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Abstract

The residential building sector features both & lsigare of final energy consumption and large
technical potentials for energy savings. Proacist#on is thus necessary but has failed so farusecaf market
and behavioural failures, justifying the implemeiata of public policies. In France, the ambitioasget of
reducing residential energy consumption by 38%0iaRcompared to 2008 has been set and associdieyl po
instruments are being designed.

We develop a model of the French residentialosdotassess the ability of the proposed policy tmix
reach this objective and its economic cost. Focoseithe demand for space heating, the model baitd=snergy
performance classes to describe new constructimhsedrofitting of existing buildings. We attemptdvercome
traditional modelling limitations in the resideritictor by describing explicitly investment anchsomption
behaviours on the demand side and endogenousittéigpflynamics on the supply side. The model tfeeee
includes the following innovative features: a cldetinction between energy efficiency (i.e. invesht
decisions in energy efficient technologies liketmgasystems and insulation) and sufficiency (he. absolute
level of energy consumed for a given service) vatg for rebound effect estimation; gaps from tleef@ct
rationality and information hypothesis in repreggntiecision maker’s heterogeneity (in particulatveen
landlords and tenants) and incomplete informatioriergy efficient goods; an endogenous retraodjttate
resulting from countervailing effects on the poi&nfior energy savings by natural exhaustion onaie hand
and deepening through technology learning on therdtand. The model is connected to the hybrid tode
IMACLIM-R and energy prices are thus endogenous.

The business as usual scenario shows that in 2020gy demand for space heating is likely to desze
by 16% while other uses increase significantly,clltnakes the national target very unlikely to keched. A
sensitivity analysis on energy prices and decisiaker’s heterogeneity parameters exhibits a variatinge of
+/- 5%. Policies are then simulated, £4hd end-use energy taxes, subsidies on effiogrdfitting and
regulations on both new constructions and retiofjttAlthough leading all to effective energy saggrcompared
to the business as usual scenario, they are nat gierms of cost-effectiveness: taxes are bytfarmore cost-
effective, with virtuous effects on both efficienagd sufficiency; building codes entail a high aegof
effectiveness in new constructions but a much &nalhe in retrofitting; subsidies generate a marketdsocial
cost but may have positive short term effects arsamer information and technology learning in camation to
other policies. But on the whole, none of the peticevaluated allows reaching the 2020 target, mmakes
new radical ones necessary.
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1. Introduction

Among end-use energy consuming sectors, residdntilelings encompass the highest
technological and behavioural potentials to redbheeenergy demand and thus cut,CO
emissions (Levine et al., 2007). However, chromderinvestment in energy efficiency is
observed and it is generally assumed that degpielong-term profitability, energy
efficiency investments in the residential secterfaurdled by a set of “barriers” like imperfect
information or split incentives (Sorrell et al, 20@illingham et al, 2009) that justify the
implementation of public policies (Goulder et &038). In France that question was central to
theGrenelle de I'environnemempirocess, a collective consultation held in 200F @med at
giving a new orientation to the French environmkptdicy for the next decades. This
resulted in 2008 in a ldsetting the target of reducing energy consumgitidhe residential
sector by 38% in 2020 compared to 2008. Policyumsénts designed to meet this target are
being defined in another forthcoming law. The magie of this target, considered as
ambitious by many stakeholders, is difficult to lexade since neither the energy savings
potential nor thex anteémpact of policy instruments about to be implemdriave been
estimated. Therefore, there are social needs &mpective technical-economic studies on the
Grenelle de I'environnemeirnpacts in the residential building sector and thiour goal to
meet them.

The reason for that gap is that most models haleglfao far to catch the endogenous
complex dynamics occurring in the residential buaidsector. In a recent paper, Swan et al
review top-down and bottom-up techniques that Hmeen used in this field to date (Swan et
al, 2009). The authors figure out that due toatauk on historical responses, the former is
best suited for forecasting energy supply whereadatter is best suited for energy efficiency
improvements analysis thanks to its behaviouraltaokdnological detail. In addition to these
limitations, intrinsic to these modelling methodgardless of the end-use sector, the
residential sector faces a specific lack of knogkdn its presumably fundamental drivers
that make the use of technical-economic models evane difficult:

* Energy consumption is the resulting produceérgy efficiencythe amount of
energy per unit of energy service) amergy sufficiencythe amount of energy
service). This distinction is crucial for the ars$yof the rebound effect, i.e. when
energy efficiency improvements are followed by ardase in absolute energy
consumption to a lesser extent (or even increassguse of a sufficiency relaxation
(due to increased rate of capital utilization, éased load, etc.). Although
theoretically formalised and empirically estimaiedhe residential sector (Sorrell et
al, 2009), the representation of the rebound effeptospective models is rarely
satisfying. More precisely, bottom-up models faitdke account of sufficiency
feedbacks, whereas top-down models merge themefiitiency improvements
together in price and income elasticities of thergn demand.

» The core determinants of energy efficiency investimare subject to debate since the
early 1970s. Several concepts have been invedigaiexplain or to model consumer
underinvestment in energy efficiency like high impldiscount rates (Train, 1985),
split incentives between landlords and tenants ([EX07) or option values (Ansar et
al, 2009). These multiple market and behaviouraires are united under the broad
notion of “barriers to energy efficiency”. They avell documented and some of them

ZLoi n° 2009-967 du 3 ao(t 2009 de programmatioatine & la mise en ceuvre du Grenelle de I'envinoeme
(1), Article 5
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have been empirically quantified (Sorrell et alp20) Nevertheless, stylized
representations are still missing and this previis implementation in prospective
models, where the discount rate settlement remthénsommon way to take account
of them. Progress towards a better representatittredarriers has been made in
CIMS model (Jaccard and Dennis, 2006), as we e@llater.

» Lastly, as discussed by some authors (Laitner, 2084; Fischer, 2005), much
emphasis has been given to the determinants aofyedemand while letting aside
considerations on the supply of energy conserva@onnologies. This is of prior
interest in the field of environmental policies,avl countervailing effects are
expected. For instance, subsidies to innovativientglogies may induce a demand
increase not necessarily followed by a decreadleenf price to consumer, since
manufacturers or retailers may incorporate it een&in their margin. A broader view
of the market for energy conservation technologietty demand being set in balance
to supply, is needed. In particular, the renovatair, which is most of the time an
exogenous feature, should be represented endodgnous

To help policy-makers evaluate the targets and m&dlowing theGrenelle de
I'environnementwe develop a model of the French residentialoseattempting to overcome
these hurdles. We build on architecture in line emahected to the French version of
IMACLIM-R, a model developed for five years at CIREo investigate energy and
environmental issues occurring in a “second bestdi/characterized by suboptimalitites,
inertia, disequilibrium and uncertainty. A compué&general equilibrium framework is
recursively linked to sectoral sub models wherénetogies are explicitly described. At each
annual time step, the static equilibrium determmes production capacities and the level of
their utilization. This distinction between prodoct and production capacity allows for
analysing suboptimalities. IMACLIM-R can thus bensmered as a hybrid model, combining
behavioural realism, technological explicitness aratroeconomic feedback (Crassous et al,
2006).

Our model is designed as a submodel of IMACLIM+Rotuses currently on space heating
uses, which represent 66% of the French residesti@lgy consumption. The thermal
performance of each dwelling is given by an enetggs assumed to represent both the
quality of the envelope and the efficiency of thace heating system. We model the
improvement of this performance through the comsima of new buildings and the
retrofitting of existing ones. Other uses are miedietnore roughly with price and income
elasticities. The model is calibrated on the 2G0¢ksof main residences in metropolitan
France, which covers 84% of the overall stock abfb @f the residential final energy
consumption. In this paper, we focus on energy emation and not detail fuel substitution.
However, fuel switch between commercial energyieesy mainly electricity, natural gas and
domestic oil is made possible in our model. Indheent version of the model, wood energy
is not treated because of the difficulty to accordate the various technical options and to
derivate a unique price of wood.

The model is run until 2030 with two purposes. tits build a reference scenario aimed at
evaluating the French current situation towardséeently adopted national objective of a
38% energy consumption reduction in existing dwghiin 2020. This scenario, subject to a
sensitivity analysis on energy prices and key patars, shows that the expected reductions
for space heating consumption are 16% +/- 5% irf0282cond, we use the model to evaluate
the impact on energy demand and on key economiahtas of various policy instruments
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already implemented or in project: ¢€énd final energy taxes, thermal regulations and
subsidies. Our conclusions are that the most déstteve instrument in terms of heating
energy savings, actually the energy tax, redueesahsumption by an additional 9%
compared to the reference scenario (-16%), whislhillfar from the national reduction target
(-38%). In terms of cost-effectiveness, regulatiand subsidies are ranked second and third,
respectively. The paper is organised as followsti&e 2 details the model architecture,
Section 3 details data and calibration procesgj@ed provides an evaluation of policy
instruments impact and Section 5 concludes.

2. The model

To progress towards behavioural realism on the dersale, the model has to incorporate the
main “barriers to energy efficiency”. The dispersend heterogeneity of decision makers is
assumed to be a relevant barrier, as well as irpriformation. Therefore, we represent
consumer’s choice regarding energy efficiency basac investment decision, withdrawing
from the perfect rationality assumption by impeti@formation and decision maker’s
heterogeneity. On the supply side, we represeriicgtpthe energy savings potential and the
retrofitting endogenous dynamics resulting fromdbantervailing effects of potential
exhaustion and technology learning. To be eventgathnected to IMACLIM-R France, the
model is built on recursive architecture, with amaal time step.

2.1. General heating demand

For each dwelling and given the energy carriercfalgty, natural gas or domestic fuel), the
final energy demand for space heating Eggs the following product of three variables:

Econv Efin

=g cowv___
fin S Econv (1)

WhereSrepresents the dwelling’s area in square metees;anventional unitary
consumptiorEon/Sis a proxy for thermal efficiency of the dwelliagd the ratio between
conventional and final unitary consumptiBf/Econy represents a “service factor” or
utilization rate of the thermal capacity. Secti@to 2.4 detail the dynamic evolutions of
these variables, while Section 2.5 details the dexgetrofit dynamics and Section 2.6 details
the connection of the submodel to IMACLIM-R France.

E

2.2. Building stock dynamics

This point is very similar to other models (e.gtdBicet al, 2009). The evolution &results
from both the retrofitting of the buildings exigjiat the calibration step (referred to as the
pre-2007 stockand the construction of new buildings (the curtedastock of buildings
constructed after 2007 is referred to aspbst-2007 stogk Both stocks are disaggregated
into single and collective dwellings on the onedanto occupying and non-occupying
landlords on the other hand, which leads on the whole to fipes of agents. The respective
shares of the four types differ in the pre-2007 post-2007 stock but are assumed to be
constant over time for each stock. The progregséveetration of the post-2007 stock into the

% As we will see later, this distinction is usedaokle the so-called “landlord-tenant dilemma”. Meteless, we
take the point of view of the investor, which isshof the time the landlord and therefore rather acupying
and non-occupying terminology. Actually when we sider one dwelling, we implicitly consider the non-
occupying landlord when we refer to the investat tre tenant when we refer to the energy consumer.



overall stock leads however to a slight evolutibthe aggregated shares, in line with trends
observed during the last decatles

As showed by Equation 2, the annual building needsjuare meters are the product of the
total populatiorL as projected by INSEE (Robert-Bobée, 2006), therse of the average
inhabitants per househaldH, decreasing with the overall population, and terage area

per househol&/H, increasing with disposable income (given as aatiby IMACLIM-R).

The number of square meters increases thus fastethe population. This discrepancy is
however reduced by a decrease towards a satutatielhof population growth and decreasing
income-elasticities driving the evolution lofH andS/H, respectively.

HS
T 2)

Pre and post-2007 stocks are characterized bydiviéeyent quantitative and qualitative
dynamics and are considered separately. Eachrny@arconstructions are the sum of
requirements to meet the projected needs plus secmtion needs. Actually, some buildings
of the pre-2007 stock are getting out of the statkinly by pure destruction, and rebuilt. Like
Sartori et al (2009), we make the important assionghat the worst energy classes get out
first.

2.3. Energy efficiency investment decision

For each dwelling, improvements in energy efficie(represented by the conventional
unitary consumptioft.on/S in Equation 1) result from investments in a paekaf

retrofitting actions like insulation, heating systeeplacement or double glazing windows.
Given the very large set of technical solutions,use a limited number of efficiency levels
corresponding to the energy classes prescribeddebthermal regulation and the “energy
performance diagnosi§(EPD) for new and existing buildings, respectivdliis allows us to
use a discrete choice framework to model the imvest decision, all the options available
being compared regarding their life cycle cost.cbate choice models have been used in the
field of residential consumption for a long timspecially for the energy carrier system
choice, and we build on the progress towards mehawioural realism made recently by
CIMS modellers with the use of Equation 3 (Jacedral., 2006). Under this logit functional
form, the largest market shatd$;; for class and fuel}, at timet) is allocated to the lowest
life cycle cost LCCi;;) option. This dynamics is controlled by thparameter, assumed to
represent the heterogeneity of consumer prefereAdeigh value ol leads to a 100%
market share for the least life cycle cost opttbns reflecting a homogenous preference of
consumers towards the best available technologyvérsely, with a value of zero, every
option will get the same market share regardles®sf.

* The share of individual and collective dwellingsélatively constant and the share of dwellingsupied by
landlords compared to tenants increases by 0.4@d%EDDM, 2009)

® The French EPD defines classes ranging from G, ia Anergy and carbon terms but we only repretsent
energy class for two reasons. First, since energgtually paid by consumer, we assume that thsuroer is
more sensitive to it and make his financial cha@inghat information rather on the carbon informatiSecond,
due to the generally assumed low carbon conteahefgy in France, all policy objectives in thedieff
residential consumption are formulated in termk\Wh saved rather than tons of €O
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As stated in Equation 4, the life cycle cost caltioh takes only into account the investment
cost of each optiorQINVi , time-dependent because of technology learnirgbstw Eq.6)
and the energy expenditure under the conventiaraumption of the clas€6nRe,
cumulated and discounted over the theoreticalrifetof the underlying capital (with lifetime

| and discount rate, for each actoa).We make the assumption of myopic expectatiomef t
energy priceRener;), i.e. consumers use the current energy pricéféocycle cost

calculation. Maintenance costs are not included,hasr intangible costsin addition to the
preferences heterogeneity parameteve use different discount rates to reflect the
heterogeneous investment behaviour between foerdlyagents who face unequal incentives
to invest in energy efficiency: occupying (O) arahroccupying (N) landlords in individual

() and collective (C) dwellings. The split incargibetween landlords and tenants, also
referred to as the “landlord-tenant dilemma” isiielown (IEA, 2007): a non-occupying
landlord has no incentive to make investmentsdahamainly unrecoverable because the
following savings on the energy bill profit to tbecupying tenant. Therefore, we assume that
non-occupying landlords have higher profitabilguirements than occupying ones, and thus
higher discount rates. Moreover, we assume thatpasds in single dwellings are generally
more responsible for their own energy consumpti@mtin collective ones, for practical
(single versus collective boiler) or technical m@as (heat transfers may occur between
adjacent dwellings in collective buildings). In gi@ dwellings, occupants have more control
over their energy consumption and are thus mosdylito invest in energy efficiency (with
lower discount rates) than in collective dwellingile. summarize, we have a gradient of
increasing discount rates from the occupying lamtlio single dwelling (Ol) to the non-
occupying in collective ones (NC). The wagndr, parameters are set is detailed in Section
3.

For new buildings, the discrete investment choimdhforefficiency levelsPrior to
construction, each agent faces three options &oetiergy carrier and three options for the
thermal performance of the dwelling: 2005 thernegjulation level (labelled RTO5 with
consumption levels ranging from 250 to 120 kWh/no#/primary energy), low consumption
building (labelled BBC foBatiment basse consommatiand consuming 50 kWh/m?2/y of
primary energy) and “passive” building (labelledBES forBatiment a énergie positije
Differently for existing dwellings, the discreteatbe holds fotransitionsfrom the current
energy class to upper energy classes (from ovekWatmz2/y, labelled “G” to below 50
kwh/mz2/y, labelled “A”, in primary energy). For exale, a dwelling labelled D can be

® Intangible costs are used in CIMS to reflect tet that a market share calculation based onlynaméial cost
may not reflect the observed market shares (Jaetail 2006). For instance in France, double gaaiindow
is the most commonly undertaken measure but nanthst efficient, since such a calculation wouldéhbaad to
select insulation as the most cost-effective (Laueg al, 2009). In CIMS, intangible costs they deeivated
from empirical surveys. Since such data are natae in France, it was not possible to implentéeim in
spite of their accuracy in this field.



retrofitted to reach class C, B or A. This leadglmwhole to 21 possible transitions (126
when taking into account fuel switch possibilities)

One could argue that the much aggregated EPD eagegon simplifies the technological
reality, since different retrofit packages can leathe same energy class transition, at
different cost. Nevertheless, the implementatiothaf tool is recommended in the EU by the
Energy Performance of Buildings Directive and whetes already been done, some studies
show that end-users are becoming sensitive tdabed (ADEME, 2008, in France; Shorrock
et al, 2007, in the UK; Maes et al, 2007, in BetgjuMoreover, it is also used in other
models (Sartori et al, 2009; WBCSD, 2009). Therfoe consider that the energy class is a
good trade-off between description accuracy andhntglogical realism, but it requires a
considerable work of data aggregation, as we weélis Section 3.

2.4. Energy consumption behaviour

Another suggested limitation about the EPD is thbting on energy classes prevents from
considering effective discrepancies with the asgionp made on the equipment utilization
rate or the indoor comfort requirement during tbeventional consumption settlement
(Laurent et al, 2009). To overcome this problemuse a service factor to parameterize the
consumption behaviour. This is actually the ragtween the unitarfinal consumption and
the unitaryconventionaktonsumption calculated by an engineering therntalehE&sin/Econy

in Equation 1). Adapted from Haas et al (1998} thtio is assumed to be a decreasing
function of the annual energy expenditure, astiliied on a stylized way on Figure 1. The
energy expenditure being the product of the conereal consumption at current energy
prices, both changes in energy prices or improvésnafithe capital structure’s efficiency can
induce changes in behaviour, with opposite trends.

Unrestrictive
behavior

Restrictive
behavior

Energy efficiency High energy price

Annual heating expenditure (€/m2)

Figure 1: Consumption behaviour curve

This logistic behavioural curve allows us to takeaunt implicitly of comfort requirements,
which are generally explicitly labelled in other deds of space heating demand through
heating degree days. Moreover, it allows us torsgpaufficiency from efficiency dynamics

7



and thus to simulate the rebound effect due to\bebashifts towards less restriction. We
will see in Section 3 how this curve was calibrated

2.5. Retrofitting endogenous dynamics

The most challenging issue in modelling residergrargy consumption is probably to catch
the endogenous retrofit dynamics. Retrofit decisibave been studied in many fields (e.qg.
seismic structures, Camillo et al, 2003) but spesifudies are lacking in the field of
residential buildings. Other models generally upe-@ependent functions for capital stock
retiring (Koopmans et al, 2001; Mau et al, 2009k Kave identified four effects likely to
influence the renovation rate and worthwhile toomporate in our model:

(i) Technology learninghis represents the production cost declinetethnology
consequently to its progressive penetration imtlaeket, following an “experience
curve”. This is due to processes like economiescafe, learning by doing and
technological innovation (Weiss et al, 2009). Aligh a well-tried technique in
modelling of energy supply technologies, experienawes have been rarely applied
to energy demand technologies (Laitner et al, 20Rdgently, useful experience
curves have been provided for key technologiesitikalation (Jakob et al, 2004) and
condensing boilers (Weiss et al, 2009).

(i) Demand surge inflation (DSRhis refers to the increase in retrofit costssamutive to
a demand surge, a process modelled by Hallegd169)2n the aftermath of 2004 and
2005 Hurricanes in Florida. Such a demand surgeaoeyr when new policies are
implemented and is likely to be followed by inftati of retrofit aggregate prices. The
process underlying is a sudden disequilibrium betwsupply and demand followed
by rationing incorporated by professionals as rentstheir margin.

(i) Energy savings potential exhaustion/ deepengiven the irreversibility of
major retrofit investments like insulation, eneggficiency improvements lead to an
exhaustion of the savings potential. The numbemoiual retrofits is thus expected to
decrease with the cumulated number of retrofitsiv@csely, a policy lowering the
price of technologies also increases the net ptesdéme (NPV) of the retrofit project.
When a negative NPV becomes positive, such a pualitys a non-profitable
investment into a profitable one, thus deepeniegtierall energy savings potential.

(iv) Consumer information improvemenhe of the most important barriers to energy
efficiency is the lack of consumer information abthe virtuous attributes of energy
efficient technologies. Information is assumednireéase with the diffusion of the
technologies under patterns that are largely unkn@MS modellers implemented
recently an analogous “neighbour effect” in theadal’ (Axsen et al, 2009; Mau et al,
2009).

" The neighbour effect is supposed to represen¢ased penetration of technologies through imitaimong
consumers. It is modelled in CIMS as decreasirangible costs with increasing market shares (Maal, et
2008).



Q ‘ : evolution given an increase of the starting variable

Consumer Information

0% o

Renovation Cost —> NPV —» Renovation

e—

‘ Potential Exhaustion .-~

Technology Learning

Figure 2: The renovation dynamic system

We incorporate all these countervailing effects imtcomplex framework, as illustrated by
Figure 2. The basic retrofit decision is ruled bg following equation:

NPV = CENER-) M3 LC( 5)

k>i

For each departure energy clasthe retrofit decision is driven by the NPV of thmetrofit
versus status quo” investment project, that congpire cumulated energy expenditure of the
current situation (CENER) to the average retrofit cost, i.e. the sum & tijcle cost

weighted by market share (as calculated in Equ&javer all retrofit options towards upper
energy clasg, k>i. If the resulting NPV is negative, no retrofit acs; if positive, the higher
the NPV the larger the number of retrofits. The sfrall positive NPVs over the whole pre-
2007 building stock possible transitions (givendieparture energy class, the energy carrier
and the type of decision-maker) represents thelmbtential for energy savings. A ratio of
retrofitted dwellings per unit of positive NPV ialibrated in 2007 to allow converting in the
next steps positive NPV units intdreoreticalnumber of retrofits. Under this framework, the
energy savings potential is endogenously exhausteck every dwelling shifting towards an
upper energy class will have a lower NPV compaoegven upper options at the next time
step.

This process may be modified by the four identidigécts at different steps, with various
feedbacks of the renovation rate: (i) Technologyreg is a long term, supply side effect
inducing a negative feedback on retrofit co&B\V) as showed in Equation 6, where the
learning ratd_R corresponds to the cost decrease amount relatiaeloubling of the
cumulative experience, approximated by buildinglksaStocR for each energy class; (ii)

DSl is a short term, both supply and demand siféegfinducing a positive feedback on
renovation costs; we will not take it into accobete to keep consistency with the mid to long
time scale of the effects represented; (iii) theeptial deepening is a mid-term (of the same
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order of magnitude as the lifetime of the polig)pply side effect, inducing a negative
feedback on the potential, regardless of cost;,davisumer information is a long term,
demand side effect inducing a positive feedbactherpotential, regardless of cost. Because
of imperfect information, theffectiverenovation rate differs from thieeoreticalone but this
discrepancy is reduced with increasing informatide postulated for that evolution a basic
cumulative process, the information index incregsinaightforwardly with the cumulated
number of retrofits.

_log(1-LR)
Stock log2
CINV, = CINV, t (6)
Stock
2.6. Macroeconomic feedback

The resulting demand for space heating energgisamodel of the IMACLIM-R France
hybrid model. Useful documentation on IMACLIM-R che found in (Crassous et al, 2006).
IMACLIM-R disposable income and energy prices aguts of the submodel, which in turn
outputs new energy demand for space heating andrafor investment. The population
scenario is exogenous for both IMACLIM-R and thersadel. To keep consistency on the
overall residential consumption, other energy asesnodelled much more simply by price
and income elasticities. Given the relatively wiak between the residential submodel and
the computable general equilibrium, our framewankdolicy analysis belongs to the
engineering bottom-up family (as defined by Swaalg2009) but incorporates innovative
features like decision-makers’ heterogeneity, irfgmrinformation and endogenous retrofit
dynamics.

SPACE HEATING SUBMODEL
Population

Technical

coefficientsl

Evolution of household characteristics:

¢ Building stock dynamics

Income
‘ ¢ Explicit investment decision

¢ Explicit consumption behavior

Energy prices

Demand for
Investment

Pt

Exogenous parameters: destruction rate, discount rate...

Figure 3: Connection of the residential submoddM&CLIM-R France
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3. Reference scenario

3.1. Data and calibration

The main macroeconomic variables of our model befrem the much documented data set
issued by INSEE, like the number of dwellings hyetyf agents, the average number of
inhabitants per household or the average dwelliimg §he exogenous population scenario is
also provided by INSEE (Robert-Bobée, 2006). Theuahrate of dwellings that get out of
the stock (mostly by pure destruction) has longhteepoorly known value. It was commonly
considered to be 0.1% but Allaire et al (2008) ndgefound higher values, ranging from 0.3
to 0.4%. We thus set it exogenously to 0.35% anklentize assumption that the stock of each
energy class cannot go below 5% of its initial ktaddl these parameters are calibrated to
reproduce the 2008 new constructions. For othes tsa space heating, price and income
elasticities are basically set at -0.5 and 0.2agetypely, except for specific electrical uses
where income-elasticity is set at 2 and decreasingimulate a rapid increase of the demand
in the next years followed by saturation after sevdecades. According to many experts,
such a tendency is likely to happen because ahtliéplication of electrical devices. The
segmentation of the pre-2007 building stock by EPBrgy class is calibrated on a picture of
the 2007 stock made available recently by ANAH @00

As we saw in the previous section, the energyieficy decision relies on important
parameters like the heterogeneity of preferencdgdlandiscount rate. In CIMS, these
parameters are calibrated on stated preferenceysur8uch empirical data lacking in France,
we usedad hocestimations and experts’ advice to calibrate taech eventually subjected
them to a sensitivity analysis, as we will seeaatn 3.3. Parameterns set at 8 both for
retrofits and new constructions, a value that répces roughly trends of the last five years.
This leads for example for a retrofit of class Gtmarket share of 44% (respectively 0.06%)
for the lowest (respectively highest) cost optidrt is a shift to E (respectively A). Discount
rates are set following Table 1. The lowest vata#iecting the low profitability requirements
of a landlord occupying a single dwelling (Ol) &t at 7%, a value generally used for basic
household investments, and the highest value ®satnon-occupying landlord in collective
dwelling (NC) to 50%, representing the fact thas #igent will not invest if the payback
period is inferior to a few years, which refers @pmately to the length of a rental lease. All
discount rates hold for lifetimes set at 20, 35 2&¢ears for heating systems, insulation and
new constructions, respectively. The first two eslare the one used for official engineering
calculation under the French white certificatesesecl (ATEE, 2009); the last one reflects
approximately the common length of credits for thunity a new house.

Individual dwelling (I)  Collective dwelling (C)
Occpuying landlord (O) 7% 15%
Non-occupying landlord (N) 30% 50%

Table 1: Discount rate per type of actor
The most sensitive variable is probably the ret@ists. As we saw in Section 2.3, our

discrete representation requires to aggregatetioatare still largely unknown in France.
According to many experts, a standard construatasts around 1,200€/m2, with additional
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cost of 5 to 10% to reach BBC le¥aind 15 to 30% to reach the BEPOS level. We assumed
that the cost of a standard dwelling with an eleatrcarrier is lower than with other carriers
since simple convectors are commonly installed [@2h). Conversely, upper label dwellings
with electrical carrier are more expensive sin&g/t@wre assumed to incorporate heat pumps.
Given the large number of possible packages, retosts are very uneasy to set. There are
indications of exponentially increasing costs fareasing energy efficiency in France
(ANAH, 2009) and in the UK (BRE, 2009). Therefonee build a cost matrix with discrete
values reproducing such exponentially increasirgjscd he costs for improving the
performance of the dwelling by one energy clasgedrom 50 to 100€/m2 depending on the
starting class, and the most expensive transifrom(G to A) is bounded by new
construction costs (Table 2b).

a. Construction costs in €/m2 by energy carrier éycenergy class

RTO5 BBC BEPOS
Electricity 1150 1370 1600
Natural gas 1200 1350 1600
Fuel ol 1200 1350 1600

b. Retrofitting costs in €/mz2 for transitions franitial to final class

Final class

F| e[ b cl] B ]| a

G 50 | 150 | 300 | 500 | 750 | 1050
5 |F 60 | 160 | 310 | 510 | 760
5 |E 70 | 170 | 320 | 520
5 (D 80 | 180 | 330
?lc 90 | 190
B 100

Table 2: Cost matrices

Two different behaviour curves (as introduced iotle@ 2.4) are used for single and
collective dwellings, since consumption adjustnmaogsibilities differ significantly in these
two cases. These curves are estimated with ailo§idby combining data from ADEME and
ANAH. A correction factor is applied to reprodute 2007 space heating consumption of
254 TWh (ADEME, 2008).

Parameters of the retrofitting market also lackmpirical data and are calibrated ornaain
hocmanner. According to qualified experts, learningspectives in the building sector are
limited and lower for retrofitting than for new ctruction, because of more concentrated
labour, decision-makers and technology in thelaiise. We thus set the learning rate for
new constructions at the conventional 20% valusgi52008). We set it at 10% for retrofits,
which is a rough average of values given for sepaechnologies, e.g. 12-14% for
condensing boilers and values below 10% for bugdinvelopes (Weiss et al, 2009; Jakob et

8 A recent demonstrative project on 2200 dwellingsitsited higher additional costs of 15% but thisdlitional
cost will most likely decrease in the next fututeedo learning (MEEDDM and ADEME, Béatiments basse
consommation: TADEME dresse un premier bilan prame, Press communique, 19 june 2009).
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al, 2004). The way one can derivate aggregatedilearates from separate measures has
been discussed by Ferioli et al (2009).

The historic number of retrofitted dwellings antertdata relative to retrofits that follow are
given by OPEN (2008) and ADEME (2008). The anne#lofitting activity is quite stable at
11% of the building stock but dominated by basi@asuees that do not lead to thermal
improvements, like wall painting (for an averagpexditure of 3,810€ per household). Only
3% of these works lead effective and significawirsgs (CAH, 2008). To reproduce that
number, we set the rate of energy efficiency imprognts by at least one energy class at
0.6% in 2007 and let it evolve endogenously. This provides26@7effectivenumber of
retrofits. The NPV calculation reflects the savipggential coming from the retrofitting of a
maximum share of the 2007 stock set at 50%. Thosvalfor the calibration of a parameter
giving thetheoreticalnumber of retrofits for each unit of positive NPhhe information

index is eventually calibrated to reflect the degancy between effective and theoretical
number of retrofits. It increases in the next tsteps with cumulated retrofits.

3.2. Business as usual case

We run the model with endogenous energy price$ 2080 to build a business as usual
scenario. This first run closely reproduces som&lskes that were not calibrated, as shown in
the first three rows of Table 3.

Usual values Model
Annual energy expenditures 21.6 billion Euros 20086, i.e. 20.4 billion Euros in 2008, i.e.
for space heating 342€/inhabitant for all energy, 320 €/inhabitant for electricity,

including wood (Besson, 2008) natural gas and fuel oil only

Retrofitting expenditures 11.6 billion Euros in 2006 for 2.4 billion Euros in 2008 for
11% of the stock (Girault, 2008)  0.6% of the stock subject to high
efficiency improvements

Annual reduction of the 3.3% in 2005 and 2.7% over 2.9% in 2008 and 2.5% on
unitary energy demand for 1973-2005 (ADEME, 2008) average on the whole period
space heating
Direct rebound effect Sorrell et al (2009) review values  39%
for space heating ranging from 1.4% to 58% and

suggest a mean value of around

20%

Table 3: Comparison of the model outcomes to beadhralues

As shown by Figure 4a, the building stock in squaeters increases by 20% between 2008
and 2030, a projection in line with (Traisnel, 2R00he pre-2007 existing stock still
represents 74% of the 2030 stock, which confirnescttimmon thinking that much attention
should be paid to the retrofitting of existing lalirigs. Figure 4b shows that the energy
demand for space heating decreases by an averagg@6fannually in spite of a twice higher
annual decrease of the conventional unitary consomprherefore, half of the energy
efficiency gains are counterbalanced by buildimglstincrease (+1%/year average) and
sufficiency relaxation (+0.3%/year average). Theeleeffect represents short-term
adjustments and has thus a strong influence onahrnatations.

° In BEAM simulations, this value is set at 0.6%tie reference scenario and 2% in aggressive soenari
(Teissier et al, 2008)
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Figures 4c and 4d show the results of logit investinthoices on the building stock’s
structure fon=8. Cumulated RT 2005 constructions account for 8%e post-2007 stock

in 2030, while BBC and BEPOS levels penetrate géghtly. Most of the savings come from
improvements in the structure of the pre-2007 stesgecially from the marked decrease of
class G dwellings, often qualified as “thermal vik&€c Actually, a breakthrough in energy
efficiency improvement trend occurs in around 2048en class G renovation reaches a
tipping point, and energy efficiency improvements even reduced from 2020 when class G
reaches a plateau (Figure 4d). These early langegsaare driven both by the high
profitability of investments in class G retrofitjrfleading in to a higher renovation rate
following the process described in Equation 5) dred“worst class destroyed first”
hypothesis. Running the model under a “no destrattssumption leads to a consumption
reduced by only 17% in 2030, compared to 26% irbt@ness as usual case. This means that
destruction of existing dwellings and their replaeat by new constructions, which affects
only 0.35% of the pre-2007 stock each year, acsolant35% of the savings reached in 2030.

a. Total stock b. Annual variation of demand drivers
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Figure 4: business as usual main restilts

We find that the average cost per dwelling for ioy@ments by at least one energy class
range between 15,500€ and 17,000€. Benchmark nfbdalggest values for such
investments ranging from 12,000€ to 30,000€ and C2008) suggests the mean value of
20,000¢€.

1%1n Figure 4b we have basically differentiated EqUB/E=AS/S1(Econ/S)/(Eond/S)+4(Esin/ Econ)! (Esin/ Econ)

! Results from the following simulation bottom-up aeds covering the French residential sector ard ase
benchmark: Energy Efficiency in Buildings (EEB)veped by (WBCSD, 2009); ENERTER, developed by
Energies Demain (Houdant et al, 2009); Built Enmiment Assessment Model (BEAM) (Teissier et al, 2008
BETEL (Raux et al, 2006).
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On the whole, this first run brings confidence afiliration and a slight tendency to
pessimism on dynamic evolutions. Actually, the middgires out that the business as usual
trends are far from the 2020 objective, with a ld8érease for space heating. Taking into
account all uses (roughly represented, see Sezt)nthe overall consumption is eventually
increased by 5% in 2020. This pessimistic outcorag be partly due to the large rebound
effect it encompasses compared to usual valuesptare heating (Table 3, last row).

3.3. Sensitivity analysis

We have emphasized in Section 3.1 that given tbadoset ohd hocparameters, sensitivity
analysis was needed. We focus here on the key lmeliavparameters and the dispersion of
discount rates for retrofitting. They both deterentheoretical market shares of energy classes
(Equations 3 and 4) used also in the calculaticth@ihumber of retrofits (Equation 5).
Therefore, they determine both the quantitative gulitative retrofitting dynamics.

Conventional demand Final demand
Price scenario Constant -22% -17%
Constant 1%/yr
increase -25% -29% (*)
IMACLIM-R -29% -26%
Discount rate values (7;7;7;7) -36% -30%
for agents (7;9;13;15) -32% -28%
(OI;0C;NI;NC) (7;15;25;30) -29% -26%
(7;15;30;50) -29% -26%
(7;30;70;100) -27% -24%
Nu values 1 -22% -22% (*)
2 -25% -23%
5 -28% -25%
10 -29% -26%
50 -29% -26%

Table 4: conventional and final energy demand fce heating in 2030 for different
scenarios (see text for interpretation of cases *)

As shown on Table 4, unsurprisingly the highere. the more convergent towards best
available technology the preferences, the largeettergy savings. As well, the lower the
discount rates, the larger the savings. If we takkser look to the mechanisms at stake on
key variables on Figure 5, we see that as expetttese parameters change both the
renovation rate and qualitative choices. On Figizrewe see that trends are very similar
between (7;15;25;30) and (7;15;30;50) cases, wh@neoccupying landlords make almost no
investment. This suggests that heterogeneous discates have threshold effects since above
certain values (around 25%), actually the interatd of return of retrofitting investments, a
whole type of agent will not undertake energy éfficy measures.
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a. DR Influence on annual retrofits b. DR Influence on pre-2007 stock structure in 2030
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d. Nu Influence on pre-2007 stock structure in 2030
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Figure 5: Sensitivity of key variables to discotate heterogeneity
(DR for agents OI;0C;NI;NC) and paramete(Nu)

To determine the core behaviour of our model, v8e abmpare the business as usual scenario
(IMACLIM-R prices) to a constant price scenario (86rease) and a constantly increasing
energy price scenario (1%l/yr. increase), as slmwiigure 6a. Our endogenous price
scenario is close to the constant price scenadause France’s residential energy demand in
terms of expenditures is dominated by electriaitigich is produced at a relatively constant
cost by nuclear power plants and whose price gelaregulated. Between constant and
constantly increasing price scenarios, the intéapion is straightforward. In the constant
price scenario, retrofitting occurs but qualitatoleices are not modified over time by energy
price variations. This results in low energy e#iaty improvements and thus in sufficiency
relaxation (increasing service factor on Figurel8c¥hifts towards the left side of the
behavioural curve in Figure 1. In the constanttyéasing price scenario (*), choices are
modified towards better solutions, which leadsighar energy efficiency improvements. But
as suggested by the decreasing service factoexierted shift towards the left side

following efficiency is more than compensated bitshiowards the right side of the
behavioural curve following increased energy exjtenes. In the IMACLIM-R price

scenario, price increase is not sufficient to makergy service factor dominate, but it
generates more energy efficiency than constantkgasing price. Price variations lead to
reduced energy demands ranging from -17% to -292030.
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a. Energy price Fisher index b. Energy demand for space heating
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Figure 6: Sensitivity of key variables to energicerscenarios

It is worthwhile to recall that any progress in igyeefficiency is systematically countervailed
by sufficiency relaxation, except in cases (*). fidiere, discrepancies on conventional energy
demand (a proxy for energy efficiency) between ades are mitigated when dealing with
final demand, as we can see on Table 4.

4. Policy impact evaluation

4.1. Instruments represented

We implement three important policy instrumentgadly existing or about to be implemented
in France as well as in many European countrie&, (B908):

* Taxes we simulate the C{tax orContribution énergie climaabout to be
implemented in France. Following the prospectivelgiof CAS (2008), we set it at
32€/tonCQ in 2010 and let it increase by 5% annually. Troyeckng modalities are
still under discussion but the tax is very likedyite entirely rebated lump-sum to
consumers, which is our assumption. We also madehd-use energy tax, calibrated
to generate the same revenue than thet@oin 2010 and increasing by 5% every
year. In both cases, tax free prices are still moally expected but the taxes are
perfectly expected.

* Regulationsone of the first agreements following tGeenelle de I'environnement
process was to set thermal requirements for neldibgs to BBC level in 2012 and to
BEPOS level in 2020. Benefiting from less agreennettte discussed regulation on
existing buildings that would require any retrafigt works to reach a certain level of
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final efficiency. We set this requirement to reaghat least class D starting from
2010, which represents for the worst buildings laligation to spend at least 300€/m?.

* Subsidiesa tax credit scheme for investments like insalatboilers replacement,
heat pumps or double glazing window has been im@iged in 2005 in France,
covering shares of the initial investment rangiragrf 15 to 50%. Since 2009, a zero
rate loan has also been implemented for investnmeagting eligible conditions
(30,000€ minimum expenditure, etc.). We model lodtthese instruments as a single
subsidy of 20€/m2 for every retrofit action upgraglthe energy class, which
represents approximately 2,000€ for an averagelidgel

Taxes and subsidies are modelled basically by arggmprice increase and a reduction of
investment cost, respectively. Such processes mayge the investment decision by
modifying the life cycle cost of each option anditoe consumption behaviour by modifying
the energy expenditure. In the regulation caset, tbgices in Equation3 are basically
enforced.

To keep consistency in the comparison of policesaviours, they are all implemented in
2010 (we thus anticipate by two years the BBC I¢vetmal requirement). As the
maintenance of subsidies is currently debated,uppase that they are removed in 2020, but
running the model until 2030 allows us to evalubtgr persistent effect. Since we do not
detail here fuel switch issues, we focus on pahaegacts on energy consumption and not on
CO, emissions. Administrative costs are not taken aaoount. We evaluate the impact of
each instrument in terms of effectiveness, i.ecatstribution to the 2020 national target, and
cost-effectiveness, i.e. cumulated and 4% discoum@netary savings net from investment
costs? compared to the reference evolution in 2030. énsthbsidy case, we use the non-
subsidized retrofitting cost (confounded with pyiterepresent the social point of view:
although not paid by consumers, the subsidy isteradi funded at the taxpayer’s expense.
Similarly, the tax free price is used in energyengtitures calculation in the tax case, which is
assumed to be entirely rebated to consumers.

4.2. Effectiveness and Cost-effectiveness analysis

As we can see on Table 6, every instrument leadlditional energy gains compared to the
reference situation. But the model outcomes th@a2020 objective of reducing residential
consumption by 38% compared to 2008 is very unlikelget reached for all uses, whatever
the means. Our model does not focus on other haesspace heating (modelled simply by
price and income elasticities) but if we only calesiheating consumption, generally
considered as the main driver of energy demandctieahs in the residential sector, all
scenarios are still far from the path.

12 All monetary costs and expenditures are labetieclirrent Euros.
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Energy consumption CO , emissions

Space Heating All uses Space Heating All uses
Reference case -16% +5% -28% -9%
CO, Tax -25% -3% -36% -16%
Final energy tax -25% -4% -36% -16%
Regulation -16% +5% -29% -9%
Subsidy -19% +4% -31% -10%

Table 6: Effectiveness of policy instruments imigiof reduced energy consumption in 2020
compared to 2008

Nevertheless, as we can see on Table 7, all institsyexcept subsidies procure net social
benefits in 2030. Actually, the payback date is@@018 and 2022 for end-use tax, Qax

and regulation, respectively. The reasons are epiwsFigure 7. Due to our endogenous
energy price settlement in the IMACLIM-R static dduium, energy savings (Figure 7a) lead
to lower price increases compared to the referease for subsidies and regulations and to
absolute tax free price decrease with taxes, fyindrienergy savings (Figure 7b). Therefore,
the cumulated energy expenditures are about 20%r laxth taxes compared to the reference
(Figure 7c¢). This is large enough to widely compgeashe high additional investment that
occurs with taxes (Figure 7d). In the subsidy ctseretrofitting expenditures are in the same
order of magnitude as the @@x until 2020, but with much less energy savibgsause of

an additional rebound effect compared to the ref@ease. This explains the net social cost
of this policy instrument. The regulation, althowsgitially benefiting, does not lead to a
situation significantly different from the referencase.
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This first analysis provides a rough ranking otinsients in terms of cost-effectiveness,
where taxes are ranked first, the regulation seemidthe subsidy third. This ranking is in
line with (Giraudet et al, 2008).

Cumulated additional Cumulated monetary Net social benefits
investment (bl€) savings (bl€) (bl€)
CO, Tax 18 33 15
Final energy tax 8.0 24 16
Regulation 0.93 1.7 0.75
Subsidy 5.4 4.0 -1.4

Table 7: Cost-effectiveness of policy instrumentagared to the reference case in 2030 (4% discadjinte

4.3. Determinants of the overall consumption

We try now to separate effects of policies on kaffitiency and sufficiency. The former is
analysed by the conventional consumption, i.ectitessumption given by the stock structure
under conventional assumptions (with a serviceofast at 1 in Equation 3) while the latter is
analysed by the aggregated service factor ovesttio, i.e. the ratio between the final and
conventional consumption.

a. Post-2007 stock structure in 2030 b. Pe-2007 stock structure in 2030
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Figure 8: Determinants of the final demand for spaeating

We see that the regulation is the only policy whiabdifies significantly the structure of the
post-2007 building stock (Figure 8a). We recall ithaets thermal requirements for new
buildings at BBC level in 2010 and BEPOS in 202@cd’instruments hardly change the
building stock’s structure, because of the low sladrvariable energy costs in the life-cycle
cost calculation for construction projects. In gne-2007 stock, the regulation that requires
each retrofitting action to reach at least cladsaB a qualitatively lower impact (Figure 8b),
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which indicates that such a level is weakly adddio The resulting conventional
consumption in the regulation case is very clogbeaeference (Figure 8c) in spite of
spectacular savings in new constructions, whickcatds that the post-2007 building stock is
not a great potential for savings. These low edficy improvements, with no other energy
price effect than reduced energy demand’s retroaati IMACLIM-R static equilibrium
(Figure 7b), lead to a service factor very closthoreference case (Figure 8d), which
explains why no additional rebound effect occurthia case compared to the reference case.
Conversely, the more efficient pre-2007 stock iB@Qwith also no other price effect than the
IMACLIM-R retroaction of increased efficiency) follving subsidies markedly increases the
service factor compared to the reference, genegr#tims an additional rebound effect. Taxes
induce a sudden reduction of the service fact@0ibO when implemented. Then they remain
markedly below the reference evolution, in paracdhe end-use energy tax decreases in
absolute term.

Therefore, taxes generate a “double gain” withdgrgsitive effects on both efficiency and
sufficiency, whereas subsidies have an opposieetii improving efficiency and relaxing
sufficiency. This mechanism is also in line withir@sidet et al, 2008). The regulation, given
the decision values we used, does not lead tofsigni changes of these two components
compared to the reference case.

4.4, Determinants of energy efficiency improvements

We attempt here to investigate the drivers of efficy improvements by separating the
variables of the retrofitting endogenous dynamiqsosed in Section 2.5. We recall that the
potential for energy savings can be deepened bgrgiynspeaking price policies (taxes and
subsidies), but also basically by technology leaynwhich lowers the retrofitting costs and
thus their share in life-cycle cost calculation king the investor more sensitive to variable
energy costs and thus more likely to choose efftgelutions). As well, cumulated retrofits
increase consumer’s information (Figure 2).
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a. Average retrofit cost "at manufacture" b. Energy savings potential
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Figure 9: Determinants of energy efficiency improeats

We see on Figure 9b that price policies lead todaisn deepening of the energy savings
potential when implemented in 2010 by turning noofifable investments into profitable
ones. In late years, the active technology learaffert induced by the CQax (Figure 9a)

also helps steadily deepen the potential. Butrin tatrofits contribute to the general
exhaustion of the potential. As well, cumulatelafits increase consumer information
(Figure 9c¢). The number of annual retrofits is éualty the result of these countervailing
effects (Figure 9d). It should be emphasized thaidw values in late years on Figure 9b do
not mean that the whole potential is exhaustezhlit means that additional effects on costs
(investment cost decrease or energy price incrgasesbehavioural parameters (discount rate
lowering or convergence of preferences towards destable technologies) are necessary to
create new positive NPV.
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5. Conclusions

From a methodological point of view, we introdudkd following innovative features in a
hybrid model: a clear separation between efficiearny sufficiency; on the demand side, a
representation of major barriers to energy efficiesuch as heterogeneity of decision-makers
and imperfect information; on the supply side, @esentation of complex interactions
between technology learning and potential exhanstraler endogenous retrofitting
dynamics. Moreover, we built our model on an inveitrepresentation by energy class, based
on data made recently available.

From an economic point of view, such a represeianabled us to better understand how
policy instruments impact differently energy eféincy and sufficiency. We learnt that:

* Price instruments play on both efficiency and sidficy and are by far the most cost-
effective instrument, leading to net benefits aseveral years. The G@ax plays
rather on the former component whereas the enénesgy tax plays rather on the
latter. But on the whole, they lead to very simikesults in terms of effectiveness and
cost-effectiveness.

* The regulation, as represented, is net benefitiidhs a contrasted impact in new and
existing dwellings. It is by far the only way topmove the energy efficiency of new
buildings, but a higher requirement than class Deisessary for retrofittings to
generate effective energy savings.

» Subsidies help progress in efficiency, due notabipformation acceleration, but they
relax sufficiency. The energy savings are morecéffe than in the regulation case but
still low compared to the reference case and waballed in financial terms, this
policy turns to be a net social cost. Its use gthbel confined to short-term periods,
when advantages can be drawn from its acceleraffegt on information and
technology learning, in combination with other ®ol

From a policy-making point of view, there is algtig gap between the business as usual
projections and the national objective of 2020 #redmeans about to be implemented reduce
it very slightly. We can discuss the model desitgsensitivity and our policy representation
but the upper bound of the model is clearly belbis joal for any policy. Given this result,
improving effectiveness is of prior interest frormpalicy making point of view than cost-
effectiveness. Therefore, new radical policiesrereded, especially for the huge potential of
the retrofitting of existing dwellings.
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