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Abstract: This paper analyzes the optimal portfolio, consumption, and energy-efficiency

investment decisions of a Dutch household facing energy price risk during retirement us-

ing a continuous-time life-cycle model. The household can reduce its exposure to energy

price risk through energy-efficiency home renovations, modeled as an impulse-control

problem in which the household chooses whether and when to upgrade its home’s energy

label. Energy prices follow a regime-switching jump-diffusion process calibrated to Dutch

residential gas prices around the 2022 energy crisis. While a simple net present value

calculation suggests label upgrades are beneficial for most households, our model shows

that many households optimally delay or forgo renovation despite the positive NPV. We

identify biometric risk and liquidity constraints as the main drivers of this reluctance.

Our results show how energy price, house price, and biometric risk jointly shape house-

hold portfolio composition and energy-efficiency renovation timing, with implications for

policy aimed at promoting residential energy efficiency.
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1 Introduction

Energy expenditure is one of the largest recurring components of household spending. According

to Eurostat, the category “housing, water, electricity, gas and other fuels” accounts for almost one

quarter of total household expenditure, making it the largest expenditure category in the European

Union (Eurostat, 2025). As a result, fluctuations in energy prices expose households to significant

energy price risk. This exposure is particularly important for retirees, whose lower and largely fixed

incomes leave limited scope to absorb unexpected increases in energy bills.

Households can reduce their exposure to energy price risk in two ways: (i) by moving to a more

energy-efficient house or (ii) by improving the energy efficiency of their existing home. For older

homeowners, however, residential mobility is rare. In 2023, less than 2% of Dutch residents aged 65

and above changed residence, compared to more than 6% of the overall population (Central Bureau

voor de Statistiek, 2026). For these households, improving the energy efficiency of the existing home

is therefore the primary way to reduce future energy expenditures and exposure to energy price

risk. At the same time, stimulating residential energy efficiency improvements has become a central

policy objective of the European Union, as reflected in the revised Energy Performance of Buildings

Directive (European Union, 2024).

These observations raise two natural questions. First, when is it optimal for a household to invest

in improving the energy efficiency of its home? Second, how does this investment decision interact

with broader life-cycle choices regarding consumption, saving, and portfolio allocation? Although

energy-efficiency investments have been studied extensively in the empirical literature, much less

is known about how rational households optimally time these large investments in the presence of

energy price risk, housing risk, financial market risk, and mortality risk.

We address these questions in two steps. We begin with a simple net present value (NPV) analysis

that compares the upfront costs of renovation with the discounted value of future energy savings. Al-

though this calculation suggests that many renovations are financially attractive, it abstracts from

key features of household decision-making, including uncertainty about future energy prices, liquid-

ity constraints, mortality risk, and interactions with consumption and portfolio choices.

We therefore develop a continuous-time life-cycle model in which households jointly choose perish-

able consumption, energy consumption, portfolio allocation, and the timing and scale of energy-

efficiency renovations. We consider married homeowners who enter the model at age 60 and face

four sources of uncertainty: energy price risk, house price risk, stock market risk, and biometric

risk. Energy prices follow a regime-switching jump-diffusion process that captures persistent crises,

while house prices and stock prices evolve as Brownian motions. Biometric risk is modeled as a di-

rected Markov chain, allowing mortality to affect both household composition and income. Energy

efficiency renovations are modeled as an impulse-control problem, extending the literature on invest-
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ment under transaction costs in the context of portfolio optimization (Eastham and Hastings, 1988;

Davis and Norman, 1990; Korn, 1999) to the setting of residential energy efficiency. Households

optimally choose whether and when to upgrade their home’s energy label, trading-off the upfront

renovation cost against future energy savings, house-price appreciation, and a permanent reduction

in exposure to energy price risk. Renovation therefore serves a dual purpose in the model. It is both

a real investment and a hedge against energy price risk.

Our analysis yields four main findings. First, despite the substantial upfront costs of renovation,

many households optimally improve their home’s energy efficiency. Most households undertake their

first renovation project before retirement, when they still possess sufficient financial resources and

have a long enough remaining horizon to benefit from future energy savings.

Second, liquidity constraints and mortality risk are the primary determinants of renovation timing.

Households that postpone or forgo profitable renovations typically do so because they lack sufficient

liquid wealth to finance the upfront costs or because mortality risk shortens the effective payback

horizon. Liquidity constraints also arise through the flow cost of homeownership. Negative house

price shocks reduce recurring maintenance costs and property taxes, thereby freeing financial re-

sources that can be redirected toward energy-efficiency renovations. Renovation activity is further

reduced when households underestimate energy price risk. Households that do not anticipate the

possibility of future energy crises have weaker incentives to invest in energy efficiency because they

fail to recognize the hedging value of renovation. This misperception provides a complementary be-

havioral explanation for the empirically documented reluctance of elderly homeowners to renovate.

Third, access to the renovation option generates substantial welfare gains that increase with finan-

cial wealth. Wealthier households can renovate earlier, undertake more comprehensive upgrades,

and benefit from lower energy expenditures over a longer horizon. Part of these welfare gains re-

flects the hedging value of renovation: by permanently reducing energy demand, a more efficient

home lowers the household’s exposure to future energy price shocks.

Fourth, we evaluate the Netherlands’ universal ISDE subsidy program.1 We find that the program

generates only modest welfare gains for liquidity-constrained households because it does not elimi-

nate the upfront financing barrier. Instead, much of the subsidy benefits wealthier households that

would have renovated even in its absence. Our results therefore suggest that means-tested grants

or subsidized renovation loans would deliver substantially larger welfare gains per euro of public

expenditure.

The Netherlands provides a particularly suitable setting for our analysis because it has one of

Europe’s longest-established residential energy-label systems, offering detailed evidence on both

energy-label price premiums (Brounen and Kok, 2011; Kattenberg et al., 2024; Stangenberg et al.,

1The ISDE (Investeringssubsidie Duurzame Energie en Energiebesparing) is the Dutch government’s investment sub-

sidy for residential energy-efficiency measures (see https://www.rvo.nl/subsidies-financiering/isde). We describe

its calibration in Appendix E.1.
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2026) and the renovation costs. Although, our quantitative results are calibrated to the Dutch insti-

tutional environment, the qualitative mechanisms identified in the paper—including mortality risk,

liquidity constraints, and the hedging value of renovation—apply more broadly to owner-occupied

housing markets exposed to energy price risk.

Our paper contributes to two strands of literature. First, we contribute to the literature on life-

cycle portfolio choice by incorporating endogenous energy-efficiency renovations and energy price

risk into a quantitative life-cycle model. Early work by Cocco et al. (2005) develops a quantitative

life cycle model of optimal consumption and saving under non-tradable labor income and borrow-

ing constraints. Cocco (2005) extends this framework by explicitly incorporating housing into the

portfolio choice problem, showing that house price risk crowds out stock holdings, particularly for

households with low financial wealth.

Subsequent studies extend this framework in several directions. Kraft and Munk (2011) and Kraft

et al. (2017) analyze optimal housing, consumption, and portfolio decisions over the life cycle, empha-

sizing the role of housing habits. Hambel et al. (2023) study the optimal timing of reverse mortgages,

highlighting the interaction between house price risk and mortality risk. Fischer and Stamos (2013)

examine the implications of housing market cycles for life cycle portfolio choice, while Fischer and

Khorunzhina (2019) and Bacher (2022) analyze the effects of family composition and divorce risk on

housing decisions. Finally, Schlafmann (2021) studies how self-control problems affect housing and

mortgage decisions, showing that present bias leads households to maintain substantially higher

loan-to-value ratios and to repay their mortgages more slowly. We extend this literature by modeling

energy-efficiency renovations as an impulse-control problem and introducing energy price risk as an

additional source of background risk.

Second, we contribute to the predominantly empirical literature on residential energy efficiency.

Brounen and Kok (2011) show that homes with better energy labels sell at a price premium in the

Dutch housing market. Brounen et al. (2013) study energy literacy and conservation behavior among

residential households and show that awareness of energy costs plays an important role in conserva-

tion effort. Aydin et al. (2017) document the rebound effect, showing that households partially offset

energy savings by increasing energy consumption following energy-efficiency improvements. More

recently, Kattenberg et al. (2023) exploit the random allocation of solar panel subsidies to show that

financial incentives accelerate the adoption of energy-saving technologies, while Kattenberg et al.

(2024) demonstrate that home insulation generates both significant energy savings and house price

appreciation. We complement this literature by providing a structural framework that explains when

households optimally invest in energy efficiency and how these decisions depend on energy price risk,

house price risk, mortality risk, and liquidity constraints.

The remainder of this paper is organized as follows. Section 2 presents some stylized facts on the

Dutch residential energy market. Section 3 develops intuition about the economics of energy label
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Figure 1: Real Energy Prices, 2007-–2025. Panel (a) shows the semi-annual real gas price in e/kWh for

Dutch residential households. Panel (b) shows the corresponding electricity prices and Panel (c) the semi-

annual electricity-to-gas price ratio. Red square markers indicate observations classified as the crisis regime

(2022 H1–2023 H1); blue circle markers indicate normal-regime observations. The dashed lines indicate the

2007–2019 pre-crisis mean and the 2024–2025 post-crisis mean, respectively. The shaded area marks the

crisis episode. Gas price data for 2007–2008 are from CBS Table 81309NED; data for 2009–2025 are from

CBS Table 85666ENG. Electricity price data are from CBS Table 85666ENG.

upgrades through a simple NPV calculation. Section 4 presents the full model. Section 5 reports the

main results. Section 6 analyzes the welfare effects of energy-efficiency subsidies. Section 7 provides

robustness checks and sensitivity analyses. Section 8 concludes. Technical details on the numerical

solution, calibration, and additional simulation results are provided in the appendix.

2 The Dutch Residential Energy Market

The Dutch residential heating market is dominated by natural gas as main energy carrier. According

to recent CBS data, approximately 86% of Dutch households rely on natural gas as their primary

heating source. Thus, we focus on natural gas as the primary energy carrier, treating electricity as a

secondary energy carrier.

2.1 Household Energy Prices

Figure 1 documents the time-series behavior of Dutch residential energy prices over the period

2007–2025. Panel (a) shows the real gas price in e/kWh, deflated to 2024 e using Dutch CPI in-

flation rates. Gas prices were largely stable during the pre-crisis period 2007–2019,2 fluctuating

closely around a mean of 0.11 e/kWh with an average real growth rate 0.3% per year, statistically

indistinguishable from zero (p ≈ 0.9), and an annualized volatility of about 7.6%. The 2022 energy

crisis, triggered by the Russian invasion of Ukraine, caused a sharp upward jump, with gas prices

reaching 0.21e/kWh in 2022 H2. We classify the period 2022 H1 through 2023 H1 as the crisis

2We deliberately exclude the years 2020 and 2021 due to COVID-19 crisis effects unrelated to the subsequent energy

crisis. Including these years would only marginally affect the results. This analysis is available upon request.
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Pre-crisis post-crisis

Series mean (sd) mean (sd) % change Welch t (p) Levene F (p) Chow F (p)

Gas 0.1059 0.1631 +54.0% −23.13 2.6896 243.71

(e/kWh) (0.0071) (0.0042) (0.000) (0.111) (0.000)

Electricity 0.2262 0.2361 +4.4% −0.97 0.7468 0.38

(e/kWh) (0.0310) (0.0166) (0.365) (0.394) (0.540)

El./gas ratio 2.1443 1.4482 −32.5% 8.65 2.3828 19.28

(0.3105) (0.1100) (0.000) (0.133) (0.000)

Table 1: Pre- vs. post-crisis regimes (2007–2019 vs. 2024–2025). The table reports mean levels and

standard deviations (in parentheses) for real gas prices, real electricity prices, and the electricity-to-gas price

ratio in the pre-crisis period (2007–2019) and the post-crisis period (2024–2025). The percentage change mea-

sures the difference in mean levels across regimes. Welch two-sample t-tests assess equality of means, Levene

tests assess equality of variances, and Chow tests evaluate the presence of a structural break. Corresponding

p-values are reported in parentheses below each test statistic. All prices are expressed in real 2024 e/kWh.

regime, corresponding to an expected crisis duration of 1.5 years. Following the crisis, gas prices

partially mean-reverted but remained approximately 54% above the pre-crisis average, reflecting a

permanent shift in the price level rather than a transitory spike.

Electricity prices are generally higher than gas prices as reflected in the electricity-to-gas price ratio

in Panel (c), which exceeds one throughout most of the sample. The electricity price series (Panel (b))

displays a qualitatively different pattern than gas prices during the crisis episode. Partly shielded by

regulated tariffs and government interventions, electricity prices initially declined despite the sharp

increase in gas prices. Consequently, the electricity-to-gas price ratio fell from its pre-crisis average

of 2.21 to a low of 0.36 in the first half of 2022. This decline was followed by a pronounced rebound,

with electricity prices rising sharply and approaching 0.40,e/kWh in 2023, as illustrated in Panel (c).

Following the crisis, electricity prices normalized and the ratio recovered toward its post-crisis level

of approximately 1.45, though without reverting to its pre-crisis level of 2.21.

To assess whether these regime differences reflect a genuine structural break rather than transitory

crisis-period volatility, we conduct a formal analysis comparing the pre- and post-crisis periods. To

avoid imposing the break date a priori, we perform a Quandt-Andrews test, which searches over

all candidate break dates within a 15% trimmed window of the full 2007–2025 sample. In a second

step, we test for a level shift using a dummy-variable (Chow) regression, complemented by a Welch

two-sample t-test and a Levene test for variance equality across regimes.

Table 1 summarizes the results and reveals a clear distinction between gas and electricity prices.

Real gas prices exhibit a large and highly significant level shift (p ≈ 0.000), with the endogenously

estimated break date (2022H2) coinciding almost exactly with the onset of the energy crisis. In con-

trast, real electricity prices show no statistically significant change in their mean level between the

pre- and post-crisis periods. This result confirms the visual evidence in Panel (b), where electricity

prices exhibit substantial volatility during the crisis but subsequently return to levels close to their

5



(b)	Label	Distribution	(end-2024)

35%

16%

25%

10%

8%

4%2%

A	or	better

B

C

D

E

F

G

Energy	label

G F E D C B A A
+

A
++

A
++
+

0

50

100

150

200

250

300

350

400

(a)	Annual	Energy	Requirement	(kWh/m
2
)

Figure 2: Energy Labels in the Dutch Residential Sector. Panel (a) shows the average annual energy

requirement in kWh per square meter of floor area for each energy label, ranging from G (least efficient) to

A+++ (most efficient), based on Dutch government classification standards (Rijksoverheid). Panel (b) shows the

distribution of energy labels across Dutch homes at end-2024 (Compendium voor de Leefomgeving, 2024). The

data was retrieved from the Dutch government webpage: https://www.rijksoverheid.nl/onderwerpen/

energielabel-woningen-en-gebouwen/energielabel-woning.

pre-crisis average. Levene tests further indicate that the variance of gas and electricity prices do not

differ significantly between the pre- and post-crisis periods.

2.2 The Role of the Energy Label

In the Netherlands, the energy efficiency of a residential property is summarized by an energy la-

bel, ranging from G (least efficient) to A+++ (most efficient). The label reflects the annual baseline

energy requirement of the home per square meter of floor area, measured in kWh/(year·m2). House-

holds may deviate from the label-implied baseline by adjusting their energy consumption, where

reductions below this level save energy costs but reduce living comfort, as documented by Curuk

et al. (2025). Panel (a) of Figure 2 reports the average energy requirements associated with each

label. The energy label thus determines the household’s exposure to energy price risk, since a poorly

insulated home implies a proportionally larger energy bill for any given price level and thus greater

vulnerability to shocks of the kind documented in Section 2.1. Panel (b) of Figure 2 illustrates the

distribution of energy labels across Dutch homes.3

Several studies document significant label-related price effects in the Dutch housing market. Brounen

and Kok (2011) find substantial price premiums for houses with higher energy labels using NVM

transaction data. Kattenberg et al. (2024) document significant house price appreciation following

insulation investments. Stangenberg et al. (2026) confirm these findings using administrative data

covering all Dutch residential transactions from 2000 to 2017, but show that part of the premium

3The data can be found on the Dutch government website: https://www.rijksoverheid.nl/onderwerpen/

energielabel-woningen-en-gebouwen/energielabel-woning
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Figure 3: House Price Appreciation and Transaction Costs by Label Transition. Panel (a) shows the

average house price appreciation in percent as a function of the scope of the upgrade (number of label steps),

for each starting label L ∈ {G,F,E,D,C,B, A} based on NVM transaction data. Panel (b) plots the midpoint

gross renovation cost as a function of the target label L′ for each starting label for a house of size φ= 138m2.

Solid lines with circle markers indicate data-based estimates. Dashed lines with triangle markers indicate

extrapolations for which no direct market data is available. Shaded bands show the low–high uncertainty

range. All costs in real 2024 e, VAT-inclusive.

reflects underlying building quality rather than the label per se. Panel (a) of Figure 3 shows that the

house price premium is approximately 2.5% per label step, broadly independent of the starting label,

and rises to approximately 11% for a four-step upgrade from label D.

Improving the energy label requires substantial upfront investments. Renovation costs depend pri-

marily on the home size φ, the starting label L, and the target label L′, with each additional step

requiring progressively more capital-intense measures. The costs reflect the investment needed to

reach a given label from below, which, for higher labels, typically involves a combination of insulation

measures, a heating system upgrade, and solar panels. Renovation costs are highly heterogeneous

and subject to considerable uncertainty.

Panel (b) of Figure 3 illustrates typical cost schedules for a house of φ = 138 m2, corresponding

to the median floor area for Dutch couples without children aged 50–70 (see Appendix C.5). The

shaded bands reflect the cost range across homes and market conditions. A detailed discussion on

the construction of these cost schedules from real-world data is given in Appendix C.8. Renovation

costs are strictly increasing in the scope of the upgrade and convex in the number of label steps up to

label A+. As the home becomes more energy-efficient, residual gains require increasingly expensive

interventions such as triple glazing and mechanical ventilation systems. Thus, the marginal cost of

each additional label improvement rises accordingly. The marginal cost declines slightly for the final

transition from A+ to A++, reflecting the comparatively low cost of installing battery storage relative

to the capital-intensive measures required at earlier stages.

7



3 A Net Present Value Analysis of Energy Label Upgrades

Before turning to the full life-cycle model, we build intuition about the economics of energy label

upgrades through a simple net present value (NPV) analysis.

Setup and Scenarios. Consider a household that upgrades its home from energy label L to a target

label L′. The upgrade reduces annual energy expenditure, reflecting the lower energy requirement

R(L′)< R(L). Against this benefit, the household incurs a one-time transaction cost κ(L,L′,φ), which

also includes an estimate for non-pecuniary costs borne by the household during a renovation such

as renovation disutility and opportunity costs, see Appendix C.8 for the calibration details. Abstract-

ing from uncertainty and assuming a constant real annual energy price growth rate g ≥ 0, the net

present value of the upgrade is

NPV(L,L′)=φ
[
R(L)−R(L′)

]
G0

1− e−(r−g)T

r− g︸ ︷︷ ︸
PV of energy savings

− κ(L,L′,φ)︸ ︷︷ ︸
transaction costs

, r ̸= g (3.1)

where φ is the house size, G0 the current gas price, r the real risk-free rate, and T the planning

horizon. We set T = 30 years and consider three scenarios for energy price growth: (i) a baseline with

g = 0% in line with the historical average before the energy crisis; (ii) a moderate growth scenario

with g = 2% in line with the historical average including the crisis period; (iii) a high-growth scenario

with g = 4%, consistent with projected energy cost trajectories under the EU Emissions Trading

System 2 (ETS2), which will apply carbon pricing to residential heating fuels from 2027.

The NPV analysis in (3.1) abstracts from the house price appreciation associated with an energy

label upgrade. This simplification is motivated by the observation that owner-occupiers who do not

intend to sell their home are unlikely to internalize future capital gains from renovation. Brounen

et al. (2013) document that residential households exhibit limited energy literacy and tend to eval-

uate energy-efficiency investments primarily in terms of expected energy cost savings rather than

potential house price appreciation. This behavioral pattern is likely to be even more pronounced for

the retirement-age households considered in our model, whose low residential mobility makes the

realization of future capital gains through a home sale relatively unlikely.4

Results. Table 2 reports the NPV of energy label upgrades for all documented transitions under

the three energy price growth scenarios. Several patterns emerge. Under the baseline scenario

(g = 0%), a household at label D upgrading to label A recovers the upfront cost of e 20 000 plus non-

4This simplification deliberately creates an asymmetry between the NPV benchmark and the full model in Section 4,

which incorporates label-dependent house price appreciation calibrated to NVM transaction data (see Panel (a) of Figure 3).

The NPV analysis therefore provides a conservative lower bound on the financial benefits of renovation. As shown in

Section 7, however, the strength of the bequest motive and thus the house price appreciation associated with renovation

has a negligible effect on the optimal renovation decision.
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L L′
∆R Cost NPV (e)

(kWh/m2) (e) g = 0% g = 2% g = 4%

D C 40.0 10 000 8 770 16 221 28 485

D B 95.0 13 000 12 393 23 719 40 773

D A 137.5 20 000 14 147 30 003 53 880

D A+ 180.0 43 000 13 189 41 593 84 364

D A++ 207.5 60 000 9 160 45 683 100 680

C B 55.0 6 000 249 3 430 8 221

C A 97.5 13 000 2 003 9 714 21 327

C A+ 140.0 33 000 5 875 26 134 56 641

C A++ 167.5 50 000 1 846 30 224 72 957

B A 42.5 6 500 3 322 7 852 14 674

B A+ 85.0 24 000 11 219 28 297 54 013

B A++ 112.5 40 000 8 800 33 997 71 939

A A+ 42.5 22 000 1 415 13 962 32 857

A A++ 70.0 35 000 3 826 24 492 55 612

A+ A++ 27.5 18 000 –4 877 –3 242 15 468

Table 2: Net present value of energy label upgrades. The table contains the net present values for all

transitions from starting label D or better to target level A++. The NPVs are computed from equation (3.1)

with r = 1.1%, G0 = 0.166 e/kWh, φ= 138 m2, and T = 30 years, using central renovation cost estimates.

pecuniary costs and earns a net gain of approximately e 14 100. The NPV rises to e 30 000 under the

moderate growth scenario (g = 2%), and to e 53 900 under high growth (g = 4%). The sensitivity to

g is substantial: moving from the baseline to the high-growth scenario roughly quadruples the NPV

of a D-to-A upgrade, underscoring the importance of energy price expectations for the renovation

decision.

The optimal target label also varies with the growth scenario. For a household at label D, upgrad-

ing to label A is optimal under the baseline scenario, yielding an NPV of e 14 100. In the moderate

growth and high growth scenarios, however, upgrading to label A++ dominates, with an NPV of

e 45 700 and e 100 700, respectively, as the large cumulative energy savings more than offset the

higher upfront investment of e 60 000 plus non-pecuniary costs. For households at label C, the op-

timal target shifts from label A under the baseline to label A+ (e 5 900) and remains at label A++

under moderate growth (e 30 200) and high growth (e 73 000). For households at label B, the optimal

target is label A+ under the baseline scenario. Under moderate and high growth, the optimal target

label remains at label A++.

Across all starting labels and scenarios, higher expected energy price growth shifts the optimal tar-

get label upward. This pattern reflects the interaction between the present value of energy savings,

which rises with the expected growth rate of energy costs, and the convex cost structure of renova-

tions. As energy prices grow faster, the additional savings from reaching higher labels increasingly

offset the disproportionately higher renovation costs. Households who expect energy prices to rise in
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line with ETS2 projections should therefore invest more aggressively in energy efficiency than the

baseline NPV analysis would suggest.

Limitations. The NPV analysis establishes a useful benchmark, but it abstracts from several fea-

tures that are likely to matter quantitatively. First, it ignores energy price uncertainty. A household

facing risky energy prices, as documented in Section 2.1, may wish to delay an upgrade when prices

are temporarily low, an option value the static NPV cannot capture. Energy price uncertainty may

also induce households to sharply reduce energy consumption during crisis episodes rather than in-

vest in energy efficiency improvements. Second, the realized planning horizon T is random due to

mortality risk. Risk-averse households effectively discount future savings more heavily than the

deterministic NPV formula implies, and surviving the payback period of an upgrade is not guaran-

teed. Third, liquidity constraints and fixed costs such as mortgage payments and maintenance costs

may prevent households with limited financial wealth from financing an NPV-positive upgrade, forc-

ing them to postpone the investment until sufficient savings have been accumulated. This friction

is compounded by mortality risk, as the death of a spouse can disrupt the household’s income and

tighten liquidity constraints further. Fourth, the NPV treats the timing and size of the upgrade as

fixed, whereas the optimal strategy may involve incremental upgrades at endogenously chosen times

to achieve a rather smooth transition from the starting label to the target label and to spread the

financial burden of a big renovation over multiple periods. Fifth, the NPV framework is silent on how

the upgrade decision interacts with broader portfolio and consumption choices, such as the tradeoff

between investing in home insulation and holding financial assets, or the consumption-smoothing

response to a large, lumpy expenditure.

These limitations jointly motivate the continuous-time model of Section 4, which addresses each of

them in turn.

4 Model Setup

This section presents our full-blown life cycle model and describes the household’s optimization prob-

lem. We model a married couple living in an owner-occupied home during the pre-retirement and

retirement phases. The framework is designed to address the key limitations of the NPV analy-

sis discussed in Section 3. Energy prices follow the regime-switching jump-diffusion process doc-

umented in Section 2.1, and the planning horizon is stochastic due to mortality risk. Households

face financial frictions arising from mortgage payments, maintenance costs, and taxes, which may

render otherwise profitable renovations infeasible. They choose both the timing and scope of energy-

efficiency investments endogenously and incur both monetary and non-monetary renovation costs.

The model jointly determines consumption, portfolio allocation, energy demand, and renovation de-
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cisions, thereby capturing the interaction between housing investment and the household’s broader

financial planning problem.

We model households from age 60 onward because residential mobility declines sharply at this stage

of the life-cycle, making energy-efficiency renovation the primary instrument for reducing exposure

to energy price risk. By abstracting from earlier life-cycle decisions, we treat pre-retirement income

as deterministic and avoid introducing moving and mortgage choices as additional discrete state

variables. This keeps the model tractable while allowing us to focus on the central trade-off between

upfront renovation costs and future energy savings.

Financial Assets. The household can invest in two financial assets: a risk-free money market ac-

count (MMA) M = (Mt)t≥0 paying a constant interest rate r and a risky stock market index S =
(St)t≥0. The equity premium, ηs =µs− r, and the volatility, σs, are constant. The dynamics are given

by

dMt

Mt

= Mtrdt,
dSt

St

=µsdt+σsdW s
t .

The process W s = (W s
t )t≥0 is a standard Brownian motion.

Mortality Risk. The household faces uncertain death shocks. The current life state is captured by

the directed Markov chain Z = (Zt)t≥0, which can take values in Z = {1,2,3,4} with

Zt =






1 both spouses alive at t,

2 first spouse alive, second spouse dead at t,

3 second spouse alive, first spouse dead at t,

4 both spouses dead at t.

The household starts in state Z0 = 1, where both spouses are alive. The transition intensity λ
z,z
m (t)

from state z to z is an age-dependent deterministic function. The random time τ=min
{
t ≥ 0

∣∣Zt = 4
}

is the time when both spouses have passed away and marks the end point of the model.

Household Income. The household receives an income stream net of medical expenses denoted by

I = (I t)t≥0. Following Hambel et al. (2023), income is age-dependent and both spouses retire at the

age of 67 years. Before retirement, I t represents labor income, whereas after retirement it represents

pension income. We assume that income drops when one spouse passes away, i.e., I(t,1)> I(t,2) and

I(t,1)> I(t,3).

Gas and Electricity Prices. To capture the empirical evidence from Section 2.1, we model gas prices

as a regime-switching jump-diffusion process. The current energy market regime is described by a

two-state Markov chain Y = (Yt)t≥0 taking values in Y =
{
1,2

}
. We refer to Yt = 1 as normal times
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and Yt = 2 as an energy crisis corresponding to the two regimes visualized in Figure 1. Gas prices

evolve according to

dG t

G t−
=µgdt+σgdW

g
t +θ

(1,2)
g dN

1,2
t +θ(2)

g dN2
t +θ

(2,1)
g dN

2,1
t . (4.1)

with constant drift rate µg and volatility σg. The process W g = (W
g
t )t≥0 is a second standard Brow-

nian motion with d〈W g,W s〉 = ρgsdt. The model features two types of upward jumps and one down-

ward jump: The Poisson process N(1,2) = (N
(1,2)
t )t≥0 is only active in normal times and reflects a

positive gas price shock of size θ
(1,2)
g > 0 and simultaneously triggers the transition to the crisis state.

The second Poisson process N(2) = (N(2)
t )t≥0 is only active in the crisis state and generates additional

upward shocks of size θ(2)
g > 0. Finally, the third Poisson process N(2,1) = (N

(2,1)
t )t≥0, active only in the

crisis state, generates a negative gas price shock of size θ
(2,1)
g ∈ (−1,0) that simultaneously triggers

the return to the normal regime.5 The transition intensities are λ
(1,2)
g , λ(2)

g , and λ
(2,1)
g , respectively. In

line with the economic interpretation of the two states and the empirical evidence that energy price

shocks are often clustered, this probability is higher in the bad state, i.e., λ(2)
g > λ

(1,2)
g . Motivated by

Panel (c) of Figure 1 and to avoid introducing an additional state variable, we model electricity prices

as a state-dependent multiple of gas prices, i.e., E t =G tϖ(Yt).
6

Heating Bill. The household owns a house of size φ with energy label L t. The energy label deter-

mines the annual heating requirement per square meter, denoted by R(L t). Total annual heating

demand is therefore φR(L t), which we refer to as the reference level. The household chooses its

actual energy consumption rate εt, measured in kWh/year. Consumption below the reference level is

possible but reduces living comfort and generates disutility as discussed below. The annual heating

bill equals εt pt, where pt denotes the effective energy price. This price depends on both the house-

hold’s heating technology and prevailing energy prices. It is given by pt = G t + ι(L t)(E t −G t), where

ι(·) ∈ [0, 1] determines the energy source used for heating. Houses with label B or lower are assumed

to rely on gas heating (ι= 0), houses with label A+ or higher use electricity heating (ι= 1), and houses

with label A employ a hybrid system (ι= 0.5). This specification reflects the cost-optimal sequencing

of renovation measures discussed in Appendix C.8.

5We choose constant jump sizes to keep the energy price model as simple and intuitive as possible. Allowing for

stochastic jump sizes increases the model’s complexity but does not qualitatively affect the results. This extension is

available upon request.
6While this specification parsimoniously captures the empirically observed regime-dependence of the electricity-to-gas

price ratio, it abstracts from independent stochastic variation in electricity prices. As shown in Table 1, the Levene test

fails to reject the equality of electricity price variances between the pre- and post-crisis periods (p = 0.394), suggesting that

the residual variation not explained by the gas price process is modest.
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House Prices. We refer to the price per square meter of the house with lowest energy label L =G as

unit house price. It is denoted by U = (Ut)t≥0 and follows the dynamics

dUt

Ut

=µhdt+σhdWh
t , (4.2)

where Wh = (Wh
t )t≥0 is a third standard Brownian motion with d〈Wh,W s〉 = ρshdt and d〈W e,Wh〉 =

ρghdt. The real expected growth rate, µh, the volatility, σh, and the correlation coefficients ρsh,

ρgh are assumed to be constant.7 Since the household owns a house of size φ with endogenously

implemented energy label L t, the market value of the house H = (Ht)t≥0 is

Ht =φUt h(L t), (4.3)

where h(G)= 1 and the function h(·) captures the house-price premium associated with higher energy

labels, consistent with Panel (a) of Figure 3. In addition to energy expenditures, the household incurs

maintenance costs and property taxes, which are modeled as an affine function of the house price,

i.e., ξ0 +ξ1Ht, e.g., Kraft and Munk (2011); Yogo (2016).

Transaction Costs. The household can improve the energy efficiency of its house by investing in

energy saving instruments such as thermal insulation or heat pumps. At endogenous intervention

times νn, the household upgrades its energy label from L to L′. Such investments permanently

reduce future energy demand without affecting living comfort. Following the discussion from Sec-

tion 2.2, the transaction costs depend on the old and new energy label and the size of the home

κ(L,L′,φ)=
(
κfix +φκvar(L,L′) (1+ς)

)
1{L ̸=L′}. (4.4)

They consist of a fixed component κfix > 0 and a variable component proportional to the house size

φ. The function κvar(L,L′) is strictly increasing in the number of label improvements, reflecting the

convex cost schedules documented in Figure 3. The parameter ς ≥ 0 captures non-pecuniary costs

that scale with the scope of the renovation, including planning and coordination efforts, disruption

to daily life, and temporary accommodation expenses during major renovations, see e.g., Fowlie et al.

(2015); Ebrahimigharehbaghi et al. (2019); De Vries et al. (2020); Curtis et al. (2024).

Annuity Mortgage. The household enters the model with a fixed-rate annuity mortgage on its home,

with a remaining maturity of Tm years. The mortgage was originated prior to t = 0 at a fixed nominal

rate rm > 0, implying a constant payment flow of m > 0 per unit time for t ∈ [0,Tm]. The outstanding

7In our numerical implementation, we set ρgs = ρsh = ρgh = 0. Since the regime-switching jump-diffusion process

separately captures crisis-driven co-movements in energy prices through the jump components, the diffusion correlations

between normal energy price fluctuations and both stock and house price returns are economically negligible. The assump-

tion of zero correlation between house prices and financial asset returns is moreover consistent with the empirical evidence

of Flavin and Yamashita (2002). Results are robust to non-zero correlations. This analysis is available upon request.
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mortgage balance at t = 0 is B0 = m · 1−e−rmTm

rm
and declines deterministically to zero at t = Tm. To

keep the model tractable, we abstract from refinancing and early repayment decisions.

Financial Wealth Dynamics. The household chooses perishable consumption c, energy consump-

tion ε, and the fraction π of financial wealth invested in the stock market. In addition, it decides

whether and when to undertake energy-efficiency investments. Because renovations are subject to

transaction costs, these decisions constitute an impulse control problem with intervention times νn

and associated post-renovation energy labels Lνn
.

Financial wealth evolves through investment returns, labor or pension income, and a range of expen-

ditures, including consumption, energy bills, housing costs, mortgage payments, taxes, and renova-

tion expenses. In the Netherlands, capital income is taxed under the so-called Box 3 system, which

imposes a tax on deemed rather than realized investment returns. The effective annual tax liability

is given by τeff max
(
X t−χZt

, 0
)

where τeff denotes the effective tax rate and the exemption threshold

χZt
> 0 depends on household composition through the life state Zt. The dynamics of financial wealth

are therefore given by

dX t = X t

[(
r+πt(µs − r)

)
dt+πtσsdW s

t

]

+
[
I t − ct −b(εt,G t,L t,Yt)−

(
ξ0 +ξ1Ht

)
−m1{t≤Tm} −τeff max

(
X t −χZt

, 0
)]

dt

Xνn
= Xνn−−κ(Lνn−,Lνn

,φ).

Preferences. Following Kraft and Munk (2011); Fischer and Stamos (2013); Nakajima and Telyukova

(2017); Kraft et al. (2017), among others, the household has Cobb-Douglas preferences over perish-

able consumption ct and housing services ηt,
8

C t =
cαt η

1−α
t

ςZt

,

where α ∈ (0,1) denotes the utility weight on perishable consumption and ςZt
≥ 1 is an economy-

of-scale parameter that depends on household composition.9 This specification implies that a two-

person household requires less than twice the consumption of a single-person household to attain

the same utility level. Housing services depend on the size, energy efficiency, and heating intensity

of the house according to

ηt = η(εt,L t)=φ
[
1−

ω

2

( εt

φR(L t)
−1

)2]
, (4.5)

8The empirical evidence on the elasticity of substitution between perishable consumption and housing services is

mixed, although most studies suggest a value close to one, see, e.g., Berger et al. (2018) and the references therein. Flavin

and Nakagawa (2008) argue that the two goods are complements, whereas Piazzesi et al. (2007) argue that they are rather

substitutes.
9Preferences with a consumption scaling parameter are used by Love (2010), Hubener et al. (2014), and Hambel et al.

(2017).
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where ω ≥ 0 governs the utility cost of deviating from the reference heating level.10 The reference

level φR(L t) is the annual heating requirement implied by the house’s energy label.

When ω > 0, reducing energy consumption below the reference level lowers housing services and

therefore utility. A larger value of ω corresponds to a stronger preference for thermal comfort and,

consequently, a lower price elasticity of energy demand. Households with a high ω therefore respond

less to increases in energy prices because even small reductions in heating substantially reduce

living comfort. This parameter can be identified empirically from observed energy demand behavior,

see Appendix C.9.11 See also Appendix E.2 for a detailed discussion.

The household’s utility index for a given strategy ζ=
(
c,ε,π, (νn,Lνn

)n∈N
)

is recursively defined as

U
ζ(t, g, l,u, x, y, z)=Et

[∫τ

t
F

(
Cs, U

ζ(s,Gs,Ls,Us, Xs,Ys, Zs)
)
ds (4.6)

+e−δ(τ−t) ϑ

1−γ

(
Xτ+βHτ

)1−γ
∣∣∣ G t = g,L t = l,Ut = u, X t = x,Yt = y, Zt = z

]
,

where δ> 0 denotes the time preference rate, ϑ≥ 0 governs the strength of the bequest motive, β≤ 1

captures potential transaction costs from selling the house, and F is the aggregator function for

stochastic differential utility (Duffie and Epstein, 1992), which allows us to disentangle relative risk

aversion (RRA) γ≥ 0 from the elasticity of intertemporal substitution (EIS) ψ≥ 0 (Epstein and Zin,

1989). For the special case, γ= 1/ψ, this specification gives standard time-additive CRRA utility.

Optimization Problem. The household chooses perishable consumption c, energy consumption ε,

the fraction of wealth invested in the stock index π, as well as the sequence of renovation decisions

(νn,Lνn
) to maximize its utility index subject to the following constraints:

(C1) perishable consumption and housing service is strictly positive ct > 0, ηt > 0.

(C2) financial wealth is positive, X t ≥ 0.

(C3) the fraction invested in the risky asset is between zero and one, 0≤πt ≤ 1.

The constraint (C1) is standard in the life-cycle literature and ensures that the household does not

starve. Constraints (C2) and (C3) reflect the limited borrowing opportunities available to older house-

holds. The non-negativity constraint on financial wealth rules out borrowing against home equity,

10The quadratic specification in (4.5) can be interpreted as a second-order Taylor approximation of an arbitrary smooth

comfort function around the household’s reference level φR(L t). It also yields a closed-form solution for optimal energy

demand (see Appendix B).
11The specification in 4.5 abstracts from the so-called rebound effect, i.e., the empirical finding that households do not

fully realize the engineering savings following energy-efficiency improvements(Gillingham et al., 2016; Aydin et al., 2017).

Consequently, the model rules out intentional over-heating after renovations. We relax this assumption in the robustness

analysis of Section 7.
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while the portfolio constraint excludes short-selling and leveraged positions in the risky asset. The

indirect utility function

J(t, g, l,u, x, y, z)= sup
c,π,ε,(νn,Lνn )n∈N

U
ζ(t, g, l,u, x, y, z) (4.7)

subject to the constraints (C1) – (C3) characterizes the solution of the problem. The Hamilton-Jacobi-

Bellman equation associated to the optimization problem (4.7) and the numerical solution procedure

are presented in Appendix A.

5 Numerical Results

This section presents the model’s policy and simulation results. We simulate 25 000 sample paths

and calibrate the model to a representative Dutch homeowner household consisting of a married cou-

ple. The model starts at t = 0 when the husband is 60 years old and the wife is 58, which corresponds

to the median age difference among married couples in the Netherlands. The calibration draws ex-

clusively on Dutch data sources, including household income and consumption statistics from CBS,

energy-label and renovation-cost data from RVO and NVM, mortality projections from AG2022, and

historical energy price data from Dutch utility markets. Table 3 summarizes the benchmark calibra-

tion, while Appendix C provides a detailed description of the calibration procedure and underlying

data sources.

5.1 Benchmark Model Predictions

Figure 4 summarizes the benchmark life-cycle outcomes implied by the model. Panel (a) shows that

housing wealth remains the dominant component of household wealth throughout retirement. The

value of the house increases gradually over time due to real house price appreciation and invest-

ments in energy efficiency. In contrast, mortgage debt declines rapidly during the first decade as

the remaining mortgage balance is amortized and disappears entirely around the age of 70. Liquid

wealth remains relatively modest compared to housing wealth and gradually decumulates during

retirement as households finance consumption and renovation expenditures. Equity holdings also

decline with age, reflecting shorter investment horizons and increasing mortality risk.

Panel (b) illustrates the evolution of annual expenditures. Perishable consumption constitutes the

largest expenditure category throughout the life cycle, although total expenditures decline after re-

tirement as labor income is replaced by pension income. Mortgage payments disappear after about

ten years, generating a noticeable reduction in expenditure needs. Energy expenditures remain rel-

atively small compared to other expenditure categories despite the presence of occasional energy

crises. This reflects two adjustment mechanisms operating within the model. Households temporar-
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Financial Market

r Risk-free rate Dutch bond data 1.1 %/year

ηs Equity premium Fischer and Stamos (2013) 4 %/year

σs Stock market volatility Fischer and Stamos (2013) 16 %/year1/2

Biometric Risk

a( f ); a(m) Gompertz-Makeham parameter Calibrated to AG data 0.0031; 0.0024 –

b( f ); b(m) Gompertz-Makeham parameter Calibrated to AG data 6.716; 7.622 –

m( f ); m(m) Gompertz-Makeham parameter Calibrated to AG data 89.90; 86.88 –

x
( f )
0

; x
(m)
0

Initial age of both spouses Calibrated to AG data 58; 60 years

Financial Wealth and Debt

X0 Initial financial wealth Calibrated to CBS data 73 800 e

B0 Initial mortgage debt Calibrated to CBS data 85 500 e

m Annual mortgage payment Calibrated to CBS data 9 500 e

τeff Effective wealth tax rate Dutch tax law 1.97 %/year

χ1 Exemption threshold (couple) Dutch tax law 114 000 e

χ2,χ3 Exemption threshold (single) Dutch tax law 57 000 e

Income Stream

Tret Retirement age Dutch pension law 67 years

Γret Replacement ratio Calibrated to CBS data 60 %

g( f ); g(m) Income growth before retirement Calibrated to CBS data –0.16; –0.38 %/year

I
( f )
0

; I
(m)
0

Initial income Calibrated to CBS data 28 950; 30 320 e/year

House Prices

φ House size Calibrated to CBS data 138 m2

µh House price drift Calibrated to house price data 2.7 %/year

σh House price volatility Calibrated to house price data 3.7 %/year1/2

U0 Initial unit house price Calibrated to house price data 4 200 e/m2

L0 Initial energy label Assumption D –

ξ0 Housing-related fixed costs Calibrated to COELO data 1 480 e/year

ξ1 Variable maintenance cost rate Calibrated to COELO data 1.1 %/year

κfix Fixed transaction cost Calibrated to transaction data 1 250 e

ς Renovation disutility markup Calibrated to Curtis et al. (2024) 61 %

β Selling costs parameter Calibrated to transaction data 97.5 %

Energy Prices

µg Gas price drift rate Calibrated to CBS data 0.0 %/year

σg Gas price volatility Calibrated to CBS data 7.6 %/year1/2

θ
(1,2)
g ; θ(2)

g ; θ
(2,1)
g Jump sizes Calibrated to CBS data 12.5; 41.7; –22.2; %

λ
(1,2)
g ; λ(2)

g ; λ
(2,1)
g Jump intensities Calibrated to CBS data 5.3; 66.7; 66.7 %/year

ϖ(1); ϖ(2) Electricity-to-gas price ratio Calibrated to CBS data 145; 67 %

G0 Initial gas price Calibrated to CBS data 0.166 e/kWh

E0 Initial electricity price Calibrated to CBS data 0.241 e/kWh

Y0 Initial energy state Calibrated to CBS data 1 –

Preferences

α Consumption weight Fischer and Stamos (2013) 80 %

γ Relative risk aversion Kraft et al. (2017) 3 –

δ Time-preference rate Kraft et al. (2017) 5 %/year

ψ Elasticity of intertemp. substitution Crump et al. (2022) 0.75 –

ϑ Bequest weight De Nardi et al. (2010) 2.34 –

ζ Economy-of-scale parameter Love (2010) 1.45 –

ω Disutility parameter Calibrated to Curuk et al. (2025) 14.25 –

Table 3: Benchmark Calibration. The table reports the benchmark parameters and data sources.
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Figure 4: Benchmark Simulation Results. Panel (a) shows the decomposition of mean household wealth

into liquid savings (MMA), stocks, housing wealth, and outstanding mortgage debt. Panel (b) reports the de-

composition of annual consumption expenditures into perishable consumption, energy expenditures, health

insurance, maintenance costs, capital income taxes, and mortgage payments. Panel (c) illustrates the distri-

bution of energy labels across households over time. Panel (d) shows the evolution of annual household energy

consumption, where the solid line represents the mean path and the shaded area denotes the 5th and 95th

percentiles across 25 000 simulated paths.

ily reduce energy consumption during periods of high prices and gradually improve the energy effi-

ciency of their homes through renovation investments.

The dynamics of these investments are illustrated in Panel (c). The initial concentration at label D

gradually shifts towards higher energy labels over time. Approximately 61% of simulated house-

holds undertake at least one energy-efficiency upgrade, with about 25% of households eventually

reaching labels A+ or A++. The mean age at the first energy-label upgrade is 65, reflecting that

label-D households at the benchmark calibration enter the model relatively close to the optimal ren-

ovation threshold and are willing to renovate after they have built up enough financial resources.12

Most households undertake their first renovation project before retirement when they still possess

sufficient financial resources and can expect to benefit from future energy savings over a relatively

long remaining horizon. The dispersion of levels at older ages reflects substantial heterogeneity in

12Figure D.1 in Appendix D illustrates the renovation threshold as a function of financial wealth and confirms that the

initial wealth level X0 =e73800 lies close to the intervention boundary for a wide range of energy price realizations.
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realized energy prices, financial wealth, mortality outcomes, and housing returns. While some house-

holds undertake extensive renovations, others postpone or forgo investments because the expected

benefits do not justify the costs.

Panel (d) shows that the average household energy consumption declines steadily over the life cycle.

This decline reflects two complementary mechanisms. First, energy-efficiency investments perma-

nently reduce the home’s energy requirements. Second, households adjust their energy use in re-

sponse to fluctuations in energy prices. The wide gap between the 5th and the 95th percentiles high-

lights substantial heterogeneity in realized energy consumption. Households experiencing periods of

high energy prices temporarily reduce energy use through conservation, whereas those investing in

more energy-efficient homes achieve permanently lower consumption levels. By contrast, the upper

tail of the distribution expands slightly, reflecting households that experience relatively low energy

prices and therefore have weaker incentives to conserve energy or undertake renovations.

5.2 Scenario Analyses

We now study the effect of various shocks on the optimal renovation decision to better understand

the factors driving household investment behavior. To perform a comparative static analysis, we

assume that the household is hit by a certain shock when the husband is 65 years old, at a stage

when the transition towards a more energy-efficient house is still ongoing. Specifically, we consider

the effects of an energy crisis, the death of the husband, a 2.5σ decline in house prices, and a 2.5σ

stock market crash. This approach allows us to compare household outcomes, path by path, with

the corresponding benchmark scenarios in which these shocks occur later or do not occur at all. Im-

portantly, the household does not anticipate these shocks. Consequently, it follows the same optimal

policies as in the benchmark scenario up the age of 65.

Effect of an Energy Crisis. Figure 5 illustrates the effect of an energy crisis on the optimal ren-

ovation and energy consumption decisions of the household. An energy crisis occurring at age 65

substantially accelerates the transition to higher energy-efficiency labels. Whereas the benchmark

scenario of Section 5.1 exhibits a gradual transition, the energy crisis induces a more immediate re-

allocation toward labels A and above, with 78% of all simulated households undertaking an energy-

efficiency upgrade compared to the 61% in the benchmark simulation. This acceleration reflects

the option value of an investment under uncertainty. A sufficiently large and persistent increase

in energy prices reduces uncertainty about the profitability of renovation, inducing households that

previously postponed the investment to renovate immediately. The response also reflects the hedg-

ing motive embedded in the renovation decision. By improving the energy label of the house, the

household permanently reduces its exposure to future energy price fluctuations. An energy crisis

therefore increases the value of this hedge, raises the NPV of renovation, and induces financially

unconstrained households to invest immediately.
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Figure 5: Simulation Results with an Energy Crisis at the Age of 65. Panel (a) illustrates the distribu-

tion of energy labels across households over time. Panel (b) shows the evolution of annual household energy

consumption, where the solid line represents the mean path and the shaded area denotes the 5th and 95th

percentiles across 25 000 simulated paths.

This mechanism is consistent with recent empirical evidence. Lang et al. (2025) find that households

exposed to energy bill shocks are approximately 22 percent more likely to invest in energy-efficiency

measures than comparable households facing normal energy bills. Similarly, Singhal et al. (2026)

document that German households facing higher expected heating costs during the 2022 European

energy crisis significantly increased their energy-efficiency investments.

The effect on energy consumption is shown in Panel (b). The energy crisis generates an immediate

decline in average energy consumption at age 65, as households reduce their heating demand in

response to higher prices. This short-run behavioral response is also consistent with the findings of

Singhal et al. (2026), who show that German households intended to significantly reduce thermostat

settings following the 2022 gas price shock.

The wealth and expenditure dynamics, reported in Figure F.1 in Appendix F, complement these re-

sults. Liquid financial wealth declines more sharply around age 65 than in the benchmark scenario

because households face both higher energy expenses and, for those who renovate, substantial up-

front investment costs. Perishable consumption also decreases during the years surrounding the

crisis, reflecting the reallocation of resources toward energy expenditures and renovation invest-

ments.

Effect of the Husband’s Death. Figure 6 depicts the effect of the husband’s unexpected death at

age 65. The death shock substantially slows the transition toward higher energy-efficiency labels.

Whereas most households in the benchmark scenario upgrade their energy label before retirement,

the death shock delays and reduces renovation activity, leaving 54% of households at label D through-

out the remainder of the life cycle. This response is driven by two reinforcing mechanisms. First,

the husband’s death permanently reduces household income because only one spouse remains alive.
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Figure 6: Simulation Results with a Death Shock of the Husband at the Age of 65. Panel (a) illus-

trates the distribution of energy labels across households over time. Panel (b) shows the evolution of annual

household energy consumption, where the solid line represents the mean path and the shaded area denotes

the 5th and 95th percentiles across 25 000 simulated paths.

Second, the resulting income loss tightens liquidity constraints at precisely the stage of the life cycle

when renovation investments would otherwise occur. Together, these effects reduce the household’s

ability to finance the upfront costs of renovation, making it optimal to postpone or forgo otherwise

profitable upgrades. As a result, only about 10% of households achieve the highest energy efficiency

ratings of A+ or A++.

The effect on energy consumption, shown in Panel (b), is consistent with this mechanism. Average

energy consumption declines after age 65 more sharply than in the benchmark scenario, as the

surviving spouse reduces energy use in response to both lower income and the reduced heating needs

of a single-person household. The same pattern is evident at the 95% quantile, where households

that are unable to finance energy-efficiency renovations compensate by reducing energy consumption

instead.

The wealth and expenditure dynamics, reported in Figure F.2 in Appendix F, further support these

findings. Financial wealth accumulation slows markedly after age 65 because the loss of the hus-

band’s income reduces household savings. Housing wealth remains largely unchanged, as the sur-

viving spouse continues to occupy the home. At the same time, perishable consumption falls sharply

and persistently following the shock, primarily because of the decline in income. Ongoing mortgage

payments must be financed from the reduced income base, further crowding out both consumption

and renovation expenditures in the years immediately after the husband’s death.

Effect of a House Price Shock. Figure 7 shows the impact of a 2.5σ house price shock corresponding

to a loss of 9.25%. The results reveal a seemingly counterintuitive pattern: a negative house price

shock accelerates the transition to higher energy labels, whereas a positive shock of the same magni-

tude delays it. The mechanism operates through the cost side of the household balance sheet rather
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Figure 7: Simulation Results with a House Price Shock at the Age of 65. We simulate the model with

a negative house price shock of –9.25% within a year corresponding to a 2.5σ-event. Panel (a) illustrates the

distribution of energy labels across households over time. Panel (b) shows the evolution of annual household

energy consumption, where the solid line represents the mean path and the shaded area denotes the 5th and

95th percentiles across 25 000 simulated paths.

than through the conventional wealth or collateral channel. In the model, maintenance expenditures

and property taxes are proportional to the current market value of the house. A negative house price

shock therefore lowers these recurring housing costs, increasing disposable resources that can be

redirected toward renovation expenditures. Although the household experiences a decline in illiquid

housing wealth, it becomes less liquidity-constrained and is consequently more likely to undertake

energy-efficiency investments. As a result, the share of households that upgrade to a better energy

label rises to 70% following the negative shock. Conversely, a positive house price shock increases

housing-related expenses, tightens liquidity constraints, and reduces renovation activity.

These findings indicate that the interaction between housing wealth and renovation decisions is gov-

erned primarily by the flow cost of homeownership, rather than by the market value of the housing

asset itself. Whereas the standard housing wealth effect (Berger et al., 2018) operates through con-

sumption smoothing and collateral constraints, our model generates the opposite prediction. Lower

housing costs relax liquidity constraints and free resources that households allocate between current

consumption and renovation expenditures. The increase in renovation activity therefore reflects a

consumption-smoothing motive, whereby households distribute the gain in disposable income across

both consumption and energy-efficiency investments.

The effect on energy consumption, shown in Panel (b), mirrors the energy-label dynamics. Under the

negative house price shock, average energy consumption and the 5% quantile decline more rapidly

because more households upgrade to higher energy-efficiency labels earlier in life. In contrast, the

positive shock delays renovations and results in persistently higher energy consumption.

The wealth and expenditure dynamics shown in Figure F.3 reinforce this interpretation. A negative

house price shock reduces property taxes and other housing-related expenses that are proportional to

22



(a)	Energy	Label	(%)

Age

60 65 70 75 80 85 90 95
0

25

50

75

100

D

C

B

A

A+

A++

Age

60 65 70 75 80 85 90 95
0

1

2

3

4

#104					(b)	Energy	Consumption	(kWh/year)

mean	path

5%	and	95%	quantile

Figure 8: Simulation Results with a Stock Market Crash at the Age of 65. We simulate the model

with a stock market crash, where the market loses 40% within a year corresponding to a 2.5σ-event. Panel (a)

illustrates the distribution of energy labels across households over time. Panel (b) shows the evolution of

annual household energy consumption, where the solid line represents the mean path and the shaded area

denotes the 5th and 95th percentiles across 25 000 simulated paths.

the house value, thereby relaxing the household’s liquidity constraint. Households use these freed-up

resources to increase perishable consumption and finance earlier energy-efficiency renovations.

Effect of a Stock Market Crash. Figure 8 illustrates the effect of a 40% stock market crash at age 65.

The crash delays the transition toward higher energy-efficiency labels with now 44% of households

remaining at label D throughout the life cycle compared to 39% in the benchmark simulation. The

underlying mechanism operates through the liquid component of household wealth. The stock mar-

ket crash directly reduces financial assets, tightening liquidity constraints and limiting households’

ability to finance the upfront costs of renovation. As a result, households postpone energy-efficiency

investments until sufficient liquid wealth has been rebuilt. The effect is particularly pronounced for

households that were initially close to the renovation threshold.

This mechanism is consistent with the empirical evidence of Fagereng et al. (2021), who show, us-

ing Norwegian administrative data, that liquid assets are the primary determinant of households’

spending responses to wealth shocks. Households with low liquid wealth spend a large share of un-

expected income gains immediately, whereas highly liquid households save most of such windfalls.

In our setting, the same logic applies in reverse: a negative shock to liquid financial wealth dispro-

portionately constrains households with limited financial buffers and delays investment in energy

efficiency.

The effect on energy consumption, shown in Panel (b), is comparatively modest. Relative to the

benchmark, average energy consumption declines only slightly following the financial shock. Once

households have rebuilt their financial wealth, they resume heating their homes approximately in

line with the energy-label-implied reference level, as further reductions in energy use would entail

substantial utility losses.
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The wealth and expenditure dynamics, reported in Figure F.4 in Appendix F complement these find-

ings. Stock holdings and financial wealth decline sharply at age 65, whereas housing wealth remains

unaffected. Financial wealth gradually recovers as households rebuild their portfolios over time. Per-

ishable consumption also declines following the crash, reflecting households’ attempts to smooth the

wealth loss over the remaining life cycle. Finally, capital income tax payments decrease in the years

after the crash, because lower financial wealth generates less taxable capital income.

5.3 Welfare Analysis

To quantify the economic value of the renovation option, we compare two versions of the model. In

the benchmark economy, households optimally choose the timing and scope of energy label upgrades.

In a counterfactual economy, renovations are prohibited, as may be the case for historically protected

properties. Households are therefore permanently constrained to their initial energy label L0 =D.

The welfare difference between the two economies measures the value of having access to the reno-

vation option, net of all associated costs. Following Cocco (2005) and Hambel et al. (2023), we express

this welfare difference as the wealth-equivalent utility gain ∆. This measure represents the increase

in initial financial wealth that would make a household in the no-renovation economy indifferent to

living in the benchmark economy with access to renovations.

Formally, let J denote the indirect utility of the benchmark economy and J the indirect utility of the

no-renovation economy, both evaluated at the initial state. Since the household can always choose

not to exercise the renovation option, we have J(t, g, l,u, x, y, z) ≥ J(t, g, l,u, x, y, z). The wealth-

equivalent utility gain ∆ is positive and implicitly given by the indifference condition

J(t, g, l,u, x+∆, y, z)= J(t, g, l,u, x, y, z).

Figure 9 reports the wealth-equivalent utility gain at the husband’s age of 60 as a function of initial

financial wealth x for four initial energy labels l ∈ {D,C,B,A} and three biometric states z ∈ {1,2,3}.13

Three main findings emerge.

First, the welfare gain increases monotonically with financial wealth x for every initial energy label

and biometric state. Wealthier households derive larger absolute gains from renovation access be-

cause they can renovate earlier, attain higher energy-efficiency labels, and benefit from lower energy

expenditures over a longer remaining horizon.

Second, the welfare gain generally decreases with the initial energy label. Households starting from

label D benefit substantially more from renovation access than those starting from label A because

13In general, the wealth-equivalent utility gain decreases in age, reflecting the shortening time-horizon when house-

holds are older. Results for other ages are available upon request.
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Figure 9: Welfare Analysis Results. This figure depicts the wealth equivalent utility gain at the husband’s

age of 60 as a function of financial wealth for various combinations of energy labels l ∈ {D,C,B,A}, and biomet-

ric states z ∈ {1,2,3}.

they have greater scope for improving the energy efficiency and are more exposed to future energy

price risk.

Third, welfare gains are smaller for single-survivor households (z ∈ {2,3}) than for couples (z = 1).

Following the death of a spouse, households face both a shorter planning horizon and a permanently

lower income, reducing the value of future energy savings and making costly renovations less attrac-

tive. This mortality risk channel provides a model-based explanation for the empirical findings of

Fowlie et al. (2018) that older single-person households are less likely to undertake energy-efficiency

investments. In addition, the model accounts for non-monetary renovation costs—including dis-

ruption, coordination effort, and temporary reductions in living comfort— through the renovation

disutility parameter ς, calibrated to the stated-preference estimates of Curtis et al. (2024).

Overall the results highlight that access to the renovation option is most valuable for households

with sufficient financial resources and poor initial energy efficiency. As we show in Section 6, this

complementarity has important implications for the design of energy efficiency subsidies: universal

subsidy programs tend to deliver the largest absolute welfare gains to households that are least

financially constrained.

6 Model Extension with Energy Efficiency Subsidies

Model Extension. The results in Section 5 show that most households optimally renovate even with-

out government support, suggesting that universal subsidy programs may be unnecessary for house-

holds with sufficient financial resources. This conclusion, however, does not necessarily apply to

households with limited financial wealth, for whom liquidity constraints may prevent otherwise prof-

itable renovations. To evaluate the distributional effects of energy-efficiency subsidies, we extend the
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Figure 10: Welfare Analysis Results for Energy Efficiency Subsidies. This figure depicts the wealth

equivalent utility gain of as ISDE subsidies at the husband’s age of 60 as a function of financial wealth for

various combinations of energy labels l ∈ {D,C,B,A}, and biometric states z ∈ {1,2,3}.

model by introducing a subsidy S(L,L′,φ) that reduces the transaction cost of upgrading the house’s

energy label. In the Netherlands, the ISDE program provides investment subsidies for energy-

saving measures including insulation measures, heat pumps, and solar boilers for owner-occupiers

of existing homes. ISDE subsidies are not means-tested and are available to all owner-occupiers

irrespective of income or wealth. The net transaction cost in the presence of the subsidy becomes

κs(L,L′,φ)= κ(L,L′,φ)−S(L,L′,φ). The calibration of the subsidy function is given in Appendix E.1.

We solve the model both with and without the ISDE subsidy and compute the wealth-equivalent util-

ity gain ∆
s of the subsidy, defined implicitly as the solution to J(t, g, l,u, x+∆s, y, z)= J(t, g, l,u, x, y, z),

where J denotes the indirect utility function of the model without subsidy and J the indirect utility

function of the model with subsidy.

Results. The simulation results, including the evolution of energy labels, energy consumption, wealth,

and expenditures are reported in Figure E.1. The subsidy accelerates the adoption of higher energy-

efficiency labels and modestly increases both perishable consumption and stock holdings, as lower

renovation costs free financial resources that households partially reallocate toward consumption

and financial investment. The fraction of households undertaking at least one energy-efficiency up-

grade increases from 61% in the benchmark simulation to 83% under the ISDE subsidy program.

Figure 10 reports the wealth-equivalent utility gain from the subsidy program as a function of finan-

cial wealth x. Several patterns emerge. First, the welfare gain increases monotonically with x across

all initial energy labels and biometric states. At low wealth levels, the welfare gain is small because

liquidity-constrained households remain unable to finance the upfront renovation costs even after

receiving the subsidy. Consequently, the subsidy often fails to induce renovation among the house-

holds it is intended to assist. As financial wealth increases, the welfare gain rises and eventually

converges to the subsidy amount. For wealthy households, which would have renovated even with-
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out government support, the subsidy therefore functions primarily as a lump-sum transfer. This

finding is consistent with the empirical evidence of Borenstein and Davis (2016), who show that

clean-energy subsidies are disproportionately captured by higher-income households with sufficient

upfront capital to finance these investments.

Second, welfare gains are largest for households starting at energy label D and decline with the

initial energy label. Households with inefficient houses receive larger subsidies and have greater

scope for improving the energy efficiency, whereas households already occupying efficient homes

qualify only for relatively small subsidies associated with incremental improvements such as triple

glazing.

Third, welfare gains are lower for single-survivor households (z ∈ {2,3}) than for couples (z = 1).

Following the death of a spouse, lower income and a shorter planning horizon reduce the value of

renovation and make it more difficult to finance the remaining upfront costs. These effects are most

pronounced at intermediate wealth levels, where mortality and liquidity constraints reinforce one

another.

Policy Implications. Our results reveal a fundamental mismatch between the design of the current

Dutch ISDE program and the underlying market failure. Universal subsidies generate only limited

welfare gains for liquidity-constrained households because they do not eliminate the upfront financ-

ing barrier. At the same time, they provide large transfers to high-wealth households that would

have renovated regardless of the subsidy.

These findings suggest two complementary reforms. First, means-tested subsidies that concentrate

public resources on lower-wealth households would more effectively relax liquidity constraints, while

improving the welfare generated per euro of public expenditure. Second, subsidized renovation loans

that provide upfront financing at below-market interest rates, with repayment financed by future en-

ergy savings, would directly address the liquidity constraint without requiring permanent transfers.

Such instruments are consistent with the broader EU agenda on residential energy efficiency (Euro-

pean Union, 2024) and, according to our results, would improve the targeting and cost-effectiveness

of public support relative to the current universal ISDE program.

7 Robustness

This section provides selected robustness tests and sensitivity analyses to better understand the

drivers behind the household behavior.
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Figure 11: Simulation Results with no Energy Crises. Panel (a) shows the decomposition of mean house-

hold wealth into liquid savings (MMA), stocks, housing wealth, and outstanding mortgage debt. Panel (b)

reports the decomposition of annual consumption expenditures into perishable consumption, energy expendi-

tures, health insurance, maintenance costs, capital income taxes, and mortgage payments. Panel (c) illustrates

the distribution of energy labels across households over time. Panel (d) shows the evolution of annual house-

hold energy consumption, where the solid line represents the mean path and the shaded area denotes the 5th

and 95th percentiles across 25 000 simulated paths.

7.1 The Role of Energy Price Risk

Model Variant. A central feature of our model is that energy price risk, particularly the risk of

energy crises, is a key driver of energy-efficiency renovations. Households that anticipate sudden

and persistent increases in energy prices have a stronger incentive to invest in energy efficiency,

as a higher energy label permanently reduces their exposure to future price shocks. To isolate the

importance of this mechanism, we consider a model variant in which gas prices follow a pure diffusion

process without regime switching or jump components, i.e., λ
(1,2)
g = λ(2)

g = λ
(2,1)
g = 0 in (4.1). This

specification corresponds to our baseline scenario in Section 3, where real energy prices are assumed

to remain constant over time and the possibility of energy crises is ignored.

Results. Figure 11 illustrates the simulation results for the model without energy crises. In this

specification, households are substantially less likely to undertake energy-efficiency renovations as

can be seen in Panel (c). Only 32% of households complete at least one energy-label upgrade, com-

pared with 61% in the benchmark specification. Without the possibility of sudden and persistent
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energy price spikes, renovation loses much of its value as a hedging instrument against energy price

tail risk. Instead, households base their renovation decisions primarily on expected energy cost sav-

ings under the diffusion process. As a result, upfront renovation costs and the remaining planning

horizon become more important, reinforcing the roles of liquidity constraints and mortality risk as

barriers to investment. Consequently, only a small fraction of households reaches the highest energy

labels A+ or A++.

A particularly relevant special case is a household that does not anticipate energy crises when mak-

ing its renovation decision, but is unexpectedly exposed to one during its lifetime. This “naive” house-

hold optimizes its decisions under the no-crisis model described above, while realized energy prices

follow the benchmark regime-switching jump-diffusion process in (4.1). Figure F.5 in Appendix F re-

ports the corresponding simulation results. When an energy crisis occurs, the naive household reacts

much more aggressively than the household in the benchmark specification. Because it interprets

the price spike as a permanent realization of the diffusion process rather than as a temporary regime,

it substantially overestimates the present value of future energy savings and invests excessively in

energy efficiency. By contrast, the benchmark household recognizes the crisis as a temporary regime

with a finite expected duration and therefore responds more moderately. These findings show that

misperceptions about the persistence of energy price shocks can lead to substantial distortions in

renovation behavior.

Policy Implications. The 2022 energy crisis was not an isolated event. Energy price volatility has

historically been driven by a combination of geopolitical disruptions, supply constraints, and in-

frastructure dependencies that are likely to persist in the future. The results suggest that naive

households underinvest in energy efficiency during normal times but overreact when an energy cri-

sis occurs. This provides a behavioral explanation for the well-documented reluctance of elderly

households to renovate. Households that underestimate the likelihood of energy crises perceive lit-

tle value in renovation as insurance against future price shocks and therefore base their decisions

primarily on expected energy cost savings. For many households, these expected savings are insuf-

ficient to offset liquidity constraints and the shorter planning horizon associated with old age. Our

results therefore suggest that improving households’ understanding of energy price risk, for example

through better communication about the likelihood and persistence of energy crises, could stimulate

renovation activity and may complement, or even substitute for, financial subsidy programs.

7.2 Rebound Effect

Background. A well-documented phenomenon in the energy economics literature is the so-called

rebound effect. Households that improve the energy efficiency of their home typically do not realize

the full engineering savings because part of the efficiency gain is offset by higher energy consump-

tion. As energy services become cheaper after a renovation, households consume more heating,
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Figure 12: Rebound Effect Simulation Results. Panel (a) shows the decomposition of mean household

wealth into liquid savings (MMA), stocks, housing wealth, and outstanding mortgage debt. Panel (b) reports

the decomposition of annual consumption expenditures into perishable consumption, energy expenditures,

health insurance, maintenance costs, capital income taxes, and mortgage payments. Panel (c) illustrates the

distribution of energy labels across households over time. Panel (d) shows the evolution of annual household

energy consumption, where the solid line represents the mean path and the shaded area denotes the 5th and

95th percentiles across 25 000 simulated paths.

reducing the realized energy savings and the net present value of the investment. Gillingham et al.

(2016) provide a comprehensive survey of the empirical evidence. For the Dutch residential sector,

Aydin et al. (2017) estimate a rebound rate of 26.7% among homeowners and 41.3% among tenants

using data from more than 563 000 households.

Model Extension. In the benchmark model of Section 4, the housing consumption function η(ε,L)

penalizes deviations from the recommended energy consumption level φR(L) symmetrically through

the quadratic penalty function in (4.5). Consequently, households have no incentive to consume more

than the recommended amount φR(L). To capture the rebound effect, we replace (4.5) with

η(ε,L)=φ
[
1−

ω

2

( ε

φR(L)
−1

)2
1{ε≤φR(L)} +δr log

( ε

φR(L)

)
1{ε≥φR(L)}

]
, (7.1)

where δr ≥ 0 governs the strength of the rebound effect. The logarithmic term implies that energy

consumption above the recommended level, i.e., consuming more than φR(L), generates additional
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utility, reflecting increased thermal comfort. Setting δr = 0, (7.1) recovers the benchmark specifica-

tion (4.5).

The household now faces a trade-off between higher comfort and higher energy expenditures. Fol-

lowing a renovation, the lower reference level R(L) reduces the effective cost of additional heating,

increasing the attractiveness of consuming above the recommended level. We calibrate δr to match

the estimated homeowner rebound rate of 26.7% reported by Aydin et al. (2017), yielding δr = 3.

Details of the numerical implementation are provided in Appendix E.2.

Results. Figure 12 reports the simulation results under the rebound specification. The rebound ef-

fect increases the value of energy-efficiency renovations and accelerates the transition toward higher

energy labels. As shown in Panel (c), 78% of households undertake at least one renovation, com-

pared with 61% in the benchmark model, and roughly half eventually reach energy labels A+ or

higher. Renovation becomes more attractive because a higher energy label lowers the effective cost

of additional heating, allowing households to enjoy greater thermal comfort at a lower operating cost.

Despite the faster adoption of energy-efficient homes, the reduction in energy consumption is smaller

than in the benchmark specification. Following a renovation, households increase heating above the

label-implied reference level, partially offsetting the engineering energy savings. Consequently, av-

erage energy consumption and energy expenditures remain higher than in the benchmark, as shown

in Panels (b) and (d). Overall, the rebound effect strengthens incentives to renovate while reducing

the realized energy savings from these investments, consistent with the empirical evidence of Aydin

et al. (2017).

Policy Implications. Our results have direct implications for the design of energy-efficiency subsidy

programs. Subsidies tied to realized energy savings are likely to overstate their cost-effectiveness

when the rebound effect is present, as actual savings fall short of engineering predictions (Fowlie

et al., 2018; Gillingham et al., 2016). By contrast, programs that condition support on energy-label

upgrades, such as the Dutch ISDE program, target the renovation decision directly and are therefore

less affected by this issue. Nevertheless, the rebound effect implies that even successful label-based

programs will generate smaller aggregate energy savings than engineering estimates suggest. This

should be taken into account when assessing their environmental benefits and cost-effectiveness.

7.3 Disutility Parameter

The disutility parameter ω in (4.5) governs households’ preferences for energy consumption and is

inversely related to the short-run price elasticity of gas demand. To assess the robustness of our

results, we perform a sensitivity analysis based on the empirical elasticity estimates of Curuk et al.

(2025). Mapping the reported elasticity interval of [0.06, 0.15] into the model yields a corresponding
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Figure 13: Sensitivity Analysis for the Disutility Parameter. The figure shows simulated life-cycle paths

for three values of the disutility parameter ω ∈ {10, 14.25, 25}, holding all other benchmark parameters fixed.

Panel (a) shows mean financial wealth, Panel (b) mean perishable consumption, Panel (c) the mean energy

label, and Panel (d) mean energy consumption, all plotted against age and based on 25 000 simulated paths.

range of ω ∈ [10,25], with the benchmark value ω = 14.25 matching the midpoint elasticity of E =
0.105 (see Appendix C.9 for details).

Figure 13 reports the resulting life-cycle profiles. The benchmark results are broadly robust across

the considered parameter range. As shown in Panel (c), the transition toward higher energy-efficiency

labels changes only modestly. Households with a higher disutility of reducing energy consumption

(ω= 25) renovate slightly earlier, whereas households with a lower disutility (ω= 10) postpone ren-

ovations somewhat longer. The largest differences appear in Panel (d). Households with a high

price elasticity (ω = 10) respond to higher energy prices primarily by reducing energy consumption

well below the label-specific reference level φR(L). In contrast, households with a low price elas-

ticity (ω= 25) adjust relatively little through energy conservation and rely more heavily on energy-

efficiency renovations to reduce future energy expenditures. Financial wealth and perishable con-

sumption, shown in Panels (a) and (b), are virtually identical across parameterizations, indicating

that the broader consumption and portfolio dynamics are largely unaffected by the choice of ω. Over-

all, these findings suggest that ω primarily determines the relative importance of behavioral ad-

justment versus capital investment. The central findings of the paper—including the importance of

energy-efficiency renovation, the role of liquidity constraints and mortality risk, and the associated
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welfare and policy implications—remain robust to plausible variation in the price elasticity of energy

demand.

7.4 Additional Sensitivity Analyses

Time Preference Rate. Figure F.6 presents the sensitivity of household behavior with respect to the

time preference rate δ. A higher value of δ reflects greater impatience, inducing households to shift

consumption toward the present. As a result, households consume more perishable goods and energy

early in life, accumulate these wealth, and face tighter liquidity constraints throughout the life cycle.

These constraints delay energy-efficiency investments, causing households to remain at lower energy

labels for longer and to exhibit persistently higher energy consumption.

Relative Risk Aversion. Figure F.7 reports the sensitivity of household behavior to the coefficient

of relative risk aversion γ. Less risk-averse households consume more perishable goods through-

out retirement, whereas more risk-averse households reduce consumption in favor of precautionary

savings, resulting in broadly similar financial wealth profiles by the end of the life cycle. Greater

risk aversion also increases the value of renovation by reducing exposure to future energy price risk,

thereby strengthening the hedging motive discussed in Section 5.2. As a result, more risk-averse

households renovate slightly earlier and more aggressively than in the benchmark, leading to mod-

estly lower energy consumption throughout retirement.

Elasticity of Intertemporal Substitution. Figure F.8 reports the sensitivity of household behavior to

the EIS ψ. The effects on both perishable consumption and renovation timing are non-monotonic.

Households with unit EIS (ψ= 1) consume the most during the early years of retirement and exhibit

the slowest transition toward higher energy-efficiency labels. By contrast, both lower and higher

values of ψ lead to earlier renovation and lower perishable consumption, though through different

mechanisms.

When ψ < 1, households have a stronger preference for consumption smoothing. Remaining in a

poorly insulated home exposes them to energy price risk, increasing consumption volatility. To re-

duce this background risk, they renovate earlier than households with unit EIS, accepting lower

current consumption in exchange for a smoother consumption path over the remainder of the life

cycle. When ψ> 1, households are more willing to substitute consumption intertemporally and place

greater value on the future stream of energy savings generated by renovation. They therefore bring

renovation forward while reducing current consumption. Consequently, households on either side of

ψ = 1 renovate more aggressively than households with unit EIS. For sufficiently high values of ψ,

the substitution effect becomes strong enough that households almost immediately upgrade to the

highest energy label A++.
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Bequest Motive. Figure F.9 illustrates the sensitivity of household behavior to the strength of the

bequest motive ϑ. Varying ϑ has virtually no effect on renovation decision or any of the other policy

functions. This indicates that energy-efficiency investments are driven primarily by the value of

reducing lifetime energy expenditures and exposure to energy price risk rather than by the prospect

of leaving a more valuable house to the heirs. Because owner-occupied housing remains illiquid

throughout the life cycle, label-related house price appreciation affects welfare only through the

bequest channel, which our results show to be quantitatively negligible. This finding also supports

the abstraction from house price appreciation in the NPV analysis of Section 3, where we argued

that retirement-age owner-occupiers are unlikely to internalize future capital gains (Brounen et al.,

2013).

Stock Market Participation. We next consider a household that does not invest in stocks. This ex-

tension is motivated by the well-documented observation that many households, particularly older

and lower-wealth households, do not participate in equity markets (e.g., Haliassos and Bertaut, 1995;

Vissing-Joergenen, 2002). The qualitative results remain largely unchanged, indicating that renova-

tion decisions are driven primarily by liquidity constraints and mortality risk rather than by stock

market participation. Figure F.10 shows that households without access to the stock market accumu-

late less financial wealth because they forgo the equity premium. The resulting reduction in liquid

wealth leads to slightly lower perishable consumption throughout retirement. The effects on renova-

tion activity and energy consumption are modest, however. Households transition only marginally

more slowly to higher energy-efficiency labels and consequently consume slightly more energy over

the life cycle. Overall, these findings indicate that stock market participation has little influence

on renovation behavior and energy consumption decisions under normal market conditions. Nev-

ertheless, as shown in Section 5.2, large stock market downturns can tighten liquidity constraints

sufficiently to delay renovations and increase energy consumption.

8 Concluding Remarks

This paper examines when households should optimally invest in improving the energy efficiency of

their homes and how these decisions interact with consumption, saving, portfolio choice, and energy-

consumption during retirement. While energy-efficiency investments have been studied extensively

in the empirical literature, much less is known about how households should optimally time these

large investments when they face uncertainty about future energy prices, housing prices, financial

markets, and survival.

To address this question, we proceed in two steps. We first evaluate the profitability of energy-

efficiency renovations using a simple net present value framework, which suggests that upgrading

a home’s energy label is financially attractive for many households. We then develop a continuous-
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time life-cycle model in which renovation decisions are formulated as an impulse-control problem.

The model captures the trade-off between the upfront costs of renovation and the long-term benefits

arising from lower energy expenditures, higher house values, and reduced exposure to energy price

risk.

Our analysis yields four main findings. First, many households find it optimal to improve the energy

efficiency of their homes shortly before retirement. Second, renovation decisions are driven primarily

by liquidity constraints and mortality risk. Even when renovations are financially profitable, house-

holds may postpone or forgo them because they lack sufficient liquid wealth to finance the upfront

investment, or because a shorter remaining lifetime reduces the value of future energy savings.

Households that underestimate the likelihood of future energy crises renovate substantially less,

highlighting the importance of risk perceptions for renovation behavior. Third, access to the renova-

tion option generates substantial welfare gains, particularly for households with sufficient financial

resources to undertake renovations. Fourth, our evaluation of the Dutch ISDE subsidy program

shows that universal renovation subsidies primarily benefit households that would have renovated

even without financial support, while doing relatively little to overcome the liquidity constraints

faced by poorer households.

Although our quantitative results are calibrated to the Dutch housing market, the underlying eco-

nomic mechanisms are more general. The interaction between mortality risk, liquidity constraints,

and the value of energy-efficiency renovations as a hedge against energy price risk is likely to be

relevant in many countries. Our findings therefore suggest that policies aimed at easing financing

constraints may be more effective than universal subsidy programs in promoting residential energy-

efficiency investments.

Several directions for future research remain. Extending the model to younger households would

allow energy-efficiency investments to be analyzed jointly with housing tenure, residential mobil-

ity, mortgage choices, and stochastic labor income. Incorporating general equilibrium effects would

make it possible to study how large-scale renovation programs affect energy demand, energy prices,

housing markets, and contractor capacity. Finally, introducing richer behavioral frictions, such as

present bias, limited attention, or bounded rationality, would provide a more complete explanation

for the persistent gap between the private returns to energy-efficiency investments and their ob-

served adoption (Allcott and Greenstone, 2012; Fowlie et al., 2015).
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A Solution Approach

A.1 Indirect Utility Function

To solve the optimization problem in (4.7), we decompose it into a continuous stochastic control prob-

lem and a discrete impulse-control problem. We first consider the case in which the household does

not renovate at the current instant but is allowed to renovate optimally at any future date. The

corresponding indirect utility function is denoted by J∗. Conditional on no immediate interven-

tion, the optimization problem reduces to a standard stochastic control problem. The corresponding

Hamilton-Jacobi-Bellman equation (HJB) is given by

0= sup
(π,c,ε)∈A

{
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with terminal condition J∗(t, g, l,u, x, y, z = 4) = J∗(Tmax, g, l,u, x, y, z) = ϑ
1−γ

(
x+βφu h(l)

)1−γ
, where

Tmax = 105 is the maximum age of the husband. Subscripts of J∗ denote partial derivatives, e.g.,

J∗
x = ∂J∗

∂x
. Once J∗ has been determined, we recover the indirect utility function J by comparing

the continuation value with the value of all feasible renovation decisions at time t, i.e., the indirect

utility function is given by

J(t, g, l,u, x, y, z)= sup
l′∈L

{
J∗(

t, g, l′,u, x−κ(l, l′,φ), y, z
)}

. (A.2)

The case l = l′ corresponds to no renovation, so the household simply continues with its current

energy label. If this option is optimal, then J(t, g, l,u, x, y, z) = J∗(t, g, l,u, x, y, z), implying that the

household remains in the continuation region and no renovation costs are incurred (κ(l, l,φ)= 0).

A.2 Optimal Controls

First-order Conditions. The optimal portfolio share π satisfies

π∗ =−
J∗

x (µs − r)+ J∗
gx gσsσgρgs

J∗
xxxσ2

s

.
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The optimal choices for perishable consumption c and energy consumption ε are jointly determined

by the first-order conditions:

J∗
x = δ[(1−γ)J∗]1−1/θ

(
cα η1−α
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)−1/ψ
αcα−1η1−α

ςz

(A.3)
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ςz

(A.4)

Because these conditions are nonlinear and interdependent, they cannot be solved analytically. In-

stead, we compute the optimal controls numerically using the iterative procedure described below.

Iterative Computation of the Optimal Controls. To solve the nonlinear system defined by (A.3) –

(A.4), we first choose an initial conjecture for optimal energy consumption ε(0) and perishable con-

sumption c(0). It is suitable to choose

ε(0) =φR(L t), c(0) =
(

J∗
x

αδ[(1−γ)J∗]1−1/θς
1/ψ−1
z (η(0))(1−α)(1−1/ψ)

) 1
α−1−α/ψ

,

i.e., this initialization corresponds to the hypothetical case in which energy is free, so that the penalty

term in (4.5) vanishes and η(0) =φ. At each iteration n = 1, . . . , N, we first determine optimal energy

consumption ε(n) from (A.4), taking the previous iteration’s perishable consumption level c(n−1) as

given. This equation reduces to a second-order polynomial in ε(n), which is solved analytically, see

Appendix B. In the second step, we substitute ε(n) into (4.5) and update η(n). Finally, we use η(n) to

update the perishable consumption strategy c(n) by solving (A.3) leading to

c(n) =
(

J∗
x

αδ[(1−γ)J∗]1−1/θς
1/ψ−1
z (η(n))(1−α)(1−1/ψ)

) 1
α−1−α/ψ

.

We keep on iterating until the difference between the controls of the current and previous iteration

becomes negligible.

A.3 Numerical Solution of the Optimization Problem

We solve the Hamilton-Jacobi-Bellman equation (A.1) numerically using a backward finite-difference

algorithm. We discretize the continuous state variables and approximate the relevant partial deriva-

tives using finite differences. Starting from an initial guess for the optimal controls, we solve the

discretized HJB equation, update the controls using the first-order conditions, and iterate until the

value function converges. This approach follows the numerical method of Munk and Sørensen (2010),

but extends it to accommodate recursive utility, impulse control, multiple Markov chains, jump pro-

cesses, and a stochastic planning horizon.
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Discretization. We employ a grid-based solution approach. While the Markov chains Y and Z as

well as the energy Label L take values in finite sets, we need to discretize the time-space as well as

the continuous state variables energy G, wealth X , and unit house price U . We discretize energy

prices and wealth using an equally-spaced lattice. Besides, we approximate the unit house price

process (4.3) by a finite-state, time-homogeneous Markov chain on a log-spaced grid. At each node

uk = umin ·exp(k∆u), with step size ∆u = θuσh

p
∆t, the chain moves up, stays, or moves down with

probabilities

p↑ = p↓ =
1

2θ2
u

, p0 = 1−
1

θ2
u

, (A.5)

chosen to match the conditional mean and variance of logU to order ∆t (see Kushner and Dupuis,

2001, Ch. 5). We set θu =
p

3, which gives p↑ = p↓ = 1/6 and p0 = 2/3 (Boyle, 1988). The grid is defined

by
{
(tn, g i, x j,uk)

∣∣n = 0, · · · , Nt, i = 0, · · · , Ng, j = 0, · · · , Nx k = 0, · · · , Nu

}
,

where tn = n∆t, g i = gmin + i∆g, x j = xmin + j∆x, and uk = umin · exp(k ·∆u) for some fixed grid size

parameters ∆t, ∆g, ∆x, and ∆u. The numerical results are based on a choice of Nx = 180, Ng = 60,

Nu = 25, and two time steps per year. The resulting scheme combines finite differences (for G and X )

with a Markov-chain approximation (for U). Our numerical results are virtually unchanged under

finer discretizations or more time steps per year. The parameters Ng, Nx, Nu along with ∆g, ∆x,

and ∆u are chosen such that it is very unlikely that these boundaries are reached within the given

time horizon. In the sequel, J∗
n,i, j,k,l,y,z

denotes the approximated indirect utility function at the grid

point (tn, g i, x j,uk, l, y, z). We apply an implicit finite difference scheme on this grid.

Terminal Condition. Because mortality probabilities increase rapidly with age, survival beyond

age 105 is negligible. We therefore truncate the planning horizon at age 105 and solve the model

backward from this terminal date, corresponding to Nt = 90. The terminal condition is determined

by the household’s bequest motive, i.e.,

J∗
Nt,i, j,k,l,y,z =

ϑ

1−γ

(
x j +βH(Nt∆t,φ, l)

)1−γ
.

The optimal controls in the final period are then computed using the first-order conditions and the

iterative procedure described in Appendix A.2.

Finite Differences Approach. At each time step, we initialize the optimal control variables ĉn,i, j,k,l,y,z,

π̂n,i, j,k,l,y,z, ε̂n,i, j,k,l,y,z using their optimal values from the subsequent period, exploiting the fact that

optimal policies vary only slightly over a small time interval, i.e., we set ĉn,i, j,k,l,y,z := cn,i, j,k,l,y,z,
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π̂n,i, j,k,l,y,z :=πn,i, j,k,l,y,z, and ε̂n,i, j,k,l,y,z := εn,i, j,k,l,y,z. Substituting these controls into the HJB equa-

tion yields a semi-linear PDE:
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with state dependent coefficients K i = K i(t, g, x,k, l, y, z) that depend on the optimal controls. We

discretize the equation using an implicit finite-difference scheme. Time derivatives are approximated

with forward differences. For the wealth and energy-price dimensions, we employ an upwind scheme

that selects forward or backward differences according to the sign of the drift coefficients K3 and K5.

This ensures that the discretization matrix is an M-matrix, which guarantees that the numerical

solution inherits the sign of the true solution (see Kushner and Dupuis, 2001, Ch. 5). Therefore, the

relevant finite differences at the grid point (n, i, j,k, l, y, z) are given by

D+
t J∗

n,i, j,k,l,y,z =
J∗

n+1,i, j,k,l,y,z
− J∗

n,i, j,k,l,y,z

∆t

,

D+
g J∗

n,i, j,k,l,y,z =
J∗

n,i+1, j,k,l,y,z
− J∗

n,i, j,k,l,y,z

∆g

,

D−
g J∗

n,i, j,k,l,y,z =
J∗

n,i, j,k,l,y,z
− J∗

n,i−1, j,k,l,y,z

∆g

,

D+
x J∗

n,i, j,k,l,y,z =
J∗

n,i, j+1,k,l,y,z
− J∗

n,i, j,k,l,y,z

∆x

,

D−
x J∗

n,i, j,k,l,y,z =
J∗

n,i, j,k,l,y,z
− J∗

n,i, j−1,k,l,y,z

∆x

,

D2
gg J∗

n,i, j,k,l,y,z =
J∗

n,i+1, j,k,l,y,z
−2J∗

n,i, j,k,l,y,z
+ J∗

n,i−1, j,k,l,y,z

∆
2
g

,

D2
xxJ∗

n,i, j,k,l,y,z =
J∗

n,i, j+1,k,l,y,z
−2J∗

n,i, j,k,l,y,z
+ J∗

n,i, j−1,k,l,y,z

∆
2
x

,

D2
xg J∗

n,i, j,k,l,y,z =
J∗

n,i, j+1,k,l,y,z
− J∗

n,i−1, j+1,k,l,y,z
− J∗

n,i+1, j−1,k,l,y,z
+ J∗

n,i−1, j−1,k,l,y,z

4∆x∆g

.

We approximate the jump terms related to the energy price shocks via linear interpolation between

neighboring grid points. For instance, the jump term related to a transition from y = 1 to y = 2 will

be approximated by

J∗(t, g+θ
(1,2)
g , l,uk, x j, y= 2, z)≈ κ1(i)J∗

n,i+θ̂1(i), j,k,l,y=2,z
+κ2(i)J∗

n,i+θ̂2(i), j,k,2,y=2,z
,
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where θ̂1(i) and θ̂2(i) denote the closest grid points of g+θ
(1,2)
e . The variables κ1(i) and κ2(i) denote

the weights resulting from linear interpolation. Substituting these expressions into the PDE above

yields the following semi-linear equation for the grid point (tn, g i, x j,uk, l, y, z)

J∗
n+1,i, j,k,l,y,z

1

∆t

= J∗
n,i, j,k,l,y,z

[

−K2 +
1

∆t

+abs

(
K3

∆g

)
+abs

(
K5

∆x

)
+2

K4

∆
2
g

+2
K6

∆
2
x

]

+ J∗
n,i−1, j,k,l,y,z

[
min(K3,0)

∆g

−
K4

∆
2
g

]

+ J∗
n,i+1, j,k,l,y,z

[

−
max(K3,0)

∆g

−
K4

∆
2
g

]

+ J∗
n,i, j−1,k,l,y,z

[
min(K5,0)

∆x

−
K6

∆
2
x

]
+ J∗

n,i, j+1,k,l,y,z

[
−

max(K3,0)

∆x

−
K6

∆
2
x

]

+ J∗
n,i−1, j+1,k,l,y,z

K7

4∆x∆g

+ J∗
n,i+1, j−1,k,l,y,z

K7

4∆x∆g

− J∗
n,i+1, j+1,k,l,y,z

K7

4∆x∆g

− J∗
n,i−1, j−1,k,l,y,z

K7

4∆x∆g

+K8

[
(1−γ)J∗

n,i, j,k,l,y,z

]1−1/θ+ "jump terms",

where the "jump terms" include the biometric shocks, the energy price shocks, the energy state

shocks, as well as the Markov-chain approximation of the unit house price. Therefore, for a fixed

point in time and fixed value of the Markov chains and energy label, each grid point is determined

by a non-linear equation. This results in a non-linear system of (Ne +1)(Nx +1) equations for each

(l, y, z)-combination that can be solved for the vector

J∗
n =

(
J∗

n,1,1,k,l,y,z, · · · , J∗
n,1,Nx,k,l,y,z, J∗

n,2,1,k,l,y,z, · · · , J∗
n,2,Nx,k,l,y,z, · · · , J∗

n,Ne,1,k,l,y,z, · · · , J∗
n,Ne,Nx,k,l,y,z

)
.

Notice that in case of CRRA utility the system becomes linear. Using this solution we update our

conjecture for the optimal controls at the current point in the time dimension. We apply the first-

order conditions and the iterative computation method outlined in Appendix A.2. In the interior of

the grid, we use centered finite differences. At the boundaries, we apply one-sided differences. Then,

we repeat these steps for several iterations until the difference between the J∗ of the current and

previous iteration becomes negligibly small.

Impulse Control. Once we have determined the indirect utility function without intervention J∗ in

period n, we compare the indirect utility for all possible interventions with each other and choose

the highest possible value in each grid point, see (A.2). We approximate the indirect utility function

J by

J(t, g, l,u, x, y, z)≈ sup
l′∈L

{
m1( j, l, l′) J∗

n,i, j−κ̂1( j,l,l′),k,l′,y,z +m2( j, l, l′) J∗
n, j−κ̂2( j,l,l′), j,k,l′,y,z

}
.

where κ̂1( j, l, l′) and κ̂2( j, l, l′) denote the closest grid points of x−κ(l, l′,φ), and the variables m1( j, l, l′)

and m2( j, l, l′) denote the weights resulting from linear interpolation. Once we have determined

the indirect utility function with intervention J in each grid point, we recompute the optimal con-
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trols based on the first-order conditions and the algorithm proceeds to the previous time step. This

backward-recursion continues until the initial date is reached, yielding both the optimal value func-

tion and the associated life-cycle policy functions.

B Implementation of the First-order Condition

Dividing the first-order conditions for energy consumption (A.4) and perishable consumption (A.3)

by each other, we obtain

p(g, l, y)=
1−α

α
·

c

η
·
∂η

∂ε
. (B.1)

Substituting (4.5) into (B.1) yields a quadratic equation for ε

p(g, l, y)=
1−α

α
·

c

φ
[
1− ω

2

(
ε

φR(l)
−1

)2] ·
ω

φsR(l)
·
(
1−

ε

φsR(l)

)
.

Solving this equation and taking the second-order condition into account yields

ε=φR(l)

(

1+ϖ−

√

ϖ2 +
2

ω

)

, ϖ=
1−α

α

cω

p(g.l, y)φR(l)
(B.2)

C Calibration Details

This appendix provides a detailed description of the calibration procedure. All parameter values and

data sources are summarized in Table 3.

C.1 Financial Assets

For the calibration of the risk-free rate, we use the average three-month Dutch Treasury Bill rate

between 1982 and 2025, which equals 3.4%.14 Subtracting the average Dutch inflation rate of 2.3%

over the same period,15 yields a real risk-free rate of r = 1.1%. For the stock market, we assume

an equity premium of ηs = 4%/year and a volatility of σs = 16%/year1/2, which is standard in the life

cycle literature (e.g., Yao and Zhang, 2005; Fischer and Stamos, 2013).

14See https://fred.stlouisfed.org/data/IR3TIB01NLQ156N
15See https://fred.stlouisfed.org/data/FPCPITOTLZGNLD
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Figure C.1: Calibration of the Hazard Rate of Death. Panel (a) shows the fit of the Gompertz-Makeham

law (C.1) ( ) to the raw central death rates data for women ( ), and Panel (b) shows the same fit for

men. For both genders, the model fit is very good with R2 exceeding 99.9% in both cases. Panel (c) shows the

percentage distribution of the four states across 25 000 simulations.

C.2 Mortality Risk

Abstracting from macro longevity risk, we model the hazard rate of death h(g) of an individual of age

x and gender g ∈ { f ,m} using the Gompertz-Makeham law, i.e.,

h(g)(x)= a(g) +
1

b(g)
exp

( x−m(g)

b(g)

)
(C.1)

with gender-specific parameters a(g),b(g),m(g) ≥ 0. The corresponding τ-year survival probabilities

are τp
(g)
x = exp

(
−

∫τ
0 h(g)(x+ s)ds

)
, and the τ-year death probabilities are τq

(g)
x = 1−τ p

(g)
x .

The parameters are estimated separately for men and women using data from the Royal Dutch

Actuarial Association with a least-squares approach.16 Figure C.1 illustrates the model fit to the

data and the distribution of the four biometric states obtained from 25 000 simulations.

The household enters the model with a husband aged x
(m)
0

= 60 and a wife aged x
( f )

0
= 58. Assum-

ing that the remaining lifetimes of both spouses are independent, the transition intensities for the

Markov chain Z are given by

λ1,2(t)=−
∂

∂τ
log

(
1−τ q

(m)

t+x(m)
0

·τ p
( f )

t+x
( f )

0

)
,

λ1,3(t)=−
∂

∂τ
log

(
1−τ p

(m)

t+x(m)
0

·τ q
( f )

t+x
( f )

0

)
,

16The data set contains observations on the exposure E
(g)
t,x and the number of deaths D

(g)
t,x for individuals of age x and

gender g at time t. The maximum-likelihood estimator of the hazard rate of death is the raw central death rate D
(g)
t,x /E

(g)
t,x .

The data set is available at https://www.actuarieelgenootschap.nl/kennisbank/prognosetafel-ag2024-2.
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λ1,4(t)=−
∂

∂τ
log

(
1−τ q

(m)

t+x(m)
0

·τ q
( f )

t+x
( f )

0

)
,

λ2,4(t)= h(m)
(
t+ x

(m)
0

)
,

λ3,4(t)= h( f )
(
t+ x

( f )

0

)
.

With the values reported in Table 3, the model predicts a period life expectancy of 83 years for a

60-year-old man and 85 years for a 58-year-old woman, which is well in line with the estimates of

the Royal Dutch Actuarial Association.

C.3 Income Process

We calibrate the income process of the husband and wife separately to CBS data. Initial net labor

income is set equal to the average income of a 58-year-old woman and a 60-year-old man in 2024,

yielding annual incomes of I
( f )

0
=e28950 and I

(m)
0

=e30320, respectively.

Prior to retirement, real labor income gradually declines with age. Between ages 60 and 67, average

income decreases at annual rates of g( f ) = −0.16% for women and g(m) = −0.38% for men. Both

spouses are assumed to retire at age Tret = 67. After retirement, each spouse receives pension income

equal to a fraction Γret = 0.60 of the final labor income before retirement. This replacement rate

corresponds to the median pension replacement rate in 2024 based on the three pillars of the Dutch

pension system.17

C.4 Energy Prices

We calibrate the gas price process using semi-annual Dutch consumer energy price data from CBS.18

The data reveal substantial regime dependence in the electricity-to-gas price ratio. During the nor-

mal period 2007–2021, the ratio averages 2.21, before declining sharply to an average value of 0.58

during the 2022 energy crisis. While gas prices surged following the Russian invasion of Ukraine,

electricity prices increased considerably less because of regulated tariffs and government interven-

tions. This pattern motivates the specification E t =ϖ(Yt)G t.

For the crisis regime, we set ϖ(2) = 0.67. In the normal-regime we choose ϖ(1) = 1.45, corresponding to

the post-crisis equilibrium observed during 2024–2025. This value is arguably more relevant for the

households in our calibration, which enter the model in 2024 after the crisis has already occurred.19

17See https://www.dnb.nl/en/general-news/news-2024/a-look-at-post-retirement-income/.
18For 2007–2008, we use Table 81309NED and from 2009 to 2025, we use Table 85666ENG. We use total consumer

prices inclusive of VAT, the 20–200 GJ per year consumption band for gas in Table 81309NED (converted to EUR/kWh)

and the 569–5,687 m3 per year band in Table 85666ENG (converted to EUR/kWh). For electricity we use the 2.5–5 MWh

per year band throughout. All series are deflated to real 2024 EUR using year-specific Dutch CPI inflation rates.
19The pre-crisis ratio of 2.21 reflected an energy system dominated by gas heating. The decline to approximately 1.5

after the crisis is consistent with the increasing adoption of heat pumps, which raises household electricity demand relative

to gas demand. We consider the pre-crisis value ϖ(1) = 2.2 as a robustness check in Section 7.
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Figure C.2: Simulation of Energy Prices. Panel (a) shows the simulation of gas prices and Panel (b) of

electricity prices based on the calibration described in Section C.4. Panel (c) shows the percentage distribution

of the two energy states across 25 000 simulations.

The initial gas price is set to G0 = 0.166 e/kWh, which corresponds to the 2025 Dutch gas price level.

This implies an initial electricity price of E0 =G0ϖ(Y0)= 0.241 e/kWh.

The diffusion parameters are estimated from annual real log returns excluding the crisis period

to ensure that the estimated parameters are not biased by jumps. As discussed in Section 2.1,

the average real growth rate of gas prices during normal periods is statistically indistinguishable

from zero, implying µg = 0.0%/year. The sample standard deviation of annual real returns equals

σg = 7.6%/year1/2.

The jump parameters are calibrated primarily to the 2022–2023 energy crisis. The initial shock in

the first half of 2022 corresponds to an upward jump of θ1,2 = 12.5%. This was followed by a second

upward jump of size θ2 = 41.7%, after which the economy returned to the normal regime through a

downward jump of θ2,1 =−22.2%. The partial rather than full mean reversion reflects the empirical

observation that energy price crises tend to leave a persistent component in price levels through

channels such as renegotiated supply contracts and long-lasting adjustments in energy infrastruc-

ture. Consistent with this interpretation, real gas prices in 2024–2025 remain approximately 54%

above the 2007–2019 average.

The transition intensity from the normal to the crisis regime is set to λ
(1,2)
g = 0.053, corresponding

to one crisis episode over the 19-year sample. The recovery intensity is set to λ
(2,1)
g = 0.6667, which

implies an expected crisis duration of one and a half years. The within-crisis jump intensity is set to

λ(2)
g = 0.6667, reflecting the clustering of large price movements observed in 2022.

Figure C.2 illustrates simulated energy price paths with the calibration described above. The model

reproduces the qualitative dynamics of both gas prices (Panel (a)) and electricity prices (Panel (b))
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A+++ A++ A+ A B C D E F G

h(L) 1.255 1.221 1.187 1.155 1.129 1.104 1.072 1.049 1.023 1.000

Table C.1: Effect of Energy Labels on Home Prices. This table illustrates how better energy labels

L ∈ {A+++, A++, A+, A,B,C,D,E,F,G} scale up house prices relative to the baseline label G.

observed in the historical data shown in Figure 1. The light gray line shows a simulated sample

path with an energy crisis occurring when the husband is 68 years old. Gas prices jump from 0.18

e/kWh to 0.28 e/kWh, while electricity prices first decline from 0.25 to 0.13 e/kWh before rising

to 0.42 e/kWh. This behavior is consistent with the elevated electricity price volatility observed

during the 2022 crisis. Panel (c) illustrates the distribution of the two energy regimes across 25 000

simulated paths.

C.5 House Prices

We calibrate the initial unit house price U0 and house size φ using data from the Dutch owner-

occupied housing market. Drawing on CBS Woonbase data for 2021, couples without children aged

between 50 and 70 years occupy on average 69 m2 per person.20 For a two-person household, this

implies a house size of approximately φ= 138m2.

The unit house price U0 is defined as the price per square meter of a house with the lowest energy

label L = G. The price of a house with label L is therefore given by φU0h(L), where h(G) = 1. As

a starting point, we use the NVM estimate of e 4 740 per square meter for existing owner-occupied

homes in 2024.21 This average price reflects the existing distribution of energy labels in the Dutch

housing stock. We therefore adjust the observed price using the label premium function h(L), which

is calibrated from NVM data on average house prices by energy label as shown in Panel (a) of Fig-

ure 3 and Table C.1.22 Using the energy-label distribution reported by the Compendium voor de

Leefomgeving for the end of 2024, approximately 35% of labeled houses have label A or higher, 16%

have label B, 25% have label C, and the remaining 24% have labels D through G, of which roughly

3% have label G.23 These weights imply an average scaling factor of h = 1.119. The initial unit house

price therefore equals U0 = 4740/1.119≈ 4200e/m2.

Finally, we calibrate the drift µh and volatility σh of unit house prices from the BIS Real Residential

Property Price Index for the Netherlands.24 The series covers the period from the first quarter of

20See https://www.cbs.nl/nl-nl/nieuws/2022/48/alleenstaande-oudere-vrouwen-wonen-het-grootst
21See https://www.nvm.nl/nieuws/2025/nvm-meer-woningaanbod-en-vlotte-verkoop-in-4e-kwartaal-2024/
22The data is available at https://brainbay.nl/nieuwsbericht/groen-energielabel-steeds-waardevoller/
23See https://www.clo.nl/indicatoren/nl055611-energielabels-van-woningen-2010-tm-2024 and https://

nltimes.nl/2026/02/08/four-10-dutch-homes-now-carry-top-energy-labels
24Bank for International Settlements, Real Residential Property Prices for Netherlands [QNLR628BIS], retrieved from

FRED, Federal Reserve Bank of St. Louis; https://fred.stlouisfed.org/series/QNLR628BIS.
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1982 to the fourth quarter of 2025 and is deflated using the CPI, consistent with our real calibration.

Annualized quarterly log returns imply µh = 2.7% and σh = 3.7%.

C.6 Maintenance Costs and Property Tax

The parameter ξ1 captures two recurring costs of homeownership that are proportional to the house

value: maintenance costs and property tax (onroerendezaakbelasting, OZB). For maintenance costs,

we follow the recommendation of the Dutch National Institute for Family Finance Information (Nibud),

which advises homeowners to budget approximately 1% of the house value annually.25 Property

taxes are calibrated using the national average tax rate for owner-occupied homes of 0.11% of the

WOZ value, as reported by the COELO Atlas of Local Government Taxes.26 Combining both compo-

nents yields ξ1 = 1.11%≈ 1.1%, which is slightly below the 1.5% assumed by Kraft and Munk (2011).

In addition, we include fixed annual housing expenses of ξ0 = 1480 e/year to account for sewerage

charges, waste collection fees, and standing energy charges.

C.7 Financial Wealth and Mortgage

Initial Financial Wealth. Initial financial wealth is set to X0 =e73800, corresponding to the me-

dian balance of bank and savings accounts for Dutch households with a primary earner aged 55–65

in 2024 as reported by CBS.

Mortgage. We calibrate the mortgage to a representative Dutch owner-occupied household that pur-

chased its home approximately 20 years before entering the model. Given the standard 30-year

mortgage term in the Netherlands,27 the remaining maturity at model entry is Tm = 10 years. The

mortgage interest rate rm is based on the ECB MFI interest rate on new Dutch mortgage loans with

an initial rate fixation period exceeding ten years in January 2005, which equaled 4.45% in nom-

inal terms.28 Subtracting the average Dutch inflation rate of 2.3%, yields a real mortgage rate of

rm = 2.15%, consistent with the real calibration of the model.

For the original loan amount, we scale the current unit house price U0 = 4200e/m2 back to 2004–

2005 using NVM average transaction prices per square meter, which were approximately 1 891e/m2

in 2004 and 4 740e/m2 in 2024.29 This yields U2004
0

= 4200×(1891/4740)≈ 1675e/m2. The purchase

value of a Label D house of size φ = 138 m2 is then φ ·U2004
0

·h(D) = 138×1675×1.072 ≈e248000.

Assuming a loan-to-value ratio of 85%, the original mortgage equalse 211 000. The resulting annual

25See https://www.hypotheekshop.nl/blog/de-bijkomende-kosten-van-huiseigenaarschap/
26See https://www.coelo.nl/online-atlas/online-atlas-gemeenten.php?starttab=1&subnr=4
27See https://www.hypotheker.nl/begrippenlijst/hypotheek-afsluiten/looptijd-hypotheek/
28European Central Bank, Euro Area MFI Interest Rate Statistics, January 2005, Table 1; available at https://www.

ecb.europa.eu/press/pdf/mfi/mir0501.pdf.
29See https://www.nvm.nl/nieuws/2025/nvm-meer-woningaanbod-en-vlotte-verkoop-in-4e-kwartaal-2024/

and https://www.cbs.nl/en-gb/figures/detail/83625ENG.
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mortgage payment is M =e29500, while the outstanding mortgage balance at model entry is B0 =
e85500.

Capital Income Tax. In the Netherlands, capital income is taxed under the so-called Box 3 system

of the Dutch income tax act. Rather than taxing realized capital gains or actual investment returns,

Box 3 imposes a tax on a deemed return on net financial wealth above an exemption threshold. For

households holding homogeneous financial wealth in the form of investments, the deemed return is

6.17%, taxed at a flat rate of τ = 32%, yielding an effective wealth tax rate of τeff = 6.17% × 32% ≈
1.97% on wealth above the exemption. The exemption amounts toe 57 000 per person, corresponding

to e 114 000 for married couples.

C.8 Transaction Costs

The transaction cost function in (4.4) consists of a fixed component, κfix, and a variable component,

φκvar(L,L′). The fixed component captures costs that are largely independent of the scope of the

renovation, such as energy audits, label registration, and site preparation. The variable component

scales with house size φ and reflects the cost of upgrading the energy label from L to L′. Cali-

brating κvar(L,L′) is challenging because no single authoritative source reports renovation costs by

energy-label transition. Costs depend on factors such as building age, insulation quality, construction

characteristics, and local contractor availability.

Our objective is therefore to obtain representative cost estimates for the benchmark house described

in Section C.5. Where uncertainty is substantial, we construct low, central, and high cost estimates.

Fixed Component. The fixed component κfix captures expenses that arise whenever a renovation is

undertaken, regardless of its size. These include the mandatory visit by a certified energy advisor,

energy-label registration and administrative and site-preparation costs.

The most directly observable fixed costs are those associated with the energy-label certification.

Market rates for certified energy advisors range from approximately e 300 to e 450,30 while la-

bel reassessment and registration typically cost a further e 200 to e 350.31 Together, these ex-

penses amount to roughly e 500–e 800. To account for additional overhead that is largely inde-

pendent of renovation scale, we calibrate κfix between e 1 000 and e 1 500, with a benchmark value

of κfix =e1250.

Variable Component. The variable component κvar(L,L′) is calibrated using renovation cost esti-

mates for individual label transitions. For well-documented upgrades, particularly one- and two-step

improvements, we use directly reported market estimates from multiple independent sources, which

30See https://www.nova-eco.nl/kosten-energielabel-2024/ and https://levenenwonendesk.nl/

nieuwsbericht/wat-kost-een-energielabel-in-2024-alles-wat-je-moet-weten/.
31See https://installatievergelijken.nl/kennisbank/energielabel-verbeteren.
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Initial Final Gross renovation cost (EUR) Representative measures Tier

Label Label Low Central High

Panel A. Data-supported estimates

E D 5 000 7 500 10 000 Insulation + HR boiler 1

D C 5 000 10 000 15 000 Full insulation (± hybrid HP) 1

D B 8 000 13 000 18 000 Full insulation + hybrid HP 1

D A 15 000 20 000 27 000 Full insulation + all-electric HP + PV 2

C B 4 000 6 000 9 000 Hybrid HP + minor insulation 2

C A 9 000 13 000 18 000 All-electric HP + PV + insulation 2

B A 4 000 6 500 9 000 PV + triple glazing 2

E C 10 000 15 000 22 000 Full insulation + heating upgrade 2

E B 14 000 20 000 28 000 Full insulation + hybrid HP 2

F C 15 000 20 000 28 000 Full insulation + heating upgrade 1

G C 25 000 35 000 50 000 Deep renovation + HP 2

Panel B. Extrapolated estimates

A A+ 15 000 22 000 35 000 Large PV + WTW + triple glazing 3

A A++ 25 000 35 000 55 000 A+ package + battery storage 3

A+ A++ 12 000 18 000 28 000 Battery storage + additional PV 3

D A+ 32 000 43 000 60 000 Full renovation + large PV + WTW 3

D A++ 45 000 60 000 85 000 Near new-build standard 3

Table C.2: Renovation costs by energy-label transition. Gross renovation costs for a house of size

φ = 138m2, expressed in real 2024 EUR. The benchmark calibration uses the central estimate, while the

low and high columns define the robustness scenarios. The model-implied variable cost is κvar(L,L′) =
Central Cost−κfix with κfix =e1250. The column “Representative measures” summarizes the typical renova-

tion package associated with each transition. Tier 1 estimates are supported by multiple concordant sources,

Tier 2 estimates rely on component-level cost build-ups or a single source, and Tier 3 estimates are extrapo-

lated due to the absence of direct market evidence. Costs include applicable VAT and exclude ISDE subsidies.

we refer to as Tier 1 estimates, see Panel A of Table C.2.32 For larger or less common upgrades, costs

are constructed from component-level estimates for insulation measures, heat pumps, and solar PV

installations (Tier 2 estimates). Upgrades to label A+ and above require some extrapolation because

direct market evidence is limited. These estimates are classified as Tier 3 and reported in Panel B of

Table C.2.

The calibration incorporates stylized assumptions regarding the technologies required to attain dif-

ferent energy labels. Upgrades to label C or below can generally be achieved through insulation

measures alone, including cavity wall insulation, roof insulation, and HR++ glazing.33 Reaching la-

bel B typically requires a hybrid heat pump in addition to comprehensive insulation, while label A

32See https://huisassist.nl/energielabel/label-d/,

https://smeetsbma.nl/blogs/wat-kost-het-verbeteren-van-een-energielabel/,

https://www.beheerenservice.nl/blogs/energielabel-c-verplichting-2030-voor-verhuurders,

https://bouwmeestersbv.nl/kennisbank/energielabel-verbeteren-kosten-en-besparing-huurpunten,

https://installatievergelijken.nl/kennisbank/energielabel-verbeteren.
33See https://www.werkspot.nl/isolatie/prijzen-kosten/huis-isoleren and https://www.

beheerenservice.nl/blogs/energielabel-c-verplichting-2030-voor-verhuurders.
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generally requires an all-electric air-to-water heat pump and approximately 4 kWp of solar PV ca-

pacity.34

Table C.2 reports the benchmark renovation costs and the associated uncertainty ranges for all sup-

ported label transitions, while Figure 3 illustrates the resulting cost schedule. Renovation costs in-

crease with the scope of the upgrade and are convex in the number of label improvements up to label

A+. As buildings become more energy efficient, further improvements require increasingly capital-

intensive interventions, raising the marginal cost of each additional label step up to A+. Marginal

costs decline slightly for the final transition to A++ because battery storage is relatively inexpensive

compared with the measures required for earlier upgrades.

All reported costs are gross costs inclusive of applicable VAT rates, namely 9% for insulation mea-

sures and 0% for heat pumps and solar PV installations since January 2023. ISDE subsidies are not

deducted. Because subsidy programs change over time, incorporating them would effectively embed

a particular policy environment into the calibration rather than provide a neutral benchmark.35

Renovation Disutility and Opportunity Costs. The transaction cost surcharge ς captures non-pecuniary

costs borne by the household during a renovation, comprising disutility from noise and dust, oppor-

tunity cost of coordination and supervision time, and temporary accommodation where the home is

rendered uninhabitable. No Dutch study provides a quantified willingness-to-pay (WTP) estimate

for renovation disruption. The Dutch literature consistently identifies the so-called hassle factor as

a significant psychological barrier to energy efficiency renovations, but without monetization, e.g.,

De Vries et al. (2020); Ebrahimigharehbaghi et al. (2019).

Therefore, we calibrate ς from the stated-preference evidence of Curtis et al. (2024), who conduct

a discrete choice experiment with N = 1009 Irish owner-occupiers and estimate sizable and sta-

tistically significant WTP to avoid disruption ranging from e 9 000 (minor disruption: dust and

materials, some rooms affected) to e 24 700 (major disruption: whole property not usable). These

lump-sum WTP estimates are conceptually consistent with κ(L,L′,φ) as one-time transaction costs

in (4.4). Mapping the Curtis et al. (2024) disruption levels to our label transitions by expected con-

struction scope, adding opportunity costs of household time (30–50 hours at e 25/hour) and tempo-

rary accommodation costs (e 200/night), and expressing the total as a fraction of φκvar(L,L′) yields

a cost-weighted average surcharge of 61% as reported in Table C.3.

34Heat pump costs are based on ISDE invoice data reported by CBS. The average installed cost of an

air-to-water heat pump was e 6 200 in Q4 2024; see https://www.cbs.nl/nl-nl/longread/rapportages/2025/

prijsontwikkeling-van-warmtepompen-2023-2024. Solar PV costs are based on installation data indicating a central

estimate of e 5 500 for a 4 kWp system; see https://www.zonneplan.nl/zonnepanelen/kosten.
35The ISDE provides subsidies for both insulation measures and heat pump installations, see https://www.rvo.nl/

subsidies-financiering/isde/woningeigenaren/isolatiemaatregelen and https://www.rvo.nl/onderwerpen/

isde/isde-wat-wijzigt-er-2025. A net-cost specification that deducts this subsidy is examined in Section 6 and Ap-

pendix E.1.
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Duration Non-pecuniary costs (e)

Initial Final κvar Exec. Cal. Disr. WTP Opp. cost Accomm. Total ς

Label Label (e) days weeks (e) (e) (e) (e)

D C 8 750 3–5 4–6 9 270 475 0 9 745 1.11

D B 11 750 5–8 6–10 11 000 762 0 11 762 1.00

D A 18 750 8–12 8–14 13 270 1 075 0 14 345 0.77

D A+ 41 750 14–20 12–20 13 270 1 625 400 15 295 0.37

D A++ 58 750 18–25 16–24 25 410 2 038 600 28 048 0.48

C B 4 750 3–5 4–8 9 270 550 0 9 820 2.07

C A 11 750 7–10 8–14 13 270 1 038 0 14 308 1.22

C A+ 31 750 12–17 12–18 13 270 1 488 400 15 158 0.48

C A++ 48 750 15–22 14–22 25 410 1 812 600 27 822 0.57

B A 5 250 3–5 4–6 9 270 475 0 9 745 1.86

B A+ 22 750 8–12 8–14 13 270 1 075 400 14 745 0.65

B A++ 38 750 14–20 12–20 13 270 1 625 400 15 295 0.39

A A+ 20 750 7–10 8–12 13 270 962 400 14 632 0.71

A A++ 33 750 12–17 10–18 13 270 1 412 400 15 082 0.45

A+ A++ 16 750 1–2 2–4 11 000 262 0 11 262 0.67

Cost-weighted average ς 0.61

Table C.3: Implied renovation disutility surcharge by label transition. Disruption WTP is taken from

Curtis et al. (2024), deflated to real 2024e: minor e 9 270 (D to C, C to B, B to A), minor–moderate e 11 000

(D to B, A+ to A++), moderate e 13 270 (all other transitions up to A++), major e 25 410 (D/C to A++). Cost-

weighted average uses φκvar as weights.

Remark. Label A+++ requires primary energy consumption below 50 kWh/m2, a threshold effec-

tively reserved for new construction under the Dutch BENG standard. For existing homes, reaching

A+++ requires measures well beyond the documented renovation packages such as replacing an air-

to-water with a ground-source heat pump, adding e 15 000 – e 25 000 on top of the full A++ package

and an even more rigorous insulation. We therefore treat A+++ as outside the feasible renovation set

and omit it as a target label throughout.

C.9 Preferences

Standard Parameters. For most of the preference parameters we use standard values that are com-

mon in the literature and perform sensitivity analyses for those parameters in Section 7. Following

Kraft et al. (2017), we set the coefficient of relative risk aversion to γ = 3 and the subjective time

preference rate to δ = 5%. Following Yao and Zhang (2005), Kraft and Munk (2011), and Fischer

and Stamos (2013), the expenditure share of perishable consumption is set to α = 80%. To account

for economies of scale within the household, we adopt the equivalence-scale parameter ζ= 1.45 from

Love (2010), reflecting the lower consumption need of a couple relative to two single individuals. In

contrast to these papers, we use recursive utility that allows us to disentangle risk aversion from

the elasticity of intertemporal substitution. We follow Crump et al. (2022) and set the elasticity of

intertemporal substitution to ψ= 0.75.
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Disutility Parameter. For the calibration of the disutility parameter ω, we use Curuk et al. (2025)

as source for the (absolute) short-run price elasticity of gas demand E = − ∂ε
∂g

g

ε

∣∣
ε=φR(L). Their study

exploits quasi-random variation in the expiry dates of fixed-price energy contracts among approxi-

mately 40,000 Dutch households to estimate the causal effect of the 2022 gas price shock on residen-

tial gas consumption. Curuk et al. (2025) report E ∈ [0.06, 0.15], corresponding to reductions in gas

consumption of roughly 10–20% in response to price increases of 70–320%. We use the midpoint of

this interval to calibrate the disutility parameter ω.

The price elasticity of gas demand follows directly from the first-order conditions. Straightforward

calculations using ∂η/∂ε
∣∣
ε=φR(L) = 0 and ∂2η/∂ε2 =−ω/

(
φR(L)

)2
give:

∂ε

∂g

∣∣∣
ε=φR(L)

=−
α

1−α
·
φ2R(L)2

cω
,

and therefore E = α
1−α · gφR(L)

cω
> 0. Solving for ω gives

ω=
1

E

1−α

α

c

gφR(L)
. (C.2)

Equation (C.2) implies that households with a lower price elasticity require a larger value of ω, since

they are less willing to reduce energy consumption in response to higher prices. Moreover, for a

given value of ω, households with a larger energy expenditure share are naturally more responsive

to energy price changes.

For the calibration, we use the pre-crisis average gas price of g = 0.112 e/kWh together with annual

consumption expenditures of c = 25000 e/year, consistent with CBS data. Using α = 0.8 and the

midpoint elasticity estimate yields ω = 14.25. In Section 7, we perform a sensitivity analysis with

disutility parameters backed out from the ends of the elasticity interval [0.06, 0.15] by Curuk et al.

(2025). We obtain a range of disutility parameters ω ∈ [10, 25].

D Optimal Renovation Decision for the Benchmark Calibration

This appendix presents the policy functions of the optimal renovation decision implied by the bench-

mark calibration in Section 4. Unlike the simulation results, which summarize household behavior

along simulated life-cycle paths, the policy functions characterize the optimal decision rules over

the full state space. The decision depends on the continuous state variables financial wealth x ≥ 0,

gas price g ≥ 0, and unit house price u ≥ 0, as well as the discrete state variables energy label

l ∈ {A++, A+, A,B,C,D}, energy price regime y ∈ {1,2}, and biometric state z ∈ {1,2,3}. Throughout,

we fix the house price at its benchmark level U0 and report policy functions for households aged 60.
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Figure D.1: Policy Functions for the Renovation Decision. Each panel reports the label to which the

household optimally upgrades at t = 0 (age 60), conditional on the normal energy price regime (y = 1) and the

median house price state. The dashed horizontal line indicates the benchmark initial financial wealth X0 =
e73800 and the vertical line marks the benchmark gas price of e0.166/kWh. Regions where the household

optimally remains at the current label correspond to the darkest shade.

Figure D.1 illustrates the optimal target energy label as a function of financial wealth and the current

gas price for each initial energy label and for two biometric states. The policy functions complement

the simulation results in Section 5.1 by illustrating how optimal renovation decisions vary across the

state space rather than along realized sample paths. Several patterns emerge. First, the renovation

threshold decreases as the gas price rises. Higher energy prices increase the present value of future
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energy savings, making renovations profitable even for households with relatively limited financial

wealth. The vertical line at the benchmark gas price of e 0.166/kWh indicates that the median

household (X0 =e73800, horizontal line) lies close to the renovation threshold under current energy

price conditions.

Second, the optimal renovation strategy differs markedly across biometric states. For two-spouse

households (z = 1, left column) starting from label D, renovations never involve single-step upgrades.

These households upgrade directly to label B, while those starting from label B or higher generally

upgrade directly to A+ or A++. This behavior reflects the fixed transaction cost κfix, which is incurred

once per renovation event regardless of the size of the upgrade. Given a long remaining planning

horizon and stable income, it is thus optimal to spread this fixed cost over a larger renovation. For

single-survivor households (z = 2, right column), however, single-step upgrades become optimal in

larger parts of the state space. Lower income and a shorter remaining planning horizon reduce the

payoff from large renovations, making smaller, incremental upgrades preferable for households with

intermediate financial wealth.

Third, the renovation threshold is substantially higher for single-survivor households (z = 2) than for

two-spouse households (z = 1). Surviving spouses require either greater financial wealth or higher

gas prices before renovation becomes optimal, reflecting the tighter liquidity constraints and shorter

investment horizon following the death of a spouse. This is consistent with the scenario analysis of

Section 5.2 and the welfare results of Section 5.3. Consequently, they are both less likely to renovate

and, when they do, tend to undertake more modest upgrades.

The existence of distinct renovation and no-renovation regions follows from the general theory of im-

pulse control (Davis and Norman, 1990; Korn, 1999). A distinguishing feature of the present model,

however, is that the optimal jump size is determined endogenously by the interaction between the

discrete energy-label space, convex variable renovation costs κvar(L,L′,φ) and the fixed transaction

cost κfix.

These qualitative patterns are robust across alternative house price states and energy price regimes.36

Higher house prices shift the renovation threshold upward by increasing recurring housing costs and

tightening liquidity constraints, whereas lower house prices have the opposite effect. This is consis-

tent with the house price shock analysis in Section 5.2. Under the energy-price crisis regime (y= 2),

the renovation threshold shifts substantially downward because persistently higher energy prices

increase the value of renovation and reduce uncertainty about its profitability, inducing households

that would otherwise delay to renovate immediately. This finding is consistent with the energy cri-

sis scenario of Section 5.2, which documents that 78% of households undertake an energy-efficiency

upgrade following a crisis at age 65. Finally, the renovation threshold rises with age as mortality

36The corresponding policy functions for other states and for older households are available upon request.
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Initial Target Doubling S̄(L,L′)
Label Label applies? (e)

D C Yes 2 580

D B Yes 5 365

D A Yes 9 805

D A+ Yes 9 805

D A++ Yes 9 805

C B Yes 3 240

C A Yes 9 805

C A+ Yes 9 805

C A++ Yes 9 805

B A No 4 345

B A+ No 4 345

B A++ No 4 345

A A+ No 4 345

A A++ No 4 345

A+ A++ — 0

Table E.1: ISDE Subsidy Amounts by Label Transition. The table reports the bottom-up calculated ISDE

subsidy for a house of size φ= 138m2, based on the representative renovation measures in Table C.2 and 2025

RVO subsidy rates. Insulation subsidies are doubled where applicable (combination of at least two insulation

measures or combination with heat pump). Battery storage and additional PV are not ISDE-eligible and

receive no subsidy. All amounts in real 2024 e, VAT-inclusive.

risk shortens the remaining payback period, making large renovation investments progressively less

attractive.

E Model Extensions

This appendix provides additional calibration details and technical information for the model exten-

sions discussed in the main text.

E.1 Energy Efficiency Subsidies

Calibration. To calibrate the subsidy function S(L,L′,φ) introduced in Section 6, we use the Dutch

ISDE program (Investeringssubsidie Duurzame Energie en Energiebesparing), which provides invest-

ment subsidies for energy-saving measures including insulation measures, heat pumps, and solar

boilers installed by owner-occupiers of existing homes. The program is scheduled to run until 31 De-

cember 2030. Subsidy amounts are constructed from the official 2025 RVO subsidy schedule using

the representative renovation measures reported in Table C.2 for a house of size φ= 138m2.

The ISDE provides fixed subsidies per square meter for insulation measures and fixed amounts

per kilowatt for heat pumps. Insulation subsidies are doubled whenever at least two insulation

measures are installed simultaneously or when an insulation measure is combined with a heat pump.
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Figure E.1: Simulation Results with Subsidies. Panel (a) shows the decomposition of mean household

wealth into liquid savings (MMA), stocks, housing wealth, and outstanding mortgage debt. Panel (b) reports

the decomposition of annual consumption expenditures into perishable consumption, energy expenditures,

health insurance, maintenance costs, capital income taxes, and mortgage payments. Panel (c) illustrates the

distribution of energy labels across households over time. Panel (d) shows the evolution of annual household

energy consumption, where the solid line represents the mean path and the shaded area denotes the 5th and

95th percentiles across 25 000 simulated paths.

Specifically, we apply the following 2025 subsidy rates throughout: roof insulation at e 16.25/m2

(doubled: e 32.50/m2), cavity wall insulation at e 5.25/m2 (doubled: e 10.50/m2), floor insulation at

e 5.50/m2 (doubled: e 11.00/m2), triple glazing at e 111/m2 (doubled: e 222/m2), and a 4 kW air-to-

water heat pump at e 2 125. Solar panels are excluded from the ISDE program and therefore receive

no subsidy beyond the VAT exemption. Applying these rates to the renovation packages in Table C.2

yields the subsidy amounts reported in Table E.1.

An important feature of the ISDE is that it favors comprehensive renovations over incremental up-

grades. For instance, upgrading directly from label C to label A yields a subsidy of e 9 805, whereas

two successive upgrades from label C to B and from B to A receive only e 7 585 in total. This dif-

ference arises because a comprehensive renovation qualifies for doubled insulation subsidies over

a larger surface area than two smaller, sequential renovation events. Consequently, the ISDE cre-

ates an incentive to bundle multiple energy-efficiency measures into a single renovation rather than

implementing them sequentially.
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Simulation. Because the subsidy lowers the effective cost of renovation, it shifts the renovation

threshold downward and incentivizes households to invest in energy efficiency measures earlier.

Figure E.1 shows the resulting life-cycle dynamics. Relative to the benchmark model, the subsidy ac-

celerates the transition toward higher energy labels, with 83% of all households with median wealth

undertaking at least one label upgrade and about 40% eventually reaching energy label A+ or better.

E.2 Rebound Effect

First-Order Conditions. Under the rebound specification (7.1), the derivative of η with respect to

energy consumption is piecewise:

∂η

∂ε
=φ

ω

φR(L)

(
1−

ε

φR(L)
−

)
1{ε<φR(L)},+φ

δr

ε
1{ε≥φR(L)}. (E.1)

Note that η is continuous but not differentiable at ε = φR(L) if δr > 0. The first-order condition for

perishable consumption is unchanged:

J∗
x = δ

[
(1−γ)J∗]1−1/θ

(
cαη1−α

ςz

)−1/ψ
α cα−1η1−α

ςz

. (E.2)

The first-order condition for energy consumption is

J∗
x p(g, l, y)= δ

[
(1−γ)J∗]1−1/θ

(
cαη1−α

ςz

)−1/ψ
(1−α) cαη−α

ςz

·
∂η

∂ε
. (E.3)

Dividing (E.3) by (E.2) and substituting (E.1) yields the optimality condition:

p(g, l, y)=
1−α

α
·

c

η(ε,L)
φ

[ ω

φR(L)

(
1−

ε

φR(L)
−

)
1{ε<φR(L)},+

δr

ε
1{ε≥φR(L)}

]
(E.4)

Iterative Computation of the Optimal Controls. We solve the nonlinear system (E.2) and (E.4) using

the following two-step iterative procedure.

Step 1 – Benchmark solution. We first compute the benchmark optimal energy consumption ε(0) from

the closed-form quadratic formula of Appendix B, setting δr = 0. This solution satisfies ε(0) ≤ φR(L)

by construction, so it corresponds to the lower branch of (E.4). If the household optimally does not

overheat (δr = 0 or the rebound incentive is dominated by energy costs), the algorithm terminates at

this step.

Step 2 – Rebound region. When δr > 0, the household may find it optimal to consume above φR(L)

after a renovation that lowers the reference level. In this case, the upper branch of (E.4) applies and

the optimality condition becomes

εp(g, l, y)
[
1+δr log

( ε

φR(L)

)]
=

1−α

α
cδr. (E.5)
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Equation (E.5) does not admit a closed-form solution in εt. We solve it numerically using a Newton–

Raphson iteration initialized at ε(0) =φR(l). Denoting the left-hand side of (E.5) as F(ε), the update

rule is

ε(n+1) = ε(n) −
F(ε(n))− 1−α

α
cδr

F ′(ε(n))
, (E.6)

where F ′(ε)= p(g, l, y)
[
1+δr log(ε/

(
φR(l)

)
+δr

]
. We continue the iteration until the difference between

the control variables in successive iterations falls below a prescribed tolerance. To determine the

optimal branch, we evaluate the the indirect utility J∗ at both candidate solutions (lower and upper

branch) and select the one that yields the higher value.

F Additional Figures
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Figure F.1: Simulation Results with an Energy Crisis at the Age of 65. The figure complements Fig-

ure 5. Panel (a) shows the decomposition of mean household wealth into liquid savings (MMA), stocks, housing

wealth, and outstanding mortgage debt. Panel (b) reports the decomposition of annual consumption expendi-

tures into perishable consumption, energy expenditures, health insurance, maintenance costs, capital income

taxes, and mortgage payments.
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Figure F.2: Simulation Results with a Death Shock of the Husband at the Age of 65. The figure

complements Figure 6. Panel (a) shows the decomposition of mean household wealth into liquid savings

(MMA), stocks, housing wealth, and outstanding mortgage debt. Panel (b) reports the decomposition of annual

consumption expenditures into perishable consumption, energy expenditures, health insurance, maintenance

costs, capital income taxes, and mortgage payments.
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Figure F.3: Simulation Results with a House Price Shock at the Age of 65. The figure complements

Figure 7. Panel (a) shows the decomposition of mean household wealth into liquid savings (MMA), stocks,

housing wealth, and outstanding mortgage debt. Panel (b) reports the decomposition of annual consumption

expenditures into perishable consumption, energy expenditures, health insurance, maintenance costs, capital

income taxes, and mortgage payments.
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Figure F.4: Simulation Results with a Stock Market Crash at the Age of 65. The figure complements

Figure 8. Panel (a) shows the decomposition of mean household wealth into liquid savings (MMA), stocks,

housing wealth, and outstanding mortgage debt. Panel (b) reports the decomposition of annual consumption

expenditures into perishable consumption, energy expenditures, health insurance, maintenance costs, capital

income taxes, and mortgage payments.
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Figure F.5: Simulation Results for a Naive Household that Ignores Energy Crises. The figure comple-

ments Figure 11 and shows the simulation results for the naive household. Panel (a) shows the decomposition

of mean household wealth into liquid savings (MMA), stocks, housing wealth, and outstanding mortgage debt.

Panel (b) reports the decomposition of annual consumption expenditures into perishable consumption, energy

expenditures, health insurance, maintenance costs, capital income taxes, and mortgage payments. Panel (c)

illustrates the distribution of energy labels across households over time. Panel (d) shows the evolution of

annual household energy consumption, where the solid line represents the mean path and the shaded area

denotes the 5th and 95th percentiles across 25 000 simulated paths.
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Figure F.6: Sensitivity Analysis for the Time Preference Rate. The figure shows simulated life-cycle

paths for three values of the time preference rate δ ∈ {3%, 5%, 7%}, holding all other benchmark parameters

fixed. Panel (a) shows mean financial wealth, Panel (b) mean perishable consumption, Panel (c) the mean

energy label, and Panel (d) mean energy consumption, all plotted against age and based on 25 000 simulated

paths.
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Figure F.7: Sensitivity Analysis for the Degree of Relative Risk Aversion. The figure shows simulated

life-cycle paths for three values of the degree of relative risk aversion γ ∈ {1.5, 3, 5}, holding all other benchmark

parameters fixed. Panel (a) shows mean financial wealth, Panel (b) mean perishable consumption, Panel (c)

the mean energy label, and Panel (d) mean energy consumption, all plotted against age and based on 25 000

simulated paths.
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Figure F.8: Sensitivity Analysis for the Elasticity of Intertemporal Substitution. The figure shows

simulated life-cycle paths for four values of the elasticity of intertemporal substitution ψ ∈ {0.33, 0.75, 1, 1.25},

holding all other benchmark parameters fixed. Panel (a) shows mean financial wealth, Panel (b) mean per-

ishable consumption, Panel (c) the mean energy label, and Panel (d) mean energy consumption, all plotted

against age and based on 25 000 simulated paths.
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Figure F.9: Sensitivity Analysis for Strength of the Bequest Motive. The figure shows simulated life-

cycle paths for three values of the strength of the bequest motive ϑ ∈ {0.01, 2.34, 5}, holding all other benchmark

parameters fixed. Panel (a) shows mean financial wealth, Panel (b) mean perishable consumption, Panel (c)

the mean energy label, and Panel (d) mean energy consumption, all plotted against age and based on 25 000

simulated paths.
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Figure F.10: Sensitivity Analysis for Stock Market Participation.The figure compares the simulated

life-cycle paths for the benchmark model with a model where households do not participate in the stock market.

Panel (a) shows mean financial wealth, Panel (b) mean perishable consumption, Panel (c) the mean energy

label, and Panel (d) mean energy consumption, all plotted against age and based on 25 000 simulated paths.
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