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Overview
The building sector is the second largest source of energy consumption and GHG emissions in temperate,
high-income countries. Two-third of it comes from housing, a diffuse sector of energy consumption
characterized by strong inertia and important barriers to investment. The pursuit of decarbonization necessitates
the implementation of measures from both demand-side and supply-side, which mutually interact. In this
context, how should decarbonization efforts be allocated between energy efficiency improvements, fuel switch
and energy system decarbonization ?
Most modeling studies only focus on one sector. On the one hand, building stock models are usually based on
exogenous prices and carbon content of energy, and therefore do not consider the feedback of building energy
demand on energy price and content (Giraudet et al., 2021). On the other hand, bottom-up energy optimization
models often consider exogenous assumptions about renovation rate and allocation between heating systems
(Brown et al., 2018; Shirizadeh and Quirion, 2022).
Two recent works explicitly model the competition between investments in heating electrification, switching
space heating fuels, building renovation, and power mix decarbonization (Mandel et al., 2023; Zeyen et al.,
2021). Their approaches rely on the optimization of bottom-up energy models to find optimal trade-off between
demand- and supply-side options. However, they model retrofitting as a supply option, and therefore fail to
consider that investments in retrofitting are decentralized and that homeowners may not invest in the socially
optimal decision. Empirical studies have long shown that homeowners do not systematically invest in energy
efficiency measures that pay off in the long run (Hausman, 1979), a phenomenon known as the energy
efficiency gap (Gerarden et al., 2017). Neglecting the particularities and diversity within the building sector can
result in a technical optimum which may mislead policymakers when formulating energy efficiency measures.

Method
Our approach aims to explicitly capture the frictions inherent in energy efficiency investment when evaluating
the trade-off between demand-side and supply-side options in an overall decarbonization strategy. We develop
an original integrated framework hard-linking a highly detailed building stock model with a highly detailed
energy system model for France. The building stock model, Res-IRF, provides a joint description of building
and household characteristics. Agents' investment decisions are based on investment costs, energy cost savings,
and subsidies of retrofitting options. This specification allows for explicit consideration of heterogeneity of
preferences, key market failures (landlord-tenant dilemma, credit constraint for low-income households, and
inherent frictions due to collective decisions in multifamily housing) and non-monetary costs. The estimate of
preferences for heater and insulation model comes from discrete choice experiments (Stolyarova, 2016). The
energy system model, EOLES, optimizes investment and dispatch with a multi-sectoral perspective and in an
hourly timescale (Shirizadeh and Quirion, 2022). Annualized cost includes operating and maintenance costs and



annualized capital costs. The annuity takes into account the discount rate, overnight construction costs, life, and
lead time of the investment.
Our model takes the perspective of a social planner seeking to minimize costs by controlling housing sector
policies, under three constraints: net-zero emissions must be achieved by 2050, energy efficiency markets are
plagued by market failures, and energy markets are perfectly competitive. Co-benefits from energy efficiency
investments such as reducing energy poverty are included in the objective function. We capture dynamics of
heating replacement investments and building insulation through a multi-stage myopic optimization.
To our knowledge, we are the first to propose a holistic approach taking into account the interplay between
demand-side and supply-side alternatives, while recognizing that energy efficiency investments are undertaken
by individual property owners.

Results
Our study first highlights that failure to achieve any of the dimensions studied (building efficiency, performance
of heating solutions, switching to low-carbon heating solutions including electricity) would lead to an increase
in total costs to achieve emission reductions targets. We compare the optimal decarbonization trajectory under
different energy efficiency subsidy programs targeting different housing groups and insulation measures. The
role played by demand-side and supply-side options in the global decarbonization strategy differ based on the
public policy scheme available in each scenario. Subsidies that target global renovation and heat pumps and that
address the main market failures in the residential sector lead to a decrease of total welfare costs of 4%
compared to a scenario with uniform ad valorem subsidies. We demonstrate that targeting subsidies to housing
segments with the highest energy poverty greatly increases the role played by insulation investment and allows
to reduce both health costs and total welfare costs. This highlights the importance of including energy efficiency
investments co-benefits in the assessment of the trade-off between supply-side and demand-side decarbonization
options.
We also quantify the increase in total costs due to the existing market barriers and failures in the residential
sector. A thought experiment techno-economic scenario where energy efficiency investments are allowed to be
tapped in increasing cost-efficient order leads to a decrease in total costs of 8% compared to a uniform subsidy
scenario where energy efficiency investments are made by individual agents under market failures.

Conclusions
Insulation, fuel switch and development of low-carbon supply options are cost-optimal to reach net-zero target.
Reaching this target at lower cost requires subsidizing both heat pumps and insulation measures. Relative role of
each option depends on the subsidy design available to the social planner. More targeted insulation subsidies at
cost-efficient potential lead to lower total system costs and increased insulation role in decarbonization strategy.
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