevertheless, some Member States decided to introduce a national carbon price
on sectors falling out of the EU ETS (e.g. Sweden, Finland or France (World
Bank Group 2019)) while other countries plan to do so (e.g. Germany). By
pricing carbon emissions properly — either indirectly via an emission trading
scheme or directly via a carbon tax —, energy prices would rise and energy
eﬀiciency would become more profitable.
A third reason why it might be cost-effective to raise the level of eﬀiciency
and implement eﬀiciency policies is the impact on technological change. The
larger uptake of energy eﬀicient technologies, or the ban on ineﬀicient technologies can trigger further investments into energy eﬀiciency and change the costs of
end-use appliances rapidly. As an example, in response to European labelling
and standards policies, the market share of eﬀicient refrigerator rose from a
mere 5% to almost 60% within a decade (IPCC 2007). This dramatic change
is unlikely to have resulted only from improved information, but it also reflects
the greater offer of eﬀicient models at acceptable prices. Along these lines,
economists have studied the influence of regulations on technological develop3

ment. According to the Porter Hypothesis (Ambec et al. 2013), environmental
regulations can trigger innovations that would offset the additional costs originally caused by the regulation. The Porter Hypothesis implicitly assumes that
firms are not always profit maximising and that spurs from regulations can move
them in a direction beneficial for both firms and the environment. Similarly to
the energy eﬀiciency gap debate, the theoretical underpinnings of the Porter
Hypothesis root in behavioural arguments, market and organizational failures,
but apply them to the supply side of technologies. The impact of regulations
on energy eﬀiciency might be amplified by the fact that learning rates of technologies on the energy demand side are often higher than energy supply side
(Wilson et al. 2012).
Fourth, cost optimality is normally assessed while keeping preferences constant. But changes in preferences towards lower energy services requirements
might occur. If such a change were to happen, it would be economically desirable
to reduce energy demand at the aggregate level.
Assessing the desirable contribution of energy eﬀiciency in the European
energy strategy requires investigating all four dimensions mentioned above. The
aim of the present study is first to provide scenarios for a European energy
strategy considering the economic aspects listed above: the energy eﬀiciency gap,
climate mitigation, potential innovations following regulations and the adoption
of low consuming behaviours. Second, we use the information from our scenarios
to assess similar scenarios from the literature regarding their cost-effectiveness.
2. Methodology
2.1. Description of the models
We recourse to two models with different dynamics and capabilities to analyse the potential for buildings energy eﬀiciency in the European Union.
2.1.1. REMIND
REMIND is a general equilibrium model representing the global economyenergy system and its evolution up to 2100. Energy demand is divided into
three sectors: buildings, transportation and industry. Buildings energy demand
depicts four end-use categories: appliances and lighting, cooking and water heating, space heating, space cooling. There are two mechanisms through which the
model can improve eﬀiciency endogenously. First, for the decisions relating to
the building envelope, the eﬀiciency of air conditioners or appliances and lighting, the model can decide to invest into aggregated end-use capital in order to
reduce energy consumption. The ease of substitution between energy consumption and capital investments is calibrated on technological data representing
the different combinations of capital and consumption. Second, for the choice
of technologies converting final energy into useful thermal energy (water heating, cooking, space heating), the model can switch to more eﬀicient technologies
in response to changes in relative prices. Other important factors in the choice
of the technologies are the implicit discount rate and the capital costs. The
4

Table 1: Relation between Scenarios and Economic Motives

Scenario\Economic Motives
Reference
Carbon Price
Eﬀiciency Gap
Narrow Economic
Broad Economic
Suﬀiciency

Climate Change
No
Yes
No
Yes
Yes
Yes

Eﬀiciency Failures
No
No
Yes
Yes
Yes
Yes

Technological Change
No
No
No
No
Yes
Yes

eﬀiciency of the individual technologies is exogenous and cannot be improved
in the face of higher energy prices.
On the energy supply side, REMIND displays more than 50 technologies
including coal-fired power plants or solar panels, which convert primary energy
sources to final energy carriers delivered to end-consumers. The model therefore
covers CO2 emissions from the whole energy system and is well-equipped to
design scenarios whose carbon budget is in line with specific temperature targets.
2.1.2. EDGE 2.0
EDGE is a bottom-up, statistically-based simulation model, which is multiregional and employs a long-term perspective. The model is unique in the sense
that it projects global buildings energy demand under different socio-economic
futures. While short-term projections are based on historical relationships, in
the long-term there is a growing role of the scenario assumptions, which are in
line with the recently developed, and extensively used, shared socio-economic
pathways (SSPs). The model works on the concept of useful energy for the
different buildings end-uses. This is extremely important when comparing demand across regions, with different stages of development and different climates.
The useful energy is then converted to final energy, based on regional energy
eﬀiciency projections. A full description of the original EDGE model can be
found in Levesque et al. (2018). EDGE 2.0 in particular focuses on the role
of building shell eﬀiciency as it affects useful energy demands. It includes an
explicit representation of the building stock development over time, affected by
construction and demolition cycles, together with a new thermal insulation investment module, for all global regions. The full details of EDGE 2.0 can be
found in the paper P3 in the Annex of the deliverables.
2.2. Scenarios
The main aim of the scenarios is to unveil the economic potential(s) for energy demand reductions, deriving from the various economic motives identified
in the introduction: market and behavioural failures, climate change, technological improvements and changed preferences. In that sense, we adopt a different
definition of cost-effectiveness in each scenario, depending upon which economic
motives are considered.
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Preferences
No
No
No
No
No
Yes

2.2.1. Reference
The Reference scenario serves as a benchmark scenario against which the
additional policies and social changes assumed in the other scenarios will be
assessed. This scenario mainly answers the question how energy demand will
evolve under current policies as a response to income, demographic and climatic
dynamics. The Reference scenario foresees a continuation of current EU policies
and evaluates their impact on future energy demand. The scenario intends to
represent the outcome of the following policies :
• the Energy Labelling Directive: the directive requires appliances to have
an energy label detailing their energy eﬀiciency profile.
• the Ecodesign Framework directive: the directive allows for the removal
from the market of appliances under-performing a mandatory level of eﬀiciency.
• the Energy Performance of Buildings Directive: the directive introduced
Energy Performance Certificates for buildings, and forced Member States
to set minimum energy performance requirements for new buildings or
major renovations.
• The Energy Eﬀiciency Directive: the directive supports energy improvements through minimum eﬀiciency standards, including for boilers, the roll
out of smart-metering to increase demand response, etc. The directive also
requires EU countries to prepare National Energy eﬀiciency action plans
and to deliver yearly reductions of 1.5% of national energy sales. However,
We did not include these elements as they are primarily expressed in terms
of results (e.g. yearly reduction of 1.5% of national energy sales) than in
terms of policies.
Importantly, we excluded polices that have been agreed upon but whose
implementation is due in the future. This is especially the case for the obligation
from 2021 on for all new buildings to be nearly Zero Energy Buildings. We do
not include these policies into our Reference scenario as we would like to assess
the economic optimality of these requirements in our study. The remaining
scenarios intend to evaluate the economic potential for reductions that would
go beyond the effect of current policies.
As each model is constrained by its own technological and economic representation, it is not possible to represent the previous policies in the detail. Instead,
they have been translated into assumptions about parameters available in the
models.
2.2.2. Eﬀiciency Gap
A first rationale for greater energy eﬀiciency lies in market failures pervading
end-use technology markets and seemingly non-rational decision-making. Both
market failures and non-rational behaviour are among the reasons given to explain why people seem to chose less eﬀicient technologies than would be optimal
6

for them (Gillingham and Palmer 2014). The latter observation has been coined
the energy eﬀiciency gap (Jaffe and Stavins 1994). A host of alternative explanations have been advanced to explain the “gap” and it is now clear that not
all barriers to energy eﬀiciency are market failures.
Current EU policies already address some of the market failures: this is for
instance the case of the labelling strategy that provides consumers and firms
with the necessary knowledge to make informed decisions when purchasing energy consuming technologies. The roll-out of smart meters is also designed along
these lines of thoughts. Now, other market failures including the landlord-tenant
agency issue or the capital market constraints have not been addressed yet by
policies at the European level. Similarly, consumers do not always take their
decisions in line with the principles of rational decision making. They may have
a preference for status quo or be influenced by the framing of information, use
heuristics to make their decisions, etc. Policies might equally attempt to influence people’s decisions on these factors (Allcott and Rogers (2014), Asensio and
Delmas (2015), Delmas, Fischlein, and Asensio (2013)).
In the Eﬀiciency Gap scenario, we evaluate the economic potential for energy eﬀiciency arising from a partial removal of market failures and behavioural
factors in the interest of the consumers.
Technically, we represent the above-mentioned failures in energy eﬀiciency
through implicit discount rates. The use of discount rates in energy models has
been at the centre of important debates (Stern and Taylor (2007), Nordhaus
(2007), Arrow et al. (2014)), also in the specific context of European energy
policies (Braungardt et al. 2014). We distinguish between two roles of the
discount rate in our modelling. On the one hand, it plays the role of representing
time preferences as well as the intertemporal income elasticity. This traditional
role of the discount rate was at the center of the discussion about the use of
a social discounting rate giving more weight to future generation in an equity
concern, or the use of a market discount rate reflecting the behaviour of the
economy. In addition to this traditional role, we continue in the vein of other
energy models (Koomey et al. (2001), Wilkerson et al. (2013), Capros (2016))
by representing market failures and non-rational decision making through an
increased discount rate — the implicit discount rate (Schleich et al. 2016).
The implicit discount rate is the discount rate that is necessary to replicate
observed behaviours with the principle of economic rationality. Thereby, the
use of high discount rates in energy modeling need not only reflect the use of
market discount rates instead of social discount rate, but also pursues the goal
of modelling market failures and barriers to eﬀiciency which are otherwise not
taken care of in models. In the scenarios, we reduce the implicit discount rates
in order to assess the effect from a partial removal of the market failures and
change in decision making patterns.
2.2.3. Carbon Price
One of the main reasons for the interest in energy eﬀiciency is the issue of
climate change and how to mitigate it. Emissions from the buildings sector
in Europe fall outside the scope of the EU ETS. There is therefore no unique
7

Table 2: Implicit discount rates assumptions in scenarios. Note that these figures are indicative
estimates as in REMIND, the economy-wide discount rate is endogenous – around 7%. We
add a mark-up on top of the economy-wide discount rate to represent the failures. In the
scenarios alleviating market failures, the mark-up is reduced by two thirds

End-use
Space Cooling
Appliances and Lighting
Space Heating
Insulation
Water Heating
Cooking

Default
15%
20%
15%
12%
15%
15%

Reference Scenario
15%
15.67%
15%
12%
15%
15%

Alleviation of Eﬀiciency Failures
9.67%
11.33%
9.67%
8.67%
9.67%
9.67%

carbon price across sectors and countries for buildings emissions. This curtails
the eﬀiciency of carbon pricing to make mitigation options comparable across
sectors and countries, and identify the least costs options.
The Carbon Price scenario implements a unique carbon price for the whole
European Union. The carbon price is ajusted so that cumulated emissions
remain below a carbon budget. The latter is set at 43Gt CO2 between 2020 and
2050 for the European Union. The scenario ensures that all options to decrease
emissions across the economy are made comparable. The models will chose the
options meeting the target at the lowest cost. Thereby, unique carbon pricing
will reveal the economic potential for energy demand reduction in the context
of climate mitigation. In addition, we assume that international emissions will
be in line with a 1.5°C scenario, with an international carbon budget of 600Gt
CO2 between 2011 and 2100. There is a unique carbon price for regions outside
the European Union.
2.2.4. Narrow Economic
In the ‘Carbon Pricing’ and the ‘Eﬀiciency Gap’ scenarios, we alleviate two
economic issues characterising real-world conditions. First, people do not invest
as much as would be optimal for them in energy eﬀiciency given the prices they
face because of market failures and non-optimal decision making. Second, the
prices people face do not reflect the true costs, because they do not take into
account the damages caused by the emissions of greenhouse gases. By showing
the impact of resolving both issues, we assess the economic potential for energy
eﬀiciency in a narrow sense, i.e without assuming further innovations triggered
by regulations. This is the aim of this scenario, which combines the assumptions
from the ‘Eﬀiciency Gap’ and the ‘Carbon Price’ scenarios.
2.2.5. Broad Economic
The previous scenarios investigate the economic potential of energy eﬀiciency, given the current economic structure and costs. There is however also a
transformative dimension to the radical changes necessary to achieve ambitious
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Table 3: Assumptions about the preferences in the Suﬀiciency scenario. See Levesque et al.
2019 for more details

Variable
Heating Degree Days threshold
Cooling Degree Days threshold
Floorspace demand
Water Consumption (GJ/cap/yr)

Reference
23°C
18°C
continuous growth
5.5

Suﬀiciency
21°C
20°C
Cap at 70m2/cap for residential (and 25 m2/cap fo
1.8

climate targets, which might trigger changes to the costs of eﬀicient technologies. The accelerated uptake of eﬀicient technologies might lead to further investments and therefore improvements in the eﬀiciency of the products. In the
past, the eﬀiciency of technologies on the demand-side has improved faster than
on the supply side (Wilson et al. 2012).
These dynamics are hard to quantify in economic models. But we also need
to acknowledge them for estimating the economic potential of energy eﬀiciency.
This scenario, on top of the assumptions made in the ‘Narrow Economic’
scenario, includes transformative elements, most importantly through assuming changes to costs favorable to energy eﬀicient technologies — in most cases
halving the costs of these technologies. While this scenario has a more speculative dimension than the previous ones, it represents dynamics of the economic
system that may play an important role in the future.
2.2.6. Suﬀiciency
In the Suﬀiciency scenario, people not only adopt eﬀicient technologies,
they also adopt new behaviours reducing the energy needs for their activities
(Sluisveld et al. (2016), Levesque, Pietzcker, and Luderer (2019)). For instance,
people reduce the number of showers they take and use showerheads limiting
water flow, or people decrease their indoor temperature in the winter time. The
aim of the scenario is to assess what the lower boundary of energy demand would
be. These behavioural assumptions are additional to the assumptions made in
the ‘Broad Economic’ scenario.
3. Results
Figure 1 shows the projections of final energy demand for the different scenarios and models. We notice that EDGE and REMIND Reference scenarios
follow similar trends after 2020 and stay at a level slightly above the 2015 energy demand level. Compared to 2015, the 2030 demand in EDGE increases by
4.7 %, while the demand in REMIND increases by 7.3 %. Historical values of
both models differ because of slightly diverging accounting as well as because
of different modeling frameworks.
Figure 2 displays energy demand reductions across scenarios. It shows the
percentage reduction of final energy demand in comparison to the Reference for
both models in 2030 and 2050. Clearly, the reductions in energy demand are
9
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Figure 1: Buildings final energy demand projections
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Figure 2: Energy demand reductions compared to the Reference scenario for each of the
scenarios, in 2030 and 2050. The energy demand reductions are attributed to the individual
end-uses
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Figure 3: Direct and Indirect emission projections from buildings activitiy in REMIND scenarios

dominated by improvements in space heating via improved insulation or more
eﬀicient conversion technologies (e.g. heat pumps). Importantly, the impact
of the various scenarios rises over time with potentials in 2050 being about
double the potentials in 2030. By 2030, the economic potential for reductions
in the Narrow and Broad Economic scenarios does not exceed 12 % and 20.7 %,
respectively. In 2050, these figures rise to 31.1 % and 46.1 %. Considering all
four motives, the reductions reach up to 28.1% in 2030 and 53 % in 2050. Both in
REMIND and EDGE, solving for the climate externality (Carbon Price) seems
to trigger larger energy demand reductions than solving for the Eﬀiciency Gap.
Changes in the EDGE model across scenarios – excepting Suﬀiciency – concern
only space heating and space cooling end-uses as the model only changes the
U-value of buildings in reaction to changes in prices and discount rates. That
is, the changes shown on the plot only reflect the influence of improving the
eﬀiciency of buildings’ envelopes. The eﬀiciency of air conditioners and boilers
does not improve across scenarios in EDGE. This is therefore not surprising to
observe larger reductions in REMIND than in EDGE. Nevertheless, even for
space heating the reduction seems larger in REMIND than in EDGE.
While we have so far investigated the potential for energy demand reductions
in the various scenarios, it is also important to look at the outcome in terms of
CO2 emissions. Figure 3 displays the emissions from buildings energy demand
according to two definitions: direct emissions (left panel) refer to emissions from
on-site fuel combustion. This concerns for instance emissions released by gas
or oil boilers. But this definition excludes emissions released in the production
and the delivery of energy to buildings (indirect emissions). This is especially
important for electricity for instance, whose on-site emissions are null. The right
panel of Figure 3 shows the combination of direct and indirect emissions. Only
REMIND results are plotted here as REMIND, contrary to EDGE, integrates
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Figure 4: Energy carriers distribution across scenarios for REMIND. In EDGE, the shares
of energy carriers for each end-use are given exogenously and do not respond to changes in
prices. They are therefore not displayed here.

both the energy demand and the energy supply systems. Here, we can clearly
distinguish two groups of scenarios: scenarios without a carbon price (Reference
and Eﬀiciency Gap) and scenarios with a carbon price (Carbon Price, Narrow
Economic, Broad Economic and Suﬀiciency). Emissions do not decrease significantly in scenarios that do not include a carbon price. This was expected for
the Reference scenario, but one could have expected higher emission reductions
in the case of the Eﬀiciency Gap scenario. In the latter, direct emissions reductions are only proportional to the energy demand reductions (13.1 % against
12.8 % in 2050 ). By contrast, in the Carbon Price scenario, direct emissions
decrease by 65% in 2050.
We also notice that the amount of emissions from buildings approximately
doubles when accounting for indirect emissions in comparison to direct emissions
only. The difference declines however in scenarios where the energy supply system is decarbonised. In this case, most of the emissions from buildings come
from on-site emissions. While the ratio between total and direct emissions is
2.72 in the Reference scenario, it is only 1.31 in the Carbon Price scenario. However, even in scenarios in line with the 1.5°C climate target — ‘Carbon Price’,
‘Narrow Economic’, ‘Broad Economic’, ‘Suﬀiciency’ —, the amount of emissions
stays positive. To achieve carbon neutrality, negative emission technologies are
therefore needed elsewhere in the energy system.
An important aspect of the decarbonisation strategy in buildings are the
respective shares of energy carriers consumed (Figure 4). Each energy carrier
offers different options to decarbonise. By 2030, all shares of energy carriers
remain approximately similar to the ones observed in the Reference scenario.
By 2050 however, the differences become much larger. Especially the role of
electrification is noticeable. While in the Reference scenario, the demand of
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Figure 5: Carbon Price trajectories for REMIND scenarios. The Reference and Energy Eﬀiciency gap have no carbon price.

electricity approaches 38 %, in scenarios implementing a carbon price, it varies
between 53 % and 61 %. The main driver behind these changes is the evolution in the carbon price (Figure 5). Between 2030 and 2050, the carbon price
more than doubles from 156 EUR/tCO2 to 413 EUR/tCO2 in the Narrow Economic scenario. This increases significantly the price of energy carriers which
cannot decarbonise easily. Because of the variety of technologies available to
produce electricity with little emissions, the penetration of electricity increases
in buildings.
The preceding figures have shown the cost-effective response of buildings energy demand in the face of the four economic motives for improved eﬀiciency.
We now want to use this information to qualify the degree of ambition of scenarios from the existing litterature, and relate it to the potentials from this study.
To that end, we select scenarios for which a reference scenario was designed
along the lines of the Reference scenario presented in this study. Then, we apply the percentage energy demand reductions from EDGE and REMIND to the
reference level of the scenarios studied. Finally, we compare the policy scenarios from the litterature with the different economic potentials. In Figure 6, we
show the 2030 energy demand in scenarios from the PRIMES model (Capros
(2016), European Commission (2018)) and from two editions of the World Energy Outlook publication (IEA (2016), IEA (2018)). In the background, we
displayed the potential for energy reductions as defined in the scenarios of the
current study. We first observe that the PRIMES Reference scenario is lower
than both WEO scenarios (18555 PJ/yr against 19804 PJ/yr and 18841 PJ/yr).
The Current Policies scenarios of the WEO publications have decreased over
time. This does not only concern the 2016 and 2018 editions, but is a common
pattern across editions of the last decade, reflecting the implementation of more
stringent policies at the European level (Figure 7). The Baseline scenario from
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Figure 6: Comparison of scenario from the litterature (columns) against the estimations of
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the PRIMES model is interesting in the sense that it is part of a system-wide scenario that is in line with the European objective of achieving an energy demand
reduction of 32.5% compared to the PRIMES 2007 Baseline scenario. Here, we
observe that the Baseline scenario goes beyond the Narrow economic potential
described by EDGE and REMIND results. In order to still be economical, the
Baseline scenario has to tap into the more speculative Broad economic potential and requires a stronger preference for suﬀicency to emerge across consumers.
This shows that the European eﬀiciency target, if applied proportionally to all
sectors, is fairly ambitious in economical terms, and might even require larger
energy demand reductions than advisable economically. By contrast, the WEO
scenarios are in line with the Narrow economic potential but do not tap into
potential transformation to the eﬀiciency and costs of technologies available on
the market.
Figure 7 not only shows that the reference projections have been revised
downwards over the years, but also, and perhaps more surprisingly, that the
scenarios in line with the 2°C scenario also raised the level of ambition over the
years.
4. Discussion
In assessing the cost-effectiveness of scenarios from the litterature, it would
have been best to use the models that produced the scenarios directly. By
drewing on our scenario results to assess other scenarios, we take the risk that
our cost-effectiveness assessment differs from the original models. In particular,
different assumptions on technology costs or availability, as well as different
dynamics in the models might lead to other estimations. Nevertheless, we think
that using our model results, and adapting them to the reference scenario of
other models, constitute a good first approximation for our purpose. In addition,
some of these models are simulation models and are therefore not suited to
compute cost-effectiveness.
Except for the ‘Suﬀiciency’ scenario, the level of energy services was held
constant across scenarios. This leads to two biases which would have changed
the results. First, any rebound effect is excluded: the fact that energy services
become cheaper because of improved eﬀiciency does not increase the demand
for energy services. On the other hand, we assume that the demand for energy
services would not decrease as a response to higher energy prices due to carbon pricing. As both biases run in an opposite direction, we hope that their
combined effect is minimal.
Finally, the potential we computed for energy demand reductions strongly
depends on the possibility to reduce emissions by other means in the energy
system. The scenarios in line with the 1.5°C target indeed assume an upper
limit for cumulated emissions. If technologies on the supply side, especially
negative emissions technologies, were to be more expensive or unavailable, then
the role of energy eﬀiciency would be revised upwards.
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5. Conclusion
In this study, we analyse the cost-effectiveness of energy demand reductions
in buildings based on four economic motives: solving for the climate change
issue, resolving the market failures in eﬀiciency markets, taping into potential
costs reductions of eﬀicient technologies and changes in preferences towards
lesser consumption.
Along these lines, we have developed six scenarios to identify the response
of two models, EDGE 2.0 and REMIND, for each of these economic motives.
We find that energy eﬀiciency is an important part of a cost-effective decarbonisation strategy. Buildings energy demand declines by up to 28.1% by 2030 and
53% by 2050. These reductions are mainly occuring in space heating demand.
However, there are strong differences in the level of reductions depending upon
which economic motives are addressed in the scenarios. A narrow definition of
economic cost-effectiveness implies a potential for energy demand reductions of
12% in 2030 and 31.1% in 2050.
Only addressing market and behavioural failures, i.e. parts of the barriers
to energy eﬀiciency, does not lead to strong reductions in buildings emissions.
In our study, carbon pricing seems necessary to significantly reduce buildings
emissions, both direct and indirect emissions.
We use the various economic potentials computed with our models to characterise the economic optimality of scenarios in the litterature. Importantly,
we analyse a scenario in line with the European objective of a 32.5% reduction in energy demand by 2030 compared to a baseline computed in 2007. We
find that the European eﬀiciency target can only be considered cost-effective in
an interpretation of economic optimality which embraces much room for rapid
reductions of eﬀicient technology costs, or assuming changes in preferences towards suﬀiciency. Hence, and surprisingly to us, the European eﬀiciency target
seems to go beyond a narrow definition of economic optimality.
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A. Modelling the endogenous decision of energy efficiency
investment in the buildings of the residential sector in the
EU
Authors: Theofano Fotiou, Pantelis Capros
1. Introduction
The EU has signed the Paris agreement, in which the signing parties agree to pursue efforts
to limit the global average temperature increase to well below 2°C compared to preindustrial levels (and make best efforts for limiting the increase to 1.5°C); this implies that all
energy demand and supply sectors need to undergo a substantial transformation to achieve
decarbonisation, through strong energy efficiency improvements and switch towards low
and zero-carbon technologies. The buildings sector is the highest energy consumer in the EU
(“Energy balances - Eurostat” 2018), while it also has a large energy savings potential.
Particularly in the residential sector, the exploitation of this potential depends on
investment decisions of individual consumers, featuring a large variety of socio-economic
conditions and idiosyncratic preferences. They also decide under uncertainty and
incomplete information as well as cash flow constraints. Therefore, conventional
optimisation approaches are poor representations of reality, and thus approaches based on
a representative decision maker fail to model the potential for restructuring in the
residential sector accurately. Payback or Net Present Value (NPV) approaches depend on
the choice of discount rates for investment decisions; the literature (Brown 2001, Hausman
1979, Howarth 1995) has found that discount rates tend to vary considerably across
individuals and income classes. The discount rates are subjective in reality. Thus,
conventional approaches fail to understand why individuals often do not invest in energy
efficiency although this investment is seemingly profitable based on pure techno-economic
analysis, something termed as the “energy efficiency gap” or the “energy paradox” as stated
in the literature (Ameli et al. 2015, Brown 2001, DeCanio 1993, Golove and Eto 1996,
Hausman 1979, Howarth 1995). The high subjective discount rates may be due to market
and non-market barriers and are heavily influenced by income and fund-raising conditions
of households.
This study aims to propose a modelling approach of energy efficiency investment decisions
in the EU residential sector, aiming at capturing idiosyncratic behaviours in the presence of
market and non-market barriers. The impacts of alternative policies aiming at removing the
barriers and inciting strong energy efficiency can be explored through a comprehensive
model-based scenario assessment. The approach combines modelling of microeconomic
decisions of individuals with a representation of (market and non-market) barriers, policy
instruments, behavioural features varying by consumer category, and technical
characteristics varying by building category. The approach aims at embedding the
engineering features in a structural microeconomic modelling of decisions of households
segmented in classes as much as data allows for. The modelling approach also includes a
representation of idiosyncratic behaviours within each class of consumers.
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The research postulates that the market and non-market barriers play a major role in
understanding the eventual lack of energy efficiency investment and the poor response of
consumers to energy efficiency policies, which is currently observed in many EU countries
supporting the idea of an “energy efficiency gap” in the sector.
The research also postulates that, because of the high heterogeneity of building types and
consumer categories in the residential sector, the high-resolution segmentation is necessary
to project energy efficiency behaviours in the residential sector reliably and coherently and
to assess the effectiveness of bottom-up policy measures aiming at removing market and
non-market barriers and inciting energy efficiency investment. Energy efficiency requires
high upfront costs, and this is a barrier per se for a significant part of consumers with limited
access to financial resources (especially for low-income classes). Lack of access to funding,
high opportunity costs of cash flow, limited access to information, and similar factors
explain that low income classes opt for much lower energy savings than higher income
classes (Ugarte et al. 2016). These are economic, and not institutional barriers, and thus the
policies must address them primarily via economic policy instruments. The concern is that in
the context of deep decarbonisation and strong efficiency ambition, neglecting
particularities of income classes could have serious adverse social impacts and cause
exclusion from energy services and advanced energy technologies (energy and technology
poverty). Therefore, the social and distributional impacts of market policies should be
explicitly included in the modelling and the policy assessment that may suggest
differentiating policy measures by income class and building type.
For this purpose, we designed and used the PRIMES-Buildings Model (PRIMES-BuiMo),
which is the detailed buildings module of the PRIMES energy system model and has been
significantly improved and expanded within the INNOPATHS H2020 research project 1. The
model covers in detail the residential and services sector for each EU-28 country separately,
segmenting the buildings into many categories, to account for the different energy
efficiency potentials and the implications for energy-related costs and energy savings. The
model also represents various consumer behaviours differentiated, among others, by
income class. A detailed portrayal of policies specific to the buildings sector is included,
comprising economic policies and measures, regulatory instruments, tax and subsidies,
energy and carbon performance standards and policies removing barriers and improving the
consumers’ perception of benefits from energy efficiency. Particularly for the residential
sector, which is the focus of the current study, the model represents several market and
non-market barriers explicitly, to improve the representation of the so-called “energy
efficiency gap”.
2. The PRIMES Buildings Model
The PRIMES-BuiMo projects into the future energy demand in the buildings of the
residential and services sectors. It focuses on the dynamic simulation of the renovation
decisions and the choice of the degree of energy deepness of building renovation, the
choice of technology types for covering the energy end-uses, including for space heating, air
cooling, cooking, water heating and applications of different electric appliances.

1
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The design follows the methodology of hybrid energy-economy models commonly used in
the literature to explore energy system restructuring induced by energy and climate policies
(Bataille 2005, EIA 2013, Sadler 2003, Swan 2010, Swan et al. 2008, Wills 2018). In this
sense, the model combines the detailed representation of economic behaviours with
engineering aspects and technical constraints as embedded features of the integrated
model-based decision framework. The model formulates the individual decision as a
structural microeconomic optimisation problem of an agent, involving maximisation of
consumer’s utility under budget, technical, economic, and policy related constraints.
Parameters varying by agent represent the heterogeneous behaviours of consumers.

2.1.

Rationale

The buildings sector in the EU accounted for over one third of total final energy
consumption in 2017, according to Eurostat (“Energy balances - Eurostat” 2018). The largest
part of energy consumption is used for space heating and cooling (Fleiter et al. 2016).
Energy demand for space heating and cooling depends on the thermal performance of the
building shell and the efficiency of the equipment used for heating and cooling. Thus, the
improvement of the insulation level of the building shell, combined with the shift towards
more efficient equipment for heating and cooling (H&C), are the options enabling the
transition towards zero energy and/or zero carbon footprint building stock in the future (IEA
2018).
The high inertia of the residential building stock (as demonstrated by the low demolition
and low construction rates in several EU countries (Economidou et al. 2011; Meijer et al.
2012)) indicates that the key to energy efficiency in the sector lies in the renovation of old
buildings. The majority of the current EU building stock was built long before energy
performance standards even existed (“EU Buildings Database | Energy”). Therefore, there
exists a huge energy savings potential to tap on through the deep renovation of the existing
building shell.
The PRIMES-BuiMo includes a comprehensive taxonomy of market and non-market barriers
hampering energy efficiency investment, which are commonly neglected in pure
engineering calculations, and result in what is sometimes considered as irrational behaviour
of consumers. Irrational behaviour, which challenges conventional microeconomic theory, is
for some authors the reason for limited rates of energy-efficient renovation of buildings.
The approach proposed in this research consistently integrates non-market barriers in the
microeconomic modelling framework, which combined with idiosyncratic preferences, can
capture poor energy efficiency choices and still represent rational behaviours. In other
words, the seemingly irrational behaviour of consumers may be well explained through the
concept of non-market barriers. For the PRIMES-BuiMo modelling, we decided to represent
a formulation founded on the micro-economic framework enriched with representations of
(market and non-market) barriers and idiosyncratic behaviours.
The effect of these barriers on the individual’s decisions for energy efficiency depends on
the specific attributes of the individual preferences. To capture consumer heterogeneity, it
is important to segment the representation into several classes of consumers as many as
data availability allows for. The segmentation should consider they key factors influencing
the decisions of individuals, including income, geographic, and other dimensions, as well as
a classification of building types by age, the number of families, and other criteria. In this
3

way, properly assessing the impacts of energy policies and measures for consumer classes
may improve their effectiveness by addressing the specificities of each class.,
Despite the high resolution of buildings’ segmentation in PRIMES-BuiMo, the consumer
behaviours within each class of households are still not homogeneous. Idiosyncratic
behaviours persist within each class, and thus the modelling approach has to capture this
heterogeneity as well. For this purpose, the model applies a discrete choice theory
formulation within every consumer and building category (details on the mathematical
framework can be found below).
PRIMES-BuiMo projects energy consumption, fuel mix, buildings’ renovation rates, energy
deepness of renovation, equipment choice and replacement, fuel mix, and CO 2 emissions
for the sector of buildings in each European country by 2050 and 2070 in 5-year time steps.
The stock of buildings is highly disaggregated in many categories representing different
building types, geographic locations, ages of construction, income classes, and services subsectors. The model does not consider a representative decision-maker for each category of
buildings and consumers but represents heterogeneous decision-makers with different
idiosyncracies regarding their preferences.

2.2.

The mathematical framework of PRIMES-BuiMo

The first modelling step is the estimation of the aggregate demand for energy services at
each time 𝑡𝑡 within the time horizon of the model (𝜏𝜏 ≤ 𝑡𝑡 ≤ 𝛵𝛵), that is the desired useful
𝑑𝑑
energy demand for the specific uses 𝑢𝑢, 𝑈𝑈ℎ,𝑢𝑢,𝑡𝑡
in each building category ℎ, ℎ ∈ 𝐻𝐻 of the
residential and services sector. The index 𝑢𝑢 spans the end-uses covered in the model, i.e.,
𝑑𝑑
corresponds to the
space heating, air cooling, water heating, and cooking. 𝑈𝑈ℎ,𝑢𝑢,𝑡𝑡
𝑑𝑑

theoretically desired useful energy demand (𝑢𝑢ℎ,𝑢𝑢,𝑡𝑡 ) and is projected to change over time at a
rate influenced by income and demographic growth (𝑀𝑀ℎ,𝑡𝑡 ) and the unit cost of energy for
households (𝐶𝐶ℎ,𝑢𝑢,𝑡𝑡 ), as can be seen in Eq. 1. The function 𝜑𝜑 (Eq. 3) is a log-linear formula that
represents the elasticity-based causality linking useful energy demand and drivers such as
income per capita and unit cost of energy. Income and demographic growth also drive the
growth of the upper limit of the desired useful energy. If 𝛼𝛼1ℎ,𝑢𝑢 is negative, the logistic
process is increasing, expressing an improvement of comfort and living standards, while if it
is positive, the logistic process is decreasing, expressing an improvement of productivity of
energy. The constants 𝛽𝛽 and 𝛾𝛾 in Eq. 2 and Eq. 3 are elasticities (whose values derive from a
comprehensive literature review combined with econometric estimations), where 𝛽𝛽1 , 𝛾𝛾1 are
positive and 𝛽𝛽2 is negative (in line with the economic theory).
𝑑𝑑
𝑈𝑈ℎ,𝑢𝑢,𝑡𝑡

=
𝑑𝑑

𝑑𝑑

𝑢𝑢ℎ,𝑢𝑢,𝑡𝑡

1 + 𝑒𝑒 �𝑎𝑎0ℎ,𝑢𝑢+𝑎𝑎1ℎ,𝑢𝑢∙𝜑𝜑�𝑀𝑀ℎ,𝑡𝑡,𝐶𝐶ℎ,𝑢𝑢,𝑡𝑡��

ln(𝑢𝑢ℎ,𝑢𝑢,𝑡𝑡 ) = 𝛾𝛾0ℎ,𝑢𝑢 + 𝛾𝛾1ℎ,𝑢𝑢 ln�𝑀𝑀ℎ,𝑡𝑡 �

ln�𝜑𝜑ℎ,𝑢𝑢,𝑡𝑡 � = 𝛽𝛽0ℎ,𝑢𝑢 + 𝛽𝛽1ℎ,𝑢𝑢 ln�𝑀𝑀ℎ,𝑡𝑡 � + 𝛽𝛽2ℎ ln�𝐶𝐶ℎ,𝑢𝑢,𝑡𝑡 �

Eq. 1

Eq. 2
Eq. 3

The building shell covers part of the total desired useful energy via thermal insulation.
Heating equipment has to cover the remaining desired useful energy of consumers through
4

energy consumption. To account for the useful energy remaining after the contribution of
the building shell, which also may undergo renovation endogenously (i.e., to minimize the
thermal losses of the building envelope), we follow the bottom-up engineering
methodology of EN 13790:2008 (Loga et al. 2013). The methodology considers the U-values
of buildings (representing the thermal performance of the building shell), external
temperatures, and internal thermostat settings. The latter is, implicitly, part of the elasticitybased determination of useful energy as in Eq. 1.
The renovation choice module operates after the determination of total desired useful
energy and after projecting the building stock into the future. For this purpose, the model
uses a dynamic econometric equation (Eq. 4) to derive the annual growth rate of new
buildings, 𝑁𝑁̇𝑡𝑡,ℎ for replacing demolished buildings, based on an exogenous rate of demolition
𝜏𝜏𝑡𝑡,ℎ , and for increasing the stock of buildings 𝑆𝑆𝑡𝑡,ℎ , which tends dynamically to an optimal
stock at a pace 𝜃𝜃ℎ . The optimal stock is a latent, non-observable variable. The transfer of
population or activity between categories of buildings, denoted by 𝑇𝑇𝑡𝑡,ℎ′ ,ℎ , follows a logistic
growth curve using an exogenous rhythm 𝑟𝑟ℎ′,ℎ and a maximum growth limit 𝜆𝜆ℎ′,ℎ . For this
purpose, the model uses the following assumptions and formulas.
𝑁𝑁̇𝑡𝑡,ℎ = 𝜏𝜏𝑡𝑡,ℎ ⋅ 𝑆𝑆𝑡𝑡−1,ℎ + 𝜃𝜃ℎ ⋅ �𝛿𝛿0,ℎ + 𝛿𝛿1,ℎ ⋅ 𝑀𝑀̇𝑡𝑡,ℎ � + 𝑇𝑇̇𝑡𝑡,ℎ′ ,ℎ
̇ = 𝑁𝑁̇𝑡𝑡,ℎ − 𝜏𝜏𝑡𝑡,ℎ ⋅ 𝑆𝑆𝑡𝑡−1,ℎ
𝑆𝑆𝑡𝑡,ℎ

𝑇𝑇̇𝑡𝑡,ℎ′,ℎ = −𝑟𝑟ℎ′ ,ℎ ⋅ 𝑇𝑇𝑡𝑡,ℎ′ ,ℎ ⋅ �1 −

𝑇𝑇𝑡𝑡,ℎ′ ,ℎ
�
𝜆𝜆ℎ′ ,ℎ

Eq. 4
Eq. 5

Eq. 6

The renovation module applies to the stock of old buildings dynamically and calculates the
level, rate, and deepness of renovation up to 2050 and 2070. The consumers’ decisions for
renovation consider as drivers the unit cost of energy consumption before the renovation,
the costs of the various renovation options, and the policy measures.
At this modelling stage, the characteristics of the building shell (thermal performance of the
building envelope, useful energy demand for the specific end-uses, etc.) are known over the
entire projection horizon. New constructions have applied the building codes, and part of
old buildings has been renovated.
The model then formulates the problem of how to meet the remaining useful energy using
the heating and cooling equipment and the use of energy purchased from markets or selfproduced (e.g., renewables). The model formulates the choices separately by type of energy
use, specifically in the order: space heating and cooling, water heating, and cooking. The
choice of electric appliances for specific electricity uses (i.e., lighting, white, and black
appliances) is a separate module and is not linked with the decisions for heating and cooling
equipment.
To represent in the model the alternative options regarding the deepness of energy
efficiency investment and timeliness of refurbishment of the residential sector buildings
(including the nested decision of heating technology), the modelling forms dynamic
strategies, which are organized as dynamic trees (and are denoted by 𝑖𝑖 or 𝑖𝑖𝑖𝑖). Following a
dynamic programming methodology, the model evaluates the net intertemporal economic
5

benefit of each dynamic strategy and ranks the strategies for each building class in
descending order. For the evaluation of the net benefit of each dynamic strategy, the model
considers the present value of expenditures and monetary savings (𝑣𝑣ℎ,𝑖𝑖 ) over a long period.
Expenditures correspond to investment in renovation, the purchasing of equipment, and its
maintenance, while such expenditures may be required more than once over the projection
horizon. A sequence of such expenditures is the main feature distinguishing a strategy from
other strategies. The monetary benefits stemming from the expenditures are the annual
energy cost savings due to energy efficiency enabled by the renovation and the eventual
choice of efficient heating systems. The present value calculation uses a subjective discount
rate (𝛿𝛿ℎ ), which differs by income class and reflects the subjective cost of equity, the cost of
debt, and risk premium factors (Ameli et al., 2015), as in Eq. 7. The monetized annual
benefits do not include only the reduced energy bill of the household but also other indirect
benefits justified subjectively or objectively as a result of the improved efficiency. Indirect
benefits may stem from the improved energetic quality of the building, which adds value in
the real estate market, while they can also relate to the avoidance of penalties when thanks
to the renovation the characteristics of the building comply with standards and regulations
facilitating renting and selling actions. Subsidies to energy savings are also included in the
modelling where applicable. In this way, the model captures the effects of regulatory policy
as an indirect incentive for renovation and efficiency improvement. The monetary benefits
added to the savings of energy bills may act as the shadow dual variable of an efficiency
target or an efficiency performance standard. Such a target or standard can apply to
consumers and building categories differently to reflect policies specifically addressing the
peculiarities of each category, for example, reflecting equity considerations (i.e., energy
performance standards may vary by income class). They may also apply uniformly to all
categories when seeking the optimal cost effectiveness for energy efficiency policies. Other
possibilities are to represent the market clearing price of cap and trade certificate systems
(i.e., the so-called white certificates) or the implicit subsidy due to a policy obliging utilities
to perform energy savings at the premises of their customers. In all cases, the monetised
benefits are measured in EUR per toe saved.
The formulations of costs and benefits also include additional cost parameters and factors
monetized to represent the market and non-market barriers and hidden costs. These factors
may change in scenarios that apply specific policy measures targeting the removal of market
and non-market barriers.
𝑇𝑇

𝑣𝑣ℎ,𝑖𝑖 = �
𝑡𝑡=𝜏𝜏

−𝐼𝐼𝑡𝑡,ℎ,𝑖𝑖 − 𝐶𝐶𝑡𝑡,ℎ,𝑖𝑖 + ∑𝑡𝑡𝑡𝑡>𝑡𝑡 �𝑆𝑆𝑡𝑡,𝑡𝑡𝑡𝑡,ℎ,𝑖𝑖 �
(1 + 𝛿𝛿ℎ )𝑡𝑡

Eq. 7

In Eq. 7, 𝐼𝐼𝑡𝑡,ℎ,𝑖𝑖 represents the investment expenses for energy efficiency (i.e., insulation or
the heating and cooling equipment), and includes the construction costs and all kinds of
indirect hidden costs and investment subsidies, whereas 𝐶𝐶𝑡𝑡,ℎ,𝑖𝑖 represents the annual costs of
heating and cooling that would have been incurring without the implementation of
investment and 𝑆𝑆𝑡𝑡,𝑡𝑡𝑡𝑡,ℎ,𝑖𝑖 represents the cost savings deriving from the implementation of the
investment. The formula allows strategies to possibly provide for investment in a sequential
manner over time. The cost functions account for hidden and perceived costs and/or
penalty factors, where applicable. Thus, 𝑣𝑣ℎ,𝑖𝑖 calculated in Eq. 7 is an intertemporal net
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present value of a strategy 𝑖𝑖 for an individual household ℎ. We further use this valuation to
rank the strategies.

The modelling uses the ranking of dynamic strategies for each building class as a basis to
form a complex strategy for the representative consumer of the class. Complex means that
it is a combination of several pure strategies taken among the highest positions of the
ranking with probabilities applying to pure strategies. The probabilities derive from a
Gumbel distribution drawing on discrete choice theory. In this way, the model captures the
idiosyncratic behaviors of individual consumers (both across and within the building classes)
and heterogeneous building characteristics. Such a strategy is a mix of the best dynamic
strategies for each class weighted by respective frequencies. The Gumbel probability
distribution (Chipman 2006, Deaton and Muellbauer 1980, Jehle and Reny 2011, Rosen
1981) is shown in Eq. 8.
𝑓𝑓ℎ,𝑖𝑖 =

𝑒𝑒 𝑣𝑣ℎ,𝑖𝑖
∑𝑖𝑖𝑖𝑖 𝑒𝑒 𝑣𝑣ℎ,𝑖𝑖𝑖𝑖

Eq. 8

A nonlinear function Φ is specified to represent the renovation investment possibility
frontier, i.e. the locus of efficient combinations of investment expenditures in renovation
and energy savings enabled by the improvement of building shell. The function is specific to
each building class, to reflect construction conditions and possibilities from a technical
perspective. The functions Φ are monotonically increasing and feature increasing marginal
investment costs. The variable 𝑄𝑄𝑡𝑡𝑡𝑡,ℎ,𝑗𝑗 represents the volume of energy savings deriving from
investment 𝐼𝐼𝑡𝑡𝑡𝑡,ℎ,𝑗𝑗 with 𝑗𝑗 representing the energy-oriented deepness of intervention. A
strategy 𝑖𝑖 consists of undertaking investment at times 𝑡𝑡𝑡𝑡 of deepness 𝑗𝑗 and the
corresponding avoided expenses are 𝑆𝑆𝑡𝑡𝑡𝑡,𝑡𝑡,ℎ,𝑖𝑖 . The nonlinear cost-potential function Φ is then:
𝐼𝐼𝑡𝑡,ℎ,𝑗𝑗 = Φ�𝑄𝑄𝑡𝑡𝑡𝑡,ℎ,𝑗𝑗 �
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Eq. 9

Figure 1. Flowchart of the PRIMES-BuiMo model

Based on the complex renovation strategy by class, the model calculates useful energy
demand that has to be met by the purchase of energy carriers. The various equipment types
consume final energy (through a dynamic evolution and keeping track of equipment
vintages), the purchasing of which also derives from the dynamic complex strategy that
concerns the choice of the heating system and is determined after the complex strategy on
renovation. The heating system strategy is conditional on the timing and the deepness of
the renovation strategy. Similarly, the dynamic strategies for water heating and cooking are
conditional on the heating system strategy. Keeping track of capital turnover as vintages,
the model also determines the fuel mix for the various equipment and their operation, thus
derives energy consumption by fuel/energy form, associated CO 2 emissions, operating
costs, and investment expenditures.
The module of specific electricity uses first determines the energy service - the number of
lighting devices, and black and white appliances by building category - and then chooses the
type of technology to purchase to replace obsolete stocks and meet the desired level of
energy use. The choices depend on relative efficiencies and costs of competing options. The
turnover of the stock of appliances is dynamic and endogenous. Eco-design regulations
influence the types of technologies that the market offers to consumers. Labelling and other
policies are represented in the model and facilitate the uptake of highly efficient, yet more
expensive, technology types through reducing the uncertainty and lack of information
factors.

2.3.

The dataset

PRIMES-BuiMo covers each of the EU28 Member States (MS) individually. The model runs in
5-year time steps from 2005 to 2070; projections are from 2020 onwards, while past years
2005 to 2015 are calibrated to EUROSTAT statistics for energy consumption by fuel for the
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residential and services sectors (“Energy balances - Eurostat” 2018). The model has been
coded in the GAMS modelling language and can run independently as a stand-alone model
or fully integrated within the PRIMES fully-fledged energy system model (E3Modelling
2017).
For the residential sector, PRIMES-BuiMo includes a detailed database for many building
classes and explicit energy-related technologies distinguished by type and vintage. The
model also includes emerging (e.g., heat pumps) and new technologies and alternative fuels
(e.g., hydrogen).
The households’ database consists of 270 building classes for each MS, which are split by:
• Type of building: single or multi-storey buildings;
• Age of construction: the existing building stock has been divided into nine age bands
covering the period 1920-2015. New constructions are considered in each time step
from 2020 onwards, based on exogenous demolition and new construction rates
(Economidou et al. 2011; Meijer et al. 2012) and total building stock projections;
• Spatial Allocation: three regions are represented in each country, namely urban, semiurban and rural, which serve to differentiate the energy efficiency potential by location
• Income classes: the population has been split into five income classes; the population
shares of income classes change over time exogenously based on income growth and
activity growth.
Table 1: PPS ranges of the differentiate income classes in regions in the EU
Centre\West
lower
Low Income

upper

PPS ranges (year 2010)
South
North
lower

upper

19556

Medium income

19556

High income

32720

32720

lower

16656
16656

28663

28663

East
upper

lower

17111
17111
26223

26223

upper
8126

8126

13698

13698

The classification of households in income classes is based on data from the EUROSTAT EUSILC database, and the ranges of each class are country specific. The purchasing power
standard (PPS) ranges for different income classes and for different regions in the EU (Table
1). To derive the PPS ranges for each income class for the whole projection period, we
assume that they grow by the same percentage as GDP in the country.
The income classes use different discount rates in their investment decisions. Subjective
discount rates represent different availability of financial resources and preferences over
time; usually, the highest income class has the lowest discount rate, and the lowest income
class has the highest discount rate (Ameli et al. 2015). In the current model version,
discount rates range between 10 and 15% for the residential sector and are in line with the
lower end of statistically estimated discount rates for households (Claudy and Driscoll 2008,
Howarth 1995, Sanstad and McMahon 2008).
In PRIMES-BuiMo, the services sector is divided into the following sub-sectors:
• Trade
- Commercial Buildings
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•
•
-

Warehouses
Cold Storages
Market Services
Private offices and other buildings in market services
Hotels and Restaurants
Non-Market Services
Public Offices
Hospitals and Health Institutions
Schools and Educational Buildings

The buildings are also split by their age of construction, like in the residential sector, i.e., the
existing building stock has been divided into nine age bands covering the period 1920-2015.
The entire building stock has been divided further by the type of ventilation into
mechanically- and naturally-ventilated buildings (“HealthVent - Healthvent”).
The database for both sectors has been constructed using data from a variety of databases
that had to be reconciled to construct a consistent dataset (Eurostat EU-SILC, Arran and
Slowe 2012, Birchall et al. 2014, Fleiter et al. 2015, Dol and Haffner 2010, Loga et al. 2013,
Schimschar et al. 2011). In the Annex, there is an extended list of the databases, the
projects, and the reports that have been combined and elaborated to build the database for
PRIMES-BuiMo.
The model includes over 50 different types of technology equipment for space heating, air
cooling, water heating, and cooking (e.g., conventional and condensing boilers, heat pump
technologies, wood pellets boilers, etc.). Each equipment type is further split into four
efficiency categories ranging from currently available technology to Best Not Available
Technology (BNAT), being in-line with the efficiency classification of the eco-design directive
(European Commission 2009). The data and assumptions for the technical-economic
characteristics of equipment technologies (efficiency rate, technical and economic lifetime,
investment cost, operation and maintenance costs, and other variable non-fuel costs) draw
on a large number of sources. Most technology assumptions are derived from a recent
study, which reports on extensive consultation with industrial stakeholders and includes
consistent estimations and projections for the technical-economic characteristics of energyrelated technologies in buildings (De Vita et al. 2018).

2.4.

Barriers to energy efficiency

Despite the widely recognised benefits of energy efficiency (i.e., in terms of energy savings,
cost reduction, job creation, etc.), the large potential of energy efficiency in buildings
remains significantly unexploited in the EU Member States. The limited amount of energy
efficiency investment, despite being largely cost-effective according to engineeringeconomic analysis, challenges policy making at the EU and national levels. Many national
reports admit this failure and suggest enriching the policies with instruments focusing on
the removal of market and non-market barriers found to be the major causes of the
investment lack in EU countries.
To that end, we need to quantify and monetise the barriers to energy efficiency and find
reliable data evidence. Barriers can be split in market and non-market related (Golove and
Eto 1996); market barriers are related to “true” costs (that are actually paid by consumers)
10

and issues related to the access to capital resources, whereas non-market barriers refer to
elements which do not have a direct payable or “true” cost and are often termed as
“perceived costs” (Valentová 2010) (See Table 2).
Market barriers include hidden up-front investment costs (Golove and Eto 1996), as well as
the difficulty of households to access capital funding (i.e., high interest rates for loans).
Hidden up-front investment costs are not directly related to material or labour costs for
renovation, but are nonetheless true payable costs. These include costs incurring to avoid
disturbances to neighbouring flats, complicated waste removal, or the requirement for
internal insulation work in multi-storey buildings. The cost accounting should further
consider high investment costs for very old houses, for which the status of the buildings’
structure is uncertain. Similarly, historic buildings, particularly in urban areas, also entail
very high costs due to renovation constraints resulting from architectural guidelines and
other limitations. In the case of remotely located buildings, the additional transportation
costs of the materials to the remote locations should also be considered in the cost
accounting.
Also, there are costs which are not related to the construction itself; these include loss of
floor space in apartments where internal insulation applies, or lock-in effects due to prior
aesthetic renovations that have not included energy saving elements, and imply that the
investor will have to consider sunk costs when considering to renovate again. The hidden
up-front costs are explicitly included in the modelling as true non-material costs, which
influence the total cost of renovation investment and, therefore, the choice and timing of
renovation; they are fully included in the model-based cost accounting. The additional cost
elements are applied only to the relevant building categories (e.g., to the urban buildings
built before 1920 or to shares of rural housing representing remotely located buildings).
Hidden up-front investment costs are also considered for the decision about heating and
cooling systems. They include installation costs, which involve not only labour and material
costs but also costs related to the transition from the already installed technology to the
new one (i.e., drillings in case of geothermal technologies, chimney availability when fuel
switching, new radiator or pipe construction work for the installation of heat pumps, etc.).
Furthermore, the additional space requirements related to storage needed for certain fuels,
e.g., for biomass and oil products, are also included as costs and may represent a barrier,
e.g., for apartments shifting to biomass heating as they require larger storage space which
results in higher costs. The need for back-up heating systems and the associated costs are
also considered as market barriers to the decision of heating and cooling equipment. The
latter applies to solar thermal boilers used for space and water heating, which require a
backup solution for periods of low solar irradiation. Additionally, as the performance of
aerothermal heat pumps decreases when the outside air temperature drops below a
specific threshold, it is common practice to install an auxiliary system (usually a gas boiler or
an electric resistance) which can supplement the performance of heat pumps when the
latter cannot meet the heating requirements. The installation of auxiliary systems is deemed
particularly necessary in Northern (cold) climates.
Table 2: Taxonomy of market and non-market barriers to energy efficiency for the buildings of the
residential sector
MARKET BARRIERS

NON-MARKET BARRIERS

11

Hidden up-front investment costs
Renovation Measures
Related to construction:
Multi-storey buildings: additional costs for renovating due
to, e.g. avoiding disturbances to neighbouring flats,
complicated waste removal; possibly requirement for
internal insulation work
Very old house renovation: unknown additional costs due
to the unknown status of the structure
Urban (town centre): higher costs due to historic buildings,
with renovation constraints
Remotely located buildings: includes additional costs of
material transportation
Not related to construction:
Loss of useful floor surface of the apartment (when
applying internal renovation often in apartments)
Lock-in effect: from aesthetic renovation
Heating and Cooling Equipment
Pipes, chimney availability when fuel switching, terminal
units
Storage place for biomass and oil products
Back Up system for Heat pump technologies (especially in
colder countries) and solar thermal boilers
Lack of access to capital
Investment in energy efficiency measures are capital
intensive and have long payback periods
Low income houses are mostly affected by funding scarcity

Information and knowledge
Lack of access to information or low accuracy of
available information
Lack of incentives to gather information owing to the
costs (time and money) associated with it
Lack of knowledge or capacity to evaluate information
and draw correct conclusions (e.g., energy experts)
Asymmetric information (sellers vs. buyers)
Uncertainty
Uncertainty about future energy prices and technology
costs
Uncertainty about future consumption due to unknown
technical specifications of new technologies
Uncertainty surrounding energy savings due to
consumer’s behaviour (e.g., rebound effect)
Consumers tend to be risk-averse; high discount rates
for energy investment decisions
Economic related to the individual
Lack of economies of scale
Lack of purchasing power to achieve the lowest possible
costs of renovation
Poor fundraising possibilities
High opportunity cost of cash flow

Another crucial barrier for energy efficiency identified in many literature sources (Ameli et
al. 2015, Golove and Eto 1996, Paiho and Ahvenniemi 2017, Palm and Reindl 2018,
Valentová 2010), is the poor access to capital funding. This constitutes a severe barrier for
low-income households, as their family budget can only allocate small parts of their income
to energy-related expenditures. Some studies even conclude that energy efficiency
investment without subsidies is not viable from an owner’s perspective, especially for lowincome households (Mikulić et al. 2016).
Another set of barriers includes the so-called non-market barriers, which can broadly be
split into two categories: a) (lack of) information and knowledge, and b) technical and
regulatory uncertainty. Lack of information, low accuracy of available information, lack of
incentives to gather the necessary information, lack of knowledge or capacity to draw
correct conclusions (i.e., about future energy savings), as well as asymmetric information
(sellers vs. buyers) are important features often observed in case studies related to energy
efficiency (Michelsen and Madlener 2013, Stieß and Dunkelberg 2013). Although not
directly related to a cost/payment for consumers, these considerations also lead to an
increase in the subjective discount rates, thus negatively influencing consumers’ decisions
for energy efficiency investment. Due to the high upfront costs of energy efficiency
investment, uncertainties are felt strongly by decision makers, in particular by private
households who tend to be risk-averse in their decision making (Ameli et al. 2015, Hirst and
Brown 1990, Valentová 2010). The uncertainty stems from the unknown and uncertain
evolution of energy prices and technological costs in the future and the uncertain
performance of the investment and technologies. Furthermore, there is generally a
reluctance by consumers to invest in new technologies that are not yet fully mature or have
limited market penetration due to the low “imitation factors”.
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2.5.

Representation of policies

Several policy instruments can be implemented to mitigate or remove the various market
and non-market barriers and facilitate energy efficiency investment. The instruments range
from institutional and regulatory, which should act as facilitators of investment but not as
direct incentives, through hard regulatory instruments (minimum efficiency standards,
building codes) up to financial incentives (subsidies for building retrofits, loans).
PRIMES-BuiMo can simulate a wide variety of policies and measures that are considered as
policy options for the buildings sector. As the model is currently applied to the EU Member
States (MS), the focus lies on policies implemented in the EU and is consistent with the EU
energy and climate policy framework. However, the model could be also adapted for other
measures and countries/regions.
PRIMES-BuiMo can simulate alternative economic policies and measures such as:
- Energy-related excise taxes and VAT applicable to all fuels defined according to DG
TAXUD datasets. Currently, the PRIMES-BuiMo database incorporates the energy
taxation directive (European Commission 2003) and the current levels of taxation for
each fuel, according to its use, across all the EU MS (Directorate-General Taxation and
Customs Union 2018).
- Special energy taxes to incite energy savings or mixed energy and carbon tax schemes
- Carbon pricing as a means to reduce CO 2 emissions is implemented in the model in
different forms: direct CO 2 tax; emission allowance cost when subject to the EU
Emission Trading System (ETS), carbon value for sectors applicable for example to
sectors not included in the EU ETS aiming to act as a shadow price of a carbon
emission cap. The carbon tax and the EU ETS imply tax payments to the state by the
emitting consumer, whereas the carbon value, by definition, does not entail payments.
However, it serves to convey price signals favouring low emitting options and energy
savings.
- Subsidies or financing rebates: these are represented explicitly or implicitly in the
modelling. Subsidies and financing rebates can be directly monetized (explicit
representation), while implicit representation concerns the elimination or reduction of
hidden and perceived costs.
- Energy savings or efficiency value acting as a virtual subsidy (or penalty) measured as
€/toe of energy savings (or energy consumption, respectively). In this way, energy
saving investment becomes more profitable for decision makers. The energy efficiency
value can represent the market clearing price of white certificates, the marginal cost of
policies obliging utilities to perform energy savings at the premises of their customers
otherwise they are subject to a penalty, shadow cost – dual variable of energy
performance standards represented as energy consumption caps, etc.
The model also includes regulatory instruments such as:
- Building energy codes: the building codes are represented explicitly in the model at a
MS level, based on country and European Union legislation, 2010; building
specifications follow engineering-based calculations for the determination of energy
requirements. Due to the different levels of compliance to building codes, the model
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includes parameters to represent non perfect compliance to building codes, as in
Jamieson et al. 2015.
- Minimum energy efficiency standards for the building shell which may support
certificates that are necessary for renting or selling a property.
- Minimum energy performance standards (MEP) for equipment and appliances, which
are based on the implemented regulations of the Eco-Design Framework Directive
(European Commission 2009).
The model also represents information and education policies, as well as research and
innovation instruments that implicitly support the assumed learning performance for
specific technologies. The model also includes energy labelling serving to improve the
perception of the decision-makers towards technology performance (by modifying
perceived costs).

2.5.1. Energy efficiency cost-potential curves
To assess the potential effect of policies on decisions for the deep refurbishment of the
building envelope, the model includes non-linear building renovation cost-potential curves
that differ for the various building types. The curves have positive ascending slopes and
relate the deepness of renovation with investment cost. The non-linearity accounts for
incremental marginal costs of investment that increase as the cumulative insulation of
buildings approaches a maximum technical potential. The shape and numerical specification
of the curves differ by building category to represent specific conditions of insulation works
and costs. The numerical information to estimate the curves has drawn on the “ENTRANZE
project”, which provides the investment expenditures for interventions on the building shell
of increasing deepness. The “ENTRANZE project” differentiates the expenses only by
building type (i.e., multi-family households and single-family households). Engineering
estimations enable the expansion of the numerical estimations to other categories by
considering their specificities, such as:
- The geographic location, e.g., city centres, semi-urban, rural, because costs of
insulation works depend on the location of buildings
- Architectural constraints and hidden costs
- Age of the building
- The climatic conditions
Figure 2 shows illustrative renovation cost-potential curves with specific shapes by type of
building. The aged buildings have poor insulation resulting in high energy consumption (i.e.,
in kWh/household), and have a higher energy savings potential, compared to the newer
constructions. The most recent constructions have high thermal performance as they follow
the building codes implemented in EU countries. In such cases, the unit costs of renovation
to further improve insulation are higher than for aged buildings (for the same incremental
energy saving amount). Renovation of recent constructions may also imply high hidden
costs (e.g., the need for a scaffold).
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Figure 2: Cost-potential curves relating unit investment cost of house renovation with saved energy potential
Illustrative cost-potential curves for renovation
depending on the age of the building
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Deep renovation is more expensive for multi-flat buildings compared to individual houses
per unit of energy savings, as insulation works may be easier for the latter. Also, hidden
costs apply for multi-flat buildings due to the complicated waste removal or avoiding
disturbances to neighbouring flats. Finally, renovation for buildings located in rural or
remotely located areas is more expensive (per unit of energy savings) compared to urban
areas, due to transport costs for labour, machinery, and material.
We also assume numerical values for hidden and subjective costs that influence
refurbishment decisions by type of consumer and by income class. We consider the
following factors as hidden and subjective costs:
- Conditions of access to capital funding, as poor access implies high discount rates
influencing renovation decisions negatively, compared to conditions of sufficient
funding availability
- Comfort conditions, as high-income households tend to set thermostats at a higher
level than poor income ones and thus the energy savings are lower than otherwise
- The untapped potential of energy savings, as the larger the gap, the higher the
possibility of increasing the real-estate market value of the building after renovation
- Uncertainty and lack of information factors, which are particularly important for lowincome households, and are monetized in the model as additional costs affecting
renovation decisions negatively.
- Hidden cost factors, considered as true costs, are specific to building categories; for
example, for buildings in city centres, multi-flat buildings and other cases, for which
the renovation work costs more and may also imply loss of useful space of the house
and discomforts that imply costs indirectly.
To illustrate how subjective factors may influence the economic decisions on the renovation
of buildings, we show in Figure 3 an illustration of the causality between subsidies (money
per unit of energy saved) and the amount of energy saved resulting from the model runs.
We clarify that the curves shown in the figure are not in the model as such, but represent
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the locus of inputs and outputs of the model, which represents the economic decision of
renovation structurally and intertemporally. The curves illustrate a displacement of the
engineering cost-potential curves to the left and upwards due to the subjective factors, i.e.,
low-income households need higher subsidies to achieve the same level of energy savings
than higher-income ones (for the same building age). An increase in the unit cost of capital
due to high discount rates reflecting subjective factors causes a rise in the cost of equity,
and the risk premium implies curve shifting left and upwards. Hidden costs, lack of
information, and technical uncertainty also imply a similar shifting of the curves. Thus, when
the unit cost of capital or the hidden costs are high, the subsidies need to increase to drive a
given level of energy savings by the renovation of buildings.
Figure 3 shows that low-income classes would require a higher energy subsidy (or penalty)
compared to high-income ones to achieve the same level of energy savings. Low-income
classes are particularly vulnerable and face high challenges to implement renovation
investment as they have poor access to cash flow and funding. Therefore, a subsidy level
defined uniformly for all households would imply fewer energy savings for low-income
households relative to high income ones. Similarly, the lack of institutional measures aiming
at removing uncertainty may imply poor effectiveness on energy savings of a given subsidy
level. High capital and hidden costs imply that the model assigns negative net present value
to renovation strategies that otherwise would have a non-zero probability to be selected.
Figure 3: Illustration of the relationship between subsidies and energy savings from renovation in various
stylised cases of consumers and buildings
Effects of subsidies on energy savings from renovation (ex-post model results)
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Note: the functions shown in Figure 3 are not used in the model as such, but the lines have been quantified for
illustration purposes ex-post using model results.

3. Model application
The purpose of the model application in this study is to evaluate the effectiveness of specific
policies aimed at saving energy in the buildings sector, and in particular, in residential
buildings, mainly as a result of renovating the housing stock deeply from an energy
perspective. The model-based analysis covers the period until 2050 and has been carried
out for each Member-State of the European Union. The comments and figures included
below refer to the EU as a whole.
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3.1.

Description of scenarios

We design three scenarios (see Table 3) differentiated regarding the policy measures
intended to incite energy efficiency investment for the refurbishment of the building
envelope. We also define two variants of the scenario achieving the most ambitious energysaving targets, by applying alternative policy means, aiming to influence the behaviours by
either making investment more attractive (price measures) or partly mandatory (regulation
measures). We investigate the importance of complementing by specific policies that help
to perceive the benefits of building refurbishment as adding value on top of energy bill
reduction.
We start by designing a Reference scenario that includes the policy package adopted for the
2020 EU climate and energy targets 2 and by assumption does not include any new policy in
the period after 2020. Thus, the Reference scenario does not include recently-legislated
policies, such as the Energy and Climate policy package for 2030. The policy formulation in
the Reference scenario is weak from a climate mitigation perspective. In addition, we
assume that the measures and the general policy context in this scenario are not sufficient
to remove the barriers to energy efficiency that prevail today and continue to hinder house
refurbishment investment in the medium and long run. The Energy Efficiency Directive, as it
was in the legislation prior to the recent reform, applies only in the period until 2020. Its
implementation acts towards inciting renovation of the building envelope and the
replacement of the heating and cooling equipment by more efficient technologies, but only
until 2020, as, by definition, the Directive stops applying after 2020 and does not help to
achieve energy efficiency targets beyond 2020. Thus, the Reference scenario foresees that
individuals perceive high technical and economic uncertainties and hesitate to invest in
energy efficiency, while high opportunity costs of investment funding drive subjective
discount rates too high. Thus, all sorts of hidden costs and subjective costs make investment
behaviour to deviate from optimality.
The second scenario (Enabling Conditions scenario) includes the same policies as the
Reference scenario until 2020, but also includes the policy interventions to achieve the 2030
EU climate and energy targets for the period 2021-2030. The policy package of the Enabling
Conditions scenario 3 is as proposed by the European Commission in the “Clean Energy for All
Europeans” communication (European Commission 2018). However, the scenario does not
include new policies after 2030 and by definition the energy efficiency legislation stops
applying after 2030. Nonetheless, the scenario incorporates throughout the projection
horizon adequate institutional and informational measures to remove the non-market
barriers to investment in deep refurbishment of the building envelope. The measures tackle
technical uncertainty, lack of information, inability to access funding, and other institutional
issues. Such measures may include education and information campaigns, an appropriate
adaptation of building regulations, certification, guarantees, third party financing systems,
2

The 2020 EU climate and energy framework sets three key targets for the year 2020: (a) at least 20%
reduction in GHG emissions (wrt. 1990 levels), (b) at least 20% share for renewable energy in gross final energy
consumption and (c) at least 20% improvement in energy efficiency.

3

The 2030 EU climate and energy framework sets three key targets for the year 2030: (a) at least 40%
reduction in GHG emissions (from 1990 levels), (b) at least 32% share for renewable energy in gross final
energy consumption and (c) at least 32.5% lower primary and final energy consumption compared to a
projection performed in 2007.
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the obligation of energy companies to assist energy saving investment in the premises of
the customers, and others. We consider that the institutional and informational measures
constitute conditions enabling consumers using reasonable discount rates in the assessment
investment decisions in energy efficiency while minimising hidden and perceived costs.
Thus, the enabling conditions even acting alone are probably able to accelerate investment
in deep refurbishment above reference scenario trends. The Enabling Conditions scenario
focuses on the period 2030-2050 to calculate the favourable effects of institutional and
informational measures on refurbishment investment.
The policy package “Clean Energy for All Europeans” applies until 2030 several legislative
packages that act in favour of energy efficiency improvement of buildings:
- The Energy Performance of Buildings Directive (Directive (EU) 2018/844), which
entered into force on 9 July 2018, and according to which new buildings should comply
with nearly zero-energy buildings standards as of 2020.
- The amended Energy Efficiency Directive (EED).
- The revised Renewable Energy Directive.
To represent these legal obligations in the model, and particularly the obligation to reduce
energy consumption, we introduce in the model a penalty factor which penalises the cost of
energy consumption in buildings as if the consumer was bearing shadow costs in addition to
purchasing costs for fuels consumed. An increase in the value of the penalty factor implies
that additional and deeper renovation of buildings may pay-off eventually. The value of the
penalty factor coincides with the dual variable of a volume constraint that would apply a cap
on energy consumption to achieve energy efficiency targets. Following the legislation
requirements, we vary the value of the penalty factor in the period 2020-2030 as needed to
achieve the annual energy consumption reductions prescribed by the legislation.
The third scenario assumes that price and regulation measures apply also to the period
2030-2050. They are enhanced and extended to drive energy consumption reductions as
much as needed for the buildings sector contribution to making the entire energy system
reaching climate neutrality by 2050 (Climate Neutrality scenario). The scenario includes the
same policies with the Enabling Conditions scenario throughout the projection period,
namely the 2030 Energy and Climate policy package for the period 2020-2030 and the
institutional policies for the entire horizon, including for the period 2030-2050. In contrast
to the Enabling Conditions scenario, the Climate Neutrality scenario includes in the period
2030-2050 additional policies, such as price-incentives and regulations, because it turns out
that the institutional and informational measures alone are not enough to drive the building
sector energy consumption to low levels as needed for the climate neutrality targets in
2050.
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Table 3: Summary of scenario design
Scenario
name

Policy measures

Reference
Scenario

-

Enabling
Conditions
scenario

Modelling options

Legislative package for energy
efficiency in buildings for the period
until 2020

-

No policies after 2020

-

As the Reference scenario for the
period until 2020

-

Legislative package for energy
efficiency in buildings acts only in the
period until 2030

-

No new legislation after 2030

-

Ambitious institutional and
informational measures apply in the
entire projection horizon, including in
the period 2030-2050, but in this
period no direct incentives or
obligations

Climate
Neutrality

Same policies as in the
Conditions scenario until 2030

scenario

Active incentivizing policies in the period
2030-2050 calibrated to deliver energy
consumption reduction by 2050 in
conformity with climate neutrality
targets. Two variants for policy measures:
-

price policies (i.e., subsidies)

-

regulation policies (i.e.,
performance standards).

Enabling

-

Refurbishment rates are higher than historical trends
until 2020, but, revert to historical trends after 2020.

-

For new constructions, the building codes reflect
moderate ambition on energy performance

•

Refurbishment rates are significantly higher than
historical trends until 2030, due to the obligations
imposed by legislation, but are slowing down after 2030

•

Refurbishment rates are higher than historical trends in
the period 2030-2050, due to the removal of distortions
and non-market barriers thanks to institutional and
informational measures that continue after 2030

•

Appliance technologies improve above trends assumed
for the reference scenario and costs of not yet fully
mature technology decrease due to market diffusion

•

For new constructions, the building codes reflect high
ambition on energy performance also in the period until
2050

All modelling assumptions of the Enabling Conditions
scenario apply.
Additional assumptions:
Price-oriented measures:
-

Subsidy level for all building classes of 0.075€ per kWh
saved due to building refurbishment

-

Subsidy level differentiate by consumer and building
class so as to reduce the energy bill, remaining after
refurbishment, as % of private income

energy

Energy performance standards:

Further differentiation of scenario
variants regarding the magnitude of the
price or regulation measure:

-

Same energy performance standard for all building
classes, set to around 45kWh/m2

-

Uniform: the same in all consumer
and building classes

-

-

Differentiated by building and
consumer class to address incomerelated distributional impacts

Energy performance standards differentiate by
consumer building class so as to reduce annul
equivalent capital cost of refurbishment as % of private
income

Additional measures: promotion of heat
pumps, access to climate-neutral gas in
the long-term.
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Box: Summary of the causality mechanism in the model for representing active incentives
for renovation investment
The subsidy 𝑠𝑠𝑠𝑠𝑏𝑏𝑡𝑡𝑡𝑡,𝑡𝑡 applies annually and increases the net present value of strategies that
involve higher energy savings because the monetary value of savings, denoted by 𝑆𝑆𝑡𝑡𝑡𝑡,𝑡𝑡,ℎ,𝑖𝑖 ,
becomes higher. The subsidy can take many forms in reality. In the model it is an annual
cash flow, but in reality, it may be a subsidy of investment expenditures or a reduction of
capital costs, in which case the annual flow of the model corresponds to an annuity value.
As the more energy saving intense strategies are more valuable, in terms of 𝑣𝑣ℎ,𝑖𝑖 as in Eq. 7,
the probability 𝑓𝑓ℎ,𝑖𝑖 of selecting these strategies increases. Consequently, the volume of
savings, i.e. 𝑄𝑄𝑡𝑡𝑡𝑡,ℎ,𝑗𝑗 , increases but at the same time investment costs increase through the
function 𝛷𝛷 as in Eq. 9, that expresses the nonlinear relation between costs and savings
potential. The shape of this function differs by building type, while the consumers’ view of
capital costs (i.e. different discount rates, different the funding possibilities) differ by type
of consumer. Therefore, a uniformly defined subsidy implies different renovation
investment, energy savings and expenses by household.
An energy performance standard, expressed as an upper limit on energy consumption of a
household, conveys a shadow value of potential energy savings to the decision-maker. This
establishes a duality between the level of the standard and the subsidy rate.
The marginal investment cost along the nonlinear cost-potential curve relative to the unit
of cost of energy remaining after the saving is guiding the choice of the level of renovation.
The choice differs by household because both the marginal costs and the cost of capital
differ. A flat subsidy rate increases the benefits of investment thus increases renovation
investment, however differently by household. The allocation is optimal with regard to
cost-effectiveness of the policy, measured by total subsidy expenses over total energy
saved.
Setting a flat standard for all households, defined as energy consumption after savings for
the average household, implies different marginal compliance costs by household.
Therefore, a flat standard does not correspond to the highest cost-effectiveness of the
energy efficiency policy. Standards differentiated by household so as to imply equalization
of marginal compliance costs do correspond to highest cost-effectiveness. This is dual to
the flat subsidy allocation.
Standards differentiated according to an attribute of the durable good (i.e. the building
type) are possible in practice as has been the case of attribute-related regulation for
automobiles (see Ito and Sallee, 2014).
The model results confirm the necessity of complementing the “enabling conditions”
measures by actively incentivizing policies. A comprehensive model-based sensitivity
analysis allowed us to calculate the magnitude of the price-incentives or the standard
regulations that, acting in addition to the institutional and informational measures, allow
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reaching the desired energy consumption reductions within the climate neutrality scenario
context. The measures proved to be very substantial in this perspective, despite the
significant energy saving achievements enabled by the institutional measures. Both are
necessary at a full extent to reach climate neutrality conditions.
As mentioned, the model-based analysis further splits the Climate Neutrality scenarios in
two scenario variants. One variant uses policy measures that act on prices, as for example
subsidies, to make refurbishment investment attractive. The other variant, in contrast,
employs regulation based on standards, as for example energy performance standards, in
order to oblige consumers saving energy by means of refurbishment investment. The two
variants further consider whether to apply the same magnitude of the policy measure to all
consumer and building classes or to vary the magnitude of the measure across the classes.
Thus, the model applications for the Climate Neutrality Scenario set out a matrix of four
scenario variants. In the subsidization policy, the policy instruments are subsidies directly
transferred to households and represent the direct monetary benefit added to saving
energy bills. The energy efficiency subsidies could be also seen as the unit value or clearance
price of tradable white certificates, or the indirect value corresponding to a policy requiring
utilities to act in supporting energy savings at the customer's premises. In the
standardization policy, the policy instruments are energy performance standards, which
apply a cap on energy consumption, for example by square meter of the building. The
marginal cost for complying to the energy performance standard is a measure of the
magnitude of price-oriented measures to get a similar energy saving as the application of
the regulation based on standards.
The methodology applied for the model-based analysis follows the steps as below.
Firstly, we calculate the amount of energy savings deriving from building renovation as
needed to make the emissions of the buildings sector until 2050 conform with the climateneutral emission level of the entire energy system of the EU 4. The remaining carbon
emissions of the building stock has to be very low by 2050: more than 97% below emissions
in 2015.
For the price-policy variants, we consider a subsidy rate, defined as EUR/kWh of energy
saved, as a control variable. We apply the subsidy uniformly to all classes of consumers and
buildings and we vary the rate until we get the desired total energy savings. The iterations
apply to all time periods until 2050 sequentially, as the model handles renovation
dynamically. The subsidy implies that renovation investment cases that otherwise would not
been decided become attractive. Also, the deepness of renovation increases with the
subsidy rate. The decision-maker in each class determines the optimal renovation decision
by accepting to bear additional marginal costs as much as the subsidy rate. As the classes
feature different marginal cost curves for renovation, due to building, income and
behavioural characteristics, they undertake renovation, as a response to the uniform
subsidy rates, that imply different energy-saving performances. For example, low income
classes may consider the subsidy rate as a poor incentive to perform renovation as much as

4

The overall climate neutrality specification draws on scenarios developed using the PRIMES model for the
impact assessment study that accompanied the European Commission’s communication “A Clear Planet for
All” (European Commission 2018).
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high-income classes would succeed to do for the same subsidy rate. Due to poor investment
in renovation, the low-income classes will continue to bear high costs of purchasing energy
fuels in relation to their private income. On the contrary, high-income classes would be
better-off as their energy bill may reduce significantly in proportion to income. Thus,
unequal distribution effects occur from a uniform application of subsidies across the classes.
However, the assessment of the uniform subsidy policy may be different from an energy
perspective. The low-income consumers usually consume lower amounts of energy for
space heating than high-income ones due to income limitations and are less inclined to
undertake onerous investment due to funding limitations. This implies that the potential of
energy savings may be higher for the latter than for the former and thus from an energy
perspective it is preferable to incite higher renovation for the latter than for the former
despite the adverse social effects. It may well be also the case, that the buildings of lowincome consumers are older than for high-income ones.
In theory, when allocating the overall effort to a number of individual activities having
different cost curves (i.e., the non-linear building cost-potential curves for renovation), the
maximum cost-efficiency, expressed by minimising the total cost of the overall effort, is
achieved when all individual activities produce amounts at which marginal cost are the same
in all activities. Based on this, maximum cost-efficiency, in terms of minimising subsidy
expenses per unit of total energy savings, is achieved if the price-oriented policy instrument
applies uniformly to all classes of buildings and consumers.
One may, however, consider alleviating the adverse social effects but at the cost of
compromising the effectiveness in terms of energy savings. An increase in the subsidy rate
of low-income consumers compared to the high-income ones would imply a relative
increase in renovation for the former class of consumers accompanied by a further
reduction of the energy bill in proportion to income. Obviously, the differentiated subsidy
rates would weaken policy effectiveness, measured as total energy savings per unit of
expenses for subsidies.
How much subsidy rates should be differentiated across the consumer classes depends in
principle on the weights policy attributes to the effectiveness of energy savings and to social
implications. However, an extreme focus on social benefits for low-income classes may lead
to such differentiation of subsidy rates that would make infeasible the achievement of the
desired overall energy-saving goal. To model the subsidy policy case, we measure social
implications as the ratio of energy bill remaining after energy savings over income.
Opting for regulating an energy performance standard, instead of a subsidy, implies first to
define the level of the standard, as for example a mandatory energy consumption per unit
of surface for all old buildings. Not complying with the standard, implies that the owner will
have to undertake renovation investment. An old and fully heated house may have difficulty
to comply with a strict standard, compared to a new or a partially heated house.
For our analysis, we first determine through iterations the level of the standard, so that if
applied in a uniform manner to all building and consumer classes leads to the desired
overall energy savings. When the policy instruments apply uniformly across building classes,
all classes would have to meet the same energy performance standard (in kWh/m2) or
receive the same amount of subsidy (in €/kWh-saved). As they have different features, the
buildings will implement different renovation schemes and bear different costs to comply
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with the same level of the standard. In the context of the modelling, it is logical that the
level of the standard applied uniformly should lead to a different marginal cost per unit of
energy saved then the cost determined by the application of the uniform subsidy rate,
although both had led to the same overall energy savings.
It follows, that applying uniformly the standard does not correspond to maximum costeffectiveness from the perspective of energy saving policy because the flat standard implies
different marginal compliance costs across the classes of consumers and buildings. The
uniform subsidy rate had led to the minimisation of total subsidy expenses per unit of saved
energy overall by driving alignment of marginal costs of renovation across the classes. The
flat standard acts differently and cause divergence of marginal costs.
In addition, the uniform standard implies adverse social effects, probably more pronounced
than the flat subsidy. Low-income consumers may find hard to comply with strict standards
as the capital cost of renovation needed for this purpose may consume part of income
intolerably. At the same time, high-income consumers may conform to the level of the
standard much more easily, thanks to easiness of equity and debt funding. Therefore, policy
considering to address adverse distributional impacts implies differentiating the level of the
standard across consumer and building classes.
It follows from duality that differentiated standards that correspond to marginal compliance
cost equalisation would lead exactly to the same allocation as driven by the uniform subsidy
rate. This allocation may be undesirable from the perspective of social implications.
Therefore, a social indicator should additionally intervene to drive differentiation of
standards by class. The choice of the non-uniform levels of the standard needs to derive
from a combination of policy goals, in a manner that attributes weights to criteria, notably
regarding the effectiveness of energy savings and social implications.
To model the policy case based on standards, we measure social implications as the ratio of
annual equivalent capital expenses for renovation over income. We use capital costs over
income as an indicator, instead of energy bill over income, because the standards call upon
investment in renovation which is the cause of affordability burden for social classes.
However, although useful for analysis purposes, differentiation of standards based on social
criteria is rather impossible to implement. On the contrary, differentiating subsidies using
social criteria is quite possible in practice.
Both policy options, i.e. the subsidy and the standards, are public interventions into the
market and their efficiency can be lower than policy makers have expected when shaping
the policy. The degree of inefficiency in implementation depends on the nature of the policy
instrument. However, we have not included these inefficiencies in the modelling work and
the comparison of scenario and variant results do not include differences of inefficiencies of
the policy instruments.
Policies based on subsidies present inefficiencies due to the misuse of the revenue
generated by the subsidy. The misuse leads to lower energy savings than expected as a
result of either money leaks or an overpricing of materials or services. In the first case,
consumers may decide to spend less money on energy efficiency investment and use the
rest of the energy efficiency subsidy for other purposes during renovation works. In the
second case, the manufacturers or retailers may charge too high a price for the materials or
services.
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Another reaction that causes lower energy savings than expected is the so-called rebound
effect, which is commonly analysed in the literature (Gillingham et al., 2016; Herring and
Roy 2007; Sorell 2007; Greening et al., 2000). The improvement of energy performance of
the building shell implies a decrease in the energy bill which, in turn, allows for increasing
energy consumption while staying within the budget limits. The model considers the
rebound effect through elasticity values that apply on the determination of useful demand
for heating.
Policies based on standards present various drawbacks regarding effectiveness and adverse
effects. If the level of the standard is too strict for a consumer, the probability of noncompliance increases and the enforcement becomes more difficult for social reasons.
Setting weak standards maybe not enough for driving towards the policy goals. It is not only
more difficult to fix an adequate level of the standard, compared to a subsidy rate, but it is
also difficult to modify the standard often to correct mistakes. The literature mentions
several other drawbacks that relate to technology lock-in.
The criterion used for differentiating the subsidy rate based on social considerations is the
cost of energy purchases as a percentage of household income. The same criterion is used
to analyse the threat of energy poverty. Low-income households may cur energy purchasing
expenses to accommodate other expenses within a limited family budget. In this way, they
may be deprived of essential energy services. Similarly, a poor subsidy to energy savings
may maintain energy expenses over income at a non-affordable level. Combining the
energy-saving goal with energy poverty policies implies setting the subsidy rate at a level
which renders energy expenses relative to income below an energy poverty threshold.
Regulating house investment using standards cannot accommodate social implications, as it
is infeasible to differentiate the stringency of the standard based on social criteria. Lowincome households having difficulty to afford costs of compliance with a strict energy
performance standard will invest in renovation inadequately and will continue living in an
inferior building from a technology perspective. This situation described as “technology
poverty” may also lead to deprivation of essential energy services. Standard-oriented
regulatory policies alone cannot address technology poverty, as it is impractical to add social
criteria in the attribute-related regulation of buildings. It is then imperative to apply hybrid
policies that combine subsidies and standards. This has not been explored in this study.
Apart from the refurbishment of the building envelope, another key pillar for the transition
to climate neutrality is the electrification of heating and cooling (H&C). Thus, all variants of
the Climate Neutrality scenario assume specific policies to accelerate the electrification of
H&C in the residential sector (mostly through the uptake of heat pumps), considering that in
the context of climate neutrality the electricity grid will be carbon-neutral. These policies
may include recognizing and rewarding the contribution of heat pumps in the calculation of
the overall RES performance indicator or giving specific incentives to invest in heat pumps
due to their high coefficient of performance (COP) and associated energy savings.
For presentation easiness, we aggregate the numerous building classes of the PRIMESBuiMo model in six “typical” classes in such a manner that the aggregated classes have the
largest gap among each other regarding the renovation difficulty when taking into account
both building and consumer attributes. We mainly use household income and the age of the
building to perform the aggregation. The aggregated classes are as follows:
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a.

Old constructions of low-income households (OLD-LOW)

b.

Old constructions of medium-income households (OLD-MEDIUM)

c.

Old constructions of high-income households (OLD-HIGH)

d.

Recent constructions of low-income households (RECENT-LOW)

e.

Recent constructions of medium-income households (RECENT-MEDIUM)

f.

Recent constructions of high-income households (RECENT-HIGH)

3.2.

Results and discussion

The current section presents results of the model application. Due to limited policy ambition
and the lack of measures supporting energy efficiency, the Reference scenario exhibits the
highest energy consumption (Figure 4) and the highest CO 2 emissions (Figure 5) in the
residential sector, throughout the projection period. Final energy consumption remains
broadly constant over the period 2015-2050 due to the low refurbishment rates of buildings
and the limited improvement in the energy efficiency of the equipment. Old buildings
lacking renovation continue to require large amounts of energy for heating and maintain
conventional heating equipment. In contrast, new buildings that are highly insulated driven
by stringent building codes opt for modern heating equipment, such as the heat pumps,
which are economically appropriate for well-insulated buildings. Electrification of heating,
which is a trend showed also in the Reference Scenario, follows a slow pace aligned to the
pace of new buildings, as electricity promotional policies are not included in this scenario.
The average annual refurbishment rate of houses is in the Reference Scenario close to
historical trends (i.e., about 0.8% per year). The deepness of renovation is also shallow,
consisting mostly of replacing windows. The average annual refurbishment rate increases
only in the period 2016-2020 (reaching 1.7% per year) driven by the Energy Efficiency
Directive applicable in this period.
Figure 4: Final energy for heating and cooling of houses
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Figure 4 shows final energy projections for the EU residential sector. The differences of the
policy scenarios from the reference scenario is indicative of the amount of energy savings
primarily due to renovation of houses.
The 2030 Energy and Climate policy package included in the Enabling Conditions scenario
drives the increase in the average annual refurbishment rate in the period 2021-2030
compared to the Reference scenario, which reaches 2.1% per year. The legislation-based
obligations stop applying after 2030 and only the institutional-informational measures apply
post-2030 in the Enabling Conditions scenario. The model results show that such measures,
i.e. without active incentivising measures, are able to drive a substantial increase in the
average annual refurbishment rate in the period 2031-2050, compared to the Reference
scenario. In particular, the refurbishment rate reaches 1.5% per year during the period
2031-2050 (well above the average rate in the Reference scenario, which is 0.8% per year).
Also, the renovations are deeper and more intensive than in the Reference scenario
throughout the projection period. Consequently, useful energy for heating and cooling
decreases by 32% in 2030 and by 50% in 2050, compared to the corresponding energy
consumption before the energy upgrading interventions.
The institutional and informational measures remove non-market barriers, which are
particularly relevant for the decision-making for renovation. The model results show a
significant increase of the renovation rates as well as of the energy-oriented deepness of
refurbishment derived from the institutional measures alone. The removal of non-market
barriers turns to be a stronger driver of renovation for old constructions rather than for
recent constructions, as the former require larger amounts of investment than the latter.
In the Enabling Conditions scenario, electrification is higher than in the Reference scenario in
the medium and the long term, as a result of the synergy between highly insulated houses
and the economic appropriateness of heat pumps for well-insulated buildings, if compared
to conventional heating systems. Electricity share in total final energy demand of
households reaches 40% in 2030 and 56% in 2050 in the Enabling Conditions scenario, much
above the shares in the Reference scenario that are 28% and 34% in the respective years.
Deep renovation is thus accompanied by a significant shift towards heat pumps.
Electrification of heating based on heat-pumps is beneficial to achieving energy efficiency,
renewables and carbon emission targets.
In summary, the removal of non-market barriers, as in the Enabling Conditions scenario in
the period 2030-2050, brings multiple benefits by pushing renovation rates upwards,
increasing the energy deepness of renovation investment, facilitating market diffusion of
heat pumps and indirectly serving several goals of the energy and climate package of the
EU. The enabling conditions also act in conformity with social goals, as acting in the support
of low-income families allowing them to mitigate energy poverty threats. As the institutional
measures are of negligible costs, the benefits lay by far above costs, thus rendering the
removal of non-market barriers to renovation an undisputable no-regrets policy measure.
Although the energy savings in the Enabling Conditions scenario are higher than in the
Reference scenario, they are still not as much as they would be necessary to drive
downwards energy demand and carbon emissions as required by the climate neutrality
goals of 2050 for the entire system. Active policy measures incentivising deep renovation
have to complement the institutional measures. The incentivising measures must make
profitable, from a private perspective, renovation investment that otherwise would have
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not complying with the hurdle rate thresholds adopted by individuals. These renovation
cases are beyond those that became attractive thanks to the effects of the removal of nonmarket barriers.
The combination of institutional and incentivisation policies in the Climate Neutrality
scenario lead, in the period 2030-2050, to significantly higher and deeper energy
refurbishment of the building envelope, compared to all other scenarios. The refurbishment
rate of the building envelope reaches 1.7% on average per year and delivers a 59% decrease
in useful energy consumption for heating and cooling.
The strong policies included in the Climate-Neutrality scenario imply not only deep and
significant renovation of old constructions but also a wide diffusion of heat pumps. The
remaining use of fuels in the residential sector is small and the corresponding carbon
emissions are abated by greening gas distribution using hydrogen, biofuels and synthetic
methane, produced in a climate-neutral manner. As hydrogen and synthetic methane are
electricity-intensive, minimizing the amounts needed to achieve almost zero carbon
emissions is a goal per se, important to maintain total volume of electricity, hence total
volume of renewables, within reasonable limits. To this end, both large and deep
renovation, as well as the renovation-pushed large diffusion of heat pumps are particularly
helpful. The changes combined are maximizing efficiency and thus minimize recourse to
green gas, as a last resort option for achieving the zero emissions.
Figure 5 and Table 4 summarise carbon emissions and the fuel mix as projected using the
model for the three scenarios.
Figure 5: CO2 emissions in the residential sector in the EU over 2015-2050
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Table 4: Final energy demand by fuel in the residential sector in the EU
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For the scenario variant that applies the energy efficiency subsidy uniformly to all categories
of buildings, the model calculates that at minimum the subsidy should be 0.075 €/kWhsaved to deliver the energy savings required in the Climate Neutrality scenario. This is a
relatively high subsidy compared to 0.080 €/kWh-fuel, that is the average fuel price for
heating and cooling in 2015 in the EU. Seen from another angle, this level of subsidy in not
that high when including carbon pricing in the fuel price of fossil fuels. The scenarios project
carbon prices of the EU ETS to reach high levels, above 100 EUR/tCO2 in the long-term, after
2040 notably. Such carbon pricing would rise fuel prices up to 0.25 €/kWh-fuel for
residential heating uses, and then the subsidy representing roughly 30% of the fuel price
inclusive of carbon pricing is relatively low and despite this can drive energy demand
substantially down.
The assumption of a subsidy that has been convenient for running the model does not
necessarily imply a burden for the public budget. It is well possible, and advisable, to employ
either cap and trade schemes or, alternatively, taxation, which both acting as if a subsidy
was accorded to energy saved. It is also possible to exempt consumers’ bills from a charge
(or a threat to charge), partially or entirely, when applying the cap and trade or the taxation
schemes. The latter for instance may take the form of a penalty policy applicable to nonsaved energy and are charged to utilities having the obligation to perform energy savings at
the premises of their customers. Similarly, a white certificate system, which applies a cap
and trade scheme, may charge utilities subject to similar obligations. The clearing prices or
marginal costs of such systems can be seen as equivalent subsidy rates for use in the model
application.
The subsidy calculated for the Climate-Neutrality scenario leads to substantial energy
savings and the entire stock gets close to energy for heating and cooling as low as
45kWh/m2 on average. This level of energy performance, being very substantially lower
than current levels, is still higher but reasonably close to the specification of passive houses
or low energy demand buildings, according to the definitions of Boermans et al. 2011.
It is remarkable, that the institutional measures alone, as included in the Enabling
Conditions scenarios, are substantial drivers of renovation for both low-income and highincome consumers. The effects of the subsidy on energy efficiency inducement after having
implemented the institutional measures is in magnitude lower than the effect of the
institutional measures taken alone (depicted by comparing Enabling Conditions to the
Reference case projection).
Noticeable differences exist among the categories of consumers and houses regarding the
energy performance of buildings after renovation after having applied a flat subsidy to all
categories. The level of income influences the level of energy requirements, prior to
renovation, and at the same time the propensity to undertake refurbishment investment.
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The age of the building influences the volume of final energy prior to renovation, or in other
words the energy performance of the building shell, as recent constructions apply stricter
building codes than old ones. A high potential of energy to save implies large benefits from
energy bill reduction and if at the same time income is high capital funding burden is
probably manageable. The opposite holds for low income and low energy depending cases,
while mixed situations exist in other cases. A flat subsidy unlocks energy saving potential
differently in each case. The subsidy makes energy bill reduction more attractive but at the
same time facilitates capital funding, which is particularly important for low-income classes.
The net effect of these factors can be depicted in Table 5. Low-income consumers perform
lower energy savings for the same subsidy than high-income ones in all categories of
buildings.
The highest energy savings are achieved in old constructions as expected, as recent
constructions have followed strict building codes, which implies that the remaining energy
saving potential is lower than for old constructions and the marginal costs of renovation are
higher. The application of a flat subsidy to all building types implies much lower productivity
of the subsidy in recent constructions relative to old ones (see Table 5).
The model results show a similar pattern across classes for the energy-oriented deepness of
the renovation. The subsidy drives a significant increase in the energy-oriented deepness of
renovation, compared to the institutional measures. The share of deep interventions in total
houses renovated almost doubles in the Climate-Neutrality scenario compared to the
Enabling Conditions scenario. This holds true in all cases of income classes and building
types. It is a remarkable result, that indicates that the subsidy is an important tool for
delivering maximum energy efficiency, whereas the institutional measures are important to
make people perform renovation without however ensuring adequate deepness of the
renovation. The shift towards higher deepness of the renovation is more pronounced for
low-income consumers than for high-income ones. In other words, it is more likely that the
removal of non-market barriers suffices for inciting high-income consumers to undertake
fairly deep renovation, but not for low-income consumers who require a monetary incentive
in addition to institutional measures to shift to deeper renovation. The differential effects
by income classes hold true also within the category of recent constructions, as well as
evidently in more aged houses.
Table 5: Energy consumption for heating and cooling after renovation, avg. in kWh/sqm of the house and in
% diff. from current average level
2050

Reference Scenario

Enabling Conditions

Climate Neutrality

OLD-LOW

93

-2%

51

-46%

45

-53%

OLD-MEDIUM

96

-4%

47

-53%

44

-56%

OLD-HIGH

127

-7%

54

-61%

52

-63%

RECENT-LOW

44

-3%

36

-21%

32

-29%

RECENT-MEDIUM

46

-3%

34

-28%

31

-35%

RECENT-HIGH

67

-2%

41

-40%

38

-45%

Total Stock

74

-8%

43

-46%

40

-51%
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Table 6: Summary of model results for house renovation split by renovation deepness level and house or consumer category
EU28
House classes

Average annual refurbishment rate 2031-2050
All
Renovation
categories

Light
Renovation

Medium
Renovation

Deep
Renovation

Investment for renovation (avg. in EUR/house)
All
Renovation
categories

Reference Scenario

Light
Renovation

Medium
Renovation

Deep
Renovation

Average energy savings form refurbishment (deepness)
All
Renovation
categories

Reference Scenario

Light
Renovation

Medium
Renovation

Deep
Renovation

Reference Scenario

OLD-LOW

0.94%

0.83%

0.11%

0.00%

7629

7192

10835

14246

18.8%

14.2%

53.4%

79.1%

OLD-MEDIUM

1.21%

0.99%

0.21%

0.00%

7981

7346

10912

14318

20.6%

13.7%

53.5%

79.1%

OLD-HIGH

1.24%

0.92%

0.32%

0.00%

8349

7369

11109

14688

24.7%

14.4%

53.9%

79.6%

RECENT-LOW

0.64%

0.57%

0.07%

0.00%

6239

5748

10089

14743

30.1%

26.6%

39.4%

63.9%

RECENT-MEDIUM

0.80%

0.67%

0.13%

0.00%

6605

5933

10201

14784

28.6%

25.4%

39.9%

64.1%

RECENT-HIGH

0.76%

0.60%

0.16%

0.00%

6738

5861

10125

14776

29.5%

30.0%

44.3%

67.3%

TOTAL STOCK

0.90%

0.75%

0.15%

0.00%

7396

6721

10697

14728

24.8%

19.4%

49.5%

71.8%

OLD-LOW

1.69%

0.16%

1.03%

0.50%

12029

7271

11638

14353

59.3%

14.2%

65.2%

79.3%

OLD-MEDIUM

1.96%

0.19%

1.17%

0.61%

12118

7420

11682

14439

60.5%

13.8%

64.8%

79.3%

OLD-HIGH

1.82%

0.11%

1.01%

0.70%

12768

7392

11919

14811

65.0%

14.5%

65.3%

79.9%

RECENT-LOW

0.94%

0.31%

0.47%

0.16%

9758

5645

10739

14737

41.0%

26.7%

46.5%

64.3%

RECENT-MEDIUM

1.47%

0.44%

0.76%

0.28%

10104

5824

10836

14797

41.2%

25.4%

46.9%

64.4%

RECENT-HIGH

1.53%

0.36%

0.78%

0.40%

10845

5754

10985

15159

44.1%

27.9%

49.5%

66.7%

TOTAL STOCK

1.55%

0.27%

0.86%

0.42%

11376

6222

11407

14686

51.3%

22.9%

58.4%

75.1%

Enabling Conditions

Enabling Conditions

Climate Neutrality

Enabling Conditions

Climate Neutrality

Climate Neutrality

OLD-LOW

2.14%

0.08%

1.14%

0.92%

12755

7271

11751

14453

69.2%

14.3%

66.3%

79.2%

OLD-MEDIUM

2.17%

0.09%

1.15%

0.92%

12743

7407

11781

14504

68.3%

13.8%

65.7%

79.2%

OLD-HIGH

1.94%

0.05%

0.94%

0.95%

13290

7363

12015

14867

70.7%

14.5%

66.2%

79.7%

RECENT-LOW

1.23%

0.23%

0.64%

0.36%

11078

5627

10973

14708

46.0%

26.7%

48.7%

64.2%

RECENT-MEDIUM

1.71%

0.34%

0.88%

0.50%

11053

5798

10962

14772

45.1%

25.4%

48.2%

64.3%

RECENT-HIGH

1.71%

0.27%

0.83%

0.60%

11650

5731

11074

15136

47.6%

28.0%

50.6%

66.7%

TOTAL STOCK

1.80%

0.19%

0.93%

0.68%

12147

6067

11488

14712

57.2%

24.0%

59.0%

74.5%

Note: Renovation rates are the division of the number of renovated houses by the stock of all old houses in the same class of houses. The table shows annual average rates. The table distinguishes between three
categories of renovation depending on the energy-oriented deepness of the renovation. The renovation rates by category of deepness refer to the same stock of houses, thus the rates by category add up to the rate
indicated for all renovation categories.
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The uniform subsidy policy maintains and even slightly accentuates the social differences
represented by energy costs relative to income. We measure the energy bill burden as
expenses for buying energy products over income that we calculate for the various income
classes and building types. The subsidisation policy enabling an increase in renovation
improves the affordability of energy expenses by reducing the energy consumption
significantly and rather uniformly for all consumers. However, the differences in energy bills
as a percentage of income that existed prior to renovation continue to prevail and even
increase in magnitude, albeit slightly. Prior to renovation, low-income consumers had to use
2.5 times larger part of income for purchasing energy per unit of income, compared to highincome consumers, but after the renovation, they will have to use almost 3 times larger part
of their income. The uniform subsidy does correspond to maximum cost-effectiveness of the
policy, as it minimises the total subsidy budget per unit of energy saved, reduces the energy
bills for all consumers but increases the social differences among income classes.
The next experiment is to differentiate the subsidy rates by income class and building type.
It is difficult to define an “objective” rule for this purpose. In reality, the differentiation of
the rates depends on the relative weight the policymaker attributes to social implications. It
is a multi-criterion decision problem, as the planner should accept a compromise between
the cost-effectiveness of the subsidy budget, implementation feasibility and social effects.
Differentiation of subsidy rates based on a large fragmentation of consumer categories is
difficult to implement in practice and to monitor effectiveness. Excessive focus on the social
criterion may substantially weaken the effectiveness in energy savings when the total
subsidy budget is limited. In our modelling experiment, we define an arbitrary
differentiation scheme for subsidies that regards only income differences for
implementation. We assume a differentiation of subsidy rates so as to get to almost the
same shares of the energy bills in consumer income, after renovation. We have determined
the differentiation of subsidy rates iteratively: we further differentiate towards reducing the
energy bill share in the income of low-income households and increasing the same share for
high-income households as long as the total amount of energy savings does not go down at
a level below that achieved within the uniform subsidy experiment.
As expected, the differentiated subsidy rates drive differentiation of renovation intensity,
energy savings and capital expenses by consumer category. Low-income consumers invest
more in renovation than under the uniform subsidy regime, hence reduce further energy
consumption, and at the same time require larger funding. Assuming that the non-market
barriers have been removed thanks to institutional measures, raising higher funding would
be less of a problem. However, capital funding easiness deserves consideration from a
policy implementation perspective and is a prerequisite for facilitating low-income classes to
trade-off energy fuel expenses, that diminish due to high subsidies, for additional capital
funding. In contrast, high-income classes would be less exposed to such challenging issues
under a differentiated subsidy regime. They would receive lower subsidy, than under the
uniform subsidy policy, hence they would undertake lower investment and save lower
amounts of energy, but the changes in the ratio of energy bill over income and for fundraising are minor. Regarding the group of recently constructed houses, as they are better
insulated, the differential effects of the two subsidy allocations are smaller than for the
older constructions. In other words, probably the implementation burden of differentiations
pays off mainly in the case of old buildings. Figure 6 presents the two subsidy regimes
comparatively.
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Figure 6: Model results for the subsidy policy case
Value of the subsidy (EUR/kWh-saved)

Energy bill as a share of private income of the
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Looking at the policy effected via energy performance standards that make renovation
mandatory, we have already mentioned that applying a flat standard is inefficient as it
entails different marginal compliance costs for consumers. To be realistic, we have applied
different standards for old and for recent constructions, but in the case of the uniform
standard policy, we have not varied the level of the standard with respect to the level of
income. This allocation is realistic from the angle of implementation and obviously leads to
differentiated marginal compliance costs across the income classes. For analytical purposes,
we consider capital funding as the main scarce resource that the policy chooses to tackle for
alleviating distributional impacts. We calculate the ratio of annual equivalent capital
expenditures per unit of private income and we use this ratio as guidance to modify the
standards.
When the standards apply uniformly to income classes, low-income classes need to spend a
substantial share of their income as a capital cost to finance renovation investment to
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comply with the standard. This share is more than three times higher than for high-income
classes. Despite the high investment effort, the energy efficiency gain does not allow lowincome consumers to reduce energy bills per unit of income so as to get closer to the
economics of high-income classes. The ratio of the energy bill to income after the
renovation, as induced by the standard, continues to be almost three times higher than for
high-income classes, a difference that also prevailed prior to renovation. So, applying
uniform standards (per age category of buildings) do has adverse social implications. As long
as fund-raising continues bothering low-income consumers, the social implications are
negative with respect to both capital and cash flow indicators.
Figure 7: Model results for the standards policy case
Value of the standard (kWh/sqm)
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Energy bill as a share of private income of the
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As mentioned already, differentiating the level of the standard based on social criteria is
impractical. For analytical purposes, we perform an exercise of differentiation. We modify
the standard, in the sense of increasing tolerated energy consumption per square meter for
low-income households and we decrease the same level for high-income ones, in order to
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reduce the gap in terms of the capital cost burden (captured as annual equivalent capital
expenditures divided by income). We perform the modification iteratively until reaching the
desired total level of energy savings.
Relaxing the standard for low-income consumers, allows them to mitigate the fund-raising
burden at the expense of performing less renovation and lower energy savings, compared to
the case of the uniform standard. The reduction of the ratio of capital costs to income is
significant in the case of the differentiated standards, a result that indicates the degree of
difficulty of alleviating social effects when applying a policy based on standards, as in reality
they cannot be differentiated by income level. We have tested applying uniform standards
for both old and recent constructions and we found small differences regarding the
challenging of low-income households. In contrast, increasing the level of the standard for
high-income consumers to compensate for the reduction for low-income ones causes minor
disturbance to the economics of the former. The incremental renovation undertaking driven
by the more stringent standard is small in magnitude and the income effects due to capital
raising are negligible.
A remarkable policy dilemma is put forward when comparing the two policy approaches.
The trade-off is between the share of variable costs in total income, deriving from fuel
purchasing, and the share of fixed costs in income, corresponding to renovation investment.
It turns out that the subsidy policy with differentiated rates by income classes has led to
reducing the variable costs at the expense of increasing the fixed costs, whereas the policy
based on standards has led to the opposite, leading to lower fixed costs to the detriment of
variable expenses. The trade-off derives from the choice of the measurement of the social
implication as guidance for differentiating the allocation and alleviating the burden for lowincome classes. Using the variable cost indicator for the social policy gives priority to the
tackling energy poverty, whereas opting for the fixed cost indicator puts forward the aim of
ensuring adequate renovation levels, a choice which envisages the “technology” poverty as
a priority.
Table 7: Comparison of policy options from the perspective of cost-effectiveness of the policy

Indicators

Policy budget
(bn€)

Energy after
renovation
(kWh/sqm)

Ratio of costeffectiveness
of the policy
(€ subsidy per
kWh saved)

Policy cases
Uniform
subsidies
Differentiated
subsidies
Uniform
standards
Differentiated
standards
Uniform
subsidies
Differentiated
subsidies
Uniform
standards
Differentiated
standards
Uniform
subsidies
Differentiated
subsidies
Uniform
standards

Customer and building categories
OLDRECENT- RECENTHIGH
LOW
MEDIUM

OLDLOW

OLDMEDIUM

RECENTHIGH

TOTAL
STOCK

3.0

2.8

1.9

1.3

1.4

1.5

11.9

10.6

1.2

0.3

5.4

1.0

0.4

18.9

1.4

1.8

2.1

1.7

2.2

3.0

12.2

0.2

2.9

3.6

0.1

4.4

6.5

17.5

45

45

56
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31

39

40

26

54

74

27

33
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40

52
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29

33

40
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44

45

38

26

25

40

0.075

0.075

0.075

0.075

0.075

0.075

0.075

0.162

0.045

0.028

0.201

0.058

0.034

0.119

0.047

0.056
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0.086

0.096

0.112

0.077
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Differentiated
standards

0.013

0.075

0.103

0.012

0.156

0.175

0.111

Table 7 summarizes the information to assess cost-effectiveness of the efficiency promoting
policy options. We measure cost-effectiveness, in a usual manner, as the ratio of total
expenses directly entailed by the policy to the resulting energy saving amounts. The
calculation is straightforward in the case of the policy based on subsidies for which the
budget of the policy is directly the multiplication of subsidy rates by the amount of energy
savings. To make the same calculation for the policy based on standards, we first determine
the subsidy rate that corresponds as a shadow value to the upper limit on energy
consumption by category represented by the respective level of the standard. The shadow
subsidy rates are shown in the table.
The results clearly show that the policy based on uniform subsidies performs considerably
better with respect to cost-effectiveness than the policy using differentiated subsidies. The
ratio (i.e. unit cost, for the public, of energy saved) for the latter policy is 1.6 times higher
than for the former. It is a significant loss of effectiveness at the expense of alleviating social
implications.
The policy based on uniform standards applies equal standards only on the same class of
building age, and the differentiation only concerns income classes in the corresponding
policy variant. The uniform standards do imply different marginal compliance costs but the
differences compared to the case of uniform subsidies are small because the differences are
due to building characteristics (as it is logical for technical reasons) rather than to economic
features of the consumer. This explains why the inefficiency cost of uniform standards is
small in comparison to uniform subsidies.
The differentiated standards aim at alleviating the burden of capital costs which is relevant
for low-income classes, and to this end it modifies the standards substantially based on
social criteria and ignoring the marginal cost structures associated to building
characteristics. This drives significant deviation from optimality of the policy budget
allocation. In fact, the unit cost, for the public, of energy saved is in the case of
differentiated standards is 1.45 times higher than for the case of uniform standards. This
latter policy case putting emphasis on reducing capital costs for low-income households at
the same time improves cost-effectiveness, albeit slightly, when compared to the policy
based on differentiated subsidies. This is because the relative efficiency of renovation
investment driven by the subsidy is slightly higher for high-income consumers than for lowincome ones, for various reasons. Without having such intention, the policy focusing on
reducing capital costs for alleviating social implications exploits at the same time the high
energy saving potential of high-income classes in a more efficient manner than the policy
focusing on reducing fuel costs for social reasons.
4. Summary and conclusions
We use in this research the newly built PRIMES-BuiMo model to analyse EU policies inducing
ambitious energy efficiency improvement in the sector of buildings, notably through the
energy-oriented renovation of the housing stock. Given the slow turnover of the stock and
its age structure, renovation at a large scale is the principal way of reaching ambitious
energy efficiency targets. The EU policy, recognising this fact, has put major emphasis on
inciting renovation in the buildings sectors through various policy instruments, of diverse
nature, including institutional, market-based, funding-oriented and regulatory. The
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monitoring of the EU directives has already shown that all countries encounter serious
difficulties to promote strong renovation of the housing stock. Both the national reports and
the academic literature have identified that several barriers and inefficiencies make
decision-makers behaving in a seemingly non-rational manner regarding renovation
investment. Non-market barriers and fund-raising difficulties deform utility perceptions of
consumers and weight economic benefits of renovation differently than appreciated by
engineers.
Modelling behaviours and non-market barriers are difficult in economic research for two
main reasons. There is no established method concerning functional forms and parameters
to represent seemingly irrational behaviours and any such model may be subject to criticism
for lack of empirical foundation. The model needs to segment the decision-makers in
numerous classes to capture the heterogeneity of idiosyncrasies as their variety is large
when seemingly irrational behaviours prevail in decisions.
The challenges for building such a model, therefore, concern formulation complexity, data
collection and model size. Building the PRIMES-BuiMo model has been complex research of
large-scale and was designed in view of the above-mentioned research ambition.
The current study exploits the model possibilities not only regarding the simulation of
energy efficiency behaviours but also for the assessment of alternative policy instruments.
Public policy has always been hesitating between opting for price-oriented or quantityoriented market interventions when the aim is to address negative externalities. For
enabling energy efficiency improvement in the sector of buildings, a typical price-oriented
strategy would consist of applying subsidies, taxes or certificate-trading to modify the
economic appreciation of decision-making options. In contrast, a typical quantity-based
policy would opt for regulating standards with sufficient stringency to oblige decisionmakers to modify the economically optimal choices in a way to comply with the standards.
Any market intervention pays in terms of welfare and entails a cost to be borne by the state
and indirectly by society. Assessment of cost-effectiveness of alternative policy options is
essential for policy design and is the main objective of this study using the model.
For analytical purposes, we design a scenario that includes only institutional and
informational measures, which are assumed to remove non-market barriers to renovation
decisions, and then another scenario that in addition includes actively incentivising policies,
such as price and quantity interventions. The aim is to evaluate the effects of non-market
barriers separately from market-based interventions because of the importance of the
barriers in particular for renovation investment, which are capital intensive and have longlasting impacts.
From a quantitative perspective, reforming the housing stock towards reaching a “passive”
house standard in the entire stock is a substantial contribution to the effort of attaining
“climate neutrality” goals. Using the entire PRIMES model, the study has determined the
objectives that the housing stock should meet in the context of a climate-neutral energy
system by 2050. The study performs modelling experiments regarding the choice of policy
instruments and their specification at an adequate level so as to meet the desired level of
energy efficiency. Scenario variants are thus quantified for the climate-neutrality goal and
on that basis, the study evaluates the policy options comparatively.
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Both the price and quantity policy interventions have considerable distributional
implications for the households, notably regarding the affordability issues that are
particularly relevant for low-income classes. The non-market barriers are strongly
obstructing rational choices in such classes and at the same time, a policy that ignores
affordability would perform poorly regarding the effectiveness of the energy efficiency
policy. Therefore, how to deal with adverse social effects of the policy intervention should
be an inherent feature of the policy design.
The study performs modelling experiments for a variety of rules that modify the allocative
features of the policy instrument, notably by differentiating subsidy rates and alternatively
the level of the standards by consumer class and building type. The variation of the level of
the policy instruments according to attributes of the consumer, termed attribute-based
regulation in the literature, turned out to be important for all policy assessment aspects:
cost-effectiveness of the policy, behavioural reaction of consumers, compliance costs etc.
The acceptability of the policy is obviously facilitated by varying the policy intensity by class
of consumer but the practical implementation and monitoring may be more difficult when
the segmentation in consumer classes is high.
The performance in terms of energy efficiency improvement depends on two factors,
namely the rate of refurbishment of the fleet of existing constructions and the energyoriented deepness of renovation. Both are particularly low historically. The adoption of
stringent building codes, for example prescribing near passive houses, does not suffice
because the pace of new constructions is relatively slow in Europe on average. The
modelling represents the possible benefits of energy-oriented renovation, i.e. reduction of
energy bills and increase in the value of the house, as drivers. The non-market barriers are
monetised by the model as if they increase the discount rates and costs. The price-oriented
policy instruments increase the economic benefits of renovation investment, whereas the
standards make a certain renovation investment imperative. Although these instruments
are represented in the model in a simple stylised manner, in reality they can have a large
variety of forms. The study does not distinguish between seemingly equivalent forms of the
policy instruments, although in practice they may differ substantially in terms of costeffectiveness.
An important clear conclusion is that the removal of non-market barriers is of great
importance for reducing energy consumption and increasing both the pace and the
deepness of renovation investment. A substantial part of the energy efficiency objective can
be covered only by the institutional and informational measures. Although active policies
can enable them, the associated costs are small for the state or society. The removal of such
barriers obviously favours more low-income than high-income households, and thus also
helps mitigating energy poverty threats. The institutional and informational measures
constitute an undisputable no-regrets policy measure.
However, the institutional measures alone are not enough to induce energy efficiency
improvement to scale required to achieve the climate-neutral objectives. The additional
policies need to make economically attractive or mandatory renovation investment that
otherwise would have not been decided by households due to their performance below
their hurdle rates. In other words, it is inevitable to incur policy-related costs to reach
climate neutrality objectives, but having tapped on the free-launch potential (i.e. due to
non-market barriers) is of great benefit.
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The subsidy needed to achieve the climate neutrality objectives is found to be a significant
portion of average fuel prices that would prevail in the market in the long-term being
inclusive of significant carbon emission pricing. Without carbon pricing, the subsidies would
need to be excessively high. The subsidy is an important tool for maximising energy
efficiency gains, whereas the institutional measures are important to make people perform
renovation without however ensuring adequate deepness of the renovation. It is more likely
that the removal of non-market barriers suffices for inciting high-income consumers to
undertake fairly deep renovation, but not for low-income consumers who require a
monetary incentive in addition to institutional measures to shift to deeper renovation.
A policy that applies a uniform subsidy to all categories of households and buildings was
found to correspond to the minimum total subsidy budget per unit of induced energy
savings. The old constructions perform the highest energy savings, as marginal costs are
higher and possibilities are lower in recent constructions due to the building codes that are
stricter for the latter. Flat subsidisation does not serve social goals, as although it helps
reducing energy bills for all consumer classes, does not close the gap between low- and
high-income groups.
The study employs the ratio of energy bills to income as an indicator to measure
distributional implications of subsidisation policies and to guide differentiation of subsidy
values by income class. The policy that aims to improve on the affordability of energy and at
the same time on energy efficiency requires higher subsidy values for low-income than for
high-income classes. The differentiation of subsidies weakens the cost-effectiveness of the
subsidy budget. It is critical to have ensured fund-raising easiness for low-income
consumers, otherwise, the policy effectiveness would be further worsening.
The regulation based on standards needs to consider the technical attributes of the building,
notably the age of the building. Defined so as to equalise marginal compliance costs across
building types leads to a pattern that corresponds to a similar cost-effectiveness
performance as the policy based on uniform subsidies.
Not varying the level of standard by income class implies similar adverse distributional
effects as derived from uniform subsidies. However, it is impractical to establish different
standards based on income attributes, for many reasons including monitoring difficulties.
The policy based on subsidies is therefore more flexible than the standards in addressing
distributional implications.
Despite the implementation difficulties, the study has explored the differentiation of
standards based on income criteria. Given that the imposition of a standard implies
undertaking investment, the study employs the indicator of capital costs relative to income
as guidance for differentiating the level of the standards. In this manner, low-income classes
will experience low marginal compliance costs due to relaxed standards, compared to highincome classes that would need to comply with more stringent standards. But, while lowincome groups see low capital requirements, at the same time they see energy bill reducing
less than for high-income consumers.
The modelling experiments have used a variable cost indicator (i.e. fuel costs) to
differentiate subsidies and a capital cost indicator (i.e. capital costs for refurbishment) to
differentiate the standards among income classes. Essentially, the first option puts a priority
on tackling energy poverty, whereas the second option aims at increasing renovation to
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avoid “technology” poverty (manifested by a perpetuation of low energy performing
building shells).
The optimum policy mix obviously derives from a compromise among various aims,
including the cost-effectiveness of the policy budget (direct or indirect) and the
distributional impacts. For the latter, attention should be paid on the type of the economic
burden to tackle in a priority for low-income classes, notably whether to improve on the
energy bill or the fund-raising possibilities. This appreciation should guide the relative mix of
subsidies and standards, as well as the focus of the accompanying institutional policies.
An important limitation of the study is that the model-based quantifications have ignored
the inefficiencies in implementation of the various policy options. Policies based on
subsidies are often inefficient due to the misuse of the revenues generated by the subsidy.
Policies based on standards are inefficient when the degree of compliance is not
satisfactory. Both options would, in reality, lead to lower energy efficiency gains than the
analysis calculates using the model. The so-called rebound effect is always uncertain to
quantify in a model and as it erodes the energy efficiency gains the model may overestimate policy effectiveness. As the rebound effect seems to be more acute for low-income
households (Milne and Boardman, 2000, European Commission 2016), a policy that applies
high subsidies to this class may have multiple merits with respect to energy efficiency and
social goals. Also, low-income consumers living in old dwellings seem to be the most
susceptible to the risk of fuel poverty, as studies suggest (Csiba 2018).
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Annex
Table 8: List of databases, projects, and reports we combined and elaborated, to build the database for
PRIMES-BuiMo
Name of Database/Project/Report

Reference

Use

TABULA

TABULA, 2017

EN 13790:2008 for heating/cooling

BPIE

BPIE, 2011

U-values for the buildings stock

Distribution of population by degree of
urbanisation, dwelling type and income
group [ilc_lvho01]
Average number of rooms per person by
degree of urbanization [ilc_lvho04d]
EUROSTAT

Demographic balance and crude rates
[demo_gind]

Split of buildings by category

Household characteristics by urbanisation
degree [hbs_car_t315]
Living conditions - cities and greater cities
[urb_clivcon]
EPISCOPE projects

EPISCOPE, 2017

The Housing statistics

Haffner, 2010

Average useful floor area per dwelling
and per person

S. Birchall, 2014

Energy needs and architectural
features of the EU building stock

2050 Pathways for Domestic Heat – Final Report – DELTA Energy &
Environment
Spon’s Mechanical and Electrical Services Price Book 2015
Updated Buildings Sector Appliance and Equipment Costs and
Efficiencies – EIA
IRENA-IEA-ETSAP Technology Brief 3: Heat Pumps

Technoeconomic characteristics of
technologies used for heating and
cooling in the residential and services
sector

Heat Pump Implementation Scenarios until 2030 – ECOFYS
Technology Roadmap – Energy Efficient Buildings: Heating and
Cooling Equipment – IEA
EuP Lot 22 Domestic and Commercial Ovens
Eco-Design directive

EuP lot 23 Domestic and Commercial Hobs
and Grills
ENER Lot 20 – Local Room Heating Products

Online available brochures of manufacturers and retailers
“Omnibus” Review Study on Cold Appliances, Washing Machines,
Dish Washers, Washer-Driers. Lighting, Set-top Boxes and Pumps

Technoeconomic characteristics of
appliances in the residential sector

Buildings Energy Data Book (2011) – U.S. Department of Energy
ENTRANZE Project

Entranze, 2017

Eco-Design directive

EUP, 2017

Technoeconomic on renovation in the
residential and services sector

CIBSE, 2007
Healthvent Project

Healthvent Project, 2017
S. Schimschar, 2011
M. Jakob, 2013

Database on Energy Savings Potentials

W. Eichhammer, 2009
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Technoeconomic characteristics of
technologies used for heating and
cooling in the services sector

Table 9: Nomenclature of the PRIMES-BuiMo and scenario parameters/variables

Sets
𝑡𝑡
ℎ
𝑖𝑖 𝑜𝑜𝑜𝑜 𝑖𝑖𝑖𝑖
𝑗𝑗
Parameters
𝑀𝑀𝑡𝑡,ℎ
𝐶𝐶ℎ,𝑢𝑢,𝑡𝑡

ln�𝜑𝜑ℎ,𝑢𝑢,𝑡𝑡 �
𝑑𝑑

𝑢𝑢ℎ,𝑢𝑢,𝑡𝑡

𝛼𝛼0ℎ,𝑢𝑢 ,
𝛼𝛼1ℎ,𝑢𝑢
𝜏𝜏𝑡𝑡,ℎ
𝑀𝑀̇𝑡𝑡,ℎ
𝜃𝜃ℎ

𝑟𝑟ℎ ′ ,ℎ

𝜆𝜆ℎ ′ ,ℎ

𝛿𝛿ℎ
Variables
𝑑𝑑
𝑈𝑈ℎ,𝑢𝑢,𝑡𝑡
𝑆𝑆𝑡𝑡,ℎ
̇
𝑆𝑆𝑡𝑡,ℎ
𝑁𝑁̇𝑡𝑡,ℎ
𝑇𝑇𝑡𝑡,ℎ ′ ,ℎ
𝑇𝑇̇𝑡𝑡,ℎ ′ ,ℎ
𝐼𝐼𝑡𝑡,ℎ,𝑖𝑖

𝐶𝐶𝑡𝑡,ℎ,𝑖𝑖
𝑣𝑣ℎ,𝑖𝑖
𝑓𝑓ℎ,𝑖𝑖

𝑆𝑆𝑡𝑡,𝑡𝑡𝑡𝑡,ℎ,𝑖𝑖
𝑄𝑄𝑡𝑡𝑡𝑡,ℎ,𝑗𝑗

Nomenclature
Time (years) within a time horizon 𝜏𝜏 ≤ 𝑡𝑡 ≤ 𝑇𝑇
Building categories
Discrete set of dynamic strategies
Deepness of energy efficiency investment in renovation
Macroeconomic factors
Net annual cost (operating and capital costs, inclusive of
investment for building insulation) for the useful energy
demand (€/household)
Log-linear function for the steady-state relationship
𝑑𝑑
between the desired useful energy 𝑈𝑈ℎ,𝑢𝑢,𝑡𝑡
and the
explanatory factors 𝑀𝑀𝑡𝑡,ℎ , 𝐶𝐶ℎ,𝑢𝑢,𝑡𝑡
Upper bound of the logistic curve for useful energy demand
𝑑𝑑
𝑈𝑈ℎ,𝑢𝑢,𝑡𝑡
(kWh/household)
Scale and slope parameter of the logistic curve for useful
𝑑𝑑
energy demand 𝑈𝑈ℎ,𝑢𝑢,𝑡𝑡
Exogenous rate of demolition of the buildings stock
Annual growth rate of macroeconomic and demographic
factors
Pace at which 𝑆𝑆𝑡𝑡,ℎ dynamically tends to an optimal buildings
stock
Exogenous rhythm of transfer of population from building
category ℎ' to ℎ
Maximum growth limit of transfer of population from ℎ′ to
ℎ
Implicit discount rate
Desired useful energy (kWh/household)
Stock of building
Annual growth rate of buildings stock
Annual growth rate of new buildings
Transfer of population from ℎ′ to ℎ
Annual growth rate of transfer of population from ℎ′ to ℎ
Investment expenditures for renovation (i.e. investment
costs, hidden costs and/or subsidies) (€/household)
Annual costs of renovation (i.e. variable fuel and non-fuel
costs) (€/household)
Present value of cost streams to compare alternative
renovation strategies (€/household)
Frequency of choice of renovation strategies 𝑖𝑖 per building
category ℎ
The cost savings deriving from the implementation of the
energy efficiency investment
The volume of energy savings deriving from investment
𝐼𝐼𝑡𝑡𝑡𝑡,ℎ,𝑗𝑗
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