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Abstract
This paper explores the willingness-to-pay for energy efficiency by exploiting variation 
across products and countries within the EU market for household appliances. Based on 
scanner data at product-level, I use the hedonic method to estimate implicit prices for 
energy efficiency and derive implicit discount rates. The paper argues that the implicit 
price will be underestimated when energy consumption is not only a determinant of oper-
ating cost but also is positively associated with other features of a product. The empirical 
analysis confirms that estimates of the willingness-to-pay are higher when this effect is 
accounted for in the estimation. This is especially true of product types for which the het-
erogeneity of usage intensity is low. The results thus indicate that the energy efficiency gap 
is smaller than found in earlier studies.

Keywords  Energy efficiency · Hedonic prices · Implicit discount rate · Energy efficiency 
gap · Household appliances · White goods

JEL Classification  Q41 · H23 · D12

1  Introduction

Economic actors appear to undervalue efficiency improvements relative to the theoretical 
cost-benefit prediction. The discrepancy between observed (under-) investment in energy 
efficiency and the cost savings associated with said investment is referred to as the energy 
efficiency gap (Jaffe et al. 2004). Existence and extent of this gap have important policy 
implications. For example, if energy consumption is only a question of negative externali-
ties, then a Pigouvian tax can correct the market failure. However, if there are investment 
inefficiencies, i.e., consumers fail to realize savings even at current energy prices, then 
alternative policies through information and regulation may have merit (Allcott and Green-
stone 2012; Houde and Spurlock 2016; Sonnenschein et al. 2017). Hence, understanding 
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how consumers value energy efficiency is a pre-requisite to resource conservation policy 
more broadly (Gillingham et al. 2009).

The energy efficiency gap is far from a new question in empirical work, but the under-
lying willingness-to-pay remains a puzzle in the literature (Gerarden et al. 2017; Joskow 
2016). A first set of influential studies indicates a sizable energy efficiency gap (e.g., Haus-
man 1979, Gately 1980, Meier and Whittier 1983, Dubin et al. 1986). These early studies 
have shaped the common approach. From a theoretical model of the rational consumer, 
the rational investment decision is derived as a trade-off between upfront investment cost 
and a product’s lifetime energy cost (LEC). Deviations from this hypothetical benchmark 
are then interpreted as evidence of the energy efficiency gap. This is frequently done in the 
form of an implicit discount rate. Yet, high implicit discount rates do not reveal whether 
the consumer or the model fail the test. Recent contributions have suggested a number of 
factors—other than consumer myopia—to explain why empirical estimates might diverge 
from expectations (see the review by Gillingham and Palmer 2020). Gerarden et al. (2017, 
1487) group these explanations into three categories: “(1) Market failures, (2) Behavio-
ral explanations, and (3) Modeling flaws.” This paper is focused on the third category: I 
explore how the established methodology can be refined using a new source of variation.

The paper studies the energy efficiency gap with a theory-based adaptation of the 
hedonic method and an application to the European market for household appliances. The 
hedonic method has been a workhorse model in non-market valuation for many questions 
in environmental economics and beyond (e.g., De Haan and Diewert 2013, Greenstone 
2017). Still, a main drawback is that estimates may be biased when the attribute of interest 
is correlated with other attributes of the product. By revisiting the theoretical base of the 
method, I show how this applies for the valuation of energy efficiency: the willingness-
to-pay is potentially underestimated, and accordingly, the implicit discount rate would be 
overestimated in favor of the energy efficiency gap. However, the derivation opens up an 
opportunity to empirically address this source of underestimation in settings with rich vari-
ation in operating costs. The empirical strategy then uses previously unexploited variation 
in electricity prices across European countries to obtain cleaner estimates of the willing-
ness-to-pay. I estimate willingness-to-pay for seven member states of the European Union 
based on product-level data for two appliance categories: washing machines and freezers. 
The results confirm the prediction: implicit discount rates drop. For freezers in particular, 
the drop is substantial enough to explains most of the apparent energy efficiency gap.

My work makes two contributions to the literature. First, my approach contributes to 
methodology. I outline a simple adaptation of the hedonic model to formally derive the 
implicit price of energy consumption. The theory shows that the implicit price rests on 
two components: energy consumption is not only a determinant of operating cost in the 
budget constraint, but also an argument in the appliance’s sub-utility function. In practice, 
the latter effect, which I refer to as the feature effect, arises when energy consumption is 
associated with other product features. For example, large doors for cooling appliances 
make it more convenient to access food but increase energy consumption.1 For washing 
machines, an example is the cycle duration, as consumers may value quick-wash-programs, 
although this feature typically consumes more energy. If consumers place value on unob-
served attributes that drive up energy consumption, then the feature effect would be posi-
tive. On the other hand, green consumerism could imply a negative feature effect, meaning 

1  The surface-to-volume-ratio is not constant. Hence, using standard controls for the size of a product does 
not sufficiently capture the layout.
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that consumers value energy savings beyond cost-effectiveness.2 Although the feature 
effect is intuitively straightforward, it implies that caution must be taken in interpreting 
empirical results when the feature effect is omitted from estimation. Of course, the issue of 
unobserved product features that correlate with energy consumption has been pointed out 
before. It runs deep in applications of the hedonic method and any identification relying on 
cross-sectional variation. In the context of energy efficiency, Allcott and Greenstone (2012) 
refer to it as unobserved utility costs in their generalization of the LEC framework.3 By 
starting from theory, I am able to turn a general concern into a specific, testable prediction. 
My approach incorporates the feature effect into the hedonic price function and shows how 
the two components can be separated. Subsequently, these insights allow me to provide 
empirical estimates that can reveal how big the impact is quantitatively.

Second, the empirical analysis exploits a new testing ground with the European com-
mon market. Country borders delineate consumer groups on an integrated market, where 
uniform labelling and regulation frameworks present all consumers with the same energy 
information. Yet, electricity prices are set at the national level, so consumers face different 
operating costs for a given level of energy consumption. The bulk of work for appliances 
builds identification on a single location (e.g., Cohen et  al. 2017a, Galarraga et  al.2011, 
Matsumoto 2018, Tsvetanov and Segerson 2014). Very recently, Houde and Myers (2021) 
have used regional electricity prices in the US to study the energy efficiency gap. They 
show that consumers in fact respond strongly to local energy costs for refrigerators, which 
does not support a large energy efficiency gap.4 For cars, gasoline price fluctuation has 
become a main avenue to studying the energy efficiency gap, for example by Hughes et al. 
(2008), Busse et al. (2009), Klier and Linn (2010). Those studies have pushed the literature 
forward by going beyond the cross-sectional approach of the first wave. My work adds 
evidence from the context of nation states, where energy price differences are persistent 
and sorting across locations is a minor concern. On the downside, the variation is less fine-
grained and rooted in national contexts, which may raise concerns about other unobserved 
forms of heterogeneity. Despite the trade-off, this paper complements the insights of the 
above studies with new evidence from a novel multi-country setting.

Previous work shows that variation across EU member states offers a unique opportu-
nity for identification in several fields of economics. For example, Büttner and Madzharova 
(2021) use cross-country variation to study VAT pass-through for white goods.5 Grigolon 
et al. (2016) study scrapping subsidies for cars where adoption dates are staggered across 
member states. Those studies use the EU member states to build a counterfactual for policy 
evaluation.

2  See the emerging literature on green consumerism (e.g., Ambec and De Donder 2022, Cassin et al. 2021). 
Geske (2022) adds evidence that green premia on house prices can exceed expected energy savings.
3  Empirically, it has been addressed by studies using product fixed effects for cars (e.g., Busse et al. 2013, 
Allcott and Wozny 2014, Sallee et al. 2016). For other durable goods like houses and appliances, this may 
not be feasible because there is too much product turnover (appliances) or too little turnover (real estate).
4  In a working paper, Houde and Myers (2019) use the same variation to study heterogeneity in the energy 
efficiency gap with a non-parametric approach, delivering a welfare comparison of standards and taxes from 
a model with behavioral agents. Matsumoto and Omata (2017) contrast estimates for Vietnam with previous 
work for Japan. An early work using regional variation in the US to estimate implicit discount rates is Meier 
and Whittier (1983), but the authors do not yet have the advantage of large microdata.
5  Working papers suggest similar strategies to food and gas prices in response to temporary tax cuts (Fuest 
et al. 2021; Montag et al. 2021).
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My baseline results suggest that the implicit price of energy consumption is negative 
but very small: in the range of 2–3 Euro for a 10 kWh reduction in annual energy con-
sumption when all countries are pooled. There are substantial differences in implicit prices 
across countries, with a divide between countries with low and high energy prices. Implicit 
discount rates are found to be higher when the feature effect is not accounted for. This 
holds qualitatively for both product types, despite differences in magnitude. The main esti-
mate for freezers gives an implicit discount rate of 12%, whereas the same specification 
for washing machines indicates an implicit discount rate of 62%. I argue that this discrep-
ancy can arise through sorting bias from usage heterogeneity that is present in washing 
machines but minor in the case of freezers, especially when such heterogeneity is system-
atically related to the feature effect (see Bento et al. 2012).

The rest of the paper proceeds as follows. Section  2 derives implicit prices for indi-
vidual attributes when energy services are sold in an appliance “bundle”, and summarizes 
implications for the interpretation of energy efficiency choices. Section 3 gives an over-
view of the data used for estimation, followed by the empirical methodology in Sect.  4. 
Section 5 presents the results, starting with descriptive evidence on country differences, 
followed by the main hedonic results, and finally the implicit discount rates. Sect. 6 con-
cludes thereafter.

2 � Theoretical Framework

2.1 � Hedonic Prices and Appliance Choices

Consider the appliance a bundle of attributes, with the energy-related attribute E being 
part of this bundle. For simplification, E is defined as energy consumption, as opposed 
to energy efficiency.6 Using the standard setup following Rosen (1974), the appliance is 
a differentiated commodity with energy consumption E and a vector of K other features 
z = z1, z2 … , zK . Let A = f (z,E) be the sub-utility from the appliance, with purchase price 
p(z,E) , and denote c(E) the operating cost over its lifetime, as perceived by the consumer. 
For exposition here, I abstract from intertemporal aspects and present the consumer prob-
lem as a one-time decision in a single period (following Levinson 2019).

The consumer derives utility u = U(A, x) from the appliance and the composite x. I 
make two changes from the common set up of the hedonic model. First, I deviate from the 
convention of pricing x at unity, and instead denote its price q, as suggested by Diewert 
(2003a). Second, E is treated differently from the other attributes. Like any feature of A, the 
attribute E affects the optimal bundle directly, expressed by �f

�E
 . Secondly, however, more 

efficient appliances have lower operating cost c(E), which shows in the budget constraint: 
Y = qx + p + c(E) . Given prices p and q, the consumer maximizes:

6  The choice of energy efficiency is typically modeled as a choice over two goods: energy services s and a 
numeraire x (e.g., Chan and Gillingham 2015). An appliance is an investment in energy-producing capital, 
and efficiency is a technical parameter describing the amount of energy E required to produce the service 
(Gillingham et al. 2009). Conceptually, one can think of the consumer as a home producer of energy ser-
vices using two inputs: energy E and energy-producing capital, represented by the durable’s efficiency. The 
consumer can “produce” energy services with the two inputs of energy efficiency (upfront investment) or 
energy/electricity (operating costs) (e.g., Thompson 2002).
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Deriving the first-order conditions with respect to x, zk and E, eliminating � , and re-arrang-
ing yields the implicit prices for all features:

For non-energy features, this is straightforward. The implicit price depends on the mar-
ginal rate of substitution between the appliance and the composite, the price level q, and 
how that particular feature generates utility within the appliance bundle. Regarding E, the 
implicit price has an additional component because it depends on the operating cost c(E). It 
therefore has a dual role: E has both a feature effect ( �f

�E
 ) and a cost effect ( �c

�E
 ). Expect c(E) 

to be increasing in energy prices e as the main input and in the level of energy consump-
tion. To grasp the empirical implications, it is useful to simplify the notation for �p

�E
 . Sum-

marize the first term under a single parameter � and assume for simplicity that c(E) = �eE . 
With these adjustments, the implicit price consists of two additive components:

If E has no impact on the sub-utility function, then � = 0 and thus �p
�E

= −�e . However, 
when � ≠ 0 , neither the sign nor the magnitude of the effect is obvious. � can capture a 
taste for unobserved attributes that drive up energy consumption, then it would be positive. 
On the other hand, pro-social behavior and environmental awareness could imply 𝛿 < 0.

To derive predictions, it is useful to start from the working hypothesis that � = 0 . Then, 
E is not an element of the sub-utility A, but merely a determinant of operating cost. The 
implicit price of E reflects the marginal change in c(E) as perceived by the consumer. The 
second term hence subsumes time preferences and energy prices, with or without an energy 
efficiency gap. Assuming preferences are stable over time, the expectation is that diverg-
ing energy prices are reflected in diverging implicit prices. Moreover, with � = 0 and the 
assumption of separability, the marginal rate of substitution between A and x does not drive 
the implicit price. Put differently, 1 Euro in energy savings would justify the same increase 
in the upfront investment regardless of what appliance type delivers those savings. In prac-
tice of course, this interpretation hinges on the assumption that there are no indivisibilities, 
and that costless repacking is possible (as in Rosen 1974).

When there is a spectrum of products, the hedonic model is based on an equilibrium 
price schedule with consumers choosing the optimal bundle according to their preferences, 
and the energy costs they face. In equilibrium, marginal willingness-to-pay (MWTP) for 
an attribute equals the implicit price for that attribute, which is derived from the tangency 
of the price schedule and the willingness-to-pay function. Appendix 1 depicts this equilib-
rium price schedule. While it is a useful point of departure, the basic model is admittedly 
restrictive regarding differences across locations. It assumes a single price schedule with 

L = U(x, f (z,E)) + �(Y − qx − p − c(E)).

(1)�p

�zk
= q

�U

�A

�f

�zk
�U

�x

∀ k = 1, 2,… ,K

(2)
�p

�E
= q

�U

�A

�f

�E
�U

�x

−
�c

�E
.

�p

�E
= � − �e.
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consumers sharing the same sub-utility, and price level q across locations. Conversely, con-
sumers are able to sort across the full range of the price schedule irrespective of location.

2.2 � Implications for Energy Efficiency Valuation

To connect implicit prices and the energy efficiency gap, it is useful to adopt a func-
tional form regarding the choice of energy consumption. As is standard in the literature, 
the difference in operating cost is obtained by a net present value calculation. The con-
sumer trades off the incremental investment Δp for a more efficient device against its life-
time energy cost (LEC), i.e., the energy savings ΔEt per period, which accumulate over the 
product’s useful life T.

Holding all other features constant, the consumer is indifferent when the present value 
of the LEC equals the incremental price difference. Formally,

Where r is the implicit discount rate, and � is usage intensity.7
Linking this to the implicit prices, I take two simplifying assumptions: (i) The consumer 

uses the current price of energy to form expectations, and (ii) � = 1 , which is to assume 
that there is no variation along the usage margin and all consumers expect to realize an 
actual energy consumption of Et . Inserting the implicit price of operating costs from the 
hedonic model, Δp = �etE , the above simplifies to:

Note that for the above to characterize the trade-off between operating costs and upfront 
investment, only the second term of Eq. (2) enters on the left-hand side. Using the full 
implicit price of energy consumption is only equivalent with the assumption that � = 0 . If 
𝛿 > 0 ( < 0 ), one would thus overestimate (underestimate) the implicit discount rate.

Linking the insight to the established literature, � would constitute a form of unobserved 
utility cost (Allcott and Greenstone 2012, 9). In this sense, the simple model leaves out 
several other adaptations that have been proposed. I do not specifically address behavioral 
phenomena that may contribute to undervaluation. That includes rational inattention (Sal-
lee 2014), salience of energy information (Allcott and Taubinsky 2015), and uncertainty 
over realized savings (Alberini 2019). These aspects would be captured in � and factor into 
the discount rate. Moreover, I retain the most basic form of the intertemporal decision, 
leaning on the bulk of the literature that I am seeking to help explain. This leaves out more 
nuanced approaches to modeling consumer expectations, as explored by Anderson et  al. 
(2013), Rapson (2014).

(3)Δp =

T∑

t=1

et �
ΔEt

(1 + r)t
,

−� =

T∑

t=1

1

(1 + r)t

7  Note that ΔE
t
= 0 − E

t
 , as the reference case is a hypothetical product with zero energy consumption.
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3 � Data

The data consist of micro-level panel data for sales of white goods in the EU. The data 
report the total unit sales at the product (i.e., model) level and is collected by the mar-
ket research company Gesellschaft für Konsumforschung Retail and Technology GmbH 
(GfK). The product categories encompass washing machines and freezers for the period 
from January 2004 to April 2017 at monthly frequency. Geographically, the data cover the 
seven EU members Germany, Austria, Hungary, the Czech Republic, Poland, Slovenia and 
Croatia.8 Each individual product has a unique identification number (id) that is the same 
over time and across countries for products sold in multiple countries. For each id, unit 
sales and prices are reported for each country and month. Unit sales refers to the number 
of units sold for each product in a specific country and month. The GfK collects the prices 
from multiple retailers in each country. Prices are calculated as the sales-weighted average 
of scanner prices across retailers in local currency and Euro, including taxes or discounts.9

Table  1 summarizes the information on attributes for each category. The attribute of 
interest is energy consumption per year, which is reported in accordance with the EU-wide 
protocols of the Ecodesign and Energy Labelling Directives (2009/125/EC and 2010/30/
EU, respectively).10 Consequently, the reported value is an estimate based on assumptions 
about actual usage. My approach assumes that the reported value coincides with the con-
sumers’ expectation of actual energy consumption from using the product (see � in theory). 
For freezers, which are plugged in 24/7, this appears reasonable. However, for washing 
machines, this may be a strong assumption. If consumers wash on a colder/hotter cycle, run 
more/less loads or operate without off-mode, the actual consumption is likely different, and 
this well-documented usage margin is unobservable with the scanner data. Brand refers to 
the specific name a product is sold under, which is more fine-grained than the manufacturer 
or producer. Special lines as spin-offs from an established brand are identified as separate 
brands, whereas trade brands cannot be distinguished by retailer.

For estimation, products with missing id and missing information on brand or energy 
consumption are eliminated. The focus is on the period from 2010 onward, because the 
countries in Central and Eastern Europe (CEE) acceded the EU only in 2004 and were 
granted transition periods in complying with Common Market regulations (e.g., Pelkmans 
2006).11 Additionally, reporting of energy information is incomplete in earlier years, espe-
cially for the new member states and for smaller brands, potentially inducing sample selec-
tion towards the upper end of the product spectrum. In total, the basic data set used for 
estimation has 371, 222 observations from 7939 unique ids. The panel is unbalanced as it 
picks up entry and exit of products over the time span.

Data on energy prices are obtained from Eurostat using the residential household electric-
ity price series. Electricity prices in the Eurostat database are reported at the country-level 

8  Previous studies have used GfK data, but only for a single product category and country (e.g., Bento et al. 
2009, Cohen et al. 2017a, 2017b, Matsumoto and Omata 2017, Matsumoto 2018).
9  As noted by Houde (2022), retailer prices are substantially more volatile than wholesaler prices, at least 
in the US. While retailer prices capture the actual purchase decision, the disadvantage of the data is poten-
tial short-run variation that creates noise around the hedonic price schedule.
10  The uniform information is a key advantage of the European setting considering evidence that the fram-
ing of energy information influences consumer choices (e.g., Silvi and Rosa 2021). Refer to Appendix 2 for 
institutional details.
11  Croatia officially acceded in 2013. I keep it in the sample because compliance with the relevant energy 
policy packages was secured pre-accession.
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and bi-annual frequency. Eurostat also reports the energy tax as a component of the final 
electricity price, which has been shown to be important as an indicator shaping long-term 
decisions (Sahari 2019). The member states have competence over domestic electricity 
markets, but must set energy taxes above a minimum rate imposed by the EU (Directive 
2003/96/EC). Notably, many of the new member states have tax rates at or near the mini-
mum, creating a cluster of countries at the lower bound. Figure  1 plots electricity prices 
and the respective taxes for an overview. While differences between countries dominate 
within-country variation over time, there are marked differences. Germany is on a continued 
upwards trend vis-a-vis the remaining countries, and that divergence is driven mainly by 
increasing taxation. The CEE countries face much lower electricity prices on average, but 
there are differences in levels and trends. For example, Hungary has experienced a decrease 
in recent years, whereas Slovenia’s electricity price is rising on the back of increased taxes.

To account for changes in price levels over time, both appliance prices and electricity 
prices are deflated using the Harmonized Index of Consumer Prices (HICP), a consumer 
price index where all European countries follow a common methodology. The HICP is a 
chain-linked variant of a Laspeyres-Index, where prices are updated monthly, but quanti-
ties are updated in December of each year. For details on the Eurostat data and deflation, 
see Appendix 3.

Table 2 reports descriptive statistics by category. Sales-weighted prices differ markedly 
from unweighted statistics, which reflects a long right tail in the distribution of prices. On 
average, operating costs are substantial relative to purchase prices. For example, the mean 
statistics for freezers, with an assumed lifetime of 18 years based on consumer surveys, 
add up to 725 Euro in undiscounted lifetime costs. Table  3 reports descriptive statistics 
separately for each country to provide an overview of the geographical variation used for 
identification.

Both the sales and the electricity data are available only at country-level, which is a 
noted limitation as it may mask sub-national heterogeneity. For reference, the country sizes 
are comparable to US states with the exception of Germany (see Table 8). The (wholesale) 
bidding zones for the countries in the sample are nation-wide (Florence School of Regula-
tion 2018), and so are important taxes like value-added tax and other charges, but network 
charges and supplier-specific pricing can still drive regional prices. Consumers are free to 
choose their supplier by EU law following liberalization efforts, although not all suppliers 
operate nationally and switching rates remain relatively low in many countries (see e.g. 
Pepermans 2019 for a non-technical summary). Additionally, countries’ tax and regulatory 
systems differ. The Eurostat data follow a common methodology for both electricity prices 
and price indices across countries, which is an advantage for the cross-country analysis on 
which the paper is built.

4 � Empirical Strategy

4.1 � Baseline Estimates of the Hedonic Price Function

In a first step, observations from all countries are pooled. I estimate the hedonic price 
schedule separately for washing machines and freezers. The outcome variable is the natural 
logarithm of price p paid for model i.

The basic model is:
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Where j indexes countries and t indexes time at monthly frequency. zk
i
 indicates the k non-

energy related attributes. � is the implicit price of a product’s energy consumption, with 
𝛽 < 0 indicating that consumers require a discount on products that use more energy, con-
ditional on other price-relevant features. Corresponding to Eq. (2), � thus subsumes both 
components of the implicit price, which would include operating cost and feature effect.

Including country-date fixed effects �jt accounts for factors that are common to the 
country at that specific time period. The �jt absorb time-related factors such as seasonality 
or supply-side shocks, but also country-time specific factors such as value-added tax rates. 
As every country-date cell is a unit, this amounts to comparing the distribution of implicit 
prices within a cell to the observations in other cells. The implicit prices are identified 
from variation across country-date cells, i.e., they compare the choices of consumer groups 
in different countries and time periods. Think of a consumer who walks into the store in a 
certain period and country and chooses from the set of products available. Given electricity 
prices and economic conditions, he or she will pick an optimal bundle. Assuming that the 
Common Market is fully integrated, conditional on �jt , each consumer choice represents 
a single point on the hedonic price schedule. In that point, the estimated implicit price is 
equal to the marginal willingness-to-pay for the respective attribute.

The semi-log model is chosen based on Diewert (2003b, 5), who notes that products with 
higher price points are likely to have more unobserved extra features, and thus larger errors. 
Hence, the semi-log form is recommended, as it assumes that the ratio of model price to 
mean price has constant variance, as opposed to constant variance regarding the difference 
between model price and mean price, which is assumed if price enters in levels. Several 
consumers may opt for the same model i, so observations are weighted by unit sales, as dis-
cussed by Silver and Heravi (2005). The coefficients are thus interpreted as the MWTP of 
the average consumer in the sample. Standard errors are clustered by product id to allow for 
correlation between error terms of the same bundle i sold in different countries or time peri-
ods. This is chosen to best reflect the background of the hedonic model. An alternative is to 
cluster by country-time groups because electricity prices vary at that level. This does not 
affect the results, see Appendix 5 for details. Regarding interpretation, the pooled baseline 
reflects the measure of interest to policy makers at the EU level, who must impose legisla-
tion uniformly on the Common Market, but have no means of harmonizing operating costs 
due to constraints in competence (see e.g., Delbeke et al. 2015). It gives a first indication on 
whether consumers are willing to pay more for products with lower energy consumption.

The next step is to examine cross-country differences. This is done in two ways. First, 
by including an interaction between country dummies aj and Ei . Second, by allowing the 
effect of the non-energy attributes in the vector z to differ across countries.

The regression equation becomes

This specification represents the average implicit price �p
�E

 in country j over the sample 
period, using Austria as the reference category. The expectation is that the marginal effect 
of energy consumption is negative, but with higher absolute values in countries with higher 
electricity prices, i.e., higher operating cost c(E) for a given bundle.

(4)log(pijt) = �jt + �Ei +
∑

k

�kzk
i
+ uijt,

(5)log(pijt) = �jt + �0Ei +
∑

j

�j ajEi +
∑

j

∑

k

�k
j
ajz

k
i
+ uijt.
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However, estimating a single parameter for every element of z as in the baseline 
assumes homogeneous preferences across countries. Differences in household composi-
tion and demographic structure are obvious examples for heterogeneous preferences out-
side of the energy-related decision. After including interactions between country and the 

Table 1   Features of white goods

Brand and model are only available for products sold in Austria, Hun-
gary or Croatia but were matched by id in other countries. The energy 
label is attribute-based, i.e., calculated from energy consumption rela-
tive to size and other determinants of energy in production

Type Description

Energy related
 Energy consumption Kilowatt hours/year
 Energy label Range: C to A+++

Non-energy related
Washing machines
 Capacity (size) Kilogram
 Type Front-/top-loading, or wash-dryer
 Spin speed Revolutions/min

Freezers
 Main type Categorical, e.g., 2-door bottom-freezer
 Height Centimeters
 Construction Built-in/free-standing
 No-frost system Indicator (1 if yes)

Other
 Country Expanded from sub-sample
 Brand
 Product ID

Fig. 1   Electricity Prices and Taxes by Country. The left panel plots electricity prices in Euro/kWh for each 
country in the sample at the national level. The series refers to final household electricity prices as reported 
by Eurostat (2020a). The data are reported at bi-annual frequency and inclusive of all taxes. The right panel 
isolates the tax component over the same sample frame. All prices are converted to Euro in 2010 constant 
prices and deflated using the EU’s Harmonized Index of Consumer Prices. The dashed line indicates the 
starting period of the estimation sample. Country codes: Austria (AUT), Czech Republic (CZE), Germany 
(GER), Croatia (HRV), Hungary (HUN), Poland (POL), Slovenia (SVN)
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non-energy attributes, the estimates now capture differences in the implicit price for E 
among consumer groups (defined by country) with a different sub-utility for an appliance. 
In single-country settings, this distinction between common and group-specific preferences 
is typically not feasible without demographic information on the individual buyers, so the 
extension here is benefit of the EU Common Market. Nevertheless, the approach takes the 
assumption that there are country-wide “markets”, as sub-national segmentation is not pos-
sible given the data.

4.2 � Feature and Cost Effect

The theory suggests that the implicit price has two additive components when the energy 
is embedded in a bundled commodity. The regressions in Sect. 4.1 reveal the total effect 
including � and � (see Eq. (2)). To obtain a cleaner estimate of the operating cost effect, I 
separate the two components by using variation in the electricity price ejt . This constitutes 
the main result.

Adding annual operating cost cjt(Ei) = ejtEi , the regression equation is:

(6)log(pijt) = �jt + � ejtEi + �Ei +
∑

j

∑

k

�k
j
ajz

k
i
+ uijt.

Table 2   Descriptive statistics by category

Data are aggregated at the monthly level by country for the period from January 2010 to April 2017. Prices 
are sales-weighted averages of retailer scanner prices inclusive of any rebates or discounts to the consumer. 
Where applicable, local prices are converted to Euro by the GfK in nominal terms. Deflation is done with 
the EU’s Harmonized Index of Consumer Prices to 2010 Euro. Negative values of units sold arise in rare 
cases from returns. These are set to zero when sales-weighted data are reported. Energy consumption is 
reported in accordance with EU Ecodesign and Energy Labelling regulations. Electricity prices are for resi-
dential household consumption at country level

Mean Std. dev. Min Max N

Washing machines
Price (Euro) 450.853 255.113 6.471 3280.260 238,272
Energy consumption (kWh/year) 243.989 238.690 58.000 1768.000 238,272
Electricity price (Euro/kWh) 0.189 0.061 0.111 0.305 238,272
Units Sold (by product) 93.796 315.514 −4.200 11041.263 238,272
Sales-weighted
Price (Euro) 431.392 229.226 6.471 3280.260 238,064
Energy consumption (kWh/year) 202.666 161.139 58.000 1768.000 238,064
Freezers
Price (Euro) 429.075 319.905 13.728 8174.335 132,950
Energy consumption (kWh/year) 221.539 59.811 91.000 1000.000 132,950
Electricity price (Euro/kWh) 0.201 0.060 0.111 0.305 132,950
Units Sold (by product) 53.425 147.523 −1.500 4863.275 132,950
Sales-weighted
Price (Euro) 391.144 230.120 13.728 8174.335 132,669
Energy consumption (kWh/year) 200.268 53.801 91.000 1000.000 132,669
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The specification also includes interactions between the non-energy attributes and country 
dummies to allow preferences to differ by country.12 Note that adding c(E) as an explana-
tory variable is equivalent to adding an interaction between a product’s energy consump-
tion and the electricity price faced by the consumer in that country-date cell. The main 
effect of ejt is absorbed by the country-date fixed effects (see Giesselmann and Schmidt-
Catran 2020). Maintaining the expectation that 𝛾 < 0 , the regression disentangles the cost 
effect from the feature effect. When 𝛿 > 0 ( < 0 ), excluding the added component under-
states (overstates) the cost effect.13 With electricity prices reported at the national level, the 

Table 3   Descriptive statistics by country

Mean statistics by country are weighted by units sold, standard deviations below in parentheses. Data are 
aggregated at the monthly level by country for the period from January 2010 to April 2017. Where applica-
ble, local prices are converted to Euro by the GfK in nominal terms. Deflation is done with the EU’s Har-
monized Index of Consumer Prices to 2010 Euro. Energy consumption is reported in accordance with EU 
Ecodesign and Energy Labelling regulations. Electricity prices are for residential household consumption 
at country level. Country codes: Austria (AUT), Czech Republic (CZE), Germany (GER), Croatia (HRV), 
Hungary (HUN), Poland (POL), Slovenia (SVN)

AUT​ CZE GER HRV HUN POL SVN

Washing machines
Price in Euro 484.358 317.233 485.759 346.471 265.023 267.636 372.943

(254.491) (150.366) (234.491) (146.132) (97.203) (99.719) (152.574)
Energy consumption 

(kWh/year)
234.501 197.351 199.693 217.936 194.753 202.428 205.382
(219.377) (154.238) (156.192) (190.218) (143.853) (146.684) (159.708)

Electricity price (Euro) 0.200 0.151 0.283 0.130 0.129 0.142 0.159
(0.003) (0.012) (0.019) (0.007) (0.020) (0.005) (0.007)

Units 196.403 208.816 1581.221 74.005 296.168 715.452 96.052
(281.565) (229.128) (1896.779) (101.725) (307.657) (811.689) (104.493)

No. of obs 49,704 37,363 58,210 22,526 32,255 23,555 14,451
Freezers
Price in Euro 458.312 296.636 423.089 295.202 264.005 239.022 352.824

(247.895) (147.518) (242.793) (82.903) (96.625) (75.056) (131.855)
Energy consumption 

(kWh/year)
208.247 214.279 186.255 281.632 245.124 236.860 254.562

(54.664) (54.498) (45.733) (81.312) (55.029) (47.869) (51.699)
Electricity price (Euro) 0.200 0.151 0.279 0.127 0.135 0.141 0.156

(0.004) (0.012) (0.022) (0.009) (0.022) (0.006) (0.008)
Units 68.294 79.399 613.736 48.028 121.868 270.571 69.320

(65.309) (81.328) (690.970) (44.067) (102.226) (276.991) (66.020)
No. of obs 35,209 15,315 41,600 7346 12,201 13,095 7903

12  Throughout the paper, I refer to country-specific preferences when this interaction is included, as 
opposed to common preferences when there is only a single parameter for each attribute.
13  Otherwise, the specification is relatively simple. The estimation strategy is set up to explore how the tra-
ditional hedonic method is affected by the feature effect because it is this method that has shaped the long-
standing debate about the energy efficiency gap. Admittedly, others have developed the hedonic method to 
relax assumptions and employ machine learning (e.g., Bajari and Benkard 2005; Bajari et al. 2021).
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identification strategy assumes that any sub-national differences in the feature effect do not 
drive local electricity prices.

4.3 � Implicit Discount Rates

In a final step, the estimated implicit prices are used to calculate the implicit discount rate 
r for both categories. r is the rate that solves Eq. (3), using the estimated implicit price on 
the left-hand side, and making assumptions about � and T. I assume � = 1 , and T = 12 
for washing machines, T = 18 for freezers, based on the consumer surveys by Faberi et al. 
(2007) and Stamminger et al (2007).14

Implicit prices are evaluated at the mean electricity price e , and the mean appliance 
price p for the respective product category. Both figures are sales-weighted, so the esti-
mate can be interpreted as the implicit discount rate of the average consumer. This is done 
for three scenarios, based on Eq. (6). The first is the preferred specification in light of the 
theory: it measures the operating cost component � , while allowing for non-zero values of 
� in estimation. I compare this with two specifications that implicitly assume � = 0 in inter-
preting the implicit price �p

�E
 directly as the trade-off between appliance price and operating 

cost.
Formally, 

	 (i)	 Δp =
(
𝛾̂e
)
p,

	 (ii)	 Δp =
(
𝛿 + 𝛾̂e

)
p,

	 (iii)	 Δp =
(
𝛾̃e
)
p , using the restricted model.

In (ii), the estimated parameter from the full model in Eq. (6) is added back in. In (iii), the 
restricted model without � is used, as in column (2) of Tables 5 and 6.15 To distinguish 
between the models used in estimation, 𝛾̂ refers to the coefficient from the full model, and 
𝛾̃ to the restricted model. The three scenarios link directly to the theory. Comparing (i) 
and (ii) reflects the difference between the full implicit price in Eq. (2) and separating out 
the operating cost component. Comparing (i) and (iii) shows the simplifying assumption 
that energy consumption is only an argument in the cost function, but not in the sub-util-
ity function. If empiry and theory match, scenarios (ii) and (iii) are expected to be simi-
lar because they represent two ways of omitting � . The evaluation at the average price is 
needed to convert from the semi-log specification to an implicit price expressed in Euro. 
Estimates of r are presented with bootstrapped standard errors.

An alternative strategy would have been to make an assumption on r, construct an esti-
mate of the LEC and use it directly as the main explanatory variable in the hedonic price 
equation. This approach would relax the assumption of a linear relationship between price 
and energy consumption. However, given the wide range of previous estimates and the 
strong functional form assumptions about the trade-off made in Eq. (3), I chose to estimate 
the price schedule with less imposed structure and trace out the discount rate from the esti-
mated implicit price of Ei . A noted downside of my approach is that I focus on the average 

14  These surveys were conducted as part of the preparatory studies for the product-specific EU regula-
tions 1060/2010 and 1061/2010, respectively. Details are found in Tasks 3 and 5 of the respective technical 
reports.
15  Interaction terms between country and the non-energy attributes are included. Note from Eq. (3) that e 
cancels in specifications (i) and (iii), but not in specification (ii).
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consumer, treating p and e as scalars. Houde and Myers (2019) show that there can be 
substantial heterogeneity across individual purchase decisions, which I do not model here. 
Instead, I supplement the main results with sensitivity analysis to show how the discount 
rate would vary with purchase price, implicit price, usage intensity, and product lifetime 
(see Figs. 5 and 6 and Appendix 7).

4.4 � Robustness

To address variation over time, I also estimate a specification with separate implicit prices 
for each country-year pair by interacting Ei with country-by-year dummies instead of 
merely using country dummies. This addresses concerns that there may be a general time 
trend in implicit prices as documented for cars by Hughes et al. (2008), or a convergence 
pattern across countries from technological change.

Second, I test for income effects in light of the theory: Eq. (2) indicates that the feature 
effect depends on the price q of the composite good. Considering that the countries in the 
sample differ in this regard, I therefore re-estimate the model by including an interaction 
between different price level indices and energy consumption. Note that level differences 
are accounted for by the fixed effects in the estimation.

In a further robustness check, I restrict the sample to a more homogeneous subset, 
which would reduce the impact of country-specific product segments. I re-estimate the 
model with a sample restricted to products sold in multiple countries, and also restrict to 
larger brands. A key assumption behind the hedonic method in a setting with multiple loca-
tions is that there is a single equilibrium price schedule which describes the market and 
that implicit prices do not vary systematically across segments along the price schedule 
(see the discussion in Albouy et  al. 2016; Sinha et  al. 2018). For the context of the EU 
Common Market, this may be a strong assumption. Different energy prices affect market 
composition, as documented for vehicle fleet composition under rising gas prices (Li et al. 
2009). This does not affect the main results, refer to Appendix 4 and 5 for details.

To formally disentangle composition effects from coefficient effects, I additionally 
employ the decomposition techniques suggested by Oaxaca (1973) and Blinder (1973). 
The decomposition partitions the gap in mean prices between countries into two compo-
nents. The composition effect captures the part of the price gap that is attributable to differ-
ences in price-relevant attribute levels. In the context of the hedonic regression, it reflects 
sorting along the spectrum of available products. The coefficient effect (often referred to as 
the unexplained component), captures the part of the price gap that is attributable to dif-
ferences in implicit prices. The hedonic model builds on variation in the latter component, 
hence the decomposition rules out the possibility that country differences have only level 
effects (see Appendix 6).

4.5 � Descriptives

Figure 2 depicts appliance prices and energy consumption across countries and time. Mean 
values are sales-weighted, the first year (2009) is included here only as a pre-trend. First, 
the country ranking is relatively stable over time. In general, country differences are more 
pronounced than within-country changes over time. Germany and Austria form a group 
that is distinct from the CEE countries in the sample. The former spend more on average 
while opting for models with lower energy consumption. Within those broad groups, the 
pattern is less distinct. Hungary and Poland tend to be at the bottom of the CEE group 
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regarding appliance prices, but there are several reversals in the ranks over time and across 
categories. Second, the patterns for energy consumption levels broadly correspond to elec-
tricity prices, but the developments in the two variables do not match exactly. In particular, 
note that Germany does not visibly diverge from Austria, despite German consumers fac-
ing increasing electricity prices over the time frame.

There is a general downward trend in mean energy consumption over time, which 
appears steeper for washing machines than freezers. Yet, lower mean prices do not neces-
sarily correspond to higher energy consumption in the raw data, pointing to heterogene-
ity in non-energy attributes. For washing machines in panel (a), there are relatively minor 
differences in energy consumption across countries, especially after 2012. Slovenia is an 
outlier at the beginning, but converges to the group. The downward trend in 2013 coincides 
with the implementation of new Ecodesign regulations at the end of 2013. Mean prices 
decline slightly early on, but are thereafter stable despite the reduction in mean energy 
consumption. For freezers, Germany and Austria are separated from the CEE group in both 
panels. Poland has the lowest mean price, despite slightly lower mean energy consumption 
than Slovenia and Hungary. The patterns are notably stable over time. Croatia (in orange) 
falls in line with the CEE group quickly after official accession in 2013.

4.6 � Baseline Estimates

Table 4 reports the results from the baseline regression, where all countries are pooled and 
the implicit price is an average over all countries and periods. The dependent variable is 
the log of price pijt , converted to Euro and deflated to 2010 constant prices. Energy con-
sumption Ei is defined as annual consumption as reported on the label, and scaled to 10 
kWh/year as the unit. For each product category, three different specifications are reported. 
In column (1), prices are log-transformed, Ei is entered in levels (scaled by factor 10), and 
observations are weighted by sales (units sold). Column (2) reports unweighted results, 
so each product is treated the same irrespective of sales volume. By contrast, column (3) 
contains the weighted results, but the dependent variable is not log-transformed. All esti-
mates include country-date fixed effects and the vector of product characteristics described 
in Table 1. The full list of coefficients is placed in Appendix 4.

Across all specifications and categories, energy consumption has a negative effect 
on appliance prices as expected, and the coefficient of determination is in the range of 
81–92%. For washing machines, displayed in the top panel, the estimated implicit price 
is − 0.0064 , indicating that for an additional 10 kWh of energy consumed, MWTP drops 
by 0.64%. Evaluated at the mean price of 431 Euro, the estimate works out to 2.76 Euro. 
Column (2) shows that the implicit price is substantially smaller and model fit declines 
when observations are not weighted. In the context of the hedonic model, this suggests 
that the uneven distribution of consumer choices along the hedonic price schedule is 
influential. When prices enter without log-transformation in column (3), the estimated 
implicit price is larger in absolute value, but model fit drops by 4 percentage points rela-
tive to the main estimate in column (1). The lower panel reports estimates for freezers. 
At − 0.0080 , the coefficient is higher than for washing machines in absolute value, but 
the calculated implicit price of 3.13 Euro still falls within the same order of magnitude. 
The unweighted estimate in column (2) is only slightly lower but insignificant, whereas 
the level specification in column (3) yields a substantially larger estimate in absolute 
value. More than 90% of the variation in freezer prices is explained by the explanatory 
variables, about 5 percentage points higher than for washing machines.
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4.7 � Cross‑Country Differences

Differences across countries are explored with an interaction between country and 
energy consumption. Figure  3 depicts the results by plotting the marginal effects for 
each country. Full estimates are shown in Appendix Table  13. For each category, the 
left panel imposes a single preference parameter for the non-energy-attributes, whereas 
the right panel allows for country-specific preferences. Observations are sales-weighted 
and kWh/year is scaled by 10 (as in column (1) of Table 4 above, this baseline is indi-
cated by the dashed line for reference). With the hypothesis that country differences are 
driven by electricity prices, it is helpful to use Austria as a reference point following 
Fig. 1. Austria is close to the European average electricity price, whereas Germany is 
near the top of the range, and the CEE countries have below-average electricity prices. 
Hence relative to Austria, implicit prices should be greater in absolute value for Ger-
many, but closer to zero for every other country.

For washing machines under common preferences, there is evidence that the CEE 
countries are less responsive than Austria, although the confidence intervals overlap. 
However, the implicit price for Germany is the smallest in the sample, in contrast to 
expectations based on electricity prices. The blue series in the right panel shows how 
country-specific preferences affect implicit prices. In the flexible specification, the point 
estimate for Austria drops from − 0.0075 to − 0.051 , whereas the German group is more 
responsive in this specification. The implicit prices in CEE countries decline substan-
tially in absolute value and are no longer significantly different from zero in several 
cases. Turning to freezers, the implicit prices for Austria are close to the baseline from 
Table  4. German consumers appear to place higher value on energy efficiency than 
Austrians, and the discrepancy is stronger than for washing machines. The estimate for 
Germany with country-specific preferences is the largest absolute value among the esti-
mated coefficients. In the CEE countries, the implicit prices are positive for the most 
part. This unexpected result holds for both sets, although the confidence intervals show 
statistical significance only in the flexible specification. For example, the results for 
Poland indicate that consumers are willing to pay about 1% extra in price for every 10 
kWh increase in energy consumption.

Nevertheless, the results reveal that the baseline masks country-level differences. 
In all cases, country-specific preferences for non-energy attributes affect the estimated 
implicit prices for energy consumption. This is especially true for washing machines, 
where the results in panel (a) do not conform to expectations, but panel (b) aligns with 
electricity price differences. For freezers, the impact is is less pronounced, but the rela-
tive differences widen in panel (b). Comparing across the two product categories, the 
general pattern matches with country-specific preferences, but not when common pref-
erences are imposed. Using the countries of the EU is one natural way to distinguish 
consumer groups on a common market, and despite being far from a panacea for all het-
erogeneity, it suggests that estimates for energy-related features are sensitive to assump-
tions about the non-energy preference space.

4.8 � Feature and Cost Effect

Leaning on the theory, I attempt to get a cleaner estimate of the trade-off between energy 
cost and appliance price by separating the two components to the implicit price in Eq. (2). 
Formally, this tests whether � ≠ 0 . Intuitively, energy consumption may reflect unobserved 
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attributes or consumer attitudes that confound the pure operating cost effect. Tables 5 and 6 
report the results by category. In each table, column (1) contains energy consumption, col-
umn (2) annual operating cost, and column (3) includes both variables. In columns (4)–(6), 
the estimates are displayed under the assumption of common preferences in the non-energy 
attributes. The main results are therefore in columns (3) and (6). The other estimates serve 
as a comparison that shows the link to the theoretical foundation. If only energy consump-
tion Ei is used, the estimate captures the composite implicit price �p

�E
 . If only the operating 

cost Ei × ejt is used, the implied assumption is that � = 0 for the subsequent derivation of 
the implicit discount rate. Units are 10 kWh/year for energy consumption, and 10 Euro/
year for operating cost. For washing machines in Table 5, the effect of energy consumption 
is negative regardless of whether it is defined as energy consumption or operating cost. The 
estimate of − 0.0304 in column (2) indicates that for an increase of 10 Euro in annual oper-
ating cost, appliance prices decrease by 3% on average. When both are included, the feature 
effect is positive though insignificant, but the negative cost effect strengthens. However, if 
common preferences are imposed, the signs switch and effect sizes decline, as shown in 
columns (4) to (6). This sensitivity matches with the observed impact of country-specific 

Fig. 2   Appliance prices and energy consumption. The figure depicts sales-weighted mean appliances prices 
(left) and sales-weighted mean energy consumption in kWh/year (right) by country. Data are at monthly 
frequency using the full estimation sample for each category. All prices are converted to Euro in 2010 con-
stant prices and deflated using the EU’s Harmonized Index of Consumer Prices. Energy consumption is 
reported in accordance with EU Ecodesign and Energy Labelling regulations



910	 A. Kesselring 

1 3

preferences in Fig. 3, and it underscores the benefit of the multi-country setting. Table 6 
confirms the pattern of a negative cost effect and a positive feature effect for freezers. The 
single variable estimates for freezers are both larger than for washing machines, which was 
also detected in the baseline. Column (3) indicates that the feature effect is strongly posi-
tive at 0.0300, whereas the negative cost effect triples in absolute value relative to column 
(2).

To illustrate the relationship between the two effects, Fig. 4 displays the marginal effect 
of Ei from columns (3) (blue line) and (6) (red line) over a range of electricity prices. It 
shows that the marginal effect turns positive at low electricity prices. The minimum in the 
sample is 0.11 cents/ kWh (deflated to 2010, nominal price: 0.06 cent/kWh). At this level, 
the implicit price for Ei is positive in the case of freezers, and not statistically different 
from zero for washing machines. The stronger operating cost effect (larger absolute value 
of � ) for freezers is reflected in the steeper slope. Against the puzzle of positive implicit 
prices for freezers in CEE countries, 𝛿 > 0 thus offers a possible explanation.16

Table 4   Implicit prices: pooled on common market

Hedonic regressions based on pooled sample of seven countries from 2010 to 2017. The dependent vari-
able is log of price in Euro, deflated to 2010 constant prices. Ei is reported in kWh, scaled by factor 10. The 
upper panel reports estimates for washing machines, and the bottom panel for freezers. For each category, 
column (1) reports data weighted by units sold in the respective country and month, and column (2) reports 
the unweighted results. Column (3) uses weights, but the dependent variable enters in levels. Implicit prices 
are evaluated at the mean sales-weighted prices. All specifications include country-by-date fixed effects (7 
× 88 groups). Additional controls for both categories: brand, type, age, age2 , introduction date. Washing 
machines: size, spin speed. Freezers: construction, no-frost system (see Table 1). Standard errors in paren-
theses are clustered by product id. * Denotes significant at 10%; ** Significant at 5%;  *** at 1%

Washing machines

(1) (2) (3)

Coefficient on Ei
−0.0064*** −0.0022*** −4.8703***
(0.001) (0.001) (1.101)

Implicit price in Euro 2.76 0.95 4.87
Sales-weighted Yes No Yes
R2 0.886 0.810 0.842
No. of obs 238,064 238,272 238,064
No. of products 5178 5178 5178

Freezers

(1) (2) (3)

Coefficient on Ei
−0.0080*** −0.0071 −6.3478***
(0.002) (0.001) (1.428)

Implicit price in Euro 3.13 2.78 6.35
Sales-weighted Yes No Yes
R2 0.922 0.857 0.851
No. of obs 132,669 132,669 132,669
No. of models 2761 2761 2761

16  Comparing columns (1) and (4) across categories suggests that the implicit price is robust to country-
specific preferences on average. Yet estimating separate implicit prices of E for each country does show 
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4.9 � Implicit Discount Rates

Table 7 presents the estimated implicit discount rates. The first row (i) is the main estimate, 
which is derived from the coefficients in column (3) of Tables 5 and 6, respectively. Row 
(ii) adds 𝛿 from the same full model back in, row (iii) uses the restricted model without Ei 
as a separate control variable (see Sect. 4.3 for details). Comparing the estimates in row (i) 
with those in the rows below shows that the implicit discount rate is much higher when the 
feature effect is not corrected for. With 𝛿 > 0 , the left-hand side is understated when the 
feature effect and the operating cost effect are not separated. Qualitatively, the mechanism 
holds for both product types. For freezers, the implicit discount rate for the average con-
sumer is 12%. For reference, the loan interest rate to households in the Euro area is 6–7% 
and the credit card interest rate is 15–17% in the Euro area over the same period (European 
Central Bank 2021). The magnitude is lower than early estimates, but it falls in line with 
recent estimates obtained from discrete choice models for refrigerators in other countries 
(Matsumoto 2018; Tsvetanov and Segerson 2014; Cohen et al. 2017a). When the feature 
effect is added in scenarios (ii) and (iii), rates increase to 45–47%. The rates obtained from 
these specifications do reflect the implicit price for energy consumption, but not merely the 
trade-off between operating cost and purchase price. Hence, the main specification does 
not support a large energy efficiency gap for freezers, whereas the conventional hedonic 
method would support an energy efficiency gap. For washing machines, the implicit dis-
count rate is estimated at 62% in the main specification. When the feature effect is added, 
rates are 76–78%. Again, not separating the components leads to higher estimates, although 
the difference is less pronounced for washing machines than for freezers.

The implicit discount rates quantify the economic relevance of the estimation proce-
dure, which I develop to address the theory-based feature effect. Hence, the difference 
between categories follows from the regression results. For washing machines, the feature 
effect 𝛿 is smaller than for freezers, so its impact on the implicit discount rate is expected 
to be weaker. Part of the discrepancy is also mechanical: since the relationship between Δp 
and r is not linear, the gap between scenarios increases when implicit prices are larger in 
absolute value (as is the case for freezers). Nevertheless, the main estimated rate of 62% 
for washing machines does exceed the conventional benchmarks, thus indicating a substan-
tial energy efficiency gap following the LEC-approach. Assuming that time preferences do 
not change systematically with appliance type, the question is what distinguishes the two 
product categories. In his seminal paper, Hausman (1979) points to the question of dif-
ferences across product categories, and following studies have indeed differed by product 
group. Data on two product categories for the same sample allow a useful comparison, 
because the setting curbs other fundamental differences across time and space that add to 
discrepancies.

Based on Eq. (3) in the general form, the usage parameter � could explain the gap 
between categories. The variable Ei is a standardized value based on EU testing proto-
cols, but actual energy consumption may differ across consumers. Given that freezers are 
plugged in 24/7, heterogeneity in � plays a bigger role for washing machines. This would 
result in attenuation bias that pulls 𝛾̂ to zero and understates the implicit price. Applicably, 
there may be sorting bias, whereby consumers with high usage intensity select to higher 

differences (see Fig. 3 above). Ideally, I would allow � and/or � to vary across countries, but as there is not 
enough variation within countries over time, it is not feasible to separate the two effects cleanly by country.

Footnote 16 (continued)
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quality brands. The preparatory studies specifically recognize the particular impact of 
usage heterogeneity for washing machines (Stamminger et al 2007; Boyano et al. 2017). 
The point of constant usage has been made as an advantage of cold appliances in general, 
for example by Cohen et al. (2017a). Similarly, Davis et al. (2014) show experimental evi-
dence that rebound effects are stronger for air-conditioners than refrigerators, which fits 
with the proposed mechanism. However, European consumer surveys document that usage 
is a compound of many aspects, which are dispersed both within and across countries 
(Boyano et  al. 2017). This prevents the construction of a country-specific variable from 
complementary data for the purpose of this paper. To show the effect on the three scenarios 
I present, Fig. 5 reports the sensitivity of the implicit discount rate to assumptions about 
� for the average consumer. Ceteris paribus, discount rates decrease substantially when 
𝜙 < 1 . Heterogeneity in (expected) usage would accordingly result in statistical dispersion 
in the distribution of individual discount rates as hypothesized above. The marginal effect 
of decreasing � is stronger at higher initial estimates of r and hence more pronounced for 
washing machines. The sensitivity plot indicates that the effect on r is substantial even at 
modest deviations from the benchmark � = 1 . Figure  6 shows how the discount change 
would change if there were attenuation bias from such heterogeneity. To make the estimates 
comparable, the actually estimated coefficient is set to unity and the y-axis plots percent-
age deviations from this index value. The downward sloping lines indicate the proposed 
mechanism of attenuation: if the true implicit price were higher than the estimate ( > 1 on 
y-axis), the implicit discount rate would be lower. Attenuation bias therefore implies an 
overstatement of implicit discount rates.

This interpretation requires a note of caution. Suppose usage intensity is correlated with 
brand choice, and higher quality brands have higher price points. Then the discount rate 
in the high-price segment would be lower than the rate that represents the average con-
sumer, even if 𝛾̂ were unbiased (cf. Fig. 15). However, the qualitative mechanism above 
is unaffected by this complication of converting from the semi-log model, so I chose to 
focus on the average consumer for comparability across specifications. In brief, my results 
are consistent with unobserved usage, but assuredly not interpreted causally. Linking the 
implicit discount rates to the hedonic estimates, the feature effect is positive for both prod-
uct types, but smaller and insignificant for washing machines. If there is more noise in the 
feature effect for washing machines, and this is correlated with usage patterns, the estimate 
of 𝛿 could be confounded with unobserved heterogeneity in other dimensions. Anecdotally, 
cycle duration and water consumption are unobserved product characteristics that are dis-
cussed in the most recent revision to the EU Energy Labelling Policy (see European Com-
mission 2019).

For discussion, washing machines are more likely to require repair during the lifecycle 
than freezers. Consumer surveys indicate repair rates around 30% for washing machines, 
but only 6% for freezers (Stamminger et al 2007, Task 3, 27). If this expectation is priced 
in by consumers but not modelled in the LEC, it would also lead to overstatement of the 
implicit discount rate for washing machines relative to freezers. This ties in with Sandler 

Fig. 3   Implicit prices by Country. Hedonic regressions with interaction E
i
× a

j
 . Point estimates are mar-

ginal effects by country for E
i
 in kWh (scaled by 10), vertical bars indicate 95% confidence intervals. The 

dependent variable is log of price in Euro, deflated to 2010 constant prices. The left panel gives a single 
coefficient for the non-energy attributes, the right panel includes a full set of interactions between country 
and the vector of attributes. Red line at zero, dashed line indicates estimate from baseline. All specifica-
tions include country-by-date fixed effects (7 × 88 groups). Country codes: Austria (AUT), Czech Republic 
(CZE), Germany (GER), Croatia (HRV), Hungary (HUN), Poland (POL), Slovenia (SVN). Full results in 
Table 13

▸
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(2018), who shows that discount rates are lower for appliances that consumers expect to 
retain when moving. Moreover, it is also conceivable that the customer base differs across 
categories, since freezers may not be standard items for smaller households. Considering 
known problems with split incentives between landlords and tenants (see the review by 

Table 5   Operating cost effect: washing machines

Hedonic regressions for sample of seven countries from 2010 to 2017. The dependent variable is log of 
price in Euro, deflated to 2010 constant prices. Columns (1)–(3) includes a full set of interactions between 
country and the vector of attributes, and columns (4)–(6) give a single coefficient for the non-energy attrib-
utes. In each panel, the first column includes only Ei in kWh (scaled by 10), the second column includes 
only operating cost c(E) in Euro/year (scaled by 10). The third column includes both jointly. All specifica-
tions include country-by-date fixed effects (7 × 88 groups). Additional controls: brand, type, size/capacity, 
spin speed, age, age2 , introduction date (see Table 1). Standard errors in parentheses are clustered by prod-
uct id. * Denotes significant at 10%; ** Significant at 5%; *** at 1%

Country-specific preferences Common Preferences

(1) (2) (3) (4) (5) (6)

Feature ( Ei) −0.0062*** 0.0016 −0.0064*** −0.0078***
(0.001) (0.002) (0.001) (0.001)

Cost ( ejt × Ei) −0.0304*** −0.0373*** −0.0098*** 0.0068***
(0.004) (0.008) (0.003) (0.003)

Interaction country x z Yes Yes Yes No No No
Country-Date FE Yes Yes Yes Yes Yes Yes
R2 0.9062 0.9069 0.9069 0.8857 0.8829 0.8859
No. of obs 238,061 238,061 238,061 238,064 238,064 238,064
No. of products 5178 5178 5178 5178 5178 5178

Table 6   Operating cost effect: freezers

Hedonic regressions for sample of seven countries from 2010 to 2017. The dependent variable is log of 
price in Euro, deflated to 2010 constant prices. Columns (1)–(3) includes a full set of interactions between 
country and the vector of attributes, and columns (4)–(6) give a single coefficient for the non-energy attrib-
utes. In each panel, the first column includes only Ei in kWh (scaled by 10), the second column includes 
only operating cost c(E) in Euro/year (scaled by 10). The third column includes both jointly. All specifica-
tions include country-by-date fixed effects (7 × 88 groups). Additional controls: brand, type, size/capacity, 
age, age2 , introduction date, no-frost system (see Table 1). Standard errors in parentheses are clustered by 
product id. * Denotes significant at 10%; ** Significant at 5%; *** at 1%

Country-specific preferences Common preferences

(1) (2) (3) (4) (5) (6)

Feature ( Ei) −0.0086*** 0.0300*** −0.0080*** 0.0181***
(0.002) (0.005) (0.002) (0.004)

Cost ( ejt × Ei) −0.0542*** −0.1883*** −0.0514*** −0.1312***
(0.012) (0.032) (0.011) (0.025)

Interaction country x z Yes Yes Yes No No No
Country-Date FE Yes Yes Yes Yes Yes Yes
R2 0.9279 0.9298 0.9322 0.9221 0.9239 0.9253
No. of obs 132,662 132,662 132,662 132,669 132,669 132,669
No. of products 2758 2758 2758 2761 2761 2761
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Gillingham et  al. 2009), as well as differences in ownership rates by income, there may 
be issues of selection bias that contribute to category differences. With the scanner data at 
hand, I cannot distinguish between these aspects. To make the relationships transparent, 
Appendix 7 contains sensitivity analysis for the price p and lifetime T as well. All else 
equal, implicit discount rates decrease when the estimated coefficients are evaluated for 
products with higher price points. Increasing the assumed lifetime corresponds to higher 
implicit discount rates, although the estimated rates are fairly insensitive to lifetime when 
the initial discount rate is high.

Finally, there is evidence that modeling risk aversion lowers estimated discount rates 
(Andersen et al. 2008), because risk and time preferences are inherently related in the util-
ity function. A thorough discussion of alternative discounting is outside the scope of this 
paper, but incorporating quasi-hyperbolic discounting provides insights (see Laibson 

Fig. 4   Marginal effect of energy consumption. Marginal effects of energy consumption on appliance price 
for electricity price levels of 0.05, 0.15, 0.25, and 0.35 Euro/kWh. Estimates are based on column (3) of 
Tables 5 (washing machines, left panel) and 6 (freezers, right panel). Bars indicate 95% confidence inter-
vals, based on standard errors clustered by product

Table 7   Implicit discount rates

Implicit discount rates in percent, evaluated at mean appliance price 
p and mean electricity price e in sample. r is the value that solves: 
Δp = e

∑T

t=1

1

(1+r)t
 . Left-hand side is computed according to Eq. (3) 

from estimated coefficients in Tables 5 and 6. (i) uses only the oper-
ating cost effect, based on the full model in column (3), (ii) uses the 
full model, but adds the feature effect back in, and (iii) uses only the 
single coefficient (labelled 𝛾̃ ) from the restricted model of column 
(2) in the above Tables. Right-hand side assumes T = 12 for washing 
machines, and T = 18 for freezers. Standard errors in parentheses are 
bootstrapped with 100 repetitions

Freezers Washing machines

Rate (in %) Std. error Rate (in %) Std. error

(i) Δp = 𝛾̂ep 11.82 (0.052) 62.14 (0.322)
(ii) Δp = (𝛿 + 𝛾̂e)p 45.77 (0.183) 77.79 (0.196)
(iii) Δp = (𝛾̃e)p 47.04 (0.149) 76.67 (0.203)
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1997). With the addition of a (constant) risk factor R, Eq. (3) can be expanded: 
Δp =

∑T

t=1
et �R

ΔEt

(1+r)t
.17 Fig. 7 shows the sensitivity of the implicit discount rate to this 

simple form of risk aversion. Values of R < 1 imply risk aversion.
Estimates from the experimental literature vary, but for the sake of discussion, a rea-

sonable range would be R = 0.7 . At this rate, the main scenario (i) gives an implicit dis-
count rate of 42% instead of the risk-neutral 62%. For freezers, the rate drops to 7%. Note 
that with the simple functional form, varying R has the same effect as varying � (compare 
Fig. 7). When both � and R vary, interactions between risk and usage become influential. 
In this context, the two previous points about usage patterns and repair probabilities could 
have relatively larger impacts on washing machines. It is straightforward to re-interpret 

Fig. 5   Sensitivity to usage. Sensitivity of r to usage parameter � , relative to assumed value of 1. Vertical 
black lines indicate main estimates for cases (i)–(iii) from Table  7. Implicit discount rates are evaluated 
at sales-weighted mean appliance price and energy price in the respective sample. Assumed lifetimes of 
T = 12 for washing machines, and T = 18 for freezers

Fig. 6   Sensitivity to implicit price. Sensitivity of r to attenuation bias in the implicit price. Scale sets esti-
mated implicit price equal to 1 and refers to percentage deviations from this benchmark. Vertical black 
lines indicate main estimates for cases (i)–(iii) from Table 7. Implicit discount rates are evaluated at sales-
weighted mean appliance price and energy price in the respective sample. Assumed lifetimes of T = 12 for 
washing machines, and T = 18 for freezers

17  The approach is known in behavioral economics as beta-delta discounting, but it is also commonly 
applied in finance, where R is interpreted as the probability of realizing a cash flow.



917Willingness‑to‑Pay for Energy Efficiency: Evidence from the…

1 3

the y-axis as a combined adjustment factor. Again using the same example of R = 0.7 for 
washing machines, at a value of � = 0.7 , the combined adjustment factor (0.49) would 
imply an implicit discount rate of 29% for washing machines. Even for scenarios (ii) and 
(iii), the implicit discount rate for this case would be around 35%. For freezers, the implicit 
discount rate is already close to zero at these low values, the estimate would drop to < 2 %. 
Of course, it is also possible the directions are opposite, but the possibility that risk aver-
sion and unobserved heterogeneity could co-incide is nevertheless a notable observation 
for the two chosen categories.

5 � Conclusion

How consumers value energy efficiency is an ongoing debate in both academic research 
and policy discourses. Much has been written about the energy efficiency gap, but the puz-
zle remains. Recently, the literature has moved beyond a straight trade-off between lifetime 
energy costs and upfront investments. Several specific margins in the consumer decision 
have been put forth to explain what was previously interpreted as consumer myopia. Still, 
existing policy is built on the premise of a win-win situation: raising energy efficiency 
saves money for consumers while reducing negative externalities.

The European Union is no exception in that regard, but its integrated market does offer 
an exceptional setting to study consumer choices. This paper treats member states as con-
sumer groups on an integrated market and explores differences in electricity prices to study 
energy efficiency investment. Using micro-level data for seven countries and two appliance 
types, I employ the hedonic method to estimate implicit prices for lower energy consump-
tion. My question is: how do consumer groups facing different operating costs differ in 
valuation of energy efficiency, and what may be learnt from the EU setting regarding the 
implicit discount rate? While the baseline indicates small, negative implicit prices, there 
is substantial heterogeneity across countries, but also across product types. Specific to the 
European market, CEE countries appear to differ systematically in preferences from the 
two Western European countries, i.e., Austria and Germany.

Fig. 7   Sensitivity to risk parameter. Sensitivity of r to the risk parameter R, relative to risk-neutral value of 
1. Vertical black lines indicate main estimates for cases (i)–(iii) from Table 7. Implicit discount rates are 
evaluated at sales-weighted mean appliance price and energy price in the respective sample. Assumed life-
times of T = 12 for washing machines, and T = 18 for freezers
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Based on predictions derived from theory, I provide empirical evidence that energy con-
sumption has both a feature and a cost effect. When these two components are separated, 
the effect of operating costs is unambiguously negative and counteracted by a positive 
feature effect. Implicit discount rates are substantially lower when the model allows for a 
separate feature effect that can absorb unobservables, which have troubled the literature. 
This fits with newer studies relying on identification with product fixed effects for cars, 
which tend to find lower undervaluation than the early studies using cross-sectional data. 
My work presents a way to address the issue within the context of the hedonic model. The 
empirical setting with multiple countries presents an opportunity here, because electricity 
price variation is sufficiently strong to identify the two effects separately.

More broadly, the paper links to the generalized framework by Allcott and Greenstone 
(2012), who speak of unobserved utility costs as one additional parameter in the consumer 
choice beyond the basic LEC formula. My approach explores this margin for a specific con-
text and documents this aspect of the model quantitatively with empirical evidence. With 
data on two product types, I am also able to explore a second margin in the framework: 
usage intensity. The results are consistent with attenuation bias, indicating that implicit 
prices for product categories with high usage heterogeneity may be understated in magni-
tude. I discuss the potential mechanism and link usage to risk preferences, but must leave 
causal interpretation up for future research. The feature effect is a compound of unobserved 
factors within and outside of the physical product, which can be positive or negative. My 
work makes this compound empirically tractable, yet it also shows that more is left to be 
understood about the drivers of the feature effect before predictions can be generalized to 
other products and settings.

Taken together, my results support the emerging literature arguing that the LEC-
approach is too narrow in its original form, and that interpretation in favor of consumer 
myopia is perhaps pre-mature. My work complements the body of evidence that is being 
built on the parameters that go into the consumer decision through the lenses of environ-
mental, behavioral and industrial economics. I certainly do not claim to solve the puzzle, 
but hope to add one small piece towards a better understanding. As countries around the 
globe rely on energy efficiency in evolving climate policy, this understanding is of practical 
relevance for the choice of instruments that aim to guide energy efficiency adoption.

6 � Supplementary information

 The data is proprietary, but available from the company Gesellschaft für Konsumforschung 
Retail and Technology GmbH (GfK). All steps to go from the raw data to the final results, 
including code, are available upon request.

Appendix 1: Equilibrium for Hedonic Prices

Figure  8 graphically depicts the hedonic equilibrium concept for the case of the single 
attribute E and for only one “‘market”, which can be defined by time or location (see Taylor 
2003). To facilitate orientation, E is defined as energy efficiency—a benefit—as opposed to 
energy consumption. The solid line is the equilibrium price schedule, which is exogenous 
by assumption. The depiction indicates the choices for two consumers with different WTP 
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value functions v.18 For the EU as “multi-market setting”, differences across markets are 
captured with market-specific intercepts and by allowing implicit prices to differ across 
countries. The hedonic method in its original form assumes perfect competition. With 
country-by-time fixed effects in the estimation, my approach takes the weaker assumption 
that markups are constant across the product spectrum within a particular country-date cell.

Appendix 2: Energy Efficiency Policy in the European Union

In the EU, energy efficiency is among the six main pillars of climate policy. The policy 
framework in place during the sample period was built on the 2020 target of a 20% reduction 
of energy consumption (Delbeke et  al. 2015). The Energy Efficiency Directive (2012/27/
EU) defines energy efficiency in Article (4): “...’energy efficiency’ means the ratio of out-
put of performance, service, goods or energy, to input of energy”. (European Commission 
2012, Article 4). The Directive also emphasizes the assumption of a win-win situation of 
environmental resource conservation and economic welfare that is common in energy effi-
ciency: “Investment in energy efficiency has the potential to contribute to economic growth, 
employment, innovation and a reduction in fuel poverty in households, and therefore makes 
a positive contribution to economic, social and territorial cohesion.” (Article 49).

2.1 Legislation

In summary, the EU energy efficiency strategy rests on three interrelated sources of legisla-
tion: the Ecodesign Directive prescribes minimum standards for energy efficiency, and the 
cutoff points are aligned with the classes of the Energy Labelling Directive. The underlying 
metric that determines energy consumption and the label is set separately for each product 
group in subsequent regulations. The following briefly discusses these three items for the 
case of washing machines and refrigerators/freezers.

The Ecodesign Directive, Article (4) motivates the minimum performance stand-
ards from two perspectives: (i) Ensuring the functioning of the internal market (in line 

18  The notation follows Diewert (2003a), this corresponds to Rosen’s bid function.

Fig. 8   Equilibrium price sched-
ule. Tangency of WTP value 
function v and Price Schedule. 
The x-axis shows quantity of the 
attribute E, the y-axis the appli-
ance price. All other attributes 
are held constant. Optimal levels 
E
∗ are indicated for consumers 

1 and 2. Points below the price 
schedule are unattainable, points 
above the price schedule ( v0

1
 ) are 

not utility-maximizing. Own rep-
resentation, adapted from Rosen 
(1974), Taylor (2003)
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with product policy) and (ii) Reducing energy consumption for reasons of both energy 
security and environmental concerns. The latter builds on an ex-ante analysis project-
ing energy demand to grow if unabated and the identification of energy efficiency as the 
preferred means to counteract the trend: “Energy saving is the most cost-effective way 
to increase security of supply and reduce import dependency.” (Article 6). The Direc-
tive combines multiple rationales: energy security (Article 1, 6, 10), competition and 
trade policy (Articles 2, 8, 23, 31), reduction of environmental externalities (Articles 1, 
10, 12, 14).

The Labeling Directive (2010/30/EU) specifically addresses the market failure of 
incomplete information on the consumer side, with the aim of ensuring the “rational use 
of energy and other essential resources” necessary to reach the EU’s 20% efficiency target 
(Article (5)). The Directive recognizes that member states already have national labels in 
place but affirms the need to act at EU level in the interest of the common market. It covers 
all energy-related products as “any good having an impact on energy consumption during 
use, which is placed on the market and/or put into service in the Union.” (Article 2).

Article 10 gives the commission power to adopt delegated acts for the various product 
classes of energy-related products.19

2.2 Energy Efficiency Index

The delegated acts specify the calculation of energy consumption as the variable reported 
in the GfK data, as well as the technical parameters of the label. For cold appliances and 
washing machines, the delegated acts 1060 and 1061 were adopted in 2010. For both prod-
uct groups, relative energy efficiency is given as an attribute-based index specific to prod-
uct category C:

Where AEC is an estimate of energy consumption in kilowatt hours per year and SAEC is 
standard annual energy consumption, which is attribute-based but specific to the product 
group.20 The index can be interpreted as the efficiency of a product compared to an aver-
age efficiency of a product of similar configuration, therefore lower values indicate higher 
energy efficiency.

EEI =
AEC

SAEC

× 100

19  Article 290 of the TFEU allows the EU institutions (generally, the European Parliament and the Council) 
to “delegate to the Commission the power to adopt non-legislative acts of general application that supple-
ment or amend certain non-essential elements of a legislative act.” For example, delegated acts may add 
new (non-essential) rules or involve a subsequent amendment to certain aspects of a legislative act. The 
legislator can thus concentrate on policy direction and objectives without entering into overly detailed and 
often highly technical debates. These acts are then not passed again through Parliament, but are adopted 
directly by the Commission, unless there is a formal objection by either the Parliament or the Council, who 
have to be notified every time an act is adopted (Craig 2011).
20  Size is a technical parameter across product classes, which potentially creates an incentive for produc-
ers to increase product size. It also gives consumers incentive to rebound by switching to a larger product 
(more energy services) at the same cost, rather than buy a same-size product with lower overall consump-
tion.
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2.3 Refrigerators and Freezers

For cold appliances, the annual consumption AEC is the daily consumption observed dur-
ing testing multiplied by 365. The testing protocol is performed at an ambient temperature 
of 24◦ C, which is above the average temperature throughout Europe, so the figure on the 
label is arguably an upper bound for expected consumption if usage heterogeneity and non-
compliance are assumed to be irrelevant. The formula for SAEC is a function of volume and 
several correction factors:

Where Veq is the volume equivalent that is the sum of temperature-adjusted volume of all 
compartments, with additional correction for frost-free and built-in appliances. Colder 
compartments use more energy, so they are weighted more heavily towards Veq . M and N 
are correction factors specific to the product’s category (e.g., combined refrigerator-freezer, 
upright freezer, wine cooler). The constants M and N are correction factors that arise from 
the engineering studies that determine the label thresholds. The concept is based on a refer-
ence line that defines EEI = 100 based on all products on the market in 2005 (Faberi et al. 
2007, 53-57). The reference line is estimated as a linear regression of net volume on energy 
consumption (Faberi et al. 2007, 339 ff.). M corresponds to the slope, while N corresponds 
to the intercept. CH = 50 is added for all appliances with a chill compartment > 15 liters, 
which is true for the majority of covered appliances. For example, the reference line for 
the most common category is kWhEEI=100 = (0.777Veq + 303) + 50 (category 7, combined 
refrigerator-freezers with 4-star chill compartment) (Faberi et al. 2007, 55).

2.4 Washing Machines

For washing machines, energy consumption AEC is an estimate:

Where Et is a weighted average of energy consumption of the cycles at 40◦ C (full load) 
and 60◦ C degree (full/partial load), assuming 220 loads per year. It includes a correction 
for time in off-mode ( Po for off, P1 for on) as well as a function of weighted cycle duration 
Te.21 In practice, usage and thus operating costs may vary substantially from the estimated 
AEC . In contrast, SAEC is linear:

Where lower-case c is the rated capacity for either the 60 ◦ C or the 40 ◦ C full load, which-
ever is lower. The label separately reports estimates of spin drying efficiency and water 
consumption, which are again based on a weighted average of different cycles, but these 
variables are not reported in the GfK data. In the case of washing machines, the calculation 
of the EEI is subject to revision as of November 20, 2011.

SAEC = Veq ×M + N + CH

AEC = Et × 220 + (Po + P1)F(Te)

SAEC = 47, 0 × c + 51, 7

21  simplified for illustration, full technical parameters in European Commission (2010)
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Appendix 3: Data Source

3.1 Definitions and Explanations

The following explains the data structure and definitions for key variables in the GfK data, 
and the country-level data from Eurostat used as a supplement.

Price. The GfK data report scanner prices in both Euro and local currency. The data 
are reported at the country level. The reported price for each id is a sales-weighted average 
over multiple retailers in the same country that involves an extrapolation procedure. GfK’s 
data collection, sampling and extrapolation methodology are described in more detail in 
Fischer (2012) and Büttner and Madzharova (2021). I use the prices in Euro and deflate 
them to 2010 base year with the HICP, which ensures that deflation follows the same meth-
odology irrespective of country. The data series used for deflation are Eurostat (2020c, 
2020b), details on deflation are found on the following page.

Product ID. The GfK data assign the same product id for identical products across all 
countries. Entry is defined as the date a product first appears in the data set, irrespective of 
the country. Product age is accordingly defined as the number of months since first entry. 
I include a dummy for the first time a product appears in the data because prices in the 
very first month tend to be far higher with very low sales volume. There are products that 
are only sold in a single country, and there is some evidence of segmentation by old and 
new member states. I address this in a robustness check by restricting the sample to multi-
country products.

Brand. Brand refers to the name a product is sold under. This definition is more fine-
grained than the manufacturer, as most manufacturers sell products under several brand 
names. Information on brands is only complete for models sold in Hungary, Austria, and 
Croatia. I first clean the string variable manually for typos and inconsistent capitaliza-
tion and then match the brands to other countries by product id. I cannot rule out that 
there is sample selection from this process, but an examination of brand patterns within 
the complete countries is consistent with the pattern for the full sample of seven coun-
tries. Tradebrand is a composite value of brand, as I cannot distinguish between different 
retailers. There is some merger and acquisition activity over the time period, which I do 
not account for because I cannot cleanly assign product ids beyond what is reported in 
the raw data.

Electricity Price. Eurostat (2020a) reports data on household electricity prices at bi-
annual frequency in nominal terms and converted to Euro. The aggregation is only avail-
able at the member-state level, yet the underlying methodology is specified to apply to all 
member states for comparability. The same data series also reports the tax component as a 
separate indicator, but does not distinguish between the individual taxes except for value-
added tax. For estimation, I deflate energy prices in the same way as appliance prices, 
which results in the monthly variation plotted in Fig. 1.

To prepare the data and run the regressions, I use the following user-written commands 
in Stata: carryforward (Kantor 2004), reghdfe (Correia 2017), ftools (Correia 2016), 
astile (Shah 2018), gwtmean (Kantor 2018). Solving for the implicit discount rate requires 
an iterative procedure in Mata, which I coded based on the methodology guide by Schmid-
heiny (2014).
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3.2 Deflation

Both energy and appliance prices are deflated using the Harmonized Index of Consumer 
Prices (HICP) that makes price level movements comparable across member states. The 
index is computed in accordance with Directive EU 2016/792 (predecessor: Regulation 
(EC) No 2494/95), and the technical details specified by delegated act EU No. 1114/2010 
(predecessor: Council Regulation (EC) No. 2454/97) and regulation (EC) No. 1749/96. 
The following explanations are summarized from the HICP Methodological Manual (Euro-
stat 2018).

The HCIP is a Laspeyres-type index that is chain-linked on an annual basis. Prices are 
updated monthly, relative to December of the previous year, and weights/quantities are 
updated annually. This makes it different from a standard Laspeyres-type index that strictly 
maintains a fixed reference period without updating quantities.

Conceptually, the index is computed by linking overlapping short-term series of 
13 months (from December of t-1 to December of year t) into a long-term series that is 
expressed relative to a base year b. To reflect the overlap, periods in each year t are indexed 
by month m = 0, 1,… , 12 where 0 is December of the previous year t − 1.

The change in price level within a short-term series is expressed by the (unchained) 
index P for a basket of N individual items:

Where the change in weights is

Accordingly, each 13-month short-term series uses a different set of weights, reflecting 
changes in the consumption basket. The price reference period (0t) is always December of 
the previous year, i.e., it has an index of 100 for that particular series.

Note that m = 0 of year t is equivalent to m = 12 in year t − 1 with respect to prices, 
but that a discontinuity exists between the series of consecutive years due to updating of 
weights.22 By chain-linking the short-term series, the long-term measure HICP is obtained 
as a continuous measure that is smooth over the annual update of weights:

Due to the different frequencies in the updating of weights and prices, re-referencing the 
series to a different base period relies on averaging over the months of the desired index 
reference period (year b). Suppose the current index reference period is 2005, then re-bas-
ing to b is calculated as:

P0t,mt =

∑N

i=1
pmt
i
q
(t−1)

i
∑N

i=1
p0t
i
q
(t−1)

i

=

N�

i=1

pmt
i

p0t
i

w
0t,t−1

i
,

w
0t,t−1

i
=

wt−1
i

p0t
i

pt−1
i

∑N

j=1
wt−1
j

p0t
i

pt−1
i

.

CPb,mt =
(
Pb,12(0)P0(1),12(1) …P0(t−2),12(t−2)P0(t−1),12(t−1)

)
P0t,mt = CPb,12(t−1)P0t,mt.

22  In practice, weights are derived as mixed-period weights that are estimated based on known expenditure 
shares in t − 2 , as updating at the member-state level is not quick enough to give full information Eurostat 
(2018, 172). See also Articles (2)–(3) of (EU) No 1114/2010.
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Regarding the relationship between movements within the short-term series and the 
reported HICP values, the monthly change between two periods mt and m(t − 1) can be 
written as

See Eurostat (2018, 180f.) for a proof of this result.
Figure 9 shows the data series used for deflation by country and over time. This obtained 

with the data series reported in Eurostat (2020c) and re-based to June 2010 as the reference 
period.

3.3 Country Sample

Table 8 gives an overview of the countries included in the sample. Figure 10 shows electricity 
prices in nominal terms and in purchasing power terms.

CP
b,mt

2005
=

CPb,mt

1

12

∑12

m=1
CPb,m(2005)

.

P(m−1)t,mt − 1 =
P0t,mt

P0t,(m−1)t
− 1 =

CPb,mt

CPb,(m−1)t
− 1.

Fig. 9   Harmonized Index of Consumer Prices. Consumer price index used to deflate scanner prices, plotted 
for the years 2004 to 2017. The dashed line is January 2010, the start of the period used for estimation. The 
series is re-based to June 2010. Data are constructed with the Harmonized Index of Consumer Prices from 
Eurostat and plotted at monthly frequency for each country in the sample. Country codes: Austria (AUT), 
Czech Republic (CZE), Germany (GER), Croatia (HRV), Hungary (HUN), Poland (POL), Slovenia (SVN)
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Appendix 4: Additional Results

Tables 9 (washing machines) and 10 (freezers) report the coefficients for the control variables 
used in the baseline hedonic estimates (cf. Table 4). Tables 11 and 12 show the robustness of 
the main results to alternative standard error structures. Table 13 reports the country-specific 
estimation results that are plotted in Fig. 3.

Table 8   Geographic coverage

List of countries in the sample. Accession refers to the year a country acceded the EU. Population statistics 
and Gross Domestic Product (GDP) are for 2010 from the European Statistics Office Database (Eurostat 
2020e). Unit of measure for GDP is current prices, Euro per capita (p.c.), based on 2010 annual national 
accounts indicators

Country Code Accession Eurozone Population (mn) GDP p.c. (Euro)

Austria AUT​ 1995 Yes 8.35 31,940
Germany GER 1958 Yes 80.30 35,390
Czechia CZE 2004 No 10.51 15,020
Poland POL 2004 No 38.50 9,400
Hungary HUN 2004 No 10.01 9,980
Slovenia SVN 2004 Since 2008 2.05 17,750
Croatia HRV 2013 No 4.30 10,610

Fig. 10   Electricity prices and purchasing power. Household electricity prices for the years 2010 and 2016. 
The upper panel plots prices in Euro in 2010 constant prices. The lower panel shows the same data con-
verted to purchasing power standard, relative to the Euro-15 group for the respective period (Eurostat 
2020d, 2012). Country codes: Austria (AUT), Czech Republic (CZE), Germany (GER), Croatia (HRV), 
Hungary (HUN), Poland (POL), Slovenia (SVN)



926	 A. Kesselring 

1 3

Table 9   Baseline controls: 
washing machines

Hedonic regressions based on pooled sample of seven countries from 
2010 to 2017. The dependent variable is log of price in Euro, deflated 
to 2010 constant prices. Ei is reported in kWh, scaled by factor 10. 
Column (1) reports data weighted by units sold in the respective coun-
try and month, and column (2) reports the unweighted results. Column 
(3) uses weights, but the dependent variable enters in levels. All speci-
fications include country-by-date fixed effects (7 × 88 groups). Cat-
egorical variable brand is omitted. Standard errors in parentheses are 
clustered by product id. * Denotes significant at 10%; ** Significant at 
5%; *** at 1%

(1) (2) (3)

Energy ( Ei) −0.0064*** −0.0022*** −4.8703***
(0.001) (0.001) (1.101)

Capacity 0.1228*** 0.1041*** 56.6118***
(0.006) (0.005) (3.553)

Spin speed 0.0004*** 0.0005*** 0.1411***
(0.000) (0.000) (0.022)

Top-load 0.2175*** 0.1558*** 92.1680***
(0.013) (0.010) (6.541)

Wash-dry 0.9484*** 0.5223*** 657.7838***
(0.097) (0.055) (108.965)

Age 0.0004 −0.0018*** 0.9198***
(0.001) (0.000) (0.321)

Age2 0.0000 0.0000*** −0.0106
(0.000) (0.000) (0.007)

Intro −0.0065 0.0160*** 6.9354*
(0.009) (0.003) (4.107)

Constant 4.6754*** 4.6825*** −70.1440**
(0.046) (0.044) (33.892)

Sales-weighted Yes No Yes
R2 0.886 0.810 0.842
No. of obs 238,064 238,272 238,064
No. of products 5178 5178 5178
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Table 10   Baseline controls: 
freezers

Hedonic regressions based on pooled sample of seven countries from 
2010 to 2017. The dependent variable is log of price in Euro, deflated 
to 2010 constant prices. Ei is reported in kWh, scaled by factor 10. 
Column (1) reports data weighted by units sold in the respective coun-
try and month, and column (2) reports the unweighted results. Column 
(3) uses weights, but the dependent variable enters in levels. All speci-
fications include country-by-date fixed effects (7 × 88 groups). Cat-
egorical variable brand is omitted. Standard errors in parentheses are 
clustered by product id. * Denotes significant at 10%; ** Significant at 
5%; *** at 1%

(1) (2) (3)

Energy ( Ei) −0.0080*** −0.0007 −6.3478***
(0.002) (0.001) (1.428)

Height (cm) 0.0079*** 0.0070*** 2.9372***
(0.000) (0.000) (0.223)

Type 0.3453*** 0.3202*** 131.6230***
(0.022) (0.015) (11.378)

No-frost 0.1442*** 0.1566*** 132.2714***
(0.033) (0.013) (13.863)

Built-in 0.5670*** 0.4869*** 244.1781***
(0.023) (0.015) (13.061)

Age −0.0002 −0.0013*** −0.5434**
(0.001) (0.000) (0.257)

Age2 −0.0000 0.0000 0.0059**
(0.000) (0.000) (0.003)

Intro 0.0158 0.0334*** 7.8902
(0.012) (0.004) (6.986)

Constant 4.9295*** 4.9374*** 112.3089***
(0.047) (0.026) (17.208)

Sales-weighted Yes No Yes
R2 0.922 0.857 0.851
No. of obs 132,669 132,669 132,669
No. of models 2761 2761 2761
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Table 11   Clustered Standard Errors: Washing Machines

Alternative clustering of standard errors for hedonic regressions. The first row under each estimate is clus-
tered by product-id, the second is clustered by semester-country groups, the third is a multi-way cluster 
combining both. Regressions based on pooled sample of seven countries for the period from 2010 to 2017. 
The dependent variable is log of price in Euro, deflated to 2010 constant prices. Columns (1)–(3) includes a 
full set of interactions between country and the vector of attributes, and columns (4)–(6) give a single coef-
ficient for the non-energy attributes. In each panel, the first column includes only Ei in kWh (scaled by 10), 
the second column includes only operating cost c(E) in Euro/year. The third column includes both jointly. 
All specifications include country-by-date fixed effects (7 × 88 groups). Additional controls: brand, type, 
size/capacity, age, age2 , introduction date (see Table 1)

Country-specific preferences Common preferences

(1) (2) (3) (4) (5) (6)

Feature ( Ei) −0.0062*** 0.0016 −0.0064*** −0.0078***
Clustered by product (0.001) (0.002) (0.001) (0.001)
Clustered by cntry-

semester
(0.0007) (0.0009) (0.0007) (0.0007)

Multi-way cluster (0.0011) (0.0017) (0.0012) (0.0012)
Cost ( ejt × Ei) −0.0304*** −0.0373*** −0.0098*** 0.0068***
Clustered by product (0.004) (0.008) (0.003) (0.003)
Clustered by cntry-

semester
(0.0022) (0.0046) (0.0022) (0.0011)

Multi-way cluster (0.0041) (0.0082) (0.0032) (0.0026)
Interaction country x z Yes Yes Yes No No No
Country-Date FE Yes Yes Yes Yes Yes Yes
R2 0.9062 0.9069 0.9069 0.8857 0.8829 0.8859
No. of obs 238,061 238,061 238,061 238,064 238,064 238,064
No. of products 5178 5178 5178 5178 5178 5178
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Table 12   Clustered standard errors: freezers

Alternative clustering of standard errors for hedonic regressions. The first row under each estimate is clus-
tered by product-id, the second is clustered by semester-country groups, the third is a multi-way cluster 
combining both. Regressions based on pooled sample of seven countries for the period from 2010 to 2017. 
The dependent variable is log of price in Euro, deflated to 2010 constant prices. Columns (1)–(3) includes 
a full set of interactions between country and the vector of attributes, and columns (4)–(6) give a single 
coefficient for the non-energy attributes. In each panel, the first column includes only Ei in kWh (scaled 
by 10), the second column includes only operating cost c(E) in Euro/year. The third column includes both 
jointly. All specifications include country-by-date fixed effects (7x88 groups). Additional controls: brand, 
type, size/capacity, age, age2 , introduction date (see Table 1)

Country-specific preferences Common preferences

(1) (2) (3) (4) (5) (6)

Feature ( Ei) −0.0086*** 0.0300*** −0.0080*** 0.0181***
Clustered by product (0.002) (0.005) (0.002) (0.004)
Clustered by cntry-

semester
(0.0018) (0.0020) (0.0017) (0.0015)

Multi-way cluster (0.0029) (0.0053) (0.0028) (0.0042)
Cost ( ejt × Ei) −0.0542*** −0.1883*** −0.0514*** −0.1312***
Clustered by product (0.012) (0.032) (0.011) (0.025)
Clustered by cntry-

semester
(0.0056) (0.0104) (0.0056) (0.0084)

Multi-way cluster (0.0126) (0.0312) (0.0122) (0.0241)
Interaction country x z Yes Yes Yes No No No
Country-Date FE Yes Yes Yes Yes Yes Yes
R2 0.9279 0.9298 0.9322 0.9221 0.9239 0.9253
No. of obs 132,662 132,662 132,662 132,669 132,669 132,669
No. of products 2758 2758 2758 2761 2761 2761
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Appendix 5: Robustness Tests

Figure 11 shows the robustness of the main estimates in Tables 5 and 6 to the restriction of 
the sample to products sold in multiple countries and major brands. Figure 12 reports results 
by country-year group. Table 14 contains a robustness check to price level differences, see 
Eq. (1).

Table 13   Implicit prices: marginal effects by Country

Hedonic regressions based on sample of seven countries from 2010 to 2017. The dependent variable is 
log of price in Euro, deflated to 2010 constant prices. Ei is reported in kWh/a, scaled by factor 10. The 
table reports marginal effects for each country (not interactions over a base country). Columns (1) and (2) 
report estimates for washing machines, columns (3) and (4) for freezers. For each category, the first column 
gives a single coefficient for the non-energy attributes, and the second one includes a full set of interactions 
between country and the vector of attributes. All specifications include country-by-date fixed effects (7x88 
groups). Additional controls: brand, type, size/capacity, age, age2 , introduction date (see Table 1). Standard 
errors in parentheses are clustered by product id. * Denotes significant at 10%; ** Significant at 5%; *** 
at 1%. Country codes: Austria (AUT), Czech Republic (CZE), Germany (GER), Croatia (HRV), Hungary 
(HUN), Poland (POL), Slovenia (SVN)

Washing Machines Freezers

(1) (2) (3) (4)

Effect of Ei by country
AUT​ −0.0075*** −0.0051*** −0.0079*** −0.0072**

(0.001) (0.002) (0.003) (0.003)
CZE −0.0067*** −0.0028** −0.0034 −0.0000

(0.001) (0.001) (0.003) (0.003)
GER −0.0059*** −0.0090*** −0.0163*** −0.0194***

(0.001) (0.001) (0.003) (0.004)
HRV −0.0064*** −0.0015 0.0014 0.0033*

(0.001) (0.001) (0.002) (0.002)
HUN −0.0069*** −0.0027 0.0041 0.0088***

(0.001) (0.002) (0.003) (0.003)
POL −0.0068*** −0.0031* 0.0023 0.0102***

(0.001) (0.002) (0.003) (0.004)
SVN −0.0074*** −0.0011* 0.0042 0.0065**

(0.001) (0.001) (0.004) (0.003)
Interaction country x z No Yes No Yes
Country-Date FE Yes Yes Yes Yes
R2 0.8862 0.9069 0.9255 0.9326
No. of obs 238,064 238,064 132,669 132,669
No. of products 5,178 5,178 1,578 1,578
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Fig. 11   Sample Restrictions. Point estimates are implicit prices from hedonic regressions, cost effect ( � ) 
in left set, feature effect ( � ) in right set. Vertical bars indicate 95% confidence intervals, red horizontal line 
at zero. The dependent variable is log of price in Euro, deflated to 2010 constant prices. All specifications 
include country-by-date fixed effects (7 × 88 groups) and a full set of interactions between country and 
the vector of attributes. Specification otherwise corresponds to estimates in Tables  5 and  6. Column (i) 
restricts sample by number of countries, both blocks means products sold in CEE and Western Europe. 
Column (ii) restricts sample to major brands by share of observations in descending order. Premium brands 
are top 5 brands in high-price segment. Continued on following page. Point estimates are implicit prices 
from hedonic regressions, cost effect ( � ) in left set, feature effect ( � ) in right set. Vertical bars indicate 95% 
confidence intervals, red horizontal line at zero. The dependent variable is log of price in Euro, deflated to 
2010 constant prices. All specifications include country-by-date fixed effects (7 × 88 groups) and a full set 
of interactions between country and the vector of attributes. Specification otherwise corresponds to esti-
mates in Tables 5 and 6. Column (i) restricts sample by number of countries, both blocks means products 
sold in CEE and Western Europe. Column (ii) restricts sample to major brands by share of observations in 
descending order. Premium brands are top 5 brands in high-price segment
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Fig. 12   Implicit prices by Country and Year. Implicit prices for E
i
 scaled to 10-kWh units, represented as average 

marginal effects for each country-year group (see Williams 2012). Estimates are based on hedonic regression in Eq. 
(5), but include interactions between each country-year pair and energy consumption. The upper panel shows washing 
machines, the lower panel freezers. For each category, the left graph assumes common preferences for the non-energy 
attributes across countries, the left graph is based on the specification that includes interactions between the non-energy 
attributes and country dummies. Country codes: Austria (AUT), Czech Republic (CZE), Germany (GER), Croatia 
(HRV), Hungary (HUN), Poland (POL), Slovenia (SVN)
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Appendix 6: Oaxaca‑Blinder Decomposition

6.1 Decomposition: Approach

Following Oaxaca (1973) and Blinder (1973), let xj be a row vector of covariates, and � j 
the corresponding column vector of coefficients for a country j, under the assumptions 
of additive linearity ( pj = xj� j + uj ) and conditional mean independence E(u|x, j) = 0.23 
Denote Δ� the unadjusted mean price gap between two groups 0 and 1, where group 0 is 
the reference country: Austria. The decomposition partitions this gap in mean prices into 
two components:

Where E(x|j) is the expected value of the vector x , the mean attributes chosen in group 
j, and � j is the vector of estimated coefficients for those attributes, here the implicit 
prices. The composition effect Δ�

x
 , captures the expected change in the mean price for 

group 0, if they chose the same levels of xk as group 1. x includes the non-energy attrib-
utes and the time fixed effects. The coefficient effect Δ�

s
 indicates the expected change in 

prices paid by group 1 if they had the same coefficients as group 0. In the context of the 
hedonic regression, Δ�

x
 reflects sorting along the hedonic price schedule. The measure 

of interest is Δ�
s
 , as it captures differences in the implicit prices evaluated at the mean 

attribute levels.
With additive linearity, the contributions of individual components are simply obtained 

as

and respectively,

In applying the decomposition method to appliance prices, I estimate the decomposition 
for the cross-country estimates from Eq. (5). Estimation is done with seemingly unrelated 
regression for each pair, that is I run 6 regressions including Austria and one other coun-
try: g = {1, j} ∀ j ∈ [2, 7] , treating the data as a repeated cross-section with date fixed 
effects. The overall gap is the mean price gap over all periods, country-specific means 
for appliance prices and energy consumption can be found in Table 3. I pick Austria as 
the base country and evaluate each country against the same reference group. Austria is 

Δ� = Δ�
x
+ Δ�

s
= (E(x|j = 0) − E(x|j = 1))�0 + (�0 − �1)E(x|j = 1)

Δ�
s
= (�̂0

E
− �̂1

E
)E

1
+
∑

k

(�̂0
k
− �̂1

k
)x

1

k
+ (�̂0 − �̂1),

Δ�
x
= �̂0

E
(E

0
− E

1
) +

∑

k

�̂0
k
(x

0

k
− x

1

k
).

23  For exposition, I follow the simplified notation by Jann (2018) rather than complete matrix notation. The 
elements in x are denoted by lower-case x

k
 , including time fixed effects and the constant (denoted � below 

to avoid confusion).
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closest to the EU average among the countries in my sample, and has the least change in 
energy prices over time. The alternative would be to construct a weighted mean across all 
countries and evaluate each country against it, as suggested by Reimers (1983) or Neu-
mark (1988). I chose a single country as the base group based on insights from the litera-
ture on price convergence in the EU (Goldberg and Verboven 2001, 2005). I follow Yun 
(2005) who suggests scaling the effects such that they sum to zero, implying that effects 
are expressed as deviations from the mean.

Since E is defined as energy consumption, if E has a negative effect on appliance 
prices, the expectation is that its contribution to Δ𝜇

x
> 0 and its contribution to Δ𝜇

s
< 0 

in CEE countries, but vice versa in Germany. This is interpreted as the effect of differ-
ences in implicit price for energy consumption between the two countries after adjusting 
for composition. A positive contribution signals to what extent that particular covariate 
contributes to the overall gap (assuming it is positive). Conversely, a negative contribu-
tion indicates that the overall gap would be even larger if the mean covariate levels were 
the same.

Including date fixed effects cancels out movements in price-related shocks such as 
exchange rates and consumer price indices within a country. These factors are then sub-
sumed under the constant in the coefficient effect. Standard errors for the decomposition 
are computed with the delta method based on clustering by product id (Greene 2003, pp. 
70). Implementation is done in Stata with the oaxaca command contributed by Jann 
(2008).

6.2 Decomposition: Results

The decomposition results are plotted in Figs. 13 and 14. Tables 15 and 16 present results 
for washing machines and freezers, respectively (Fig. 16).
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Fig. 13   Contributions to Coefficient Effect. Break-down of unexplained component based on estimation 
results from Tables 15 and 16. Each bar is relative to AUT. Values for binary and categorical variables are 
additively stacked to a single block. constr = Construction, type = (Main) Type, time = monthly date, age 
= product age and square of age. intro = indicator for new entry. Country codes: Austria (AUT), Czech 
Republic (CZE), Germany (GER), Croatia (HRV), Hungary (HUN), Poland (POL), Slovenia (SVN)
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Fig. 14   Contributions to Composition Effect. Break-down of explained component based on estimation 
results from Tables 15 and 16. Each bar is relative to AUT. Values for binary and categorical variables are 
additively stacked to a single block. constr = Construction, type = (Main) Type, time = monthly date, age 
= product age and square of age. intro = indicator for new entry. Country codes: Austria (AUT), Czech 
Republic (CZE), Germany (GER), Croatia (HRV), Hungary (HUN), Poland (POL), Slovenia (SVN)
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Table 15   Oaxaca-blinder decomposition: washing machines

Oaxaca-Blinder mean decomposition using Austria as the reference category (group 0), and the columns 
indicate the comparison country (group 1). Decomposition based on seemingly unrelated regression 
between Austria and the respective country, with standard errors clustered by product id. The dependent 
variable is log of price in Euro, deflated to 2010 constant prices. All specifications include country-by-date 
fixed effects (7x88 groups). Additional controls: brand, type, size/capacity, age, age2 , introduction date (see 
Table 1). Standard errors are obtained by the delta method. * Denotes significant at 10%; ** Significant at 
5%; *** at 1%. Country codes: Austria (AUT), Czech Republic (CZE), Germany (GER), Croatia (HRV), 
Hungary (HUN), Poland (POL), Slovenia (SVN)

GER CZE HRV HUN POL SVN
(1) (2) (3) (4) (5) (6)

Overall
Mean AUT​ 6.0693*** 6.0693*** 6.0693*** 6.0693*** 6.0693*** 6.0693***

(0.024) (0.024) (0.025) (0.024) (0.024) (0.025)
Mean in country 6.0924*** 5.6832*** 5.7857*** 5.5352*** 5.5470*** 5.8550***

(0.024) (0.020) (0.018) (0.019) (0.021) (0.031)
Difference −0.0231 0.3861*** 0.2836*** 0.5341*** 0.5223*** 0.2143***

(0.023) (0.030) (0.029) (0.030) (0.032) (0.039)
Δ�

x
−0.0854*** 0.2187*** 0.2533*** 0.2630*** 0.2332*** 0.2274***
(0.022) (0.031) (0.033) (0.036) (0.037) (0.038)

Δ�
s

0.0622*** 0.1674*** 0.0303 0.2711*** 0.2890*** −0.0131
(0.008) (0.016) (0.020) (0.018) (0.025) (0.019)

Contribution to Δ�
x

Ei (kWh) −0.0177*** −0.0189*** −0.0084 −0.0202*** −0.0163*** −0.0148**
(0.004) (0.007) (0.007) (0.008) (0.006) (0.007)

Contribution to Δ�
s

Ei (kWh) 0.0777* −0.0443 −0.0785* −0.0469 −0.0403 −0.0819**
(0.041) (0.038) (0.043) (0.048) (0.066) (0.037)

Constant 0.0793 0.2928** 0.2649** 0.5727*** 0.4897** 0.5944***
(0.136) (0.122) (0.119) (0.132) (0.216) (0.115)

No. of obs 107,914 87,067 72,230 81,959 73,259 64,155
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Table 16   Oaxaca-blinder decomposition: Freezers

Oaxaca-Blinder mean decomposition using Austria as the reference category (group 0), and the columns 
indicate the comparison country (group 1). Decomposition based on seemingly unrelated regression 
between Austria and the respective country, with standard errors clustered by product id. The dependent 
variable is log of price in Euro, deflated to 2010 constant prices. All specifications include country-by-date 
fixed effects (7 × 88 groups). Additional controls: brand, type, size/capacity, age, age2 , introduction date 
(see Table 1). Standard errors are obtained by the delta method. * Denotes significant at 10%; ** Significant 
at 5%; *** at 1%. Country codes: Austria (AUT), Czech Republic (CZE), Germany (GER), Croatia (HRV), 
Hungary (HUN), Poland (POL), Slovenia (SVN)

GER CZE HRV HUN POL SVN
(1) (2) (3) (4) (5) (6)

Overall
Mean AUT​ 5.9902*** 5.9902*** 5.9902*** 5.9902*** 5.9902*** 5.9902***

(0.030) (0.031) (0.031) (0.031) (0.030) (0.031)
Mean in country 5.8768*** 5.6061*** 5.6529*** 5.5181*** 5.4399*** 5.8054***

(0.045) (0.033) (0.020) (0.030) (0.027) (0.035)
Difference 0.1135*** 0.3841*** 0.3373*** 0.4721*** 0.5503*** 0.1849***

(0.040) (0.042) (0.036) (0.041) (0.039) (0.044)
Δ�

x
0.1117*** 0.2139*** 0.3315*** 0.2225*** 0.2377*** 0.2224***
(0.036) (0.042) (0.043) (0.039) (0.041) (0.045)

Δ�
s

0.0018 0.1701*** 0.0058 0.2496*** 0.3126*** −0.0376
(0.014) (0.020) (0.034) (0.022) (0.027) (0.028)

Contribution to Δ�
x

Ei (kWh) −0.0159*** 0.0043 0.0529** 0.0266*** 0.0206*** 0.0334**
(0.003) (0.004) (0.022) (0.010) (0.007) (0.014)

Contribution to Δ�
s

Ei (kWh) 0.2277** −0.1534** −0.2961*** −0.3916*** −0.4112** −0.3494***
(0.104) (0.069) (0.088) (0.089) (0.173) (0.098)

Constant −0.1577 0.1946*** 0.1566 0.5052*** 0.4927*** 0.0767
(0.109) (0.069) (0.224) (0.102) (0.094) (0.095)

No. of obs 76,809 50,524 42,555 47,410 48,304 43,112
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Appendix 7: Sensitivity of Implicit Discount Rate

Additional sensitivity analysis is provided here for appliance prices (Fig. 15) and product 
lifetime (Fig. 16).

Fig. 15   Sensitivity to Appliance Price. Sensitivity of r to price parameter p of Eq. (3). Vertical black lines 
indicate main estimates for cases (i)–(iii) from Table  7. Implicit discount rates are initially evaluated at 
sales-weighted mean appliance price and energy price in the respective sample. Assumed lifetimes of 
T = 12 for washing machines, and T = 18 for freezers
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