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Zusammenfassung

Einleitung

Mehr als 60% des Endenergieverbrauchs der Schweiz wird durch Energie aus fossilen Brennstoffen
gedeckt. Im Jahr 2014 entfielen beinahe 30% des gesamten Endenergieverbrauchs in der Schweiz auf den
Haushaltssektor, wobei rund 58% des Haushaltsendenergieverbrauchs aus fossilen Brennstoffen (BFE,
2015) gewonnen wurden. Die Erhohung der Energieeffizienz im Haushaltssektor ist essentiell, um den
gesamten fossilen Energieverbrauch und die damit verbundenen CO,-Emissionen in der Schweiz zu
verringern, und um die energiepolitischen Ziele der Schweizer Energiestrategie 2050 zu erreichen.

Auch wenn erhebliche Anstrengungen unternommen werden miissen, um den Verbrauch von Brennstoffen
im Haushaltssektor zu verringern, so gibt es doch auch ein bedeutendes Potenzial fiir Effizienzsteigerungen
im Stromverbrauch. In der Schweiz wird Elektrizitdt hauptsidchlich aus Wasserkraft (60%) und Kernkraft
(40%) erzeugt. Nach dem Atomunfall in Fukushima Daiichi im Jahr 2011 beschloss der Bundesrat
den Ausstieg aus der Kernenergie. Die Energiestrategie 2050 hat sich zum Ziel gesetzt, erstens den
Stromverbrauch zu senken, indem das Effizienzniveau im Stromverbrauch erh6ht wird, und zweitens den
Anteil erneuerbarer Energien wie Wind- und Solarenergie an der Stromerzeugung zu erhdhen. In diesem
Zusammenhang scheint der Haushaltssektor ein grosses Potenzial fiir Effizienzgewinne zu bieten und
konnte einen wichtigen Beitrag zur Senkung des gesamten Endenergieverbrauchs leisten.

Ein wichtiges Element zur Senkung des Stromverbrauchs in Haushalten ist die Forderung von en-
ergieeffizienter Beleuchtung und Haushaltsgeridten. Eine tiefe Adoptionsquote von energieeffizienter
Technologien hingt hiufig mit der sogenannten ‘Energieeffizienzliicke’ (engl. energy-efficiency gap)
zusammen. Das heisst mit der gdngigen Beobachtung, dass Entscheidungstrager nicht das energieeffizien-
teste Haushaltsgerit wihlen, selbst wenn dieses Haushaltsgerit aus individueller Sicht die kostengiinstigste
Wahlméglichkeit (Minimierung der Betriebskosten iiber die Lebenszeit) darstellt. Die wissenschaftliche
Literatur liefert mehrere Erkldrungen fiir diese Liicke. Eine davon konnte mit der Tatsache zusammenhin-
gen, dass Konsumenten beschrdnkt rational (engl. boundedly rational) sind. Tatséchlich ist die Auswahl
des Gerites mit den geringsten Lebenszeitkosten eine anspruchsvolle Aufgabe. Um finanziell rationale
Entscheidungen treffen zu konnen, muss man die gesamten Kosten von Haushaltsgeriten iiber deren
gesamte Lebensdauer vergleichen. Dies erfordert Wissen iiber den Kaufpreis, den Stromverbrauch, die
erwartete Nutzungshiufigkeit, die aktuellen und zukiinftigen Strompreise usw., sowie die Kompetenz,
informierte energiebezogene Investitionen titigen zu konnen (engl. energy-related investment literacy),
welche die Verarbeitung und Verkniipfung der oben genannten Informationen umfasst.

Vor diesem Hintergrund ist es wichtig, dass die politischen Entscheidungstriger das tatsdchliche Poten-
zial von Stromeinsparungen im Schweizer Haushaltssektor kennen. Das Energieeffizienzniveau von
Haushalten kann einerseits mit einem Bottom-up-Ansatz ermittelt werden, indem eine Effizienzanalyse
von Gebéduden vor Ort durchgefiihrt wird. Bei einem solchen 6konomisch-ingenieurtechnischen Ansatz
werden Verhaltensaspekte bei der Energienutzung jedoch nicht beriicksichtigt. In dieser Studie schiitzen
wir daher das Stromeffizienz-Niveau von Haushalten mit mathematischen und statistischen Methoden
unter Beriicksichtigung des gesamten Stromverbrauchs sowie Faktoren wie Grosse und Eigenschaften
des Hauses/der Wohnung, Haushaltszusammensetzung, Anzahl und Art der genutzten Haushaltsgeréte,



Anzahl der konsumierten Energiedienstleistungen, soziookonomische und demografische Variablen sowie
energiebezogenes Verhalten und Kompetenzen. Mit diesem Ansatz kann ein ‘faires’ Benchmarking
der Schweizer Haushalte hinsichtlich ihres Stromverbrauchs durchgefiihrt werden. Zudem geht die vor-
liegende Studie auch der Frage nach, wie Informationen zum kiinftigen Energieverbrauch auf Produkten
dargestellt werden sollten, damit Konsumenten das kosteneffizienteste Gerit leichter identifizieren konnen.
Dariiber hinaus untersuchen wir, ob und in welchem Ausmass kognitive Fihigkeiten sowie die Kompetenz,
informierte energiebezogene Finanzentscheidungen treffen zu konnen (engl. energy-related financial
literacy), die Konsumenten bei der Auswahl eines kosteneffizienten Gerits unterstiitzen.

Ziele und Inhalte der Kapitel

Die Hauptziele dieser Studie sind: (1) einen systematischen Uberblick iiber die Beziehung zwischen En-
ergienachfrage, der Produktion von Energiedienstleistungen, Inputpreisen und Energieeffizienz basierend
auf der mikrookonomischen Produktionstheorie und der Haushaltsproduktionstheorie zu liefern; (2) das
Niveau der der Stromnutzungseffizienz durch die Schitzung einer Stromnachfragegrenzfunktion (engl.
electricity demand frontier function) unter Zuhilfenahme von 6konometrischer Methoden und Panel-
daten basierend auf einer Stichprobe von Schweizer Haushalten zu ermitteln; (3) die energiebezogene
Investitionskompetenz von Schweizer Haushalten zu messen und deren Rolle fiir die Energieeffizienz von
Haushalten zu untersuchen; und (4) zu untersuchen, wie Informationen iiber den kiinftigen Energiever-
brauch auf Produkten dargestellt werden sollten, damit Verbraucher dasjenige Haushaltsgerét, welches die
Gesamtkosten iiber die Lebensdauer minimiert, leichter identifizieren konnen.

Der Bericht besteht aus zwei einleitenden Kapiteln, gefolgt von drei Kapiteln, die unterschiedliche
empirische Analysen prisentieren. Das erste Kapitel bietet eine theoretische Einfiihrung zur Effizienzmes-
sung und zur Haushaltsproduktionstheorie. Das zweite Kapitel erldutert die dieser Studie zugrunde
liegende grosse Haushaltsumfrage. Die beiden Kapitel 3 und 5 sind in sich geschlossene Artikel, die
in internationalen wissenschaftlichen Zeitschriften vertdffentlicht wurden. Kapitel 4 erweitert die in
Kapitel 3 vorgestellte Analyse, durch den Einbezug der gesamten Daten aus der Haushaltsumfrage sowie
durch eine Aufschliisselung der Wachstumsrate der Stromnachfrage. Da einige dieser Kapitel in sich
geschlossene Artikel sind und unabhiingig voneinander gelesen werden konnen, kann es in den Kapiteln
zu Wiederholungen einiger Konzepte kommen.

Im Kapitel 1 stellen wir eine systematische Analyse der Beziehung zwischen Energienachfrage, Energieef-
fizienz und technologischem Wandel vor. Die Konzepte der Produktionseffizienz, der Energieeffizienz,
des technologischen Wandels und der Energieeffizienzliicke (engl. energy efficiency gap) werden im
Rahmen der Haushaltsproduktionstheorie diskutiert. Wir priasentieren die mathematische Herleitung der
Haushaltsproduktionstheorie. Zudem wird in diesem Kapitel auch die mathematische Aufschliisselung
der Wachstumsrate von Energieverbrauch und Energieproduktivitit erldutert.

Kapitel 2 vermittelt einen Uberblick iiber die Entwicklung und Umsetzung der grossen Online-Umfrage,
die wir in Zusammenarbeit mit neun Schweizer Stromversorgungsunternehmen durchgefiihrt haben, um
Daten fiir unsere empirische Analyse zu erheben. In diesem Kapitel beschreiben wir die Organisation
der Stichprobenentnahme, den Prozess der Datenerhebung sowie die Struktur des Fragebogens. Die
erhobene Stichprobe wird mit einigen o6ffentlich verfiigbaren Bevolkerungsstatistiken aus den neun
Regionen verglichen, um die Reprisentativitit unseres Haushaltsdatensatzes abschitzen zu konnen.
Zudem présentieren wir in diesem Kapitel (aggregierte) deskriptive Statistiken fiir alle 8378 Haushalte
aus unserer Stichprobe.

In Kapitel 3 schitzen wir das Niveau der kurzfristigen (engl. transient) und strukturellen (engl. persistent)
Stromnutzungseffizienz in Schweizer Haushalten mittels dem neu entwickelten ‘generalized true random
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effects model’ (GTREM). Aus einem unbalancierten Panel-Datensatz (2010-2014) von 1994 Schweizer
Haushalten, der eine Teilmenge unseres in dieser Studie erhobenen Datensatzes bildet, schiitzen wir eine
Elektrizitdtsnachfrage-Grenzfunktion (engl. electricity demand frontier function). Wir beschrinken die
Analyse in diesem Kapitel auf diese Untergruppe, da Informationen zur energiebezogenen Investition-
skompetenz nicht fiir alle Haushalte verfiigbar sind (bei den Kunden einiger Versorgungsunternehmen
wurden diese Informationen nicht erhoben). Zudem analysieren wir, ob die Energie- und Investitionskom-
petenz einen Einfluss auf den Stromverbrauch von Haushalten haben. Die Ergebnisse zeigen signifikante
Ineffizienzen in der Stromnutzung von Schweizer Haushalten: sowohl kurzfristige Ineffizienzen (11%)
als auch strukturelle Ineffizienzen (22%). Wir stellen fest, dass die hohe strukturelle Ineffizienz auf struk-
turelle Probleme in den Haushalten und systematische Verhaltensdefizite im Haushaltsstromverbrauch
hinweist. Diese empirisch beobachteten Unterschiede zwischen kurzfristiger und struktureller Effizienz
weisen darauf hin, wie wichtig es ist, zwischen diesen beiden Komponenten zu unterscheiden.

Kapitel 4 erweitert die Analyse aus Kapitel 3 basierend auf Stromverbrauchsdaten aus den Versorgungs-
gebieten aller neun Stromunternehmen. Wihrend Kapitel 3 sich auf die Rolle der Energie- und Investi-
tionskompetenz konzentriert und daher nur Informationen von sechs der Stromversorgungsunternehmen
aus unserer Umfrage verwendet werden, wird in diesem Kapitel eine Effizienzanalyse fiir die gesamte
Stichprobe durchgefiihrt. Die durchschnittliche strukturelle Ineffizienz liegt bei etwa 22%, wéhrend die
kurzfristige Ineffizienz bei etwa 14% liegt. Diese Ergebnisse sind vergleichbar mit den Ergebnissen aus
Kapitel 3, die mit einer Teilmenge der Daten geschitzt wurden. Weiter analysieren wir in diesem Kapitel
die Rolle von einigen nachfrageseitigen Effizienz-Massnahmen, die in den neun Versorgungsgebieten in
den letzten 5 Jahren durchgefiihrt wurden, und schliisseln zudem die Wachstumsrate der Stromnachfrage
auf.

In Kapitel 5 untersuchen wir den Einfluss der Energie- und Investitionskompetenz auf die Wahrschein-
lichkeit, dass Individuen sich beim Kauf fiir ein energieeffizientes Gerit entscheiden. Diese zusitzliche
Analyse basiert auf zwei online durchgefiihrten randomisiert-kontrollierten Studien (engl. randomized
controlled trials oder RCT), die in den Fragebogen der grossen Haushaltsbefragung dieser Studie in-
tegriert wurden. Anhand einer Serie von rekursiven bivariaten Probitmodellen und drei Stichproben
von 583, 877 und 1’375 Schweizer Haushalten von drei Stromversorgern konnen wir aufzeigen, dass
die Bereitstellung von Informationen iiber den Energieverbrauch von Haushaltsgeriten in monetédren
Einheiten (jahrliche Stromkosten in CHF) anstatt in physikalischen Einheiten (jahrlicher Stromverbrauch
in kWh) die Wahrscheinlichkeit erhoht, dass ein Teilnehmer der Studie eine Investitionsanalyse durchfiihrt,
und somit das (kosten-) effizienteste Gerit auswihlt. Dariiber hinaus zeigen unsere 6konometrischen
Ergebnisse, dass Personen mit einem hoheren Niveau an Energie- und insbesondere Investitionskompetenz
eher eine Optimierung durchfiihren als sich auf eine Entscheidungs-Heuristik zu verlassen.

Hauptergebnisse und energiepolitische Schlussfolgerungen

Die Ergebnisse dieser Studie bestétigen ein erhebliches Potenzial fiir Stromeinsparungen im Schweizer
Haushaltssektor. Dariiber hinaus zeigt die empirische Analyse, dass das Niveau der kurzfristigen und
strukturellen Ineffizienz unterschiedlich hoch ist. Weiter konnen wir empirisch aufzeigen, dass sich die
Kompetenz, informierte energiebezogener Investitionsentscheidungen treffen zu kénnen, sowie energies-
parendes Verhalten positiv auf die Energieeffizienz von Haushalten auswirken. Dieses Potential zu nutzen
ist entscheidend, um das Reduktionsziel zu erreichen, das der Bundesrat im Rahmen der Energiestrategie
2050 festgelegt hat.

Wir finden zudem bei Schweizer Haushalten ein tiefes Niveau der energiebezogenen Investitionskompe-

tenz. Mehr als zwei Drittel der Schweizer Konsumenten scheinen sich eher auf einfache Entscheidungsfindungs-
Heuristiken als auf einen Vergleich der Lebenszeitkosten verschiedener Gerite zu stiitzen, wenn sie eine
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Kaufentscheidung treffen. Dies ist ein weiterer Hinweis dafiir, dass Individuen nur begrenzt rational (engl.
boundedly rational) sind und dass sie deshalb das finanzielle Einsparpotenzial von Energieeffizienzin-
vestitionen nicht ohne weitere Unterstiitzung ausschdpfen werden.

Aus energiepolitischer Sicht deuten die Ergebnisse dieser Studie darauf hin, dass eine Verbesserung der
Energieeffizienz auf drei Wegen erreicht werden konnte: Erstens durch die Verpflichtung der Hersteller von
Haushaltsgeriten, Informationen iiber den zukiinftigen Energieverbrauch des Produkts in monetirer Form
bereitzustellen. Dieser Ansatz konnte dem Beispiel des in den USA verwendeten EnergyGuide-Labels
folgen, welches erfordert, dass auf den Energielabels bestimmter Geriten eine Schitzung der jahrlichen
Betriebskosten angezeigt wird (US-FTC, 2017). Eine zweite Strategie wire, die Konsumenten iiber den
Energieverbrauch verschiedener Geréte sowie Ansédtze, um das kosteneffizienteste Gerit zu ermitteln,
aufzukldren. Dies konnte zum Beispiel anhand von Broschiiren und Kursen zur Energiekompetenz
an Schulen stattfinden. Als dritter Ansatz scheinen politische Massnahmen, die das energiebezogene
Wissen von Verbrauchern, und die Fihigkeit, komplexe (Investitions-)Berechnungen durchzufiihren
fordern, wichtig zu sein. Sie bilden eine Voraussetzung dafiir, dass Verbraucher rationale und informierte
energiebezogene Entscheidungen treffen konnen. Schliesslich konnten Entscheidungshilfen wie ein
Online-Rechner, der die Kosten von Geriten iiber die gesamte Lebensdauer berechnet, im Einzelhandel,
iber mobile Anwendungen oder iiber eine vom Bund geforderte Webseite bereitgestellt werden.

Hierbei betonen wir nochmals die klare Unterscheidung zwischen der kurzfristigen und der strukturellen
Energieeffizienz der Haushalte, da diese Unterscheidung dazu beitragen kann, die entsprechenden politis-
chen Massnahmen auszuwéhlen. Zum Beispiel werden energiepolitische Massnahmen, die versuchen,
Energiesparverhalten zu férdern (z.B. eine Informationskampagne) oder versuchen, das Niveau der
Energiekompetenz zu erhdhen (z.B. Verteilen von Informationsmaterial an Haushalte), vor allem das
kurzfristige Effizienzniveau beeinflussen. Hingegen konnten politische Massnahmen, die versuchen,
die energiebezogene Investitionskompetenz der Haushalte zu verbessern (wie kurze Kurse zur Schulung
von Verbrauchern bei der Bewertung von Investitionen oder Webseiten und Mobile-Apps, die bei der
Berechnung der Gesamtkosten iiber die gesamte Lebensdauer der Gerite helfen) Auswirkungen auf die
Kaufprozess von Geriten haben und somit auch auf das Niveau der strukturellen Effizienz.

Die Umsetzung dieser oben genannten politischen Massnahmen zusammen mit der einer Subvention von
Energieberatungen in Haushalten sowie anderen politischen Instrumenten, etwa basierend auf Nudges
und sozialen Normen, kann dazu beitragen, die Effizienz der Stromnutzung in Haushalten zu erh6hen.
Aufgrund der inhérenten begrenzten Rationalitit (engl. bounded rationality) der Verbraucher konnte die
Wirkung einer 6kologischen Steuer, die darauf abzielt, externe Kosten zu internalisieren, untergraben
werden. Selbst wenn eine Energie- oder CO,-Steuer den Strom teurer machen wiirde — und daher
Investitionen in Energieeffizienz rentabler wiren — wiirden begrenzt rationale Verbraucher diese Investi-
tionen voraussichtlich nicht titigen, da sie bei der Kaufentscheidung eines Haushaltsgerites (kognitiv)
nicht in der Lage wéren, zukiinftige Kosteneinsparungen zu beriicksichtigen. Dariiber hinaus kann die
beschrinkte Rationalitidt von Verbrauchern (engl. boundedly rational consumer) auch die Einfithrung
effizienzbezogener Vorschriften und Normen rechtfertigen.
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Résumeé

Introduction

Plus de 60% de la consommation finale d’énergie de la Suisse est couverte par de 1’énergie provenant de
combustibles fossiles. En 2014, le secteur des ménages était a 1’origine de pres de 30% de I’ensemble de
la consommation finale d’énergie en Suisse, dont environ 58% provenait de combustibles fossiles (BFE,
2015). 1l est essentiel d’accroitre 1’efficacité énergétique des ménages pour réduire la consommation
globale d’énergies fossiles et les émissions de CO, qu’elles génerent en Suisse, et atteindre les objectifs
de politique énergétique visés avec la Stratégie énergétique 2050.

Méme si des efforts conséquents doivent étre consentis pour réduire la consommation de combustibles
dans le secteur des ménages, il existe toutefois aussi un important potentiel d’amélioration de I’efficacité
en matiere de consommation électrique. En Suisse, 1’électricité provient principalement des centrales
hydrauliques (60%) et nucléaires (40%). En 2011, apres I’accident nucléaire a Fukushima Daiichi, le
Conseil fédéral a décidé d’abandonner I’énergie nucléaire. La Stratégie énergétique 2050 a fixé comme
objectif, en premier lieu, de réduire la consommation d’électricité en optant pour une consommation
électrique plus efficace, et, deuxiemement, d’accroitre la proportion d’énergies renouvelables, comme
I’éolien ou le solaire, dans la production d’électricité. Dans ce contexte, le secteur des ménages semble
présenter un grand potentiel de gain en efficacité et pourrait contribuer significativement a faire reculer la
consommation finale d’énergie dans son ensemble.

Pour faire baisser la consommation électrique des ménages, il est important de promouvoir des luminaires
et des appareils ménagers efficients sur le plan énergétique. Souvent, un taux d’acceptation bas des
technologies efficaces énergétiquement dépend de ce que 1’on appelle I’écart d’efficacité énergétique
(energy-efficiency gap en anglais). On observe couramment que les personnes qui prennent la décision
d’acheter ne choisissent pas 1’appareil ménager le plus efficace énergétiquement, méme si de leur
perspective individuelle celui-ci représente le choix le plus économique (minimisation des colts de
fonctionnement sur tout le cycle de vie). La littérature scientifique fournit plusieurs explications a cet
écart. L’une d’entre elles pourrait €tre liée au fait que les consommateurs font preuve de rationalité limitée
(boundedly rational en anglais). En effet, choisir I’appareil offrant les cofits les plus bas sur tout son
cycle de vie est une tache ardue. Pour pouvoir prendre une décision rationnelle sur un enjeu financier,
il faut comparer 1’ensemble des colits des appareils ménagers sur tout leur cycle de vie. Cela nécessite
une connaissance du prix d’achat, de la consommation d’électricité, de la fréquence d’utilisation prévue,
des prix actuels et futurs de I’électricité, etc., ainsi que la capacité a faire des investissements éclairés en
matiere d’énergie (energy-related investment literacy), ce qui englobe le traitement et la corrélation de
toutes ces informations.

Dans ce contexte, il est important que les décideurs politiques connaissent le véritable potentiel des
économies d’électricité dans le secteur suisse des ménages. Le niveau d’efficacité énergétique des ménages
peut étre déterminé a 1’aide d’une approche ascendante en effectuant une analyse d’efficacité sur site des
batiments. Cependant, une telle approche d’ingénierie économique ne prend pas en compte les aspects
comportementaux de I'utilisation de 1’énergie. Dans la présente étude, nous estimons donc les niveaux
d’efficacité énergétique des ménages en recourant a des méthodes mathématiques et statistiques tenant



compte de la consommation totale d’électricité et de facteurs tels que la taille et les caractéristiques de la
maison / de I’appartement, la composition du ménage, le nombre et le type d’appareils ménagers utilisés,
le nombre de prestations énergétiques consommées, les variables démographiques et les comportements
et compétences relatifs a 1’énergie. Cette approche permet de réaliser un étalonnage «équitable» des
ménages suisses en fonction de leur consommation d’électricité. En outre, la présente étude investigue la
facon dont les informations concernant la consommation future d’énergie devraient étre présentées sur les
produits afin que les consommateurs puissent identifier aisément I’appareil le plus efficient en termes de
colts. De plus, nous étudions si et dans quelle mesure les capacités cognitives et la capacité a prendre des
décisions financieres éclairées dans le domaine de 1’énergie (energy-related financial literacy) aident les
consommateurs a choisir un appareil efficient en termes de codts.

Objectifs et contenu du chapitre

Les objectifs principaux de la présente étude sont: (/) Fournir un apercu systématique de la relation
entre la demande d’énergie, la production de services énergétiques, les prix des intrants et 1’efficacité
énergétique sur la base de la théorie de la production microéconomique et de la théorie de la production
des ménages; (2) Déterminer le niveau d’efficacité de 1’utilisation de 1’électricité en estimant une fonction
frontiere de la demande d’électricité avec des méthodes économétriques et des données de panel basées
sur un échantillon de ménages suisses; (3) Dans les ménages suisses; mesurer I’expertise en maticre
d’investissements énergétiques et étudier son rdle dans I’efficacité énergétique; et (4) Examiner la facon
dont les informations concernant la consommation future d’énergie devraient étre présentées sur les
produits afin que les consommateurs puissent identifier plus aisément 1’ appareil dont les cofits totaux sont
les moindres sur tout son cycle de vie.

Le rapport se compose de deux chapitres introductifs, suivis de trois chapitres présentant différentes
analyses empiriques. Le premier chapitre fournit une introduction théorique sur la mesure de 1’efficacité
et sur la théorie de la production domestique. Le deuxi¢me chapitre décrit la vaste enquéte aupres des
ménages sur laquelle repose la présente étude. Les chapitres 3 et 5 sont des articles autonomes publiés
dans des revues scientifiques internationales. Le chapitre 4 étend 1’analyse présentée au chapitre 3 en
incluant toutes les données de 1’enquéte aupres des ménages et en séquencant le taux de croissance de la
demande en électricité. Puisque certains de ces chapitres sont des articles autonomes et peuvent étre lus
indépendamment les uns des autres, il est possible que certains concepts se répetent.

Au chapitre 1, nous présentons une analyse systématique de la relation entre la demande d’énergie,
Pefficacité énergétique et le changement technologique. Les concepts d’efficacité de production,
d’efficacité énergétique, de changement technologique et d’écart d’efficacité énergétique sont discutés
dans le cadre de la théorie de la production domestique. Nous présentons 1’origine mathématique de la
théorie de la production domestique. En outre, ce chapitre explique également la ventilation mathématique
du taux de croissance de la consommation d’énergie et de la productivité énergétique.

Le chapitre 2 donne un apercu du développement et de la mise en ceuvre de la vaste enquéte en ligne que
nous avons menée en collaboration avec neuf entreprises suisses d’approvisionnement en électricité afin
de recueillir des données pour notre analyse empirique. Dans ce chapitre, nous décrivons I’ organisation
de I’échantillonnage, le processus de collecte des données et la structure du questionnaire. L’ échantillon
recueilli est comparé a certaines statistiques sur la population accessibles au public et provenant des neuf
régions concernées, afin d’estimer la représentativité de notre corpus de données sur les ménages. En
outre, nous présentons des statistiques descriptives (agrégées) pour I’ensemble des 8378 ménages de notre
échantillon.
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Dans le chapitre 3, nous estimons le niveau d’efficacité de I’utilisation de I’électricité a court terme
(transitoire) et structurelle (persistante) dans les ménages suisses en utilisant le «modele généralisé
d’effets aléatoires réels» (generalized true random effects model ou GTREM) récemment développé.
Nous estimons une fonction frontiere de la demande d’électricité, a partir d’un jeu de données d’un panel
non compensé (2010-2014) de 1994 ménages suisses, qui est un sous-ensemble de 1’échantillon que
nous avons recueilli pour la présente étude. Dans ce chapitre, nous limitons 1’analyse a ce sous-groupe
car les informations sur I’expertise en matiere d’investissements li€s a 1’énergie ne sont pas disponibles
pour tous les ménages (certaines entreprises d’approvisionnement n’ont pas collecté cette information
aupres de leurs clients). En outre, nous analysons si I’expertise en matiere d’énergie et d’investissements
a un impact sur la consommation d’électricité des ménages. Les résultats montrent des inefficiences
significatives dans 1’utilisation de I’électricité par les ménages suisses: a la fois a court terme (11%) et au
niveau structurel (22%). Nous notons que le niveau élevé d’inefficacité structurelle indique également
des problémes structurels dans les ménages et des déficits comportementaux systématiques dans la
consommation d’électricité de ces derniers. Ces différences observées empiriquement entre I’ efficacité
a court terme et 1’efficacité structurelle soulignent a quel point il est important de distinguer ces deux
composantes.

Le chapitre 4 étend 1’analyse menée au chapitre 3 sur la base des données relatives a la consommation
électrique dans les zones de desserte de I’ensemble des neuf compagnies d’électricité. Tandis que le
chapitre 3 se concentre sur le role de 1’expertise en matiere d’énergie et d’investissements, et n’utilise donc
que des informations provenant de six des entreprises d’électricité de notre enquéte, ce chapitre analyse
I’efficacité de I’ensemble de I’échantillon. L’inefficacité structurelle moyenne est d’environ 22%, tandis
que I’inefficacité a court terme est d’environ 14%. Ces résultats sont similaires aux résultats du chapitre 3,
qui ont été estimés avec un sous-ensemble de données. En outre, dans ce chapitre, nous analysons le rdle
de certaines mesures d’efficacité du coté de la demande qui ont été mises en ceuvre dans les neuf zones de
desserte au cours des cinq dernieres années. Nous décomposons également le taux de croissance de la
demande en électricité.

Au chapitre 5, nous examinons I’impact de I’expertise en matiere d’énergie et d’investissements sur la
probabilité que les individus choisissent un appareil écoénergétique lorsqu’ils achétent. Cette analyse
supplémentaire est basée sur deux essais controlés aléatoires en ligne (ECA) (randomized controlled
trials ou RCT) intégrés dans le questionnaire joint a la vaste enquéte aupres des ménages de la présente
étude. En utilisant une série de modeles probit bivariés récursifs et trois échantillons de 583, 877 et
1375 ménages suisses de trois entreprises d’approvisionnement en électricité, nous sommes en mesure
de démontrer que fournir des informations sur la consommation d’énergie des appareils ménagers en
unités monétaires (colit annuel de I’électricité en CHF) plutdt qu’en unités physiques (consommation
annuelle d’électricité en kWh) augmente la probabilité qu’un participant a 1’étude effectue une analyse
d’investissement et sélectionne 1’appareil le plus efficient en termes de colits. De plus, nos résultats
économétriques indiquent que les personnes ayant une expertise plus élevée en matiere d’énergie et, en
particulier, en mati¢re d’investissements ont tendance a choisir 1’optimisation plutdt qu’a compter sur une
heuristique décisionnelle.

Résultats principaux et conclusions relatives a la politique énergétique

Les résultats de cette étude confirment un potentiel considérable d’économies d’électricité dans le secteur
des ménages suisse. En outre, 1’analyse empirique montre que les niveaux d’inefficacité a court terme
et structurelle different. Nous sommes également en mesure de démontrer que la capacité a prendre des
décisions éclairées en matiere d’investissements li€s a I’énergie et le comportement face a 1I’économie
d’énergie ont un effet positif sur I’efficacité énergétique des ménages. L’ exploitation de ce potentiel est
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décisive pour atteindre I’objectif de réduction fixé par le Conseil fédéral dans le cadre de la stratégie
énergétique 2050.

Nous constatons également chez les ménages suisses un faible niveau d’expertise en matiere d’investissement
liés a I’énergie. Plus des deux tiers des consommateurs suisses semblent s’appuyer sur de simples heuris-
tiques décisionnelles plutdt que de comparer le colit du cycle de vie de divers appareils lorsqu’ils décident
d’un achat. C’est une indication supplémentaire que les individus ne font preuve que d’une rationalité
limitée et qu’ils n’épuiseront pas le potentiel d’économies financieres des investissements dans 1’efficacité
énergétique sans y étre aidés.

Du point de vue de la politique énergétique, les résultats de cette étude suggerent que 1’efficacité
énergétique pourrait étre améliorée de trois manieres: premierement, en contraignant les fabricants
d’appareils ménagers a fournir en termes monétaires des informations quant a la consommation d’énergie
future du produit. Cette approche pourrait suivre I’exemple du label EnergyGuide utilisé aux Etats-Unis,
qui exige une estimation des cofits de fonctionnement annuels & afficher sur les étiquettes énergétiques de
certains appareils (US-FTC, 2017). Une deuxieéme stratégie consisterait a éduquer les consommateurs
quant a la consommation d’énergie de divers appareils et aux démarches pour trouver I’appareil le plus
rentable. Par exemple, cela pourrait se faire au travers de brochures et de cours de compétences énergétique
dans les écoles. En troisieme lieu, il semble que les mesures politiques favorisant les connaissances des
consommateurs dans le domaine de I’énergie et leur capacité a effectuer des calculs (d’investissements)
complexes revétent une grande importance. Elles sont une condition préalable pour que les consommateurs
prennent des décisions rationnelles et éclairées en matiere d’énergie. Enfin, des outils d’aide a la décision,
tels qu’un calculateur en ligne qui calcule le coiit du cycle de vie des appareils, pourraient étre fournis dans
le commerce de détail, par le biais d’applications mobiles ou d’un site web parrainé par la Confédération.

La encore, nous insistons sur la distinction claire entre 1’efficacité énergétique a court terme et 1’efficacité
énergétique structurelle des ménages, car cette distinction peut aider a choisir les mesures politiques appro-
priées. Par exemple, les mesures de politique énergétique qui cherchent a promouvoir les comportements
écoénergétiques (p. ex. une campagne d’information) ou a accroitre le niveau d’expertise en matiere
d’énergie (p. ex. en distribuant des informations aux ménages) affecteront surtout I’efficacité a court
terme. En revanche, celles qui entendent améliorer 1’expertise des ménages dans les investissements liés a
I’énergie (comme des cours pour former les consommateurs a 1’évaluation des investissements ou des
sites web et des applications mobiles permettant de calculer le cofit total du cycle de vie d’un appareil)
agiront sur le processus d’achat d’appareils et donc aussi sur le niveau d’efficacité structurelle.

La mise en ccuvre de ces mesures, ainsi que la subvention de conseils énergétiques dans les ménages
et d’autres instruments politiques reposant en partie sur des coups de pouce et des normes sociales,
peuvent contribuer a accroitre I’efficacité de 1’utilisation de I’électricité par les ménages. Dans ce contexte,
la rationalité intrinsequement limitée des consommateurs pourrait compromettre 1I’impact d’une taxe
environnementale visant a internaliser les colits externes. Mé&me si une taxe sur 1’énergie ou le CO,
rendait 1’électricité plus cheére — augmentant ainsi la rentabilité des investissements dans 1’efficacité
énergétique — les consommateurs faisant preuve d’une rationalité limitée n’investiraient probablement
pas, car ils seraient (cognitivement) incapables de tenir compte des futures économies réalisables lors de
I’achat d’un appareil ménager. En outre, la rationalité limitée des consommateurs peut également justifier
I’introduction de prescriptions et de normes en matiere d’efficacité.
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Executive Summary

Introduction

More than 60% of the energy end-use consumption in Switzerland originates from fossil fuels. In 2014,
the residential sector consumed nearly 30% of the total final energy consumption in Switzerland and about
58% of the energy end-use consumption of households was based on fossil fuels (BFE, 2015). Improving
the energy efficiency in the residential sector is therefore one of the strategies to reduce total fossil energy
consumption and related CO;-emissions in Switzerland, in order to eventually meet the energy policy
goals established in the Swiss Energy Strategy 2050.

While a major effort needs to be made for reducing the consumption of heating fuels, there is also a
potential for enhanced efficiency in the electricity consumption of Swiss households. In Switzerland,
electricity is primarily produced by hydro-power plants (60%) and nuclear power plants (40%). In 2011,
after the Fukushima Daiichi nuclear accident, the Swiss federal council decided to abandon nuclear energy.
One important goal of the Energy Strategy 2050 is to reduce electricity consumption by improving the
level of efficiency in the use of electricity and to increase the share of electricity produced with new
renewable sources of energy, such as wind and solar. In this context, the residential sector seems to offer
a great potential for efficiency gains and could make an important contribution to a reduction of total
end-use electricity consumption.

One important avenue in reducing residential electricity consumption is to foster the adoption of energy-
efficient lighting and household appliances. A low adoption of energy-efficient technologies is often
related to the ‘energy-efficiency gap’, i.e. the frequent observation that individual decision-makers do not
choose the most energy-efficient appliance, even if this appliance is also the most cost-efficient choice
from the individual’s point of view (minimizing lifetime operating costs). The literature offers several
explanation for this gap. One of them could be related to the presence of boundedly rational consumers.
In fact, the identification of the least lifetime cost and energy-efficient appliance is a challenging task.
To make economically rational decisions, individuals need to compare the lifetime costs of electrical
appliances. This necessitates knowledge of the purchase price of an appliance, its electricity consumption,
expected frequency of use, current and future electricity prices etc., and also a certain level of energy-
related investment literacy to process all this information.

Against this background, it is important for policy makers to have information on the potential for
electricity savings in the Swiss residential sector. The level of energy efficiency of households can be
measured with a bottom-up approach, by making an on-site efficiency analysis of buildings. However,
with such an economic-engineering approach, the behavioral aspects in energy use are not accounted
for. In this project, we therefore estimate a household’s level of efficiency in the use of electricity with
mathematical and statistical methods, accounting for total electricity consumption and factors such as
size and characteristics of the residence, household composition, number and type of appliances, number
of energy-services consumed, as well as socio-economic and demographic variables and energy-related
behavior and literacy. With this approach a ‘fair’ benchmarking of Swiss households with respect to their
electricity consumption can be performed. The research presented here also examines the question as
to how information on future energy consumption should be displayed on products in order to enable
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consumers to identify the appliance that minimizes lifetime cost. Furthermore, we investigate whether
and to what extent cognitive abilities as well as energy-related financial literacy support consumers in
identifying a cost-efficient appliance.

Goals and contents of the chapters

The main objectives of this project are to: (1) provide a systematic overview based on the microeconomics
of production and on the household production theory of the relation between energy demand, production
of energy services, input prices and energy efficiency; (2) measure the level of efficiency in the use of
electricity through the estimation using econometric methods of an electricity demand frontier function
for a sample of Swiss households using panel data; (3) investigate the level of energy-related investment
literacy among Swiss households and its role for energy efficiency; and (4) study how information on
future energy consumption should be displayed on products in order to enable consumers to identify the
appliance that minimizes lifetime cost.

The report consists of two introductory chapters followed by three chapters that present several empirical
analyses. The first chapter provides a theoretical background to efficiency measurement and the household
production theory. The second chapter introduces the underlying household survey. Chapters 3 and 5
are self-contained already published articles in international scientific journals. Chapter 4 extends the
analysis presented in Chapter 3 in that it includes data from all utilities and provides a decomposition
of the growth rate of electricity demand. As some of these chapters are self-contained and can be read
independently of each other, a repetition of some concepts across the chapters could not be avoided.

In Chapter 1 we present a systematic analysis of the relation between energy demand, energy efficiency
and technological change. The concepts of productive efficiency, energy efficiency, technological change
and energy efficiency gap are discussed within the framework of the household production theory. We
also present details on the basic mathematical framework of the household production theory. Finally,
the mathematical decomposition of the growth rate of energy demand and energy productivity is also
presented.

Chapter 2 provides an overview of the development and implementation of the online survey that we
organized in cooperation with nine Swiss utilities to collect data for our empirical analysis. We inform
about the organization of the sampling, the process of data collection as well as the general structure of
the questionnaire. The collected sample is compared to some of the publicly available population statistics
from the nine regions to give an idea of the representativeness of the collected data. We also provide
(aggregate) descriptive statistics for all 8,378 households from our survey sample.

In Chapter 3 we estimate the level of transient and persistent efficiency in the use of electricity in Swiss
households using the newly developed generalized true random effects model (GTREM). An unbalanced
panel dataset of 1994 Swiss households from 2010 to 2014, which is a subset of our dataset collected via
the household survey, is used to estimate an electricity demand frontier function. We restrict the analysis
to this subset because information on energy-related investment literacy is not available for all utilities. We
further investigate whether energy and investment literacy have an influence on the household electricity
consumption. The results show significant inefficiencies in the use of electricity among Swiss households,
both transient (11%) and persistent (22%). We note that the high persistent inefficiency is indicative of
structural problems faced by households and systematic behavioral shortcomings in residential electricity
consumption. This observed differences between the transient and persistent level of efficiency point out
how important it is to distinguish between the two concepts.



Chapter 4 extends the analysis in Chapter 3 to include electricity consumption data from service regions
of all utilities in our survey. While Chapter 3 focuses on the role of energy and investment literacy using
data from six utilities, this chapter performs efficiency analysis on the full sample. The mean persistent
inefficiency is found to be around 22% whereas the transient inefficiency is seen to be around 14%. These
values are very similar to the one obtained with a subset of data and presented in Chapter 3. We also
analyze the role of some of the demand-side measures that were in place in these regions over the last 5
years and provide a decomposition of the growth rate of electricity demand.

Chapter 5 provides an analysis of the influence of energy and investment literacy on the probability
to purchase energy-efficient appliances. This additional analysis is based on two online randomized
controlled trials (RCTs) that have been included in the questionnaire of the large household survey. Using
a series of recursive bi-variate probit models and three samples of 583, 877 and 1,375 Swiss households
from three participating utilities, we show that displaying information on energy consumption of electrical
appliances in monetary terms (yearly energy cost in CHF), rather than in physical units (yearly energy
consumption in kWh), increases the probability that an individual performs an investment analysis and
hence chooses the most (cost-)efficient appliance. In addition, our econometric results suggest that
individuals with a higher level of energy and, in particular, investment literacy are more likely to perform
an optimization rather than relying on a decision-making heuristic.

Main results and policy implications

The results of the project thus confirm a considerable potential for electricity savings in the Swiss
residential sector. Further, the empirical analysis show that the level of persistent and transient efficiencies
is different. Moreover, a positive effect of energy-related investment literacy and energy-saving behaviour
in reducing household electricity consumption could be identified. Tapping this potential will be crucial
for reaching the reduction target defined by the Swiss federal council as part of the Energy Strategy
2050.

The level of energy-related investment literacy is found to be low among Swiss households. More than
two thirds of Swiss consumers seem to rely on the use of simple decision-making heuristics rather than an
assessment of the lifetime energy costs of various appliances before making a purchase decision. This
provides further evidence that individuals tend to be boundedly rational and might not tap the financial
savings potential of energy efficiency investments without further support.

From an energy policy point of view, the results suggest that an improvement in energy efficiency could
be reached in three ways. First, with an obligation for the producers of electrical appliances to provide
information on the future energy consumption of the product in the form of a monetary estimate. This
could follow the example of the EnergyGuide label used in the United States that requires that on certain
appliances an estimate of the annual operating energy cost is displayed (US-FTC, 2017). A second
strategy would be to educate consumers about the energy consumption of different appliances and how
to identify the most efficient appliances by means of brochures and energy literacy courses at schools.
As a third strategy, policy measures that enhance an individual’s energy-related knowledge and the
ability to make complex (investment) calculations seems to be one important prerequisite to empower
consumers to make rational and informed energy-related choices. Finally, decision support tools such as
lifetime-cost-calculators could be provided in stores, mobile applications or through a web page promoted
by the government.

The clear distinction between the persistent and transient inefficiencies faced by households are again

emphasized, as it may help to channel the relevant policy measures. For instance, energy policy measures
that try to promote energy saving behavior (such as an information campaign) or try to increase the
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level of energy literacy (such as distribution of information leaflets and booklets among households) will
probably have an impact on the level of transient efficiency. On the other hand, policy measures that try to
improve the level of financial literacy (such as short courses training individuals in assessing investments
or web-pages and mobile-apps that help to calculate the lifetime cost of appliances) could have an impact
on the buying process of appliances, and therefore, on the level of persistent efficiency.

Implementing these policy measures together with the promotion through subsidies of in-home energy
audits and other measures, e.g., based on nudges and social norms may help in achieving improvements
in the level of efficiency in the use of electricity. Nonetheless, the inherent bounded rationality within
consumers could undermine the impact of an ecological tax aiming to internalize external costs, i.e. even
if an energy or CO;-tax made electricity more costly - and hence investments in energy efficiency more
viable - boundedly rational consumers would probably not make these investments because they would still
not be (cognitively) able to take future cost savings into account when choosing an appliance. Moreover,
the presence of bounded rational consumers could also justify instruments such as efficiency-related
regulations and standards for electrical appliances.
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Introduction

More than 60% of the energy end-use consumption in Switzerland originates from fossil fuels. In 2014,
the residential sector consumed nearly 30% of the total final energy consumption in Switzerland and about
58% of the energy end-use consumption of households was based on fossil fuels (BFE, 2015). Improving
the energy efficiency in the residential sector is therefore one of the strategies to reduce total fossil energy
consumption and hence the dependency on imported fossil fuels in Switzerland, in order to eventually
meet the energy policy goals established in the Swiss Energy Strategy 2050.

When thinking about reducing the energy consumption of households, three important questions arise: (/)
How large are the potentials for energy savings in the Swiss residential sector for a given level of energy
services? (2) How big are the differences in the levels of energy efficiency among Swiss households and
to what extent are these differences driven by energy policy measures or behavioral factors? (3) What
role does behavioral failures play on the level of energy efficiency and energy consumption in Swiss
households?

To answer these questions, it is important to remember that a household’s energy demand is not a demand
for energy per se but a derived demand for energy services, such as cooling, heating, cooking or lighting.
A reduction in energy consumption to produce a given level of energy services can be achieved either by
improving the level of efficiency in the use of inputs (i.e. in the use of appliances), by adopting a new
energy-saving technology (i.e. purchase of new appliances, investments in energy-saving renovations) or
by both processes. Technological change can induce a reduction of energy consumption for a given level
of energy services, provided that the inputs are used in an efficient way, i.e. given that the households are
productively efficient. The total reduction in residential energy consumption is therefore a result of the
interplay of adoption of energy efficiency technology and a household’s behavior.

The level of energy efficiency of Swiss households can be measured with a bottom-up approach, by
making an on-site efficiency analysis of buildings. However, with such an economic-engineering approach,
the behavioral aspects in energy use are not accounted for. In addition, this approach is not based on
the microeconomics of production. In this project, we therefore estimate a household’s level of energy
efficiency with mathematical and statistical methods, accounting for total energy consumption and factors
such as size and characteristics of the residence, household composition, number and type of appliances,
number of energy-services consumed, as well as socio-economic and demographic variables and energy-
related behavior. With this approach, a ‘fair’ benchmarking of Swiss households with respect to their
energy consumption can be performed.

The existing literature on the measurement of the level of energy efficiency in the residential sector using
an economic approach is not very large. There are several studies using aggregate data, for example
Filippini and Hunt (2012) measure the level of energy efficiency in the residential sector in the US using
state level data. However, studies using dis-aggregated data are scarce. Weyman-Jones et al. (2015)
estimated an energy input demand frontier function originally proposed by Filippini and Hunt (2011)
using a cross-sectional household dataset from a survey in Portugal. Thus, they are one of the first
to estimate energy efficiency using stochastic frontier analysis (SFA) with dis-aggregated household
survey data. However, the model used by Weyman-Jones et al. (2015) is relatively simple and with few
explanatory variables. In contrast, Boogen (2017) uses a much richer model using not only the information
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on appliance stock but also on the amount of energy services consumed to estimate the technical efficiency
of a set of Swiss households using a sub-vector distance function. However, as Boogen (2017) uses a
cross-sectional dataset, the unobserved heterogeneity cannot be accounted for. Moreover, only the level
of technical efficiency is estimated. Very recently, Alberini and Filippini (2018) estimated the level of
efficiency in the use of energy using dis-aggregated data for a large sample of US households. To our
knowledge, this is the first report on the estimation of the level of efficiency in the use of electricity in
Swiss households using a rich panel dataset.

While a major effort needs to be made for reducing the consumption of heating fuels, there is also a
potential for enhanced efficiency in the electricity consumption of Swiss households. In Switzerland,
electricity is primarily produced by hydro-power plants (60%) and nuclear power plants (40%). In 2011,
after the Fukushima Daiichi nuclear accident, the Swiss federal council decided to abandon nuclear energy.
One important goal of the Energy Strategy 2050 is to reduce electricity consumption by improving the
level of efficiency in the use of electricity and to increase the share of electricity produced with new
renewable sources of energy, such as wind and solar. In this context, the residential sector seems to offer
a great potential for efficiency gains and could make an important contribution to a reduction of total
end-use electricity consumption.

One important avenue in reducing residential electricity consumption is to foster the adoption of energy-
efficient lighting and household appliances. A low adoption of energy-efficient technologies is often
related to the ‘energy-efficiency gap’, i.e. the frequent observation that individual decision-makers do not
choose the most energy-efficient appliance, even if this appliance is also the most cost-efficient choice
from the individual’s point of view (minimizing lifetime operating costs). The literature offers several
explanation for this gap. One of them could be related to the presence of boundedly rational consumers.
In fact, the identification of the least lifetime cost and energy-efficient appliance is a challenging task.
To make economically rational decisions, individuals need to compare the lifetime costs of electrical
appliances. This necessitates knowledge of the purchase price of an appliance, its electricity consumption,
expected frequency of use, current and future electricity prices etc., and also a certain level of energy-
related investment literacy to process all this information.! If markets provide too little or inadequate
information about these parameters, or if this information is not salient enough to the consumer, this
constitutes a barrier to solving the optimization problem (Sanstad and Howarth, 1994a). In fact, in many
purchase situations, the information about the energy-efficiency of an appliance and thus about the future
energy costs is less salient than the purchase price.

The research presented here also examines the question as to how information on future energy con-
sumption should be displayed on products in order to enable consumers to identify the appliance that
minimizes lifetime cost. Furthermore, we investigate whether and to what extent cognitive abilities as
well as energy-related financial literacy support consumers in identifying a cost-efficient appliance.

One of the initial goals of the project was to estimate a total energy demand frontier function and the
underlying efficiency of Swiss households. However, the analysis presented here had to be restricted to
estimating an electricity demand model (and hence the level of efficiency in the use of electricity) due to
difficulty in obtaining reliable consumption data related to oil and gas consumption within the residential
sector. Having said this, even though we have sometimes used the general term ‘energy efficiency’ in the
discussions, the reader is informed that the analysis and conclusions in this research are in the context of
‘electricity’ consumption at the residential level.

'In a recent work, Blasch et al. (2018) discuss several concepts and definitions related to energy literacy and financial
literacy in the existing literature. They also propose a new concept of ‘energy-related financial literacy’ which encompasses
both energy-related knowledge and cognitive skills to process available information in order to take informed energy-related
investment decisions.
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The main objectives of the project “Energy Efficiency, Bounded rationality and energy-related financial
literacy in the Swiss Household Sector” are:

a) to provide a systematic overview based on the microeconomics of production and on the household
production theory of the relation between energy demand, production of energy services, input
prices and energy efficiency;

b) to measure the level of efficiency in the use of electricity through the estimation of an electricity
demand frontier function for a sample of Swiss households using panel data;

¢) to investigate the level of energy-related investment literacy among Swiss households and its role
for energy efficiency; and

d) to study how information on future energy consumption should be displayed on products in order to
enable consumers to identify the appliance that minimizes lifetime cost.

Outline of this report

The report consists of two introductory chapters followed by three chapters that present several empirical
analyses. The first chapter provides a theoretical background to efficiency measurement and the household
production theory. The second chapter introduces the underlying household survey. Chapters 3 and 5
are self-contained already published articles in international scientific journals. Chapter 4 extends the
analysis presented in Chapter 3 in that it includes data from all utilities and provides a decomposition
of the growth rate of electricity demand. As some of these chapters are self-contained and can be read
independently of each other, a repetition of some concepts across the chapters could not be avoided.

In Chapter 1 (Background in efficiency and household production theory) we presents a systematic
analysis of the relation between energy demand, energy efficiency and technological change. The
concepts of productive efficiency, energy efficiency, technological change and energy efficiency gap are
discussed within the framework of the household production theory. We also present details on the basic
mathematical framework of the household production theory. Finally, the mathematical decomposition of
the growth rate of energy demand and energy productivity is also presented.

In Chapter 2 (The household survey) we provide an overview of the development and implementation
of the online survey that we organized in cooperation with nine Swiss utilities to collect data for our
empirical analysis. We inform about the organization of the sampling, the process of data collection
as well as the general structure of the questionnaire. We compare the collected sample to some of the
publicly available population statistics from the nine regions to give an idea of the representativeness of the
collected data. We also provide extensive (aggregate) descriptive statistics for all 8,378 households from
our survey sample. This includes information on the size and characteristics of the residences, household
size and composition, energy services consumed by the households, number and age of appliances, energy
sources used by the households as well as socio-demographics of the survey respondents. In addition, we
report energy-related attitudes and behaviors, energy literacy and the adoption of demand-side measures
offered by the utilities.

In Chapter 3 (Explaining electricity demand and the role of energy and investment literacy on end-use
efficiency of Swiss households) we estimate the level of transient and persistent efficiency in the use of
electricity in Swiss households. An unbalanced panel dataset of 1994 Swiss households from 2010 to
2014, which is a subset of our dataset collect via the household survey is used to estimate an electricity
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demand frontier function. We restrict the analysis to this subset because information on energy-related
investment literacy is not available for all utilities. We further investigate whether energy and investment
literacy have an influence on the household electricity consumption. This chapter is based on Blasch et al.
(2017a).

In Chapter 4 (Efficiency analysis on full sample, policy analysis and decomposition) we extend the
analysis in Chapter 3 to include electricity consumption data from service regions of all utilities in our
survey. While Chapter 3 focuses on the role of energy and investment literacy using data from six utilities,
this chapter performs efficiency analysis on the full sample. We also analyze the role of some of the
demand-side measures that were in place in these regions over the last 5 years and provide a decomposition
of the growth rate of electricity demand.

In Chapter 5 (Boundedly rational consumers, energy and investment literacy, and the display of informa-
tion on household appliances) we investigate the influence of energy literacy on the probability to purchase
energy-efficient appliances. This additional analysis is based on two online randomized controlled trials
(RCTs) that have been included in the questionnaire of the large household survey. Using a series of
recursive bi-variate probit models and three samples of 583, 877 and 1’375 Swiss households from
three participating utilities, we analyze how displaying information on energy consumption of electrical
appliances in monetary terms (yearly energy cost in CHF), rather than in physical units (yearly energy
consumption in kWh), influences the probability that an individual performs an investment analysis and
hence chooses the most (cost-)efficient appliance. This chapter is based on Blasch et al. (2017b).

Chapter 6 offers concluding remarks and provides some recommendations for the future of Swiss energy
policy. It also gives an outlook on how we plan to continue the research in the field.

The final chapter, Chapter 7, lists the journal articles and working papers written within the project.



1 Background in efficiency and household
production theory

In this chapter we present the basic theoretical concepts on which the empirical analysis presented in the
following chapters are based upon.

1.1 An overview of efficiency concepts

Before we get into a discussion on how to measure the level of efficiency in the use of energy, we should
first be able to clearly identify and understand different type of efficiency concepts used in microeconomic
theory of production. This would not only help us in a better understanding of the available measurement
techniques, but would also assist in making correct interpretations of the estimated efficiency values in
empirical analysis.

We focus on three commonly used terminologies: Productive efficiency, Input specific efficiency, and
the Energy efficiency gap. An excellent overview of these concepts is presented in a recent work by
Filippini and Hunt (2015). We closely follow their work as the basis for this entire section.

1.1.1 Productive efficiency and energy efficiency

Any thought about efficiency of a system usually revolves around some sort of comparison involving the
system’s input and output. Most definitions of energy efficiency are primarily based on some sort of ratio
of useful output of a process over the energy input into the process (Bhattacharyya, 2011). There could be
several ways to quantify these outputs and inputs yielding different types of indicators of efficiency, e.g.,
thermodynamic efficiency, economic efficiency or hybrid efficiency (Patterson, 1996). An often used
measure in energy analysis, efficiency rankings and reporting at the macro level is the energy-to-GDP
ratio. However, when undertaking aggregate energy efficiency analysis, this approach is arguably too
simplistic and a better way to proceed is to use the definition based on the microeconomic theory of
production (see Huntington (1994)).

It is important to remember that people do not directly demand energy, rather they demand outputs that
can be products or energy services such as lighting, cooked food and hot water. The demand for energy
is simply a derived demand. Households and firms use inputs such as energy (electricity, gas), capital
(appliances, heating and cooling systems) and labour to produce outputs (energy services). Therefore,
there is an associated production function behind the production process of energy services. From an
economic perspective, it is important to produce energy services in an efficient way; that is, by choosing
the combination of inputs that minimizes the production cost.' In practice, we can observe households
and firms producing outputs without minimizing the use of inputs or using an obsolete technology that

!The basic mathematical framework for the household production theory is presented in Section 1.2.
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hinders in minimizing the quantity of energy, capital and labour, i.e. situations often characterized as
‘waste’ of energy.

Productive inefficiency in the production of energy services can be discussed using the microeconomic
theory of production framework, particularly with isoquants and isocosts (Chambers (1988); Huntington
(1994)).% In this context, the radial definition of technical, allocative and overall productive efficiency
introduced by Farrell (1957) and the non-radial concept of input specific technical efficiency introduced
by Kopp (1981) can be helpful to understand the concepts of energy efficiency.

Figure 1.1 presents the situation of an economic agent, e.g. a household, that is using capital (C) and
energy (E) to produce an energy service (ES) such as heating. The situation is illustrated using a unit
isoquant (ISp) and an isocost line (ICp). A technically efficient economic unit uses a combinations of E
and C that lies on the isoquant ISy.
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Figure 1.1: Technical, Allocative and Productive efficiencies explained using isoquant and isocost.

If the slope of the isocost line ICy, the input price ratio, is known, a cost efficient input combination of
capital and energy is identifiable. The point x* where the isocost w'x* is tangent to the isoquant ISy
illustrates such a cost efficient household. This point on the isoquant reflects the production of a given
level of energy service ES*, the minimum cost for the production of which is wTx*.

Suppose another household uses a combination of inputs defined by point x; to produce a level of energy
service that corresponds to the ISy, it is said be technically inefficient as the point lies above ISy. Using
a classical input-oriented radial measure, the level of technical efficiency (TE) 6 can be measured as
the ratio between the distance from the origin to the technically efficient input combination 8x; and the
distance from the origin to x;.3

2An isoquant is a contour line drawn through the set of points at which the same quantity of outputs is produced while
changing the quantities of two or more inputs. An isocost line shows all combinations of inputs which cost the same total amount
(Chiang, 1984; Varian, 1992).

3Since this measure is radial, it treats the contributions of each input towards the technical efficiency equally (equi-
proportionate).



1.1 An overview of efficiency concepts

In Figure 1.1 the household operating at 6x; is technically efficient but allocatively inefficient since it
produces with higher costs (isocost w!6x; lies above the line w'x*). The distance between ax; and 6x;
represents the allocative inefficiency of this household. The level of allocative efficiency is measured as
the ratio between the distance from the origin to @x; and the distance from the origin to 6x;. The overall
productive efficiency or cost efficiency a can be obtained as the ratio between the distance from the origin
to x| and the distance from the origin to x;. To reach the optimal input combination, this household has
to increase the use of input C and decreases the use of input E. For example, an increase of C could be
reached by installing a device on a cooling system to improve the function of the system or by substituting
the single glazing windows with double glazing windows.

Below we summarize the different efficiency terminologies just discussed in terms of the distances from
the origin in Figure 1.1:

0

Technical Efficiency (TE = 0) = Xl (1.1
0X1

Allocative Efficiency (AE) = 22! (1.2)

ocative cienc = .
y 09X1
. . 0a/X1
Productive Efficiency (PE = a) = (1.3)

0X1

Note that a household that uses quantities of inputs defined by point x; is technically as well as allocatively
inefficient. The household could improve the level of overall productive efficiency by moving to the
optimal input combination x*. In this case, energy consumption will decrease, as energy is substituted
with capital and used in a more parsimonious way allowing the household to consume less energy. This
occurs for instance when a household or a firm improve the insulation of the building, change some
electrical appliances, optimize the use of the heating or cooling system and the use of electrical appliances,
in order to reach x*.

So far, a radial notion of technical efficiency has been discussed wherein an improvement of the level of
efficiency in the use of inputs requires a proportional reduction in energy and other inputs. For obtaining
an input-specific technical efficiency measure, say an energy efficiency measure for the use of energy as
an input, empirical analysis is based on a non-radial notion of efficiency introduced by Kopp (1981). This
measure can be expressed as the ratio between the distance from the technically efficient input vector
Bx; and the input vector x; in Figure 1.1. Note that this is a special case of technical efficiency and,
considering the input energy, is defined as the ratio of minimum feasible (E;) to observed use of energy
(E1), conditional on the production technology and the observed levels of outputs and other inputs.

Filippini and Hunt (2011) motivated by the notion of non-radial input specific efficiency introduced by
Kopp (1981), proposed that the way to econometrically estimate a measure of the efficient use of energy
is to estimate a single conditional input demand frontier function, such as a demand function for energy.
With this approach the difference between the optimal use of energy (E*) that corresponds to the cost
minimizing input combination x* to produce a given level of energy services (ES*) and the observed use
of energy (E;) should be measured.
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In practice, frontier functions for production, cost or input demand are estimated empirically and the level
of efficiency is then measured as deviations from these frontiers. The concluding part in the discussion
above suggests that the non-radial measure of input specific efficiency is an interesting concept to use.
Majority of the empirical studies dealing with the measurement of energy efficiency are indeed based on
this non-radial measure of input specific efficiency.

E

o C

Figure 1.2: Technical progress shown by a shift in the isoquant.

This discussion is incomplete without considering an impact of a technological change on the efficient
use of inputs. Consider an example where an introduction of a new insulation technology that keeps a
house warm at the same room temperature, but with lesser energy and capital. When a technological
progress allows the production of the same level of energy service ES* with less energy and capital,
the isoquant shifts! This is depicted in Figure 1.2 with the left shift of ISo.* In this case the amount
of energy and capital used to produce the energy service has decreased and the economic agent, e.g. a
household, has reached the point X7 . If another household uses an obsolete technology and remain at
X?,» a technological gap is observed. In energy economics terminology this gap is often referred to as the
‘energy efficiency gap’.

Finally, it is worth recalling that the potential explanations for the presence of inefficiency in the use of
energy or the existence of a technological gap tend to fall into one of the two categories below:

o Market failures such as information problems, misplaced incentives and principal agent problem.

o Behavioural failures such as heuristic decision making, status-quo, bounded rationality, risk aversion
and inattentiveness.’

“4See also Gillingham et al. (2009) for a discussion of this effect. In Figure 1.2, a homothetic production function is assumed
implying a parallel shift of the isoquant.

3 An interesting presentation of the different type of market and behavioural failures can also be found in Gillingham et al.
(2009).
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This section has focussed on the theoretical underpinnings of defining energy efficiency from an economics
perspective. The following section therefore builds on this by considering the range of empirical parametric
methods that could be considered for estimating energy efficiency based on this definition.

1.1.2 Empirical estimation of energy efficiency

The econometric methods used for estimation of energy efficiency are primarily categorized into two
types of methods: parametric and non-parametric frontier analysis.® Non-parametric approaches like the
Data Envelopment Analysis (DEA) assume the production or cost frontiers to be a deterministic function
of some observed variables but no specific functional form is imposed. On the other hand, parametric
approaches allow for unobserved heterogeneity among different economic agents but need to specify a
functional form for the cost, production or input demand. The main advantage of parametric approaches
over non-parametric ones is the separation of the inefficiency component from the statistical noise due
to data errors and omitted variables, and accommodating formal statistical testing. The non-parametric
methods’ assumption of a unique deterministic frontier for all production units is strong even though this
approach has its own advantages. We focus here on parametric methods which have come to be commonly
known as Stochastic Frontier Analysis (SFA) since majority of these methods have a stochastic element in
their frontier functions.” In order to estimate the input specific efficiency and the technological gap, we
use the SFA approach.

Overview of estimation approaches

In the empirical part of this study, we are interested in measuring the input specific energy efficiency
with help of an input requirement function and an energy demand function, and also the technical change.
Reinhard et al. (1999) showed how to use a two-step procedure to obtain an indicator of input specific
technical efficiency from the estimation of a production frontier. Kumbhakar and Hjalmarsson (1995), on
the other hand, propose the measurement of input specific technical efficiency from the estimation of an
input requirement function. This function indicates the minimum amount of an input that is necessary to
produce a given level of output, given the technology and the quantity of other production factors. Zhou
et al. (2012) propose the estimation of a Shephard energy input distance function which has been shown
to be equivalent to the input requirement function (Boyd, 2008).

It is worth highlighting that all these three approaches are able to estimate only the technical efficiency
in the use of an input. Filippini and Hunt (2015) advocates the use of another approach of an energy
demand function suggested by Filippini and Hunt (2011) because it considers both allocative and technical
efficiency. As per this approach, the estimation of a measure of the efficient use of energy could also
be based on the estimation of a single conditional input demand frontier function, such as the demand
function for energy. This function indicates the minimum amount of energy that is necessary to produce a
given level of output (energy services), given the technology, input prices and other factors. In this context,
actual energy demand differs from the energy frontier demand due to the presence of both allocative and
technical inefficiency and not just technical inefficiency, as in Kopp (1981).

The actual empirical studies that estimate the level of efficiency in the use of energy are generally based
on the estimation of three functions: i) an input requirement function (Boyd (2008)); ii) a Shephard energy
distance function (Zhou et al. (2012)); and iii) an energy demand function (Filippini and Hunt (2011)).

%See for instance, Murillo-Zamorano (2004) for a general presentation of different methodologies.
7See Kumbhakar and Lovell (2003) and Greene (2008) for a discussion on the estimation of production, cost and input
distance functions.
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We can not use the approach by Reinhard et al. (1999) since we are in a multi-output framework and it
is not possible to estimate a production function. Therefore, the following is related only to these three
functions and not on the approach proposed by Reinhard et al. (1999).

From an econometric perspective, the estimation of these frontier functions is based on variants of the SFA
frontier function approach proposed by Aigner et al. (1977). This approach is based on the assumption
that the level of energy inefficiency can be approximated by a one-sided non-negative term. Table 1.1
provides an overview of the three approaches, their econometric specifications, and a couple of studies
based on each of these.

Table 1.1: Approaches, specifications and examples of energy efficiency estimation.

Approach Econometric Specification Examples in Practice

InE; =a+p'x; + &

vie ~ N[0, 0] .
5 Boyd (2008); Lin and Wang
uy = Uil, Uy ~ N[0, 0] (2014)
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Input Demand Frontier Evans et al. (2013); Filippini

UL U~ 2
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All the econometric specifications in Table 1.1 are specified for panel data but the estimation of such a
stochastic frontier function can also be performed using cross-sectional data. However, panel data sets
have the advantage that they allow the use of econometric models that can take into account the possible
presence of unobserved heterogeneity in the model specification.

Econometric approach, SFA panel data: Transient and persistent efficiency

The econometric models available for estimating a stochastic frontier model using panel data are nu-
merous.® Below we briefly mention some of the most commonly used models applicable to the task of
estimating energy efficiency. These are: the pooled model (PM) that is basically the panel version of the
model proposed by Aigner et al. (1977); the random effects model (REM); the true random effects model
(TREM);” and the recently developed ‘Generalized True Random Effects’ model (GTREM hereafter).'”

8For an overview of all the models for panel data, see Kumbhakar and Tsionas (2012) and Filippini and Greene (2016).

9See Greene (2008) and Farsi and Filippini (2009) for a discussion of these models.

10The reader is referred to Filippini and Hunt (2015) which provides a nice overview of the econometric specification (Table
1) and comparison between all these models.
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As discussed in Filippini and Greene (2016), some of these models produce time invariant values
of the level of efficiency (persistent efficiency), whereas others models estimate time variant values
(transient efficiency). In the context of a household, the persistent inefficiency component might relate
to the presence of structural problems in the production process of energy services like old electrical
appliance stock or old buildings with very poor insulation. It might also relate to systematic behavioural
shortcomings like frequently opening the windows and not switching off lights after use. Similarly, the
transient inefficiency part might point towards the presence of non-systematic behavioural failures that
could be solved in the short term, e.g., temporary use of an old and inefficient electrical appliance because
the existing one is broken, or a visit by a guest who uses some appliances in an inefficient way.

It is worth noting that among the mentioned models, only GTREM allows for the possibility of simulta-
neously estimating the level of persistent and transient efficiency of an economic agent. The GTREM
recognizes that the level of productive efficiency can be split into two components and the importance
of estimating both components at the same time.!! Although such a distinction between transient and
persistent has traditionally been partially neglected in energy efficiency analysis, we think it is indeed
very relevant and will gain importance in future research.

1.2 Household production theory

Below we provide the basic mathematical framework for the household production theory,'? first using an
intuitive two-stage optimization strategy by the households, and then again as a single-step mathematical
approach.

1.2.1 Basic framework of the household production theory

When modeling the demand for energy in a very basic framework, it is important to remember that
the demand for energy is somewhat special. Contrary to other goods such as food, clothes or houses,
the consumption of energy does not directly yield utility but rather is used as an input to produce an
energy service. More specifically, people derive utility from a heated house or from cooked food. People
therefore combine energy, capital and their time to produce an energy service from which they derive
utility. Using a basic household production model, we assume that households purchase inputs on the
market such as energy and capital (in the form of appliances, electronics or heating systems) to produce
energy services. From an economic perspective, the energy service should be produced efficiently — this
means the households use the minimum amount of inputs in their production process to produce a certain
amount of energy service while minimizing production costs of this service.

In a first simple but illustrative approach, the household produces an energy service S using the inputs
capital K and energy E. A production function relates the use of inputs to the amount of output. As it is
often the case in energy economics, and in order to keep calculations in a first step as simple as possible, we
choose a cobb-douglas production function. Of course, there are advantages and drawbacks accompanying
this choice. On one hand, calculations remain simple and model results are easily transferable to an
econometric model where the model could be empirically evaluated. On the other hand, the cobb-douglas
function may be too simple since even a vanishing amount of one input, say capital, still enables the
output of an arbitrary amount of output given the amount used of the other input, say energy, is sufficiently

"Filippini and Greene (2016) also propose a novel approach using maximum simulated likelihood to simultaneously estimate
both persistent and transient levels of efficiency of an economic agent.
12We refer primarily to Deaton and Muellbauer (1980a) and Todorova (2010) for this part.
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1 Background in efficiency and household production theory

high. Of course, this is an unrealistic assumption but we believe that for illustrative examples, this type of
production function is useful.

In a first stage, the household minimizes the costs of production of an arbitrary amount of the energy
service S = § by taking into account the production function and the input prices for energy, pg, and
capital, pg.

minimize pgE + pgK

i (1.4)
subjectto S = S(E,K)=E*K"™

Note that the production function is of cobb-douglas form. Since the exponents of its arguments sum up
to one, it yields constant returns to scale. This means that a proportional increase in inputs capital K and
energy E leads to the same increase in output of the energy service S.

The lagrangian function to the optimization problem stated in equation (1.4) and the corresponding
first-order conditions (FOC) with the solutions for the optimal input combination is derived below:

L= pgE + pgK + A(S — E°K'79)
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On solving these equations, we obtain:
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(1.5)

Given the choice to consume an arbitrary amount S of the energy service, equation (1.5) states how the
inputs capital and energy should be allocated in the production process in order to produce the energy
service in a cost-efficient way. Capital K and energy E can be substituted with each other. For instance,
a decrease in the price of energy pg would lead to an increase in the amount of energy used as input
and in a decrease in the amount of capital used, provided that the amount of energy service produced is
held constant. Equation (1.5) also calculates the unit price of the energy service ps as a function of input
prices pg and pg. It is important to note here that the cost-efficient unit-price of this energy service does
not depend on the amount of the energy service consumed. The reason is that the production function
is specified to yield constant returns to scale, which first is reflected by the fact that the optimal input
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allocation to the production process is proportionally increasing with § and second by calculating the unit
price therefore cancels out after dividing production costs by the amount of service consumed. Of course,
the assumption of constant returns to scale in the production process could be relaxed. First however, we
think that the implication of this result, namely that the unit price of the energy service does not depend
on the amount produced, makes sense. Second, the calculation of the optimal choice of how much of the
energy service to produce would be strongly complicated.

In a second stage, the household is maximizing the utility that it derives from the consumption of the
energy service S and ‘other’ goods X . We normalize the price of other goods to unity and assume for
reasons of simplicity that the functional form of the utility function is also cobb-douglas. In addition, the
household faces a budget constraint when choosing how much of each good to consume. Therefore, the
optimization problem in the second stage is mathematically of the following form:

maximize U = SPX'#
. (1.6)
subjectto I =X+ psS

where U denotes utility and / the household’s income. The lagrangian function to the optimization
problem stated in equation (1.6) and the corresponding first-order conditions with the solutions for the
optimal consumption quantities of S and X are derived below.

L=S8PX"P+a(I-X-psS)
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The previously mentioned advantage of constant returns to scale in the production function becomes
obvious in the first first-order condition where the lagrangian is optimized with respect to S. If the
cost-efficient price of the energy service ps would be a function of §, then the equation would be different.
The utility maximizing quantities X and § are given by equation (1.7), where the cost-efficient price of
the energy service pyg is substituted from equation (1.5).
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Since in the first stage the optimal input quantities are directly related to the amount of energy service S
produced, the cost-efficient and utility-maximizing quantity of inputs are

b (1—_a p_E)“_a“(l —a)lBI _ (-l
@  pk pE*pr!® Pk (1.8)
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First, cost minimization in first-stage leads to cost-efficient input quantities for K and E given a fixed
amount of energy service S, resulting in a cost-efficient unit price ps for S. Then in a second stage, utility
from consumption is maximized subject to the household’s budget constraint and the utility-maximizing
consumption of the energy service is derived.

Given the results stated in equation (1.8), a decrease in the price of energy leads to an increase in the
amount of energy used as input in the production process of S. Also, according to equation (1.7), the
amount of energy service consumed will increase but less strongly than the amount of energy since

Soc—and0<a<l.
PE®

1.2.2 Basic model in a single step optimization

The household production approach is useful to derive the cost-efficient input demand for energy when
producing an energy service. In this section, we link the first stage where the household produces an
arbitrary amount of energy service in a cost-efficient way with the second stage where the household
maximizes utility that is derived from the consumption of the energy service and other goods. The reason
is that comparative statics can more easily be calculated when linking both stages to one optimization
stage.

We assume that the household maximizes utility from the consumption of the energy service and other
goods while taking the individual budget constraint and the production function into account. The
corresponding Lagrangian then is

L=UlS,X)+A4U—-peE—-pxkK—-pxX)+ (S - F(E,K)) 1.9

where U(S, X) is a well-behaved!? utility function with the consumption of the energy service S and
other goods X as arguments. Income / is spent on input factors energy E and capital K with prices pg
and pg but also on other goods X with a normalized price px = 1. The household faces a production
technology F(E, K) that is well-behaved in the same sense as the utility function which has inputs energy
and capital and yields an output being the energy service S. A is the ‘shadow value’ of income and can
be interpreted as the marginal utility that is derived from income and therefore is expected to be positive.
Ay correspondingly is the marginal value of an additional unit of output S produced. An overproduction
of energy service S would not be optimal since it would violate the cost-efficient input-use of energy and
capital and therefore, A, is expected to be negative.

13¢well-behaved’ means that utility is strictly increasing with S and X . That is

PU PU
s >0, X > 0.

g—’sj >0, g—z > () and is concave in a sense that
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1.2 Household production theory

Equation (1.9) is optimized with respect to the amount of energy service S, the consumption of other
goods X, the input use of energy E and capital K while taking both constraints into account. Therefore,
the first-order conditions result into six equations describing the cost-efficient allocation of inputs given
the characteristics of the production technology F(E, K) and the utility-maximizing amount of energy
service and other goods given the households budget constraint. The first-order conditions are:

oL OF OF A1
D —=- —— = — =—— 1.1
) 3 A1 PE AZ(‘)E 0 = 3 4, PE (1.10)
oL OF oF A
m = =- —h— = —_— = - 1.11
) 3K A1 pk AZ@K 0 = 3K 1, PK (1.11)
oL oU |
) —=— = 1.12
) 35 - 35 +A4,=0 (1.12)
oL oU !
IV) or=r - =0 (1.13)
oL !
V) L I ppE - prkK - pxX =0 (1.14)
ol
oL
V) L _§ —F(E,K)=0 (1.15)
o

Here, one could explain intuitively the meaning of the equations, e.g., equation (1.10) tells us that the
marginal product of energy is proportional to the price of energy. Same for capital in equation (1.11).
Ay and A; according to equations (1.12) and (1.13) are linked to the marginal utilities derived from the
consumption of S and X. However, the marginal utilities dU/dS is linked to the production technology F
itself and therefore also depends on E and K, whereas dU/0X is linked to the income constraint.

In order to solve the set of equations in a comparable way as we have done before, we assume a
cobb-douglas type production function and utility function, i.e.

F(E,K)=E*K'™ and U(S,X)=SPXx'P

From equations (1.10) and (1.11), we can derive the optimal ratio of input use E/K and the ratio of the
shadow values 4;/1,. We obtain:

-« a
OF _pg OF _ Q(K) =p_E_(1_a)(£)

OE ~ px 0K E PK K
E
£__@ Px (1.16)
K 1-apg

which is the same input ratio as before given the ratio of input prices and therefore also ensures a
cost-efficient input allocation given the production technology. The ratio of the shadow values is:

4 a(l-a)'
BT pepe 1

15



1 Background in efficiency and household production theory

Similarly, we proceed with equations (1.12) and (1.13) and then derive the optimal consumption ratio
S /X by plugging in equation (1.17).

A dUOX _ 1-BS
L oUBS B X
@] — 1-a
S __B X “l) (1.18)
X l_ﬂ pE(lPK -

Now using either of equation (1.12) or (1.13) with equation (1.18), we derive the following shadow values
of income A; and of production A;:

ﬁ . aa(l _ a)l—a)ﬁ 0

1-8  peopx'™®

1B _pepe™ )l"* -
B a(l-a)-@

A= —/3)(
(1.19)

Ay = —ﬁ(

Finally, with the help of equations (1.15), (1.16) and (1.18), we can compute the optimal consumption
quantities of £, K and X in terms of S.

o l-a
E:(_P_K) . $

1 —a pe
. l-a pe\" &
K=(——=—] -S; and (1.20)
@ Pk

a

-8 pepx'™" .
B a¥(l —a)l™

X =

Note that the equations above are identical to the first stage of the two-stage household production theory
framework. Finally, we substitute the above expressions in the income constraint in equation (1.14) to
compute the final value of the energy service $ and we obtain

§ _ a(t(l _ a)l—(lﬁ[

PECPKIT®
5ol
PE (1.21)
A 1- ]
K = —( @B ; and
Pk
X=(1-pI

The final optimal consumption quantities for the energy service S, other goods X, capital K and energy
E are numerically identical to equations (1.7) and (1.8) derived in the household production theory in a
two-stage optimization framework in section 1.2.1.

1.3 Decomposition of the growth rate of the energy demand and
productivity in an empirical/econometric model

The estimation of energy demand becomes interesting in a panel setting when we have data over different
time periods, e.g., yearly energy consumption of households, yearly household income and the change in
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1.3 Decomposition of the growth rate of energy demand and productivity

energy and capital prices over the years. In such scenarios, we would like to analyse the effects of changes
of different regressors over time on the change in input energy demanded. In other words, we would like
to estimate and decompose the growth rate of household energy demand and the growth rate of energy
productivity (measured with a simple indicator as the ratio of output to energy).

/—— 05,13 )
n

.7

(x,1; )

Figure 1.3: Estimation and decomposition of energy productivity change.

Following Kumbhakar and Lovell (2003, p. 282), the basic approach towards productivity change can
be explained using the general structure illustrated in Figure 1.3, in which a single input energy E is
used to produce a single output, the energy service S. The figure depicts that a household expands
production from (E;, S;) to (E;+1,S:+1). Production technology is characterized by decreasing returns
to scale, and technical progress has occurred between periods ¢ and ¢ + 1, since f(x,t+ 1;8) > f(x,t;5)
where x represents the input £. Assuming there is no noise in the system, it is clear that the production
of energy service is inefficient in both time periods as the household is below the respective production
frontiers. We do notice however that the technical efficiency has improved from ¢ to ¢ + 1, since the ratio
[S:/f(E:t;8)] < [Si+1/f(Ers1,t + 1;6)]. Tt is also clear that energy productivity growth has occurred,
since (S;+1/Ew+1) > (S¢/E;). This implies an increase in the amount of energy service produced per unit
of energy consumed. We are interested in decomposing the estimated rate of energy productivity into
contributions associated with returns to scale, technical change, and change in technical efficiency.

Note that the amount of energy service produced is difficult to measure in empirical applications. If we
think on the demand for automotive gasoline, the related energy service would be mileage. However
in the context of residential electricity consumption, the amount of total energy service produced is
difficult to measure — it would not be easy to assess a household’s number of clothes washed per week in a
questionnaire, or to obtain information on how many hot meals they prepare or on what level the average
room temperature is set on a certain day.'* Therefore, the energy service often is proxied in an empirical
analysis, for instance an analysis on residential electricity consumption, with a variable that measures the
number of rooms, area of the house, number of people living in the household or the household income
itself.

1“Note that in our survey questionnaire, we do ask the households to provide information on majority of the energy services
they consume.
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1 Background in efficiency and household production theory

1.3.1 Decomposition of the growth rate of energy demand

As previously found in equation (1.20), the energy input required can be written as a function f(-) of
the amount of service that is intended to be produced and the prices of the input factors. We could also
include other household characteristics, for instance, the number of people living in the household and the
household income. Climate related variables may also affect the demand for energy and can be included
too. Often in empirical applications, the demand for energy is augmented with an exogenous technological
change captured by a time trend or by time dummies. We then write the frontier energy demand function
as 15

Ef = f (S, pE, pk, inc, size, clim, t) (1.22)

where in addition to S, pg and pg, inc represents the household income, size is the number of people
living in the household, clim represents some climate related information like the number of heating and
cooling degree days and ¢ captures the time trend. The level of energy efficiency can be calculated as the
ratio of energy at the frontier over the actual energy demanded.

F

EF, = Cit (1.23)
it Ei[ .

We now take into account that each of the variables in the above-equation evolves over time. By taking
natural logarithms on both sides of the equation and by totally differentiating with respect to time, the
growth rate of energy demand over time can directly be related to the growth rates of the explanatory
variables, that is '®

OMEf(x;1) , OMEF(x;t) . OImEF(x;1) .
S + in

EF = n(x;1) P,

00 Pe+ =51 onpr DX T ommine (124)
OmEF(x;r) ~ OWMEF(x;t) » OWmEF(x;) 4 ’
— size+ ———cli —— - F
O0ln size dlnclim dlnt

x indicates a series of

where the ‘hat’ on a variable indicates its growth rate over time, e.g. X = di;x ;
. . . . F . . . . .
independent variables in the demand function; n(x; ) = %}fg”) is the own-price elasticity of energy

demand with respect to the price change. Rearranging the terms in equation (1.24), we obtain

E = pp PE + Qpy Pk + Qs S + jpe inc + Usize size + &eiim clim + apc — EF (1.25)
Equation (1.25) decomposes the growth rate of energy into terms related to: (i) changes of prices for
energy and capital stock; (ii) economies of scale component for the production of energy services; (iii)

changes in household income and household size; (iv) change of climate; (v) exogenous technological
change; and (vi) change in the underlying energy efficiency.

1.3.2 Decomposition of the growth rate of energy productivity

In order to assess the efficiency in terms of energy use, it is more helpful to consider an equation that
relates energy productivity to the inputs, that is energy service consumed divided by the amount of energy

I5A cobb-douglas or a translog functional form is often used in such empirical studies.
16Subscripts i and ¢ are omitted to avoid notational clutter.
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1.3 Decomposition of the growth rate of energy demand and productivity

used to produce this energy service

S
EP=—
E
where EP is energy productivity, S the energy service consumed and E the amount of energy required to

produce the service.

By decomposing the energy productivity growth, we can identify the factors that contributes to the change
of productivity, and explicitly capture the relationship between change of energy productivity and energy
efficiency. The growth rate of energy productivity (EP) can be expressed as the growth rate of energy
service produced minus the growth rate of energy demanded, i.e.

A din(S/E) dInS dhnhE , .
EP = = - =S -FE 1.26
dt dt dt (1.26)

Substituting equation (1.25) into equation (1.26) and rearranging the terms we obtain

~

EP -E

1]
Uy

- (apE PE + Qpy Pk + s S + Qe INC + Aize SIZEC
+ i clim + arc — EAF) (1.27)
=EF —ap, PE — ap, P + (1 —as) S — @jpe Inc — gz Size

= Qelim Cclim — apc

The above equation (1.27) decomposes the growth rate of energy productivity into four specific aspects.
The first component of the right hand side of the equation shows the changes in energy technical efficiency.
It is positive (negative) as the technical efficiency increases (decreases) over time. The technical efficiency
EFj, can be interpreted as the rate at which an inefficient household moves toward the production frontier,
everything else being constant. That is, a positive value of EF;, would indicate that a household is moving
closer to the production frontier (technical efficiency increasing over time, ceteris paribus).

The second and the third term indicate the price effects on energy productivity caused due to changes
in energy price and price of capital. The fourth term can be interpreted as the well-known measure
of scale economies. Positive values stand for positive scale economies and negative numbers for scale
dis-economies. The fifth and sixth term stand for the effects from growth of household income and
household size. They reflect the life style and social structure of local residents. The seventh term shows
the effect of change in climate. The last term indicates the effect due to exogenous technological change.
This yields an indicator of the contribution of fechnical progress to energy productivity over each time
period.!”

Of course we should be aware in order to perform this type of decomposition analysis, we should use
panel data which show variation of all variables over time. As we discuss later on in the report, our dataset
has a panel format but some of the variables are not changing over time.

7The term d1n EF (x; £)/01n  represents the rate of energy demand diminution. That is, —a7¢ is the dual rate of technical
change. However, —arc is a series of discrete formulation of the technological progress (7' P;) for each time period. We must
assume that the discrete formulation AT P,/At = —ayc is equivalent to the continuous formulation 97 P,/dt. According to Brown
and Popkin (1962), we can interpret all differentials as discrete changes.
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2 The household survey

In order to perform empirical research on the level of electricity efficiency, on the role of energy-related
financial literacy in buying electrical appliances, and on the role of bounded rationality for the energy-
efficiency gap, it is important for the researcher to be able to use a large dataset with information at the
households level.

In general, data on Swiss residential energy consumption is rare. The Swiss Federal Statistical Office
(SFSO) does not systematically collect data on domestic energy consumption that includes, for example,
details on the number and type of appliances used and energy services consumed, together with information
on household size and characteristics as well as socio-demographics. While governmental bodies in other
countries collect data on residential energy consumption on a regular basis (examples are the Residential
Energy Consumption Survey (RECS) in the US and the English Housing Survey in the UK), a comparable
dataset for Switzerland is missing. Therefore, as part of the project “Underlying Energy Efficiency
and Technological Change in the Swiss Household Sector”, CEPE initiated a large household survey in
cooperation with nine Swiss utilities with the aim of collecting the data needed to estimate the level of
energy efficiency in Swiss households.

This chapter is laid out as follows: in Section 2.1 we provide an overview of the development and
implementation of the online survey which was used to collect the data for the empirical analysis. The
organization of the sampling, the process of data collection as well as the general structure of the
questionnaire are presented here. In Section 2.2 we compare the collected sample to some of the publicly
available population statistics from the 9 regions to give an idea of the representativeness of the collected
data. Section 2.3 comprises the descriptive statistics of the data we collected based on the large household
survey. This part provides information on the size and characteristics of the residences of the sampled
households, energy sources used by the households, on household size, composition and characteristics,
on the energy services consumed by the households, on number and age of appliances as well as socio-
demographics of the survey respondents. In addition, we report energy-related attitudes and behaviors,
energy literacy and the adoption of policy measures offered by the utilities (such as appliance rebates,
investment support or online self-monitoring tools). Finally, we include a sample of the questionnaire
underlying the household survey in the Appendix.

2.1 Organization of the survey
In the following, we describe the details of the organization and implementation of the survey.

2.1.1 Development and implementation of the survey

The survey questionnaire was developed by the Centre for Energy Policy and Economics (CEPE) based on
insights from the survey methodology literature (Dillman et al., 2009; Groves et al., 2004) as well as from
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2 The household survey

earlier household surveys on residential energy consumption (Alberini et al., 2013; VSE, 2011). It was
peer-reviewed by researchers and professionals in the field of household energy consumption, and finally
pre-tested on a student sample (ETH Master students). The questionnaire was examined and approved by
the Ethics Commission of ETH Zurich under the reference EK 2015-N-06 and implemented online with
the survey software SurveyMonkey.

2.1.2 Sampling

The sampling was organized in collaboration with nine Swiss utilities that operate in nine major cities in
Switzerland — Aziende Industriali di Lugano (AIL), Aziende Municipalizzate Bellinzona (AMB), Energie
Service Biel/Bienne (ESB), Energie Wasser Bern (EWB), Energie Wasser Luzern (EWL), IBAarau, IWB
Basel, Services Industriels Lausanne (SiL) and Stadtwerk Winterthur (SW).

One of the criteria for the selection of these utilities was that they should operate mainly in urban and sub-
urban areas in order to get a sample of households as homogeneous as possible in terms of environment.
In addition, we predominantly approached multi-utilities that supply households not only with electricity
but also with gas for heating, warm water and/or cooking, as this allows to expand the analysis to total
energy consumption (at least for a sub-sample of the households). Furthermore, we wanted the utilities to
represent all three major language areas of Switzerland.

Based on a list of all major Swiss utilities, a total of 23 utilities fulfilling the above mentioned criteria
were contacted and asked for their interest in cooperating in the survey. As a next step, a meeting of
the project team with the responsible person from the utility was arranged to give more details about
the survey and to discuss the concrete steps for the implementation of the survey. The utilities were
informed that survey participants will be asked for the permission to combine the survey data with actual
electricity consumption (and gas consumption, if applicable) data from the utilities, based on their unique
customer/service number (i.e. an unique identifier of the household). This would allow the joint analysis
of the survey data and the actual consumption data of the participating households.

In exchange, CEPE promised all participating utilities to provide them with a brief report of the survey
results, including descriptive statistics on the dwelling and household characteristics, number and types of
appliances, energy services consumed, energy-related attitudes and behaviors as well as socio-demographic
characteristics of the survey respondents. Nine utilities confirmed their interest in a participation after
these meetings. Some others declined their participation for internal reasons.

In a next step, the above mentioned nine utilities invited either all or a sub-sample of their customers to
take part in the online survey. If sub-samples of customers were drawn, all household customers had the
same probability of being in the sample (random sampling). For a majority of the customers, the invitation
was sent in the form of a letter that accompanied a bi-monthly, quarterly or yearly electricity or gas bill. If
the utility had access to some of their customers’ e-mail addresses (which is the case for AMB, ESB and
IBAarau) the letter was attached in PDF to an e-bill. However, this applied only to relatively small share
of the invited customers (Table 2.1).

While two utilities (AIL, SW) used personalized invitation letters (i.e. personal address at beginning of
letter, personal customer/service number included in the letter) that were sent under separate cover, most
utilities sent the invitation non-personalized and attached to a bill for cost and/or technical reasons. As we
will show later, a personalized letter sent under separate cover expectedly led to a higher answer rate than
the non-personalized letters attached to a bill.
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Table 2.1: Overview of samples drawn by the participating utilities.

Utility Approx. number Sample drawn Thereof e-mail Type of

of HH customers customers invitation letter
Aziende Industriali di Lugano (AIL) 91’000 26’532 Personalized
Aziende Municipalizzate Bellinzona (AMB) 307000 307000 57000 Attached to bill
Energie Service Biel/Bienne (ESB) 38000 38000 5’000 Attached to bill
Energie Wasser Bern (EWB) 90’000 29°000 Attached to bill
Energie Wasser Luzern (EWL) 50’000 50’000 Attached to bill
IBAarau 28’000 28’000 3000 Attached to bill
IWB Basel 1307000 23’000 Attached to bill
Services Industriels Lausanne (SiL) 120’000 100’000 Attached to bill
Stadtwerk Winterthur (SW) 55000 15000 Personalized
Total 632’000 339’532

In all cases, the invitation letter briefly informed the customer about the purpose and content of the study
as well as about data security and usage of the data. In addition, it included a clear description on how
to access the online questionnaire by following a specified hyperlink to a survey web-page on CEPE’s
official university website. Furthermore, it was announced that all customers who complete the online
questionnaire will automatically take part in a lottery. The announced prizes comprise 30 Smartboxes
“Happy Day” per utility, worth 49.90 CHF each.!

The invitation letter also included a disclaimer with a short version of the conditions of participation, an
information about the right of withdrawal from the study, as well as an e-mail address for further inquiries
about the study and the questionnaire.

The response rates (number of total visits to the survey page divided by the total number of invited
customers) varied between 1.8% and 7.6% (Table 2.2). The observed response rates were highest for the
two utilities that sent personalized invitation letter. The highest response rate of 7.6% has been achieved
by Aziende Industriali di Lugano (AIL) followed by Stadtwerk Winterthur (SW) with 6.7%, both of which
can be attributed to the personalized invitation letters under separate cover.

Table 2.2: Response rates by participating utility.

Utility/Region Sample drawn Visits on Response rate Usable

survey page (in %) samples
AIL / Lugano 26°532 2°022 7.6 1406
AMB / Bellinzona 30’000 957 3.2 583
ESB / Biel/Bienne 38’000 1’308 34 877
EWB /Bern 29°000 1’163 4.0 916
EWL / Luzern 50’000 1’999 4.0 1’375
IBAarau / Aarau 28’000 1’074 3.8 826
IWB / Basel 23’000 422 1.8 300
SiL / Lausanne 100’000 1’915 1.9 1’356
SW / Winterthur 15’000 1005 6.7 739
Total 339’532 11’865 35 8378

The total number of visits on the survey page was 11’865 out of the possible 339’532 households reached
(share = 3.5%). Accounting for the fact that not all respondents could provide their customer number
at the beginning of the survey, or were filtered-out as not being part of the target sample (explained

'Smartbox homepage.
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in Section 2.1.4), or did not complete the online questionnaire till the end; we have a total of 8’378
usable sample of households from this extensive survey.> Out of these, about 90% of the completed
questionnaires can be expected to include the household’s consent to the linking of the survey data to the
actual consumption data of the household (see Section 2.1.5). The final sample is expected to provide a
good representation of Swiss households residing in urban and suburban areas of Switzerland, i.e. to be
representative not on the regional but on the national level.

2.1.3 Time period, duration and language

The online survey for 8 out of the 9 utilities was conducted over the year 2015. The survey for EWB
(Bern) was conducted in the first quarter of 2016. The starting dates of each survey varied between utilities
depending on internal processes related to the shipment of billing letters. Irrespective of the start-date, the
duration for which a survey remained open for participation was kept fixed to a total period of 19 — 21
weeks.

The survey questionnaire had a length of about 15 to 20 minutes answering time. The length varied
between utilities, as every utility had its own personalized questionnaire which, in most cases, also
included utility-specific questions that were not part of the main questionnaire.

The questionnaire was offered in two languages: in the main (official) language of the respective
municipality/canton and in English. In the bi-lingual city of Biel/Bienne, the questionnaire was offered in
three languages: German, French and English.

2.1.4 Structure of the questionnaire

Every questionnaire started with an introductory page with information about the survey and a detailed
information about the conditions of participation (see Figure 2.1). On this page, participants were once
more informed that their responses remain anonymous and confidential at any time and will only be used
in statistical form by the researchers of CEPE to carry out scientific analyses.

After the introductory page, participants were asked to enter their customer/service number to be found
on one of their electricity or gas bills. The customer/service number was used to uniquely identify the
participants for the lottery and (given the participant’s approval) to link the survey data to the actual
electricity/gas consumption of the respective household later on.

To prevent unnecessary loss of time and efforts on the part of the customers, three screening questions
made sure that only respondents who fitted into our target group would complete the questionnaire (see
Figure 2.2). The three screening questions comprised whether the entered customer or service number
refers to the principal residence of the respondent, whether the respondent is one of the persons in the
household responsible for paying the bills, and whether the respondent lived in his current residence
already before January 1st 2015.

The main part of the questionnaire included sections about house/apartment characteristics and energy
sources for heating and warm water, household composition, appliances present in the household and

The usable survey response rates for all the nine survey regions are relatively low when compared to the number of
invitation letters sent. One reason for this is the setting — the invitation to participate was sent on paper, including a link to the
online survey. This invitation was sent with one of the regular utility bills, which unfortunately lowered the probability that it got
the customers’ attention.
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Centre for Energy Policy and Econemics
Swiss Federal Institutes of Technology

Energienutzung in Schweizer Haushalten

Willkommen

Sehr geehrter Teilnehmer, sehr geehrte Teilnehmerin

Dieser Fragebogen wurde vom Centre for Energy Policy and Economics (CEPE) der ETH Zirich
(Eidgendssische Technische Hochschule Zirich) im Rahmen eines Forschungsprojektes zum Thema
Energienutzung in Schweizer Haushalten entwickelt. Das Projekt wird vom Schweizer Bundesamt fur
Energie (BEE) gefordert.

Fir das vollstandige Ausflillen des Fragebogens werden Sie etwa 15-20 Minuten bendtigen. Bitte fiillen
Sie den Fragebogen ohne Unterbrechung aus. Es ist leider nicht moglich, die Antworten
zwischenzuspeichern und den Fragebogen zu einem spateren Zeitpunkt zu beenden. Das CEPE der
ETH Zlrich garantiert Innen, dass alle Ihre Angaben anonym und vertraulich behandelt werden. Sie
werden nur in statistischer Form zum Zweck der wissenschaftlichen Analyse von Forschern des CEPE
genutzt werden.

Wir verlosen unter allen Teilnehmern 30 mal eine Smartbox Happy Day” im Wert von je 50 Franken.
Die Gewinner werden aus allen Teilnehmern zufallig ausgewahilt. Die Preise werden vom
NAME_VERSORGER versandt. Zusatzlich enthalt der Fragebogen einige Wissensfragen zum Thema
Energieverbrauch, zu denen Sie am Ende der Umfrage die korrekten Antworten erhalten.

Besten Dank flir lhre Teilnahme an dieser Umfrage!

Das Projektteam des CEPE der ETH Zlrich

Ich bin mit den Teilnahmebedingungen einverstanden.

Figure 2.1: Welcome page.

energy services used by the household. Furthermore, it comprised questions about environmental attitudes
and energy-related behavior, about energy literacy and energy-related investment literacy. At the end of
each questionnaire, socio-demographic characteristics were retrieved.

The section on house/apartment characteristics differed depending on whether the survey participant lived
in a single-family house (i.e. semi-/detached or terraced house), or in an apartment in a multi-family
house. All other sections were identical for all participants.

After completion of the questionnaire, respondents were asked whether they agree that CEPE links the
survey data to the actual electricity/gas consumption data of the respective household (see Figure 2.3).
The level of agreement to the linking of the data was high: on average, 93.4% of the respondents gave their
consent that their utility provides CEPE with the consumption data based on their customer number.

Finally, respondents were redirected to a page that contained the answers to the quiz-style questions

about energy consumption and energy-related investments that were used to evaluate the respondents’
energy literacy. The answers to theses questions were followed by a brief information about electricity
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Centre for Energy Policy and Economics
Swiss Federal Institutes of Technology

Energienutzung in Schweizer Haushalten

Qualifikation fir die Umfrage

Bezieht sich die von Ihnen eingegebene Kundennummer auf lhrenHauptwohnsitz?
Ja

Nein

* Sind Sie eine der Personen in lhrem Haushalt, die die Kaufentscheidungen trifft und/oder die
Rechnungen bezahlt?
(z.B. im Hinblick auf Ausgaben fiir Mbbel, Haushaltsgeréte, Telefon- und Stromrechnung)

Ja

Nein

* Wohnten Sie bereits vor dem 1. Januar 2015 in Ihrer derzeitigen Wohnung/in lhrem derzeitigen
Haus?

() Ja

") Nein

Figure 2.2: Screening questions to filter out respondents fitting into our target group.

consumption of various household appliances, together with hyper-links to informative websites on
household energy consumption.

A complete example questionnaire can be found in Appendix D.

2.1.5 Linking of survey and consumption data

After the online surveys of each utility are closed, the customer/service numbers of those respondents
who agreed to the linking of the survey data to their electricity/gas consumption data are transferred to the
respective utilities. Data security agreements between CEPE and the utilities ensure that the utilities will
have no access to the survey data, while CEPE will never receive any information on the identity of the
customers. The customer/service number serves as the only and unique link between the survey data and
the actual electricity/gas consumption data.

The respective utilities return data files comprising the customer/service numbers and total yearly electric-
ity and gas consumption for the years 2010 to 2014 (5 years) to CEPE.3

3In some cases, information on the billing period, the chosen electricity/gas products and yearly billing amounts are also
available.
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ccpcC

f— —

Centre for Energy Policy and Economics
Swiss Federal Institutes of Technology

Energienutzung in Schweizer Haushalten

Einwilligung

Im Rahmen unserer Untersuchung wiirden wir gerne lhren Energieversorger bitten, uns Angaben zu
lhrem Elektrizitatsverbrauch (und allfélligem Gasverbrauch), zu lhren jahrlichen Ausgaben fiir Strom
(und Gas) und lhrer Tarifwahl wahrend der letzten 5 Jahre zu ibermitteln.*

Die Auswertung dieser Daten erfolgt vollstédndig anonym und ldsst keinerlei Riickschilisse auf einzelne
Teilnehmer zu. Das CEPE der ETH Zdrich garantiert [hnen, dass lhre Daten vertraulich behandelt
werden, geschitzt sind und nur in anonymisierter Form zu Forschungszwecken verwendet werden.

* * Stimmen Sie zu, dass lhr Energieversorger uns diese Informationen tibermitteln darf?
Ja, ich stimme zu

Nein, ich stimme nicht zu

Figure 2.3: Question asking respondent for consent to linking the survey data to the actual electricity/gas consump-
tion of the respective household.

2.2 Comparison with population statistics

After accounting for the correct target group*, incomplete responses, and duplicate entries, we have valid
and complete data for 8, 378 households. Of all respondents who started the online survey, filled in their
customer number and were filtered-in as the target group, almost 90% completed the survey till the end.
We do not find any significant selection among the sample of usable surveys relative to the target group.
The observed samples are supposed to reflect the Swiss population living in urban (and sub-urban) areas,
which accounts for about three quarters of the total population.’

In order to evaluate to what extent the full sample of customers of all participating utilities can be
considered representative, we would need statistical data on the population living in the service areas
of all participating utilities. However, since such data is not always available, we therefore, as a simple
approximation, compare our descriptive statistics to the summary statistics at the city level and at the
national level. It must be noted that either of the combinations of the two samples are not entirely identical.
Hence, all comparisons have to be made with caution since the statistics at the city or federal level might
not adequately reflect the characteristics of the population in some specific regions. Nevertheless, we
think that the full-sample presented here may be more representative of the population living in urban
and sub-urban regions of Switzerland.

4The target group consists of respondents (i) for whom the electricity/gas bill refers to their primary residence; (ii) who
moved in their current residence before 01.01.2015; and (iii) who are one of the persons in their residence who decides about the
purchase of goods and/or pays the bills. All nine samples combined, a total of 9, 483 respondents were filtered-in as the target
group, of which 8,484 completed the survey till the end.

SData from the Swiss cities association (SSV) 2017.
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2.2.1 Comparison to city level statistics

To evaluate how well our sub-samples reflect the basic demographic characteristics of the nine urban
areas included in our analysis, we compare the sample characteristics to population statistics from the
Swiss cities association (Table 2.3). It is to be noted that the statistics at the city level may not completely
reflect the statistics of the surveyed areas, i.e. the service areas of the utilities, which usually also include
neighboring municipalities.

In terms of gender composition, the households in our samples seem to represent the population in the
six areas quite well. The same holds for age-groups, with some exceptions such as the samples from
Bellinzona, Lugano and Aarau, in which a slight deviation can be observed (higher share of younger as
compared to older household members in Bellinzona and Lugano, higher share of both younger and older
household members as compared to the group of people aged 20 to 64 years in Aarau). Regarding the
mean household size, we observe that households in our sample comprise slightly more people than the
average household in the areas. Also the living space per person (m?/person) is slightly above average
in all six regions. This, however, does not hold for the number of people per room, which is mostly at
the average level. The only exception is Biel/Bienne, where fewer people per room are observed than
the population mean would suggest. In conclusion, the characteristics of the surveyed households are
generally in line with the characteristics in the six areas (with some smaller exceptions). It is to be noted
that the statistics at the city level may not completely reflect the statistics of the surveyed areas, i.e. the
service areas of the utilities, which usually also include neighboring municipalities.

2.2.2 Comparison to national statistics

In the following, the datasets of all nine utilities is combined to get a broader representation of the Swiss
population in major urban and suburban areas (i.e. at the national level). We compare these to available
statistics at the national level. As mentioned, the surveyed customers of all utilities in our survey are not
identical with the entire population of Switzerland, but the characteristics of the latter are used only as
an approximation of the characteristics of the customer base of all utilities to get a rough idea about the
representativeness of the data.

Considering the numbers presented in Table 2.4, we can observe that our sample represents the Swiss
population fairly well in terms of household type, income as well as donations to environmental organiza-
tions. The slight under-representation of high income households might be due to a higher share of such
households opting not to report their income. In terms of education level of the household members, the
sample however does not appear to be representative. Highly educated households are over-represented in
our sample when compared to the reference Swiss population.

2.3 Descriptives

In the following, we provide the descriptive statistics for several variables included in the questionnaire
using the full sample gathered from all 9 participating utilities. A total of 8,378 households took part in
the survey and completed the questionnaire until the final screen. This corresponds to a share of 2.47%
of the households that received the letter of invitation, either together with one of their electricity or gas
bills (most utilities), or separately (AIL and SW). The total number of households within our sample
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2 The household survey

Table 2.4: Selected characteristics of sampled households compared to characteristics of population.

Characteristic % of sample % of population Reference population
Type of residence Switzerland
Single-family house 28.4 -
Apartment in multi-family house 71.6 -
Household type Switzerland (2014)
Couple with/without children 60.8 72.0
Single with/without children 33.6 24.0
Non-family household 5.5 4.0
Gross monthly household income Switzerland
(in 2014) (2009-2011 data)
up to 6’000 CHF 29.3 29.3
6’001 to 12’000 CHF 41.9 45.0
more than 12°000 CHF 15.1 25.7
Don’t know/No answer 13.6 n.a.
Education of household members Switzerland (2013)
Compulsory education 4.2 26.0
Secondary education 37.5 47.0
Tertiary education 55.8 27.0
Other 2.5 n.a.
Donations to environmental Switzerland (2014)
organizations (in 2014) 39.7 42.0

varies widely across the 9 utilities, ranging from 300 households for one utility to 1’406 households for
another.

2.3.1 A typical household in our sample

To get a sense of the typical household in the full sample, Table 2.5 lists out the most frequently reported
answer categories among all households living in single-family houses (SFH) or multi-family houses
(MFH).

Table 2.5 shows that the typical household consists of two adults aged between 20 and 64 years. The most
frequently reported household type is ‘couple with children’ in a single-family house and ‘single-person-
household’ in a multi-family house, with a gross monthly household income in between 6’001 and 9’000
CHF. If the household resides in a single-family house it is most frequently reported to be owned by the
household. Single-family homes most frequently comprise about 101 to 150 square meters of living space,
distributed among 6 rooms, 1 kitchen and 2 bathrooms/WCs. Single-family homes are predominantly
built in the period before 1940 and are heated by gas (space heating as well as water heating).® If the
household resides in a multi-family house, then the apartment is most likely rented and comprises about
71 to 90 square meters of living space, with 3 rooms, 1 kitchen and 1 bathroom/WC. The multi-family
houses are most frequently built in between 1940 to 1970.

®In the survey questionnaire the energy sources were not covered in detail for households living in multi-family houses.
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Table 2.5: Overview of characteristics of the typical household in our sample, by type of residence.

Characteristic Typical household living in SFH Typical household living in MFH
Ownership status Owned Rented
Size of house/apartment in sqm (m?) 100-150 71-90
Number of rooms (excl. kitchen/bathroom) 6 3
Number of kitchens 1 1
Number of bathrooms/WCs 2 1
Building period of house before 1940 1940-1970
Energy source used for space heating Gas -
Energy source used for warm water Gas -
Energy source used for cooking Electricity Electricity
Number of household members 2 2

Number of females in household
Household type

1
Couple without children

1
Couple without children

Number of children/teenagers (<20y) in household 0 0
Number of elderly (>64y) in household 0 0
Gross monthly household income (in CHF) 6,001-9,000 6,001-9,000
Number of cooked lunches per week 7 7
Number of cooked dinners per week 7 7
Dishwasher use (cycles per week) 3 2-3
Washing machine use (cycles per week) 2-3 1-2
Tumbler dryer use (cycles per week) 0-1 0-1
Share of energy saving light bulbs less than half of all bulbs less than half of all bulbs
Average room temperature in living room 21°C 21°C

The typical household cooks with electricity. While most residents of both single-family houses and
multi-family houses reported to prepare cooked lunches and dinners on a daily basis, households residing
in multi-family houses also reported preparing 5 cooked dinners and 2 cooked lunches during a week
as the second-largest answer category. The dishwasher is typically used three times a week within the
single-family houses and 2-3 times a week within multi-family houses. The washing machine is normally
used 2-3 times a week in SFH and 1-2 times a week in MFH. The share of energy-saving bulbs is less
than half in both types of residences and the average heating temperature in the living room is most
frequently reported to be 21°C.

2.3.2 House and apartment characteristics
Type of residence

Out of the 8,378 observed households, 2,376 (28.4%) lived in single-family houses and 6,002 (71.6%)
lived in apartments in multi-family houses (Figure 2.4). It turns out that 68.7% of all residential buildings
in Switzerland are reported to be single-family houses and the rest 31.3% are multi-family houses.’” But
unfortunately, we do not have the equivalent statistics on the share of people living in these single and
multi family houses.

"BFS: T 09.02.01.01 Gebiude nach Gebiudekategorie und Kantonen, Jahr 2014.
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Figure 2.4: Type of residence.

Single-family houses were mostly reported to be detached houses (55.7%), and to a lesser extent, semi-
detached houses (24.2%) or row houses (20.1%). Most of the multi-family houses (44.5%) were char-
acterized as being of medium size (comprising 6 to 12 apartments), while 34.6% of the residents of
multi-family houses characterized their building as a large MFH (more than 12 apartments), and 20.7%
characterized their building as a small MFH (less than 6 apartments).

Ownership status

A total of 3,337 households (39.8%) reported to own their residence and 5,041 households (60.2%)
reported to be tenants.

40% -

[2]

§ Ownership
5 . Owned
? 20% - Rented
x

SFH MFH

0%~

Figure 2.5: Ownership status by type of residence.

As expected, a great share of households living in single-family houses own their residence: 84.8%. This
compares to only 22% of the residents of multi-family houses who own their apartments (Figure 2.5).

32



2.3 Descriptives

Size of residence

Out of the 2,376 households residing in single-family houses, 2,301 households reported more informa-
tion about the size of their house in terms of square meters (sqm). Out of these, 34.5% live in houses with
101 to 150 sqm of living space, 29% live in houses with 151 to 200 sqm, and 17.6% in houses with 201 to
300 square meters. Only 12.5% live in houses smaller than 100 square meters and another 3.3% have
more than 300 square meters of living space (Figure 2.6).

30%-

20% -
B s o

' ' ' ' ' ' '
<100 100-150  151-200  201-250  251-300 > 300 DontKnow
Size in m?

Respondents (SFH)

Figure 2.6: Single-family houses by size in square meters.

Most of the observed single-family houses (34.3%) have 6 or more rooms in addition to bathroom(s) and
kitchen(s), followed by 31.8% with 5 rooms. 20.9% of the single-family houses have 4 rooms and only
13.1% have 3 rooms or less (Figure 2.7).

30% -
20% -
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Number of rooms

Respondents (SFH)

Figure 2.7: Number of rooms in SFHs (in addition to bathroom/kitchen).

Most single-family houses comprise one kitchen. Only 9.1% of single-family houses were reported to

have more than one kitchen. 78.5% of the single-family houses comprise either 2 (54.3%) or 3 (24.2%)
bathrooms/WCs.

Out of the 6,002 respondents who lived in apartments in multi-family houses, 5,923 reported the size of
their apartment in square meters. The greatest share of households (24.9%) live in apartments with a size
between 71 and 90 square meters, followed by those between 91 and 110 square meters (21.9%) and those
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2 The household survey

with apartments of 70 square meters or less (21%). 22.5% of the respondents lived in apartments between
111 and 150 square meters and 8.3% lived in apartments of more than 150 square meters (Figure 2.8).
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Respondents (MFH)

Figure 2.8: Multi-family houses by size in square meters.

In the multi-family houses, most apartments comprise of 3 or 4 rooms: out of the 6,002 observed

apartments, 35.2% are apartments with 3 rooms, 28.6% have 4 rooms. 23.4% of the apartments have 2
rooms or less and 12.9% have 5 rooms or more (Figure 2.9).
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Figure 2.9: Number of rooms in MFHs (in addition to bathroom/kitchen).

The majority of these apartments contain one kitchen. Only 3.1% of the apartments have more than one

kitchen. Most apartments have 1 bathroom/WC (52.7%), many of them have 2 bathrooms/WCs (38.4%)
and only 5.6% have 3 or more bathrooms/WCs.

Building period, energy characteristics and renovations

As to the building period, 24.7% of all single-family houses were built before 1940, 23.4% were built
between 1940 to 1970, 22.1% were built between 1970 and 1990 and 23% were built between 1990 and
2010. Only 2.7% of the single-family houses were built after 2010 (Figure 2.10).
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Figure 2.10: SFHs by building period.

5,238 of the 6,002 residents in multi-family houses gave information about the building period of their
apartment. 21.1% said that their building was built before 1940, 26.1% were built between 1940 to 1970,
24.5% were built between 1970 and 2000 and 15.6% were built after 2001 (Figure 2.11).
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Building period

Respondents (MFH)

Figure 2.11: MFHs by building period.

171 single-family houses and 522 multi-family houses were indicated to be Minergie houses, which
corresponds to a share of 7.2%, respectively 8.7%, of the two sub-samples. More than half of the single-
family houses complying with the Minergie standard were built after 1990 (59.1%). Also, most of the
multi-family houses complying with the standard were built after 2001 (64.6%).8 This suggests that,
in tendency, the multi-family houses in this sample have more favorable energy characteristics than the
single-family houses.

1,121 of the 2,376 single-family houses (47.2%) were reported to have undergone some kind of energy-
efficient renovation since the year 2000. This includes all kinds of renovations such as replacement of
windows or roof, renovation of the building envelope or change of heating system.

In most cases, an energy-saving renovation included a replacement of the windows, as this was reported
by 886 out of the 1,121 respondents. Also a renovation of the space heating system was reported relatively
frequently (725 households), followed by a renovation of the water heating system (654 households) and

8Note: The Minergie certificate can be acquired not only for new buildings but also for renovated buildings.
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renovations of the the roof (576 households). The least frequently reported renovation measure was the
renovation of the fagade, which was reported by 321 households.

2.3.3 Household characteristics
Household composition

We have information about household composition for 8,180 households. The biggest share among all
households were 2-people-households (42.6% of all households), followed by single-person households
(27.2%), households with 3 people (13%) and households with 4 people (12.4%). Only 4.8% of households
had 5 or more members (Figure 2.12). Our sample also shows that the average household size slightly
decreased between 2010 (2.42 people) and 2014 (2.26 people).
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Figure 2.12: Number of people per household in 2014.

As a comparison, 35% of households in Switzerland are single-person households, 33% of the households
are 2-people-households, 13% are 3-people-households and 13% consist of 4 people, and only 6% have
5 or more members.” This suggests that couple households are slightly overrepresented and single
households underrepresented in the sample.

Household type

8,378 households informed about their household type (Figure 2.13). Out of these, 2,917 (34.8%) were
couples without children in the household and 2,179 (26%) were couples with children. 2,367 (28.3%)
were single households and 451 (5.4%) were single-person households with children. The remaining 464
households (5.5%) were non-family households.

According to the Swiss population statistics, the share of single households amounts to 18%. 29% are
reported to be couples without children, 42% are couples with children and 6% of the households are
single parent with children.!® This again suggests that couples without children seem to be slightly
over-represented in our sample.

9BFS (2014): STATPOP cc-d-01.05.01.11 Privathaushalte nach Kanton und Haushaltsgrosse am 31. Dezember 2013.
OBFS (2016): Strukturerhebung, su-d-40.02.01.02.08 Stindige Wohnbevélkerung ab 15 Jahren in Privathaushalten nach
Haushaltstyp und Sprachgebiet, Jahr 2014.
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Figure 2.13: Households by type.

In 24.9% of the households at least one member was above 64 years old and in 23.5% of the households
there was at least one child or teenager younger than 20 years. Only in 69 households (0.82%) at least
one elderly person above 64 was present together with at least one child or teenager. In 52.41% of the
households neither a child/teenager nor an elderly person was part of the household.
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Figure 2.14: Survey respondents by age.

Of the 8,378 survey respondents, who were filtered-in to be one of the persons in their household who are
in-charge of the households’ purchase decisions and payment of bills, a greater share was male (58.6%)
compared to female (41.4%). As can be seen in Figure 2.15, the share of male respondents increased with
the age of the respondents, which could indicate a more traditional allocation of responsibilities among
members of the household in the older generation.
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Figure 2.15: Survey respondents by gender and age.

Among all respondents and their partners living in the same household, 38.3% had some kind of academic
degree (either from university, technical/pedagogical university or university of applied sciences). 28.2%
had completed some kind of vocational training, and another 17.5% had some advanced professional
training leading to some (advanced) Federal PET Diploma or PET college degree. 9.3% of the respondents
and their partners had completed school with a baccalaureate or an intermediate vocational school
certificate. 2.5% reported to have some other level of education and 4.2% reported to have completed
obligatory school (Figure 2.16 and Figure 2.17).

Education Level (N = 13'476)
40% -

30% -

20% -
- .
... N - I

\ ) ) , ) )
L1-Oblig L2-VET L3-FMS L4-PET L5-Univ Other
Education Level
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Figure 2.16: Survey respondents and their partners living in the same household by level of education (together).
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Figure 2.17: Survey respondents and their partners living in the same household by level of education (separate).

This compares to a share of 15% of the population in Switzerland who have an academic degree and 26%
of the population who have completed obligatory school.!! Another 36% had completed some kind of
vocational training, and another 12% had some advanced professional training leading to some (advanced)
Federal PET Diploma or PET college degree. Although our sample is not directly comparable to the entire
population of the Switzerland, these numbers suggest that more educated respondents are over-represented
in our sample.

Household income

The household’s income in 2014 was reported by 7,080 households. 1,298 households didn’t provide
this information. A total of 29.3% of households earned a monthly income of 6’000 CHF or less (12.6%
earned upto 4’000 CHF and 16.7% earned between 4’500 to 6’000 CHF). This is followed by another 26%
having a household income between 6’001 and 9’000 CHF. 16% of the households had a gross monthly
income of 9’001 to 12’000 CHF, and another 15.1% reported to have an income of more than 12°000 CHF
per month (Figure 2.18).

"'BFS (2014): Strukturerhebung su/d/15.08.02.07 Stindige Wohnbevdolkerung ab 15 Jahren nach Kanton und hochster
abgeschlossener Ausbildung, Jahr 2013.
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Figure 2.18: Household income in 2014 by income classes.

Overall, income does not vary too strongly between the years 2010 and 2014, although a slight increase in
average household income can be noticed in Figure 2.19.
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Figure 2.19: Change in household income between 2010 and 2014.

For Switzerland, the estimated average gross household income amounted to 10’052 CHF per month in
2013.12 For the years 2009 - 2011, we know that the share of households with an income of more than
12°000 CHF amounted to 25.7% and the share of households with an income of 6’000 CHF or less was
29.3%, while 45% of the households are in the middle range of between 6’000 and 12’000 CHF.!3 This
suggests that the sample more or less conforms to the income shares in the Swiss population, with only a
slight underrepresentation of highest income households.

2BFS Haushaltsbudgeterhebung, 2009-2011 sowie 2012 und 2013, T20.02.01.01 Haushaltseinkommen und -ausgaben
samtlicher Haushalte nach Jahr.
3BFS Haushaltsbudgeterhebung (HABE) 2009-2011, 2014
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2.3.4 Energy sources

Heating and warm water

The most frequently used energy source for space heating in the single-family houses in the sample is gas
(46.2%), followed by heating oil (25.2%) and heat pumps (14.7%). Less frequently used heating energy
sources are wood (5.2%), electricity (5.1%) and district heating (1.8%) as shown in Figure 2.20.

Primary energy source for space heating in SFH
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Solar -
Other -

Oil -
HeatPump -
Gas-
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DontKnow -

District -
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Figure 2.20: Energy sources used for space heating in SFHs.

The shares are different for water heating. The most frequently used energy source for water heating
is still gas (36.2%), followed by electricity (26.7%), oil (15%), heat pumps (9.1%) and solar (8.5%).
A small share of single-family houses heat water using district heating, wood or some other sources
(Figure 2.21).
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Figure 2.21: Energy sources used for water heating in SFHs.
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Anticipating that residents of multi-family houses would be less informed about the heating energy sources
used in their buildings, these respondents were not asked about the general energy sources for heating and
warm water of the whole building, but only whether they have an independent heating system in their
apartment (either electricity- or gas-based). While very few of the respondents reported to have separate
heating systems for space heating (12.2%; where-in electric: 3.9%, gas-based: 4.7%, other: 3.6%), a
slightly higher share of 16.9% stated to have a separate system for water heating. Most of the systems
used for water heating were electric (69.3%) although some multi-family houses also reported to have gas
based water heating system (19.9%).

Cooking

Both in single-family houses and in multi-family houses 92% (respectively 89.5%) of the households in
the sample use electricity as energy source for cooking. 7.7% (9.7% in MFH) use gas for cooking and a
negligibly small share uses other sources for cooking.

2.3.5 Appliances and energy services

A major determinant of a household’s electricity (and gas) consumption is the presence of certain
appliances in the household. In addition, the age of these appliances and the frequency of their use are
decisive for the overall energy consumption of the household.

In the following, we provide an overview of the presence of different household appliances in the sample
households, partitioned by their age. In the following subsections we will also report how often these
appliances are used by members of the household.

Tumbler dryer -
Washing machine l
DishWasher - Availability & Age
Yes Upto5yrs
. Yes 10+yrs
2nd Fridge
. Yes NoAge
1st Fridge . . Don't Have
Oven .
Stove .

0% 25% 50% 75% 100%
Respondents

Figure 2.22: Overview of appliances (and their age) within the households.

While almost all 8,378 households owned at least a stove, oven and a fridge, 6,624 of the households
(79.1% of the sample) also owned a dishwasher. 3,748 of the households (44.7%) had a separate freezer
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in their residence whereas 1,487 households (17.7%) had also a second fridge at home. 4,803 households
(57.3% of the sample) owned their own washing machine and only 3,177 households (37.9%) owned their
own clothes dryer.

The appliances that are most frequently reported to be more than 10 years old are stove and oven, followed
by fridge, dishwasher, freezer and washing machine (Figure 2.22). We can therefore assume that, on
average, replacing the primary appliances in the kitchen in the observed households would unlock a
particularly high potential for energy-efficiency improvements.

On the other hand, primary fridges are most frequently reported to be less than or up to 5 years old,
followed by dishwashers, oven, stove, washing machine and tumbler dryer.

Cooking and dish-washing

The number of cooked lunches and dinners is distributed relatively widely across households (Figure 2.23).
Out of the 8,378 households we observed, 25.3% cook dinner every day and 21.8% cook lunch every
day.
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Figure 2.23: Number of cooked meals per week.

The usage of the dishwasher is seen to be relatively widely distributed across households. Among
those households who have a dishwasher, the most frequent number of usages is 3 times per week
(Figure 2.24).
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Figure 2.24: Number of dishwasher cycles per week.
Washing and drying

5,014 households reported on their washing machine usage with a valid response. Among most of these
households (85%) the washing machine is running up to 5 times per week. The most frequent number of
usages of the washing machine is 2 times per week (Figure 2.25).

Similarly, the clothes dryer is used upto 5 times a week in 63.7% of the 3,802 households who responded
with a valid response. Most households report that they do not use their clothes dryer (31.1%) or use at
most once per week (28.2%) or twice per week (16.3%).
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Figure 2.25: Number of washing machine cycles per week.
Electronics

As can be seen in Figure 2.26, most households appear to own 1 or 2 laptop/PCs and 1 TV set. Overall, it
is more frequent that a household owns several computers than several TV sets.
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Figure 2.26: Number of TVs and PCs in the households in 2014.

Information on TV usage per day, i.e. combined use of all TVs at home, is provided by 7,070 households.
32.2% of the households watch TV for less than 2 hours per day, 38.9% for 2-4 hours per day and
18.7% for 4-6 hours per day. In 9.6% of the households, TV is running for more than 6 hours per day

(Figure 2.27).
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Figure 2.27: Usage of TVs per day.

Information on laptops and desktop computers usage is provided by 7,809 households. The total usage per
day of these devices (i.e. combined usage of all available desktops and laptops at home) is reported to be
less than 2 hours per day for about 40.3% of the households. This is followed by 26.6% households using
computers for 2-4 hours per day, 14.2% for 4-6 hours per day and 6.7% for 6-8 hours per day. 11.5% of
the households use computers for more than 8 hours per day (Figure 2.28).
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Figure 2.28: Usage of computers per day.

Lighting

Regarding the share of different light bulbs in the observed households, we notice that many households
still rely to a large extent on conventional light bulbs (Figure 2.29). While only 4.7% of the households
state that conventional light bulbs account for 100% of the lighting in their home, still, for 21.7% of the
households conventional bulbs account for more than half of all light bulbs. 17% of households claim that
more than half of their bulbs are energy-saving light bulbs and 9.2% state that the majority of their bulbs
are LED bulbs. Tube-lights seem least common in the observed households.
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Figure 2.29: Share of different type of light-bulbs in the households.

Heating

8,248 households reported their average room-temperature in the living room during the heating period.
The most frequently reported temperature is 21°C (reported by 25.6% of the households). Altogether,
70.7% of the households report an average room temperature of between 20°C and 22°C. 11.6% of
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the households report higher temperatures and 12.9% of the households report lower temperatures

(Figure 2.30).
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Figure 2.30: Average temperature in the living room during the heating period.

In addition, the frequency of use of the shower was also asked. 44.1% of the households report up to 7
shower operations per week. In turn, 36.9% of the households say they use the shower 8-14 times a week
and the remaining 18.5% use the shower more than 14 times per week.

Miscellaneous

In addition to the usual household appliances, the presence of particular equipments or devices with
significant electricity consumption was also asked in the survey questionnaire.

None of these
Infra—red Heater
Air conditioner

Aquarium/Terrarium

Water-bed Availability
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Figure 2.31: Presence of other equipments and installations.
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741 households report they have a home theatre system. 531 have an infra-red heater and 306 households
are equipped with air conditioning. In addition, 191 households have installed a sauna, 197 households a
swimming pool, and 182 households have a whirlpool/jacuzzi. An aquarium exists in 216 households and
157 households report to also own an electric/hybrid car (Figure 2.31).

2.3.6 Adoption of policy measures

2,071 households (24.7% of the sample) profited from at least one of the five listed policy measures since
the year 2010, i.e. every fourth household was reached by at least one of these policy measures.

Investment support I
Smart meter I Policy adoption
Yes
Online self-monitorin
g I No
Appliance rebate I . Don't know

Energy consulting I

0% 25%  50%  75%  100%
Respondents

Figure 2.32: Adoption of several policy measures since 2010.

7.7% of the households profited from rebates on energy-efficient appliances and 6.3% of the households
claim to have profited from some kind of financial support when having invested in energy-saving measures
in their homes. Only 4.2% of the households had used a consulting service to get information about
energy-efficiency measures in their homes. 3.4% of respondents had used some online (self-)monitoring
tool and only 3% had used a smart meter to keep track of their electricity consumption.

2.3.7 Energy-related attitudes, behaviors and literacy

A few environment-related attitudes and energy consumption behaviour within the homes were also asked
as part of the survey. We include below a summary of the results gathered across all respondents in our
sample.

Attitudes

8,069 respondents reported their environment-related attitudes.'* 73% of the respondents agreed with
the statement “I feel morally obliged to reduce my energy consumption.” 68% of the respondents agreed

“Respondent from IWB (Basel) did not have the attitudinal questions in their questionnaire because the utility wanted the
length of the survey to be short.
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with the statement “I am willing to make compromises in my current lifestyle for the benefit of the
environment.” 80% of the respondents stated that they disagreed with the statement “I am not willing to
reduce my energy consumption if others don’t do the same” (Figure 2.33).

| feel morally obliged to reduce my energy
consumption. 12% e 73%
|

I am willing to make compromises in my current

lifestyle for the benefit of the environment. 10% 2228 68%
|
I am not willing to reduce my energy consumption
if others don't do the same. 80% et 9%
100 50 0 50 100
Percentage
Response . Strongly Disagree Disagree Undecided Agree . Strongly Agree
Figure 2.33: Energy-related attitudes of respondents.
| am not willing to reduce my energy consumption if others don't do the same.

> 60 74% 14% I 13%
50-59 81% 9% I 10%
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Figure 2.34: Energy-related attitudes by age group of respondents.

In tendency, the younger population seems to feel more responsible to reduce their energy consumption
and to make compromises for the benefit of the environment (Figure 2.34). Respondents aged 60 or older
showed the least agreement with the two positive statements and the least disagreement with the negative
statement (“I am not willing to reduce my energy consumption if others don’t do the same”).
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I am not willing to reduce my energy consumption if others don't do the same.
I

Male 78% 11% 11%
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1
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I
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Figure 2.35: Energy-related attitudes by gender of respondents.

Regarding gender and attitudes, we observe a higher pro-environmental attitude among female respondents
than male respondents across all three attitudinal parameters (Figure 2.35).

As another indicator of pro-environmental attitudes, 39.7% of the full sample claim to have donated to an
environmental organization during the last 12 months prior to taking the survey. This compares to 42% of
the respondents to the Swiss ‘Spendenmonitor’ who claimed to have donated money to an environmental
organization in the year 2014.1

Behaviors

In terms of energy-conserving behaviors in everyday life (Figure 2.36), the most frequently reported
behavior among those who responded is to run full loads when using the washing machine. 43.2% of 8,004
respondents claim to ‘always’ follow this behavioral rule. Also, 40.4% of 6,691 respondents ‘always’
choose the program of their dishwasher according to the level of dirtiness of the dishes, followed by 31.8%
of 8,293 respondents who state that they ‘always’ completely switch off electronic devices after usage (no
stand-by).

SGFS Ziirich, Spendenmonitor 2014 des Forschungsinstituts gfs-ziirich, 2015.
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Running only full loads when using the washing
machine.

Choosing different program of dishwasher
depending on level of dirtiness of dishes. 23% 15% 62%

6% 9% 85%

Completely switching off electronic devices (TV,

computer) [no standby]. 28% 17%

55%

Washing clothes using 30°C or less rather than

higher temperatures. 27% 30%

42%

Considering the type of tariff (peak/off peak)

when using certain appliances. 46% 18% 36%
|
100 50 0 50 100
Percentage

Response Never Rarely Sometimes Very Often . Always

Figure 2.36: Frequency of practicing certain energy-related behaviors.

The least frequently reported energy-conserving behavior is noticed with respect to the consideration of
peak/off-peak tariffs when consuming energy services at homes. Out of 7,247 respondents, 31.6% ‘never’
(and 14.7% ‘rarely’) consider the type of tariff when using appliances such as the washing machine. Also,
only 9.4% of 8,034 respondents claim to ‘always’ run the washing machine on low temperatures (below
30°C), although 33% still do this ‘very often” and another 30.4% do it ‘sometimes’.

Awareness of electricity prices

Respondents from 7 out of 9 utilities also answered a few ‘knowledge questions’ related to the topic of
energy and electricity consumption.'®

Regarding awareness of the average electricity price in Switzerland, which we assume to be at 20 Rappen
per kWh, we can observe that a substantial portion of respondents rather underestimates the average price
of electricity (Figure 2.37).

Among the 6,679 people who responded to the question whether they knew the price of 1 kWh of electricity
in Switzerland, 45.6% immediately claimed to not know the exact amount. The remaining 54.4% of the
respondents gave an estimate of the average electricity price. The median across all estimated values was
seen to be at 18 Rappen whereas the mean was at a much higher level at 29 Rappen per kWh.

16The utilities in Basel (IWB) and Lausanne (SiL) opted not to have the energy-literacy questions in their survey questionnaire
because they wanted to keep the survey a bit shorter.
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Figure 2.37: Distribution of respondents’ estimated price of 1 kWh of electricity in Switzerland.

>

32.4% of those respondents who gave an estimate chose a value in the range of +/- 20% of the ‘true
amount (i.e. a value in between 16 Rp. and 24 Rp.). Among these, 15.7% chose the ‘correct’ amount of

20 Rappen per kWh.
In tendency, a much greater share of respondents underestimates the electricity cost: 42.4% of the

estimates were less than 15 Rp./kWh, compared to 25.3% of the estimates which were overestimated at
25 Rp. or more.
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3 Explaining electricity demand and the role of
energy and investment literacy on end-use
efficiency of Swiss households?

3.1 Introduction

In Switzerland, electricity is primarily produced by hydropower plants (60%) and nuclear power plants
(40%). In 2011, after the Fukushima Daiichi nuclear accident, the Swiss federal council decided to
abandon nuclear energy. For this reason, the Swiss federal council developed a new energy policy concept,
called Energy Strategy 2050. One important goal of this strategy is to reduce electricity consumption by
improving the level of efficiency in the use of electricity and to increase the share of electricity produced
with new renewable sources of energy such as wind and solar. The efficiency improvement and the
development of new renewable sources should, therefore, allow substituting the amount of electricity
produced by nuclear power plants. In this context, the residential sector is characterized by great potential
for energy efficiency gains and could make an important contribution to a reduction of total end-use
electricity consumption. !

Against this background, it is important for policy makers to have information on the potential for
electricity savings in the residential sector. Moreover, it is important to know which are the determinants
that influence the level of efficiency in the use of electricity. A low level of efficiency, as discussed in
Filippini and Hunt (2015), may be due to the fact that households do not adopt and use energy efficient
appliances or do not use their appliances in an optimal way. For instance, a household might postpone
substituting an old and inefficient refrigerator that consumes a lot of electricity, or does not use a cooling
system or washing machine in the most efficient way.

The determinants of residential energy efficiency have been widely covered in the economic literature
(Allcott and Greenstone, 2012; Frederiks et al., 2015; Gillingham et al., 2009). The potential explanations
for an inefficient use of appliances on the one hand and for an under-investment in energy-efficient
household appliances on the other can be attributed to either market failures or behavioural failures
(Broberg and Kazukauskas, 2015). Market failures that prevent investments in energy-efficient appliances
can take the form of information problems (e.g., lack of information and information asymmetries),
misplaced incentives and principal-agent problems such as the landlord-tenant problem. But even if these
market failures could be overcome, several behavioral failures such as bounded rationality, loss aversion,
status-quo bias, risk aversion or inattentiveness” potentially reduce the level of efficiency in a household’s
energy use. All these behavioral failures tend to prevent households from identifying the appliances that

"Published in the journal of Energy Economics: https://doi.org/10.1016/j.eneco.2017.12.004

! Although we have sometimes used the general term ‘energy’ in the discussions, the reader is informed that the analysis in
this research refers to ‘electricity’ consumption at the residential level.

ZNote that inattention to potential electricity savings may be justified on rational grounds (Sallee, 2014), especially if
electricity prices are very low in relation to household income such that electricity costs are a marginal position in the household’s
budget. In such a case the consumer may anticipate that the information and search costs related to the purchase of a new
appliance may outweigh the potential future energy savings.
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minimize lifetime costs or from using the appliances in an efficient way. However, as shown by Blasch
et al. (2017b), households that are scoring high with respect to investment and energy literacy seem to be
less prone to boundedly rational behaviour.

To our knowledge, relatively few studies have looked into the relationship between energy and investment
literacy and residential energy efficiency (for an example, see Brounen et al. (2013)). Investment literacy
can be defined as the ability to perform an investment analysis and to calculate the lifetime cost of an
appliance or energy-efficient renovation. Energy literacy can be defined as an individual’s cognitive,
affective and behavioral abilities with respect to energy-related choices. According to DeWaters and
Powers (2011), energy literacy comprises an individual’s or household’s (/) knowledge about energy
production and consumption and its impact on the environment and society; (2) attitudes and values
towards energy conservation; and (3) corresponding behaviour. In this paper, we therefore put particular
emphasis on examining the influence of energy literacy, investment literacy and energy-saving behavior
on a household’s level of efficiency in the use of electricity.?

Hence, in this paper, we provide an answer to the following questions: Which are the factors that influence
the electricity demand at the household level? What is the level of efficiency in the use of electricity of
Swiss households? How large are the potentials for energy savings in the residential sector for a given
level of energy services? Does a household’s level of energy and investment literacy influence its level of
efficiency in the use of electricity?

To answer these questions, it is important to remember that a household’s energy demand is not a direct
demand for energy or electricity, but rather a derived demand for the production of energy services such
as warm food, clean clothes and lit rooms. Therefore, behind electricity demand there is a production
function. A reduction in energy consumption for the production of a given level of energy services can be
achieved either by improving the level of efficiency in the use of inputs (i.e. in the use of appliances), or by
adopting a new energy-saving technology (i.e. purchase of new appliances, investments in energy-saving
renovations), or both. Technological change can induce a reduction of energy consumption for a given
level of energy services, provided that the inputs are used in an efficient way, i.e. given that the households
are productively efficient. The total reduction in residential energy consumption is therefore a result of
the interplay of technological change and a household’s behaviour.*

The level of energy efficiency of households can be measured with a bottom-up approach, by making
an on-site efficiency analysis of buildings. However, with such an economic-engineering approach, the
behavioural aspects in energy use are often not accounted for. In addition, this approach is not based on
the microeconomics of production. In this paper, we therefore estimate a household’s level of energy
efficiency with econometric methods, accounting for total electricity consumption and factors such as the
size and characteristics of the dwelling, household composition and other socioeconomic attributes, level
of energy services consumed, energy literacy, investment literacy and energy-saving behaviour. With this
approach a broader and more adequate bench-marking of Swiss households with respect to their electricity
consumption can be performed.

The existing literature on the measurement of the level of energy efficiency in the residential sector using
an economic approach is relatively sparse. While the Stochastic Frontier Analysis (SFA) has been used
with aggregated energy data (e.g., Filippini and Hunt (2012); Filippini et al. (2014)), we use dis-aggregated
data since residential consumers are typically very heterogeneous and household level data can add more
detail to the knowledge of consumer response. Weyman-Jones et al. (2015) are one of the first to estimate
energy efficiency using SFA with dis-aggregated household survey data. They estimate an energy input

3We consider a slightly narrower definition of energy literacy (described in Section 3.2) in this study.
“For a discussion on the concept of energy efficiency based on the production theory and on the measurement methods, see
Filippini and Hunt (2015).
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demand frontier function, originally proposed by Filippini and Hunt (2011), using a cross-sectional
household dataset from a survey in Portugal. However, the model used by Weyman-Jones et al. (2015) is
relatively simple with only a few explanatory variables. In contrast, Boogen (2017) uses a much richer
model using not only the information on appliance stock but also on the amount of energy services
consumed to estimate the technical efficiency of a set of Swiss households using a sub-vector distance
function. However, as Boogen (2017) uses a cross-sectional dataset, the unobserved heterogeneity cannot
be accounted for. Moreover, only the level of technical efficiency is estimated. Alberini and Filippini
(2018) employ an energy demand frontier approach similar to Weyman-Jones et al. (2015) using a large
panel dataset from US households to estimate the level of energy efficiency. By using panel data they are
able to distinguish and estimate the level of persistent and transient energy efficiency.’ The limitation
of Alberini and Filippini (2018) is that the amount of energy services consumed by a household was not
included as an explanatory variable.

In this paper, we follow the energy demand frontier approach using an unbalanced panel dataset of 1,994
Swiss households from 2010 to 2014. Moreover, using an approach proposed by Coelli et al. (1999), we
will also measure the level of efficiency by comparing the electricity consumption of all households to
the optimal level obtained from an energy input demand frontier function associated with a high level of
investment literacy.

The contribution of this paper is two-fold — firstly, we estimate the persistent and transient efficiency
in electricity consumption of a large sample of Swiss households and demonstrate an application of the
newly developed GTREM model (Colombi et al., 2014; Filippini and Greene, 2016) that estimates both
types of efficiency conveniently by a simulated maximum likelihood approach. We benefit from a unique
panel dataset covering a five-year period collected via a household survey conducted in 2015. The dataset
includes information on the level of energy services, which is usually not measured as it can be difficult
to collect this information.® Information on the level of energy services is a critical issue when using SFA
(Filippini et al., 2014). Finally, to our knowledge, this paper is the first to provide a systematic analysis of
the impact of both energy and investment literacy on the total electricity consumption of households while
controlling for the effects of the general level of education of the household members. Our results can
therefore provide new insights into the interrelations between the literacy and education variables and
their role for transient and persistent efficiency in residential electricity consumption.

The rest of the chapter is organized as follows. Section 3.2 discusses the role of energy literacy and
investment literacy for energy efficiency. Section 3.3 presents an econometric model of residential
electricity demand using dis-aggregated household data and discusses the empirical specifications for
estimating the level of efficiency in the use of electricity. Section 3.4 describes the household survey data
and the variables used in the model. Section 3.5 presents the results and Section 3.6 concludes.

3.2 Energy and investment literacy

Residential energy efficiency is a function of the efficiency of the inputs used to produce a certain energy
service (type of appliance) and of the efficiency in the use of these inputs (use of appliance). Both
the choice of electric appliances and the efficiency of their use are necessarily influenced by the user’s
knowledge about the baseline energy consumption of an appliance and how it can be steered by a specific
user behavior, such as switching it off after use rather than leaving it on stand-by. The choice of appliances

>The concept of persistent and transient efficiency was introduced by Colombi et al. (2014) and significantly developed by
Filippini and Greene (2016).

%Generally, the energy services are approximated by household characteristics that influence the level of energy services in a
household, e.g., in Alberini and Filippini (2018).
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requires, in addition, some ability to evaluate different appliances with respect to their lifetime cost,
accounting for the initial purchase price and the future spending for its electricity use. This evaluation
requires complex calculations that are based on assumptions about the expected lifetime of the appliance,
the electricity price now and in the future, as well as on the anticipated intensity of use of the appliance.
The decision-maker thus does not only need to dispose of knowledge about the electricity price and the
consumption of the appliance but also of the ability to calculate and to compare the net present values of
several appliances to choose from (Gerarden et al., 2015; Sanstad and Howarth, 1994a,b; Scott, 1997).

Making these calculations can be burdensome for consumers, as suggested by the results presented in
Allcott and Taubinsky (2015). Participants of an online randomized control trial in the US could choose
between light bulbs with different levels of energy efficiency. If information about total lifetime cost of
the light bulbs was provided, more consumers opted for the more efficient compact fluorescent light bulbs
compared to the control condition. Also Blasch et al. (2017b) test whether providing consumers with
information about the average yearly electricity cost for an appliance increases the probability that they
opt for a more efficient appliance. They find a significantly positive relationship between the provision of
monetary information on electricity consumption and the probability to perform an investment calculation
rather than following a decision-making heuristic, and hence the probability to choose a more efficient
appliance. In addition, they also find a positive impact of an individual’s level of energy and investment
literacy on the choice of the more efficient appliance.

A definition of what energy literacy comprises can be found in DeWaters and Powers (2011). According
to them, energy literacy entails a cognitive (knowledge), affective (attitudes, values) and behavioral
component. In our study, we focus on the cognitive aspect of energy literacy and add the dimension of
investment literacy measured by a compound interest rate task. Compound interest rate tasks are frequently
used to elicit an individual’s level of financial literacy, such as in Lusardi and Mitchell (2009) or Brown
and Graf (2013). Lusardi and Mitchell (2009) provide evidence that individuals who know about interest
compounding are 15 percentage points more likely to be retirement planners (Lusardi and Mitchell, 2007).
Brown and Graf (2013) find in a study on financial literacy in Switzerland that respondents scoring high
on financial literacy are more likely to have an investment related custody account and to make voluntary
retirement savings. That investment literacy may also be related to the choice of efficient appliances is
suggested by results provided in Attari et al. (2010) who show that US citizens with a higher affinity
to numerical concepts had more accurate perceptions of the energy consumption of different household
appliances than their peers. Additionally, Brent and Ward (2017) show in a recent paper using a discrete
choice experiment for the purchase of hot water systems that a higher financial literacy score also increases
the willingness to pay for reduced operating cost.

Whether, and if yes, how strongly, an individual’s energy-related knowledge and ability to make complex
calculations eventually impacts on the final energy consumption of the individual’s household is an
interesting question to ask. If there is a significant influence, educating individuals about energy-related
issues and instructing them how to perform an investment calculation would be a potential lever to enhance
residential end-use energy efficiency. Nation-wide education campaigns, for example also in schools,
could give a strong boost to energy efficiency of households.

So far, only a few studies have investigated the relationship between energy and investment literacy and
actual energy consumption of households. As one of them, Brounen et al. (2013) study the influence of
energy and investment literacy on conservation behavior of households in the Netherlands. Analysing
data from a large national household survey, they find that energy literacy among households is very
low. For example, only about half of the respondents are aware of the monthly amount they spend on
energy consumption and about 40% were not able to correctly evaluate an investment into new and
more energy-efficient equipment. Yet, they do not observe a significant effect of energy literacy on a
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household’s self-reported energy consumption, and also not on a household’s choice of the thermostat
setting.

Mills and Schleich (2012) analyze how strongly the level of general education influences a household’s
energy use behavior and adoption of more efficient appliances based on survey data collected in 11
European countries. They observe a significantly positive influence of the level of education of the
household head on the adoption of more efficient appliances (measured by an energy-efficient technology
adoption index). In addition, they build an energy-use-knowledge index and find that the level of the
index rises if the household head holds a university degree and is lowest if the household head holds
a vocational degree. University education of the household head also impacts positively on the energy
conservation index the authors built. Apart from these studies, Zografakis et al. (2008) report results from
a small-scale energy-related information and education project in Greece that impacts positively on stated
energy-saving behaviors of students and their parents. Overall, there is thus no conclusive evidence on the
role of energy and investment literacy for the total energy consumption of a household, especially if the
effect of the general level of education of the household members is accounted for.

3.3 An econometric model for electricity demand

Within the framework of household production theory, energy demand is derived from the demand for
energy services. We assume that households purchase inputs such as energy and capital (household
appliances) and combine them to produce outputs which are the desired energy services such as cooked
food, washed clothes or hot water — which appear as arguments in the household’s utility function (Flaig,
1990; Muth, 1966). Within this theoretical framework, it is possible to derive the optimal input demand
functions for energy and capital (Alberini and Filippini, 2011; Flaig, 1990). Conventional theory assumes
perfect knowledge of technical relationships and prices, and results in a situation characterized by overall
productive efficiency’ in the production of energy services. In practice, however, inefficiencies in the use
of the inputs, i.e. combinations of inputs that do not minimize costs, are likely to occur.

Filippini and Hunt (2011, 2015) propose a non-radial input specific measure of efficiency in the use of
energy based on the difference between the optimal use of energy (one which minimizes input costs) and
the observed use of energy. In this paper, we follow this approach and estimate a measure of efficiency in
the use of electricity based on the estimation of a single conditional input demand frontier function, i.e.
the demand function for electricity. The function represents the minimum or baseline electricity demand
of a model household that has a highly efficient appliance stock and uses the most efficient production
process to produce a given level of energy services, given electricity price, price of capital stock and
other factors. If a household is not on the frontier, the distance from the frontier measures the level of
inefficiency in the use of electricity. In our empirical work, which uses dis-aggregated data from Swiss
households, we posit the following household electricity demand function:

InE; = o+ ap lnpg +ayM; + agH; + aps ES i + ap LOCj;

3.1
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where Ej is the electricity demand (in kWh), pg is the electricity price, M, is a vector of household
characteristics, H;, is a vector of dwelling characteristics, ES j; is the amount of energy services consumed,
LOC; is the utility service area and W;, is the number of heating degree days (HDD) and cooling degree
days (CDD) that the household experiences. LIT; represents the level of energy and investment literacy
of the respondent, BE H;; captures the energy saving behaviour of the household, 7, and th capture the
time trend, and &, is the overall error term. This equation represents the minimum electricity consumption

7As defined by Farrell (1957).
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as a function of electricity price, weather influences, household and dwelling characteristics, stock of
special appliances®, level of energy services, energy and investment literacy, and energy saving behaviour.
We use a log-log model specification in the empirical analysis presented in this paper.

Note that it would be possible to include many non-linearities (beyond those implied by the log-log
setting) and higher order dependencies in the model specified in Eq. (3.1). A quadratic time trend is an
example. It is also plausible that an additional household member does not necessarily increase the energy
demand linearly. Other variables like weather or electricity prices may as well have different effects in
different regions. However, if too many non-linear terms are included, convergence problems within the
estimation procedure may arise. In our log-log model specification we decided to include a quadratic time
trend.’

In order to obtain the level of efficiency in the use of energy, we estimate Eq. (3.1) using the stochastic
frontier function approach introduced by Aigner et al. (1977). Traditionally, the SFA approach has been
used in production theory to empirically assess the economic performance of production processes. The
basic idea is that the frontier function estimates the maximum (or minimum) level of an economic indicator
reachable by a decision making unit, e.g., a firm or an economic agent like a household. In the case of
residential electricity consumption, the frontier gives the minimum level of electricity input used by a
household for any given level of energy services. The difference between the observed input and the
optimal input demand on the frontier represents inefficiency. Furthermore, the difference between the
observed input and the cost-minimizing input demand on the frontier depicts both technical as well as
allocative inefficiency (Kumbhakar and Lovell, 2003).

In the SFA approach the so called error term ¢;, is composed of several components. One of these is a
symmetric disturbance capturing the effect of noise assumed to be normally distributed as usual. The
other components, discussed in details in Section 3.3.1, are interpreted as an indicator of the inefficient
use of electricity at the household level.

3.3.1 Estimation methodology

There are several econometric models available for estimating a stochastic frontier using panel data. Below
we briefly mention some of the most commonly used models in empirical analysis.

The first is the basic random effects model by Pitt and Lee (1981) (REM hereafter). Next is the true
random effects model (TREM hereafter) proposed by Greene (2005a,b) and the third is the generalized true
random effects model (GTREM hereafter) by Colombi et al. (2014) and Filippini and Greene (201 6).19 As
discussed in Filippini and Greene (2016), some of these models estimate time invariant values of the level
of efficiency (persistent efficiency) whereas others produce time variant values (transient efficiency).

The REM by Pitt and Lee (1981) overestimates the level of inefficiency since it regards any time-
invariant and group-specific unobserved heterogeneity as inefficiency. The REM does not provide an
estimation of the time-varying transient inefficiency indicator. On the other hand, the TREM by Greene

8Equation (3.1) should be interpreted as a long-run electricity demand function, because the capital stock can vary. We just
include a few variables to take into account the presence of a second fridge, a separate freezer, and whether or not the household
owns a special appliance, such as a sauna. Further, the price for appliances is assumed to be the same for all households.

9We tried other higher order terms and found that the obtained value of the two types of efficiencies are extremely similar
(correlations in the range 0.994 — 0.999) when compared to the results from the specification presented here. Furthermore, the
coefficients on our parameters of interest (i.e. the two literacy variables) were also comparable.

10See Kumbhakar and Tsionas (2012) and Filippini and Greene (2016) for an overview of all these models. The reader is also
referred to Filippini and Hunt (2015) who provide a summary of different econometric specification and comparison between
these models.
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Table 3.1: The GTREM specification for the stochastic cost frontier.

Model:  y;, = a + B'x; + &;

& = wi+hi +ui + vy

uy ~ N*[0,072]
Full random error (g;): h; ~ N7[0, 0'2]

vie ~ N[0, 02]

w; ~ N[0, 03]

Note: A log-log model specification is used in the empirical analysis.
E(h;ly;) captures the persistent inefficiency and E(u;/|y;) captures
the transient inefficiency.

(2005a,b) controls for time-invariant unobserved heterogeneity, but any time-invariant component of
inefficiency is then completely absorbed in the household-specific constant terms. Hence this model tends
to underestimate the level of inefficiency and as such gives only a measure of the transient inefficiency
and not of any time-invariant persistent inefficiency.

In the context of a household, the persistent inefficiency component might relate to the presence of
structural problems in the production process of energy services like an old electrical appliance stock or
old buildings with very poor insulation. It might also relate to systematic behavioural shortcomings like
frequently opening the windows in the heating period and not switching off the lights after use. Similarly,
the transient inefficiency part might point towards the presence of non-systematic behavioural failures
that could be solved in the short term, e.g., the use of an additional cooling appliance for a few weeks
during a hot summer, or the temporary presence of guests visiting the household, hence increasing the
demand for energy services temporarily.'!

This paper focuses on the third and the most recent model, the GTREM, which offers the possibility to
simultaneously estimate the persistent and transient parts of inefficiency. Colombi et al. (2014) provided
a theoretical construct that distinguishes between persistent and transient inefficiency and Filippini
and Greene (2016) have developed a straightforward empirical estimation method for the GTREM by
exploiting the Butler and Moffitt (1982) formulation in the simulation. The GTREM is obtained by adding
to the TREM a time persistent inefficiency component in the time varying stochastic frontier.

As shown in Table 3.1, this model has a four-part disturbance term with two time-variant and two
time-invariant components. One of these components (/;) captures the persistent inefficiency in the use
of energy that may be due to regulations, investments in inefficient appliances or buildings, or habits
and consumption behaviours that tend to waste energy. Another component (u;;) captures the transient
inefficiency that may be, e.g., due to non-optimal use of electrical appliances or heating systems. In the
short run, even in the presence of some inflexibility, a household may be able to adjust the use of appliances
and heating systems. The remaining two components are assumed to be normally distributed and they
respectively represent a symmetric disturbance capturing the effect of noise (v;;) and time-invariant
household specific effects (w;).

To understand how the four different components of the error term could be separately identified, we
emphasize the crucial insight noted in Filippini and Greene (2016) that the four part disturbance should
be instead visualized as only a two part disturbance. One of the parts is time varying (u;; + v;;) and the

11 Although such a distinction between transient and persistent inefficiency has been partially neglected in empirical studies,
we believe it will gain much more importance in future research. This distinction is crucial with respect to the choice of policy
instruments to improve end-use energy efficiency.
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other is time invariant (w; + A;), and both parts follow their own skewed normal distribution (rather than
normal distribution). Within the simulated likelihood approach, it then follows that the TREM could be
easily extended for the purpose of identifying the inefficiencies in a GTREM model. It is a trivial step to
simulate draws from a skewed normal distribution as the sum of a normal plus the absolute value of a
normal draw (see Filippini and Greene (2016, p. 191-192) for a complete discussion).

The approach used here therefore relies on the approximation of the level of the energy efficiency of Swiss
households by two one-sided non-negative terms, u;; and h;.'> Following Filippini and Greene (2016), the
level of efficiency in the use of electricity can be expressed in the following way:

EF
EF;=—" 3.2
"= g (3.2)
where Ej is the observed electricity consumption and £ 5 is the frontier or minimum demand of household
iin year t. An electricity efficiency level of one indicates a household on the frontier, thereby implying an
efficiency level of 100%. Households that are not located on the frontier receive efficiency scores below
one, thereby implying the presence of inefficiency in household electricity consumption.

3.4 Data

The data for this research was gathered by means of a large household survey in cooperation with six
Swiss utilities.!3 Utilities operating in urban and suburban areas were selected in order to get a sample of
households as homogeneous as possible in terms of environment. The participating utilities invited either
all or a sub-sample of their customers to take part in an online survey. If sub-samples of customers were
drawn, all household customers had the same probability of being in the sample. The invitation letter was
sent either separately or accompanying a bi-monthly, quarterly or yearly electricity or gas bill.'*

The survey questionnaire was developed based on insights from the survey methodology literature (Dillman
et al., 2009; Groves et al., 2004), reviewed by several experts in the field of residential energy-efficiency
and pre-tested on a student sample. It included questions on dwelling characteristics, socioeconomic
attributes, appliance stock and the level of energy services consumed by the household. In addition, the
survey comprised questions about the respondents’ environmental attitudes, energy saving behaviour at
home, energy-related literacy and investment literacy.

At the end of the survey questionnaire, sociodemographic characteristics such as age, gender, employment
status and level of education of the respondent were recorded. On completion, respondents were asked
whether they agreed that the survey data be linked to the actual energy consumption data of their household.
In case of the consumer’s accordance, the actual electricity consumption data from 2010 to 2014 was
linked to the survey data of the respective household to allow a joint analysis.

12The estimation procedures are readily available in NLOGIT (Greene, 2012). In this paper, the models were estimated using
NLOGIT 5.

3The six utilities are Aziende Industriali di Lugano (AIL), IBAarau (IBA), Stadtwerk Winterthur (SW), Energie Service
Biel/Bienne (ESB), Energie Wasser Luzern (EWL), Aziende Municipalizzate Bellinzona (AMB) that operate respectively
in (and the surrounding areas of) Lugano, Aarau, Winterthur, Biel/Bienne, Lucerne and Bellinzona. Among these regions,
Aarau, Winterthur and Lucerne are German speaking; Lugano and Bellinzona are Italian speaking; and Biel/Bienne is bilingual
(German/French speaking).

14The response rates (defined as share of survey page visits over total number of invited customers) varied between 3.2% and
7.4%.
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After accounting for the correct target group'®, incomplete responses, and duplicate entries, we have valid
and complete data for 1,375 (Lucerne), 583 (Bellinzona), 877 (Biel), 1,406 (Lugano), 739 (Winterthur)
and 826 (Aarau) survey respondents.'® The observed samples are supposed to reflect the Swiss population
living in urban (and sub-urban) areas, which accounts for about three quarters of the total population.'’
Of all respondents who started the online survey, filled in their customer number and were filtered-in as
the target group, almost 88% completed the survey. We do not find any significant selection among the
sample of usable surveys relative to the target group.

To evaluate how well our sub-samples reflect the basic demographic characteristics of the six urban areas
included in our analysis, we compare the sample characteristics to population statistics from the Swiss
cities association (see Table 5 in the Appendix). In terms of gender composition, the households in our
samples seem to represent the population in the six areas quite well. The same holds for age-groups, with
some exceptions such as the samples from Bellinzona, Lugano and Aarau, in which a slight deviation
can be observed (higher share of younger as compared to older household members in Bellinzona and
Lugano, higher share of both younger and older household members as compared to the group of people
aged 20 to 64 years in Aarau). Regarding the mean household size, we observe that households in our
sample comprise slightly more people than the average household in the areas. Also the living space
per person (m?/person) is slightly above average in all six regions. This, however, does not hold for the
number of people per room, which is mostly at the average level. The only exception is Biel/Bienne,
where fewer people per room are observed than the population mean would suggest. In conclusion, the
characteristics of the surveyed households are generally in line with the characteristics in the six areas
(with some smaller exceptions). It is to be noted that the statistics at the city level may not completely
reflect the statistics of the surveyed areas, i.e. the service areas of the utilities, which usually also include
neighboring municipalities.

The variables used for the household electricity demand estimation are explained below and an overview
of the summary statistics can be found in Tables 3.2 and 3.3.

Dwelling characteristics The residence-related attributes comprise non-varying features of the dwelling
like the area size in square meters (SQM), the time-period when the building was built'®, a dummy indicat-
ing whether the dwelling is built according to the Minergie standard, a standard for efficient buildings in
Switzerland, (MINERGIE)'® and another binary variable captures whether the household uses electricity
for cooking (COOKEL). It is also known in which of the six utility service areas the dwelling is located.

Household composition and socioeconomic attributes With respect to household composition,
our data set includes information on the presence of children/teens younger than 20 years (HAS_YOUN), or
elderly person above 64 years (HAS_ELDE) in the household at the end of the year 2014. The total number
of people who have regularly lived in the residence between 2010 and 2014 (i.e. yearly household size

15The target group consists of respondents (i) for whom the electricity/gas bill refers to their primary residence; (ii) who
moved in their current residence before 01.01.2015; and (iii) who are one of the persons in their residence who decides about the
purchase of goods and/or pays the bills. All three samples combined, a total of 6, 688 respondents were filtered-in as the target
group, of which 5,917 completed the survey.

16The response rates (defined as share of survey page visits over total number of invited customers) varied between 3.2%
and 7.4%. The usable survey response rates for all the six survey regions are relatively low when compared to the number of
invitation letters sent. One reason for this is the setting — the invitation to participate was sent on paper, including a link to the
online survey. This invitation was sent with one of the regular utility bills, which unfortunately lowered the probability that it got
the customers’ attention.

"Data from the Swiss cities association (SSV) 2017.

181n four categories: before 1940 (BLT1940) as reference; 1940-1970 (BLT1970); 1970-2000 (BLT2000); and after 2000
(BLT2015).

1The Minergie certificate can be acquired not only for new buildings but also for renovated buildings.
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HHSIZE) is accounted for. Furthermore, the households reported the average number of weeks per year
during which their residence remains unoccupied, e.g., due to longer work-related assignments, vacations
or stays at a second home (WABS5TOS is 1 if the residence remains unoccupied 5-8 weeks per year).
Finally, with respect to the level of education, we also capture whether the survey respondents (UNIV), as
well as their partners (UNIV_PAR), hold a university degree.?’

Monthly gross household income is captured by dummies representing three income classes: less than
CHF 6,000 (INC6K as reference); between CHF 6,000 to 12,000 (INC6_12K); and more than CHF
12,000 (INC12K).

Energy services Information on the consumption level of several energy services is available — number
of warm meals prepared per week (NMEALS) which is the sum of total number of prepared lunches and
dinners in a typical week; number of dishwasher cycles in a typical week (NDISHWCY); number of washing-
related cycles per week (NWASHING), which is the sum of total number of washing machine and clothes
dryer cycles in a typical week; number of entertainment services consumed per day (NENTT) which is the
sum of total hours of typical daily usage of all the TVs (CRTs and flat-screens) and computers (desktops
and laptops) within the residence.

Two dichotomous variables represent if the household own a second fridge (HAS_FR2) or a separate freezer
(HAS_FREEZER). Another binary variable captures whether the household owns a special energy intensive
appliance or equipment like an air-conditioner.?! These three variables are used as simple proxies for the
corresponding energy services.

Weather The yearly weather related information comprises the total number of heating degree days
(HDD) and cooling degree days (CDD) which is measured at a weather station that is located in, or nearby,
each of the six different service regions.??> As the service regions of the utilities in our dataset are mostly
city utilities, the service areas are geographically relatively small, therefore, all households in one service
area are matched to the same weather station.

Electricity consumption The yearly electricity consumption (response variable Q_E) ranges from 501
kWh to 38, 124 kWh, with a mean value of about 3, 123 kWh.2? The residential sector can be highly
heterogeneous in terms of electricity consumption. For example, dwellings with an electricity based space
or water heating system would be expected to consume much larger amounts of electricity compared to
the dwellings using oil or gas based heating. Since we are interested in measuring the inefficiency in the
use in electricity, households having an electricity-based space or water heating system (including heat
pumps) were excluded from the sample as these would exhibit significantly higher electricity consumption
than households with non-electricity-based heating systems.

Within the context of estimating a demand function, concerns relating to price of electricity being
endogenous (in short and/or long run) is typical. To overcome this, we use marginal prices that do not
directly depend upon the individual electricity consumption but are defined using the default electricity
tariff for each utility over the 5 years. The electricity price during the period 2010-2014 is measured as an

20UNIV and UNIV_PAR is 1 if a person holds a degree from a university, university of applied sciences or university of teacher
education.

2I'The variable NONE_APPL takes the value 1 if a household reports that it does not own any of these appliances: Home theater
system, Electric/Hybrid Car, Swimming pool, Jacuzzi, Sauna, Solarium, Water-bed, Aquarium/Terrarium, Air Conditioner(AC)
or Infra-red heater.

22HDD and CDD data is gathered from MeteoSchweiz and is based on SIA (1982) and ASHRAE (2001) respectively.

BGiven the context of household electricity consumption, we impose a minimum yearly consumption of 500 kWh.
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Table 3.2: Summary statistics (unbalanced panel of 1,994 households).

Variable Mean Std. Dev. Min. Max. N

Panel variables. . .

QE 3122.77 2326.19 501 38124 8295
MP_AVG 18.68 247 13.06 24.32 8295
HHSIZE 2.36 1.19 1 6 8295
INC6K 0.3 0.46 0 1 8295
INC6_12K 0.52 0.5 0 1 8295
INCI12K 0.18 0.39 0 1 8295
HDD 2949.75 386.83 1925.6 3602.2 8295
CDD 177.31 86.79 73 458.6 8295
IS_SFH 0.29 0.46 0 1 8295
SQM 122.69 54.41 20 400 8295
BLT1940 0.19 0.39 0 1 8295
BLT1970 0.26 0.44 0 1 8295
BLT2000 0.37 0.48 0 1 8295
BLT2015 0.17 0.38 0 1 8295
MINERGIE 0.07 0.26 0 1 8295
WABSS5TOS 0.08 0.27 0 1 8295
HAS_FR2 0.19 0.39 0 1 8295
HAS_FREEZER 0.53 0.5 0 1 8295
NONE_APPL 0.68 0.46 0 1 8295
COOKEL 0.89 0.31 0 1 8295
LUG 0.26 0.44 0 1 8295
AAR 0.11 0.31 0 1 8295
WINT 0.13 0.34 0 1 8295
BIEL 0.18 0.39 0 1 8295
LUZ 0.24 0.42 0 1 8295
BELL 0.08 0.27 0 1 8295
UNIV 0.36 0.48 0 1 8295
UNIV_PAR 0.17 0.38 0 1 8295

Cross-sectional variables (2014) ...

HAS_YOUN 0.23 0.42 0 1 1994
HAS_ELDE 0.31 0.46 0 1 1994
NMEALS 8.52 3.41 0 14 1994
NDISHWCY 2.99 2.32 0 8 1994
NWASHING 3.04 3.82 0 30 1994
NENTT 6.57 4.99 0 44 1994

average of the peak and off-peak marginal prices using a representative average time-of-use share of peak
consumption as weight.”* Endogenous prices would have been a serious issue if we were using electricity
prices based on individual electricity consumption. Moreover, it is worth pointing out that we are not
interested in estimating the price elasticity in this study.

From the sample, we also exclude the households who reported that, on average, their residence in
completely unoccupied either for more than 8 weeks a year, or for more than 4 days a week (e.g., due to
regular travel for work). Lastly, we have an unbalanced panel data comprising of households for which
electricity consumption in the same residence for at least 2 out of the 5 time periods from 2010 to 2014

24The yearly marginal electricity prices were obtained from the tariff-sheets of each of the six utilities in our sample. In order
to avoid any endogeneity problems, instead of individual share of peak consumption (i.e. [Epear/Erorarlir), We use a representative
mean value of the share of peak consumption over 8 broad household categories (defined by EICom) across the 6 regions and
from 2010 to 2014 (T OU peqx) so that there is some variation in prices over the 5 years. For customers on a time-of-use tariff
system (peak = p; off-peak = op), we used pZ = m,, “MP, + (1 - ﬁp) - MP,,,. For single tariff consumers (without
time-of-use prices), the marginal price based on the standard single tariff was directly used.
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is available.?> Due to this, all the 1994 households are not represented in every period, but at least in
any two or more of the five periods. The descriptive statistics of most of the main variables appear to be
similar across all periods (Table 6 in the Appendix).

Energy and investment literacy Energy literacy was measured by an index that accounts for several
dimensions of energy literacy: knowledge of the average price of 1 kWh of electricity in Switzerland,
knowledge of the usage cost of different household appliances (running a PC for one hour, running a
washing machine cycle with full load) as well as knowledge of the electricity consumption of various
household appliances. For example, respondents were given two energy services and were asked which of
the two consumed more electricity or whether they consumed about the same, e.g., boiling 1 litre of water
on a stove compared to boiling 1 litre of water using an electric kettle. Responses to all these questions
were combined into a simple measure of energy literacy by assigning a certain amount of points for each
correct answer. Depending on the number of correctly answered questions, respondents could achieve a
value between 0 and 11 on the energy literacy score (ENLIT).

Investment literacy (INVLIT) was measured by a binary variable that takes the value one if the respondent
correctly solved a compound interest rate calculation. Compound interest rate calculations are usually
used to assess an individual’s investment literacy (Brown and Graf, 2013; Lusardi and Mitchell, 2007,
2009).

Similar to findings reported in the study of Brounen et al. (2013), we observe a rather low level of energy
literacy in our sample. For example, only about 27% of the respondents knew about the average price of
electricity in Switzerland. Regarding the level of investment literacy among Swiss consumers, we find that
71% of the participants in our survey were able to correctly solve the compound interest calculation.

Energy-saving behaviour One section of the survey asked respondents whether they exercised certain
energy-saving behaviours when consuming energy services at home. The respondents had to indicate
their agreement on a 5-point likert scale ranging from ‘strongly disagree’ to ‘strongly agree’ with respect
to these behaviours — completely switching off electronic appliances after use (no standby); running the
washing machine only on full load; washing clothes on a lower water temperature of less than 30°C;
and selecting a dishwasher program cycle based on the level of dirtiness. From these four types of
energy-saving behaviour we calculated an index score. The household received one index point for each
of these behaviours if they stated that they exercised this behaviour ‘always’ or ‘very often’. Therefore,
the values of the score lie within the range from O to 4 points (BEHAV).

An overview of the energy-saving behaviour score, the energy literacy score and investment literacy can
be found in Table 3.3. The survey questions are presented in Figures 1-5 in the Appendix.

Table 3.3: Overview of energy literacy, investment literacy and energy saving behaviour.

Variable Mean Std. Dev. Min. Max. N
ENLIT 4.39 2.84 0 11 1994
INVLIT 0.71 0.45 0 1 1994
BEHAV 2.35 1.05 0 4 1994

2The panel is unbalanced primarily because (i) the availability of electricity consumption data (response variable) is
conditional on when the households moved into their current residence; (ii) consumption data for households in the utility in
Lucerne is unavailable for the year 2010; and (iii) it is required that each household has at least two years of consumption data
(i.e. is a panel).

66



3.5 Empirical results

Next we estimate the ad-hoc electricity demand in Eq. (3.1) wherein we use a log-log specification. The
transformation to logs further helps to interpret estimated coefficients as a measure of relative change in
electricity demand per unit change of a continuous explanatory variable, e.g., level of an energy service or
the energy literacy score.

3.5 Empirical results

Results for two model specifications are presented in Table 3.4. GTREM-1 presents estimation results for
the electricity input demand frontier function defined in Eq. (3.1), whereas GTREM-2 presents a more
traditional model without any energy services. Both specifications include energy literacy, investment
literacy and the energy saving behaviour of the households. The traditional specification that does not
include information on energy services should lead to a lower level of energy efficiency. In fact, within
this model, the households that consume a relatively high amount of energy services would be classified
as less efficient than the households that consume a lower amount of energy services. This is of course not
an appropriate assessment, as the fact that a household consumes more energy services could be due to
special preferences and needs. In this paper, we are mainly interested in estimating the level of efficiency
in the use of energy among households that consume a similar amount of energy services.

Most estimated coefficients have the expected signs and are seen to be statistically significant at the 1%
level. The parameter A, which represents the relative contribution of the transient inefficiency term over
the complete disturbance term, is significant in both specifications. Further, o, the standard deviation
of the one-sided time-invariant component #; is also significant. This result shows the presence of
persistent inefficiency. Since we use a log-log functional form for the total electricity demand and other
continuous variables in the model, the estimated coefficients on such variables can be interpreted as
demand elasticities, e.g., the price elasticity is found to be statistically significant and negative.

Electricity consumption increases with dwelling size and single family houses have higher electricity
consumption than households living in apartments. Compared to the buildings built before 1940 (reference
category), newly built houses generally consume lower electricity, with the exception of those built
between the years 1970 and 2000.

Electricity consumption also increases with household size. Households, in which elderly people of 60
years or older are present, tend to consume more electricity, whereas households with children consume
less. Income levels are found to be less significant when accounting for all other variables included in the
model.?’

The coefficients for the presence of a second fridge or a separate freezer are positive and significant. Elec-
tricity consumption is higher for higher levels of energy services with stronger effects for entertainment
services (televisions and computers), followed by dishwashers, and washing services. The preparation of

2Many of the continuous variables have a skewed distribution and transforming to logs is one way to help stabilize the
variances. The energy services (NMEALS, NDISHWCY, NWASHING, NENTT), the energy literacy index (ENLIT) and the energy
consumption behaviour (BEHAV) can take a minimum value of zero (Table 3.2 and Table 3.3). These variables were first
transformed by adding 1 to all sample points, i.e. {0,1,2,...,11} + {1,2,3,..., 12}, and then log is taken. This should not be
of too much of a concern here as we are interested in the relative measure and not on the absolute values. As a robustness check
we also estimated the model without taking logs on these count variables and also taking a square root transformation instead of
logs. The obtained efficiency estimates were found to be very similar.

2’"The weak (or non-) significance of income may be due to the income effect being captured by some residential and
household characteristics like the number of rooms and household size. We estimated a simple model with only the price of
electricity, income, regional dummies and a time trend. The results show that in this simple model income is positive and
significant.
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3 Explaining electricity demand and the role of energy and investment literacy

Table 3.4: Estimation results.

GTREM-1 GTREM-2

Coefficient ~ Std. error  Coefficient ~ Std. error

(Log) price of electricity -0.3032***  (0.037) -0.2882***  (0.037)
Single family household 0.1674%**  (0.007) 0.2305%**  (0.007)
(Log) household size 0.3472%*%*  (0.011) 0.4338***  (0.011)
(Log) dwelling size in m2 0.3921%**  (0.009) 0.4778***  (0.009)
Has young people -0.0449***  (0.008) 0.0011 (0.008)
Has elderly people 0.0346***  (0.006) 0.0215%**  (0.006)
Income in 6k - 12k -0.0119%* (0.006) -0.0090 (0.006)
Income above 12k -0.0180%* (0.009) -0.0134 (0.009)
Built in 1940 - 1970 -0.0773**%  (0.008) -0.0736***  (0.008)
Built in 1970 - 2000 0.0440%**  (0.007) 0.1076***  (0.007)
Built in 2000 - 2015 -0.0558***  (0.009) 0.0408***  (0.009)
Minergie house 0.0185* (0.010) 0.0633***  (0.010)
Absent 5 to 8 weeks/year -0.1506***  (0.009) -0.1526***  (0.009)
Has 2nd fridge 0.1042%*%  (0.007) 0.1494%**% (0.007)
Has separate freezer 0.1126%**  (0.005) 0.1481***  (0.005)
No special appliances -0.0767***  (0.006) -0.0858***  (0.006)
(Log) number of cooked meals 0.0021 (0.006) — —
(Log) dishwashing cycles 0.1151***  (0.004) — —
(Log) cloth washing/drying cycles 0.1009%**  (0.004) — —
(Log) hours of tv/pc 0.1708***  (0.004) — —
Cooks using electricity 0.0957***  (0.008) 0.1598***  (0.008)
(Log) heating degree days -0.1051 (0.111) -0.0777 (0.110)
(Log) cooling degree days 0.1923***  (0.046) 0.1717***  (0.046)
Region = Aarau 0.0559***  (0.020) 0.0314 (0.020)
Region = Winterthur -0.1312*%**  (0.040) -0.0879%* (0.040)
Region = Biel/Bienne 0.0768***  (0.024) 0.0396 (0.024)
Region = Lucerne -0.0514***  (0.017) -0.0846***  (0.017)
Region = Bellinzona -0.2524***%  (0.066) -0.2864***  (0.065)
University degree -0.0144***  (0.006) -0.0434**%  (0.006)
University degree (partner) -0.0185***  (0.007) -0.0088 (0.007)
(Log) energy saving behaviour -0.0227***  (0.007) -0.0412*%**  (0.007)
(Log) energy literacy index -0.0126***  (0.004) -0.0157***  (0.004)
Investment literacy -0.1137*%**  (0.006) -0.1109***  (0.006)
Time trend (linear) -0.1190***  (0.022) -0.1072%**  (0.022)
Time trend (quadratic) 0.0230***  (0.004) 0.0213***  (0.004)
1% 5.6722%*k%  (0.719) 5.5717**%%  (0.713)
Ty 0.3960***  (0.002) 0.4228***  (0.002)
T (v+u) 0.2542%*%  (0.003) 0.2894***  (0.003)
A 0.7553%*%*  (0.041) 1.2193***  (0.041)
o 0.5411%*+  (0.017) 0.2696***  (0.014)
Observations: 8295 8295
Log-likelihood: -1735.7 -1867.4

#kx % *F = Significance at 1%, 5%, 10% level.

warm meals does not appear to be significant, although using electricity as the energy source for cooking
is expectedly associated with a higher demand for electricity.

Using the region of Lugano as the reference, it appears that households in the region of Bellinzona
(followed by Winterthur and Lucerne) consume significantly less electricity, whereas households in the
region of Biel/Bienne and Aarau consume more. In terms of weather, HDD is seen to be insignificant
whereas CDD is significant and positive. One would normally expect both weather variables to be
significant and positive, as both these variables should contribute to increasing electricity demand. The
result shown here is likely due to identification problems since regional dummies and time trends may
also capture the same effects.’® The coefficient that captures the quadratic time trend is positive and that

28We perform some robustness checks by estimating several models: (i) including HDD but no CDD; (ii) including CDD but no
HDD; (iii) using total Degree Days (DD) that is the sum of HDD and CDD; and (iv) including both HDD and CDD but no regional
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of the linear trend is negative. The coefficient on the dummy for a university degree of the respondent
is significant and negative in both models, and that of the partner is significant and negative only in
GTREM-1. This indicates that electricity consumption decreases with education. It is important to control
for education when analyzing the effect of energy and investment literacy in order to disentangle the
effects of education and the effect we want to measure with the literacy score.

In both GTREM specifications, the estimates of the energy literacy score, investment literacy and the
behavioural index are negative and significant. This means that for households exhibiting energy-saving
behaviour, electricity consumption is seen to be lower. Similarly, households possessing a higher level
of energy-related literacy and investment literacy are also associated with lower electricity consumption,
although investment literacy seems to play a more vital role.?> As discussed later in this section in more
detail, the fact that households with a high level of investment literacy consume (ceteris paribus) less
electricity, implies that it is possible to identify different demand frontier functions conditional on the
level of investment literacy.

Level of efficiency

Using the estimations above and Eq. (3.2), we can estimate the level of efficiency. Table 3.5 provides
summary statistics of the estimated efficiency levels for the two GTREM specifications.?"

In GTREM-1, the short-run or the transient part of the efficiency in residential electricity consumption
is found to be between 63.4% and 97.4%, with a mean value of about 89.2%. The long-run component
representing the persistent part of the efficiency ranges from 39.4% to 84.1% and has a mean value of
78.4%.

In GTREM-2, which is a more traditional SFA model without any energy services, the mean level of
transient efficiency is observed to be at 84.8%, and the level of persistent efficiency at 84.0%. Persistent
efficiency is observed to be lower both in terms of the mean value and the variance in both specifications,
implying higher long-run inefficiencies. This high value of inefficiency is indicative of structural problems
faced by Swiss households, who probably rely on an old appliance stock within their homes. Moreover,
this also possibly points to systematic behavioural shortcomings in terms of consumption of energy
services.

The efficiency levels presented above indicate that there is a significant potential for the Swiss residential
sector in the urban and sub-urban areas to save energy. In fact, households could save as much as 22% of

dummies. In all these cases, we find the coefficient (respectively) on HDD, CDD, DD, and both HDD and CDD to be positive and
significant. We also found the estimates and efficiency values to be very similar.

21t needs to be stated that, in the literature on stochastic frontier analysis, it is possible to find econometric models that
assume that the energy and investment literacy variables explain the level of efficiency in the use of electricity instead of directly
the demand for electricity as in Eq. (3.1). This would mean that the one-sided error terms /; and u;, are functions of ENLIT and
INVLIT. Unfortunately, such an estimation strategy within the econometric approach proposed by Filippini and Greene (2016) is
relatively complicated and currently it is not implemented for GTREM. As a robustness check, we decided to estimate Eq. (3.1)
using some econometric models that do not distinguish between the two components of inefficiency (transient and persistent) but
allow the level of inefficiency to be a function of ENLIT and INVLIT. For this purpose, we decided to use the REM, Battese and
Coelli (Battese and Coelli, 1995), and TREM; both energy and investment literacy were found to be significant in explaining the
level of efficiency.

3For comparison, we also estimated the model using older approaches (REM and TREM) discussed in Section 3.3.1. The
results are included in Table 7 and Table 8 in the Appendix. As expected the efficiency levels from TREM are highly correlated
with those from the transient efficiency from GTREM (correlation = 0.931). The persistent efficiency levels from GTREM
exhibit a lower correlation with REM estimates (correlation = 0.397). Furthermore, REM estimates of efficiency levels are much
lower than those of TREM and GTREM since REM regards any time-invariant and group specific unobserved heterogeneity as
inefficiency.
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3 Explaining electricity demand and the role of energy and investment literacy

Table 3.5: Efficiency scores (transient and persistent).

Efficiency type Median Mean Std. Dev. Minimum Maximum

GTREM-1 (with energy services)
Transient 0.894 0.892 0.026 0.634 0.974
Persistent 0.785 0.784 0.013 0.394 0.841

GTREM-2 (without energy services)
Transient 0.856 0.848 0.051 0.395 0.966
Persistent 0.841 0.840 0.006 0.675 0.951

their electricity usage in the long-run if they could improve on systematic and structural inefficiencies.
With the reduction of transient inefficiencies in the short-run, the potential to save electricity is up to
11%.

Level of efficiency conditional on investment literacy

In the context of residential electricity demand and given the discussion on stochastic frontier models, it is
interesting to note that one could identify several frontiers. For example, structural frontiers may exist
based on building-age wherein dwellings built in two different time-periods represent different reference
frontiers.

Similarly, considering the level of investment literacy in our specification which is represented by a
dummy, one could identify two distinct best practice frontiers — with, and without high investment literacy.
The efficiency values given by the estimation is conditional on their respective best practice frontiers (net
efficiency or conditional efficiency). Moreover, the inefficiency resulting as a consequence of the distance
between the two frontiers can be measured by the coefficient on the dummy variable capturing investment
literacy which indicates the difference in the level of efficiency in the use of electricity given the level of
investment literacy.>' Given the net efficiencies and the coefficient on the dummy variable, one can obtain
a measure of gross efficiencies or unconditional efficiencies by comparing every household to the most
favorable frontier (Coelli et al., 1999).

Table 3.6: Mean efficiency conditional on investment literacy.

GTREM-1 GTREM-2
Net-eff Gross-eff Net-eff Gross-eff
Transient 0.892 0.796 0.848 0.759
Persistent 0.784 0.700 0.840 0.752

Table 3.6 shows the mean unconditional and conditional efficiency levels for both GTREM specifications.
The two efficiency levels can give policymakers a hint as to if they can try to reduce a part of the uncondi-
tional inefficiency by targeting policies on a particular aspect, which in this context is investment literacy
as we focus on conditional efficiencies subject to investment literacy. We notice that the unconditional

310f course, we are aware that it could be interesting to estimate the level of efficiency in the use of electricity conditional on
the level of energy literacy. However, due to the fact that the level of energy literacy is not measured with a dummy variable, the
definition of the reference frontier is not straightforward.
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efficiency levels are seen to be significantly lower which emphasizes the role played by investment literacy
in defining the level of efficiency in the use of electricity.

3.6 Conclusion

A household’s energy demand is not a demand for energy per se but a derived demand for energy services,
such as cooling, heating, cooking and lighting. A reduction in energy consumption for the production of a
given level of energy services can be achieved by either improving the level of efficiency in the use of
inputs (i.e. in the use of appliances), by adopting a new energy-saving technology (i.e. purchase of new
appliances, investments in energy-saving renovations) or by both processes. Technological change can
induce a reduction of energy consumption for a given level of energy services, provided that the inputs
are used in an efficient way, i.e. given that the households are productively efficient. The total reduction
in residential energy consumption is therefore a result of the interplay of technological change and a
household’s behaviour.

To measure this inefficiency in the use of electricity in Swiss households, we estimate a stochastic frontier
model for residential electricity demand. We use data from a Swiss household survey conducted in 2015
that collected panel data over five years. The dataset includes information on the level of energy services,
which is crucial, but often difficult to measure. The newly developed generalized true random effects
model (GTREM) is used to estimate the transient and persistent levels of efficiency in the use of electricity.
This study contributes to the literature on efficiency measurement by highlighting the importance of the
distinction between the two types of efficiencies. Our unique panel dataset includes information on the
level of energy services, which is usually not measured but critical for the application of SFA. In addition,
we analyze the impact of energy and investment literacy on the total electricity consumption of households
while controlling for the effects of education of the household members. Our results therefore provide
new insights into the interrelations between the literacy and education variables and their role for transient
and persistent efficiency in residential electricity consumption. The median persistent inefficiency is
found to be around 22% whereas the transient inefficiency is seen around 11%. These results suggest that
there is a considerable potential for saving electricity and thus reaching the reduction target defined by the
Swiss federal council as part of the Energy Strategy 2050.

We further investigate if energy literacy, investment literacy and energy-saving behaviour have an influence
on the household electricity consumption. We construct a score on energy literacy, a binary variable for
investment literacy, and an index that aggregates several energy saving behaviours and include these in
our GTREM specification. The results show that for households exhibiting energy saving behaviour,
electricity consumption is seen to be lower. Similarly, households possessing a higher energy literacy and,
in particular, investment literacy are also associated with lower electricity consumption.

From the point of view of policy makers, we note that the high persistent inefficiency is indicative of
structural problems faced by households and systematic behavioral shortcomings in residential electricity
consumption. The results presented here indicate a positive role of energy literacy, investment literacy and
energy-saving behaviour in reducing household electricity consumption and perhaps addresses part of the
systematic behavioural failure exhibited by households. Policies that target an improvement of energy
literacy, investment literacy and promote energy-saving behaviour among the Swiss population could help
in improving efficiency in the use of energy within households, which could prove much more beneficial
in the long run. Finally, we emphasize again that clear distinction has to be made between the persistent
and transient inefficiencies faced by households in order to appropriately channel the relevant policy
measures. For instance, energy policy measures that try to promote energy saving (such as an information
campaign) or try to increase the level of energy literacy (such as distribution of information leaflets and
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3 Explaining electricity demand and the role of energy and investment literacy

booklets among households) will probably have an impact on the level of transient efficiency. On the
other hand, policy measures that try to improve the level of investment literacy, such as short courses
training individuals in assessing investments or web-pages and mobile-apps that help to calculate the
life-cycle cost of appliances, could have an impact on the buying process of appliances, and therefore, on
the level of persistent efficiency.
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4 Efficiency analysis, role of policy measures,
and decomposition

4.1 Introduction

In this chapter, we extend the analysis in Chapter 3 to include electricity consumption data from service
regions of all utilities in our survey. Our focus here is to provide an estimate of the level of transient and
persistent inefficiency in the use of electricity among Swiss households living in urban and suburban
areas.! We collected information on 8,378 Swiss households served by nine different utility companies
out of which a panel data of electricity consumption of about 3,936 households is available for analysis.
We also analyze the role of some of the demand-side measures that were in place in these regions over the
last 5 years and provide a decomposition of the growth rate of electricity demand.

The rest of the chapter is organized as follows. Section 4.2 comprises an overview of some of the DSM
measures across the participating utilities. Section 4.3 presents a simple econometric model of residential
electricity demand using dis-aggregated household data. Section 4.4 provides and overview of the dataset
used in the model. Section 4.5 presents the results and Section 4.6 concludes.

4.2 Overview of policy measures

Measures to promote energy efficiency can be implemented by central and local governments, and also
by electricity distribution utilities. Measures undertaken by the government are termed ‘energy policy’.
In the case of utilities, these measures are generally referred to as demand-side management (DSM)
measures. If the utility is public, DSM measures could be expected to overlap with energy policy goals of
a government.

4.2.1 Demand-side management (DSM)

Demand-side management (DSM) refers to the “planning, implementing, and monitoring activities
of electric utilities that are designed to encourage consumers to modify patterns of electricity usage,
including the timing and level of electricity demand” (Energy Information Administration, 1999). Early
examples of DSM programmes, initiated primarily by utilities in the west coast, can be traced back to late
1970s in response to the energy crises in the USA. Implementation of DSM soon reached to the east coast
and other regions of the USA and to British Columbia, Ontario and other provinces in Canada. DSM

'Basel (IWB) and Lausanne (SiL.) opted not to have the energy-literacy questions in their survey questionnaire because they
wanted to keep the survey a bit shorter. Since the literacy data is not available, in the efficiency estimation we will not focus on
the role of energy and investment literacy in order to be able to estimate the level of energy efficiency for the full sample.
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efforts have been limited outside of North America till the 1990s (Nadel and Geller, 1996), but have since
been adopted also in Australia and several countries in Europe, Latin America and Asia.

DSM programmes were originally introduced with the intention of modifying the load faced by an utility
by altering the pattern of electricity demand by consumers. Over the years, it has been adapted to also
take into account programmes and initiatives that are undertaken by utilities and governments to promote
energy efficiency. Hence, DSM incorporates energy efficiency, energy conservation, and load management
(Carley, 2012). Utilities and government bodies have tried to meet these objectives in various ways in the
past. These include, among other things, policies like appliance standards, financial incentive programmes,
information campaigns and voluntary programmes (Gillingham et al., 2006). Table 4.1 provides a brief
overview of some typical market and non-market based instruments for demand-side management, both
for load management and for reducing energy demand.

For Switzerland, Boogen et al. (2015) provide a qualitative analysis of DSM programmes of a sample
of 30 utilities as well as an econometric analysis of the effectiveness of such programmes on Swiss
residential electricity demand. Moreover, for a detailed description of the DSM literature and DSM in
Switzerland, please also refer to Boogen et al. (2015).

Table 4.1: Demand-side management instruments. Source: Boogen et al. (2015)

Load management Energy efficiency
Market instruments
1. Time-of-use tariff 1. Efficiency bonus
2. Critical peak pricing 2. Rebate systems
3. Critical peak rebates 3. Energy tax
4. Real-time pricing
5. Interruptible load tariff

Non-market instruments

1. Ripple control Information campaign
2. Smart metering Voluntary agreements on efficiency goals
Appliance standards

Labelling

o

4.2.2 DSM across our sample

Following the completion of the survey phase, the utilities were asked to provide information on which
of the policy measures were implemented in their region over a period of five year from 2010 to 2014.>
The utilities specified, by a ‘yes’ or ‘no’, which of the policy measures were active in their service
regions over the last five years. In some cases, utilities also furnished additional remarks with respect to
implementation, coverage, time-period etc. of these measures.>

2The five year period for EWB (Bern) was from 2011 to 2015.

3We are primarily concerned with DSM measures that existed and applied to all private households. So, based on remarks
from the utilities and additional online information, availability of some measures were updated, e.g., a DSM measure that applied
only to very-large industrial consumers, or was only a pilot project with a handful of households was marked as non-existing in
that region as it does not affect all private consumers.
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4.3 An econometric model for electricity demand

We collected information on several market and non-market instruments. These policy instruments (listed
below) can be noticed to fall under five broad categories — information distribution (p1 — p3); feedback
on consumption (p4 — p7); consulting and audit (p8, p9); investment aid or subsidy (p10 — p12); and
efficiency-linked measure (p13).

p1 - Information distribution to consumers via printed means.

p2 - Information distribution to consumers via online means.

p3 - Information campaigns, e.g., public campaigns, news coverage and promotional events.

p4 - Rental of electricity measuring instruments to households.

p5 - Smart-Meter pilot project with real-time feedback on electricity consumption.

p6 - Comparison with the previous year’s electricity consumption on household’s current electricity bill.

p7 - Specialized consumption monitoring tools, portals and apps, e.g., from BEN Energy.

p8 - Personalized energy consulting at home regarding identifying energy intensive activities, efficiency
improvement possibilities and questions related to renovations.

P9 - Energy consulting at a central office or a customer care centre (instead of home).

p10 - Investment aid/subsidy in making efficiency investments in household appliances.

p11 - Investment aid/subsidy in making efficiency investments in heaters and boilers.

p12 - Investment aid/subsidy in making efficiency investments in building envelope.

p13 - Specialized tariff related measures, e.g., an efficiency bonus.

Table 4.2 presents the collected data on all DSM measures by service regions. It can be noticed that
service regions across all utilities have had some sort of information related non-market instrument in
place over the last five years. Most of the regions, except AIL and AMB, also had measures related to
providing feedback on household electricity consumption.* With respect to audit and consulting services
being offered, either at home or at a central audit-centre, it is seen that six out of the nine utilities provide
this service. In terms of providing assistance in the form of an aid or subsidy when making efficiency
investments, AIL, ESB and IWB do not have any measures. EWB has all the three types of investment
support in place whereas other utilities only have some of these measures. The same applies for policies
providing an efficiency bonus directly linked with individual reduction in electricity consumption - this
measure existed in three utilities over some years.

4.3 An econometric model for electricity demand

Filippini and Hunt (2011, 2015) proposed a non-radial input specific measure of efficiency in the use
of energy based on the difference between the optimal use of energy (one which minimizes input costs)
and the observed use of energy. We follow this approach and estimate a measure of efficiency in the
use of electricity based on the estimation of a single conditional input demand frontier function, i.e. the
demand function for electricity. The function represents the minimum or baseline electricity demand of a
model household that has a highly efficient appliance stock and uses the most efficient production process
to produce a given level of energy services, given electricity price, price of capital stock, weather and
other factors. If a household is not on the frontier, the distance from the frontier measures the level of
inefficiency in the use of electricity. We can write:

E = f(Pg, HH, DW, ES, WE, T) 4.1

where E is the electricity demanded (in kWh), Pg is the electricity price, HH represents a vector of
household characteristics, DW is a vector of dwelling characteristics, ES is the amount of energy services

“Note that pilot projects like smart-meter and other specialized consumption monitoring devices are usually confined to a
handful of households.
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Table 4.2: DSM measures over 5 years across the service regions of the 9 utilities.
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consumed, and WE represents the weather influence which is usually captured by the number of heating
degree days (HDD) and cooling degree days (CDD) that the household experiences. T is the time trend
that is assumed to capture the common underlying energy demand trend (UEDT). The UEDT, according
to Filippini and Hunt (2011), captures both ‘exogenous’ technical progress and other exogenous factors
that influence all households simultaneously, e.g., general changes in awareness of climate change. Hence,
it allows for the impact of ‘endogenous’ technical progress through the price effect and ‘exogenous’
technical progress through the UEDT.?

3Other than technological and socioeconomic factors, there could be other exogenous behavioral factors that are important
in explaining the level of energy consumption at the household level. These exogenous changes are unlikely to impact the
demand in a consistent manner over time. Hunt et al. (2003) suggest to specify the UEDT in a way that it is non-linear and can
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4.3 An econometric model for electricity demand

In our empirical setting, we posit the following household electricity demand function:

lnEi, =ap + ap In PEir + CL’HHHHl't + O/DWDW” + ozESES,-, (4 2)
+ aWEWEit + (ITTt + aTTth + & '

where gj; is the overall error term. This equation represents the minimum electricity consumption as a
function of electricity price, household and dwelling characteristics, weather influences, stock of special
appliances and the level of energy services.®

Note that it would be possible to include many non-linearities (beyond those implied by the log-log setting)
and higher order dependencies in the model specified in Eq. (4.2). A quadratic time trend, 7?2, is one
example. It is also plausible that an additional household member does not necessarily increase the energy
demand linearly. Other variables like weather or electricity prices may as well have different effects across
different regions. However, if too many non-linear terms are included, convergence problems within the
estimation procedure may arise.’

As already discussed in Chapter 3, there are several econometric models available for estimating a
stochastic frontier using panel data. We focus on the most recent model — the generalized true random
effect (GTRE) model, which offers the possibility to simultaneously estimate both the persistent and
transient parts of inefficiency in the use of electricity.

The GTRE model specification for the stochastic cost frontier is given as:
Model :  y; = ap + f(Xir; B) + &ir

Eir = Wi + hi + i + vig

uy; ~N* (0, 0'3)

Full random error (g;;) : { hi ~N* (0, (ri)

Vi~ N (O, 0',2,)

w; ~N ((), o-fv)

4.3)

This model has a four-part disturbance term with two time-variant and two time-invariant components.
One of these components (/;) captures the persistent inefficiency in the use of energy that may be due to
regulations, investments in inefficient appliances or buildings, or habits and consumption behaviours that
tend to waste energy. Another component (u;,) captures the transient inefficiency that may be, e.g., due to
non-optimal use of electrical appliances or heating systems. In the short run, even in the presence of some
inflexibility, a household may be able to adjust the use of appliances and heating systems. The remaining
two components are assumed to be normally distributed and they respectively represent a symmetric
disturbance capturing the effect of noise (v;) and time-invariant household specific effects (w;).

The approach used here therefore relies on the approximation of the level of the energy efficiency of
Swiss households by two one-sided non-negative inefficiency components, u;; and h;, which are assumed
to follow half-normal distributions (denoted as N*). Following Filippini and Greene (2016), the level of

increase and/or decrease over the time period considered. This can be achieved by using time dummies. We estimated the model
presented here also with time dummies and the results obtained were similar.

®Equation (4.2) should be interpreted as a long-run electricity demand function, because the capital stock can vary. We just
include a few variables to take into account the presence of a second fridge, a separate freezer, and whether or not the household
owns a special appliance, such as an air-conditioner or a sauna. Further, the price for appliances is assumed to be the same for all
households.

"In our log-log model specification we decided to include a quadratic time trend. We tried other higher order terms and
found that the obtained value of the two types of efficiencies are extremely similar.
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4 Efficiency analysis, role of policy measures, and decomposition

efficiency in the use of electricity can be expressed in the following way:

EE
EF, = —* (4.4)
Ej
where Ej; is the observed electricity consumption and £ 5 is the frontier or minimum demand of household
i in year t. An electricity efficiency level of one indicates a household on the frontier, thereby implying an
efficiency level of 100%. Households that are not located on the frontier receive efficiency scores below
one, thereby implying the presence of inefficiency in household electricity consumption.

Once the transient efficiency (TE) and persistent efficiency (PE) values have been estimated, it is possible
to obtain a measure of the overall technical efficiency. Kumbhakar et al. (2014) define the overall technical
efficiency (OTE) as the product of the time-invariant persistent efficiency and the time-varying transient
efficiency, i.e., OTE = PE « TE.

4.4 Data

The complete data-set collected as part of the household survey has been already discussed in much
detail in Chapters 2 and 3. Below we simply present an overview of the variables that we include in our
estimation model (Table 4.3).

The yearly electricity consumption (response variable Q_E) ranges from 500 kWh to 29, 885 kWh, with a
mean value of about 2, 848 kWh.® The residential sector can be highly heterogeneous in terms of electricity
consumption. For example, dwellings with an electricity based space or water heating system would
be expected to consume much larger amounts of electricity compared to the dwellings using oil or gas
based heating. Since we are interested in measuring the inefficiency in the use in electricity, households
having an electricity-based space or water heating system (including heat pumps) were excluded from
the sample as these would exhibit significantly higher electricity consumption than households with
non-electricity-based heating systems.

To account for the cost of electricity, we use the individual specific average electricity price (AVP_E in
Rappen) which is calculated as the total yearly expense on the electricity bill divided by the total yearly
kWh consumed. Note that the use of such an average price would clearly be endogenous in a demand
model. In order to correct for this, we use a two-stage residual inclusion approach for non-linear models
suggested by Terza et al. (2008). According to this two-stage approach, first the endogenous average
price is regressed against exogenous as well as instrumental variables.® In the second stage, the original
equation is estimated by including also the residual obtained from the first stage. The use of average price
is motivated by the fact that we do not have enough variation in tariffs over the period of 5 years across
the 8 different utilities in our sample. The average price adds variation to the price data. Moreover, it is
also worth pointing out that we are not interested in the price elasticity. Our focus is more in finding the
socioeconomic determinants of household electricity demand and efficiency in the use of electricity.

From the sample, we also exclude the households who reported that, on average, their residence in
completely unoccupied either for more than 8 weeks a year, or for more than 4 days a week (e.g., due to
regular travel for work). Lastly, we have an unbalanced panel data comprising of households for which

8Given the context of household electricity consumption, we impose a limit on yearly consumption to be between 500 kWh
and 30,000 kWh. IWB households were excluded due to a very small sample size and unreliable consumption data.

°As instrument, we use an average of peak and off-peak marginal prices weighted by considering a representative share of
peak and off-peak consumption over 8 broad household categories (as defined by EICom). For consumers without a time-of-use
tariff, the marginal price based on the standard single-tariff was used.
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4.5 Results

Table 4.3: Summary Statistics for N = 15, 632 (unbalanced panel of 3,936 households).

Variable Description Mean Std. Dev. Min. Max.
Q_E Electricity consumed (kWh) 2848.22 2139.23 500 29885.0
AVP_E Avg. price of electricity (Rp.) 20.46 7.14 0 2254
HHSIZE Household size 2.35 1.21 1 6
HAS_YOUN HH has young member(s) 0.25 0.43 0 1
HAS_ELDE HH has elderly member(s) 0.30 0.46 0 1
INC6K HH income below 6k 0.33 0.47 0 1
INC6_12K HH income in 6k - 12k 0.50 0.50 0 1
INC12K HH income above 12k 0.18 0.38 0 1
HDD Heating degree days 2828.08 450.11 1925.6 3670.3
CDD Cooling degree days 203.86 106.29 514 458.6
IS_SFH Single family hh 0.24 0.43 0 1
SQM Dwelling size (m?) 115.42 54.52 20 400
BLT1940 Built before 1940 0.23 0.42 0 1
BLT1970 Built in 1940 - 1970 0.30 0.46 0 1
BLT2000 Built in 1970 - 1999 0.33 0.47 0 1
BLT2015 Built in 2000 - 2015 0.14 0.35 0 1
MINERGIE Minergie house 0.07 0.25 0 1
WABSSTO8 Absent 5 to 8 weeks/year 0.08 0.27 0 1
HAS_FR2 Has a 2™ fridge 0.19 0.39 0 1
HAS_FREEZER Has a separate freezer 0.48 0.50 0 1
NONE_APP Has no special appliances 0.72 0.45 0 1
COOKEL Cooks using electricity 0.90 0.31 0 1
NMEALS Number of cooked meals 8.58 341 0 14
NDISHWCY Dishwashing cycles 2.87 2.39 0 8
NWASHING Cloth washing/drying cycles 2.71 3.57 0 28
NENTT Hours of media/entertainment 6.78 5.37 0 52
UNIV University degree 0.38 0.49 0 1
UNIV_PAR University degree (partner) 0.18 0.39 0 1

electricity consumption in the same residence for at least 2 out of the 5 time periods is available.!’ Due to
this, all the 3,936 households are not represented in every period, but at least in any two or more of the
five periods.

Next we estimate the ad-hoc electricity demand in Eq. (4.2) wherein we use a log-log specification. The

transformation to logs further helps to interpret estimated coefficients as a measure of relative change

in electricity demand per unit change of a continuous explanatory variable, e.g., level of an energy
‘o 11

service.

4.5 Results

The estimation results for the GTRE model specification of the household electricity demand is presented
in Table 4.4.

0The panel is unbalanced primarily because (i) the availability of electricity consumption data (response variable) is
conditional on when the households moved into their current residence; (ii) consumption data for households in the utility in
Lucerne is unavailable for the year 2010; and (iii) it is required that each household has at least two years of consumption data
(i.e. is a panel).

""Many of the continuous variables have a skewed distribution and transforming to logs is one way to help stabilize the
variances. The energy services (NMEALS, NDISHWCY, NWASHING, NENTT) can take a minimum value of zero. These variables
were first transformed by adding 1 to all sample points, i.e. {0, 1,2, ...} — {1,2,3,...}, and then log is taken. This should not
be of too much of a concern here as we are interested in the relative measure and not on the absolute values.
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4 Efficiency analysis, role of policy measures, and decomposition

Table 4.4: GTRE Estimation results.

Variables Coefficient Std. error
LN_AVP_E -0.0442 ** 0.0225
RES2SRI* -0.4178 #%#* 0.0226
IS_SFH 0.1258 *** 0.0050
LN_HS 0.2112 *#** 0.0049
LN_SQM 0.3413 *** 0.0058
HAS_YOUN -0.0364 *** 0.0051
HAS_ELDE 0.0271 *** 0.0040
INC6_12K 0.0073 * 0.0040
INC12K 0.0195 *** 0.0059
BLT1970 -0.0020 0.0048
BLT2000 0.1237 *** 0.0052
BLT2015 0.0299 *#** 0.0072
MINERGIE 0.0271 *** 0.0072
WABSS5TOS -0.0497 *#* 0.0062
HAS_FR2 0.0645 *** 0.0045
HAS_FREEZER 0.1423 *#** 0.0037
NONE_APP -0.0566 *** 0.0039
LNMEALS 0.0463 *** 0.0041
LNDISH 0.1246 *** 0.0028
LNWASHIN 0.0975 *** 0.0024
LNENTT 0.1681 *** 0.0030
COOKEL 0.0741 *** 0.0055
LNHDD 0.3026 *** 0.0150
LNCDD 0.0236 *** 0.0048
UNIV -0.1087 ##:* 0.0038
UNIV_PAR -0.0219 ##%* 0.0047
T -0.0370 *#:* 0.0076
T*T 0.0092 *** 0.0012
@; 2.7488 #** 0.1649
Ty 0.4338 *** 0.0015
T (v+u) 0.2711 *** 0.0017
A 1.2808 #** 0.0247
oy, 0.5105 *** 0.0106
Observations: 15632
Log-likelihood: -1827.82

wkE Rk k= Significance at 1%, 5%, 10% level.
¢ Residual inclusion parameter for the average price.
Variables starting with LN are after taking logs.

Most estimated coefficients have the expected signs and are seen to be statistically significant at the 1%
level. The parameter A, which represents the relative contribution of the transient inefficiency term over the
complete disturbance term, is found to be significant. Further, o7, the standard deviation of the one-sided
time-invariant component /4; is also significant. This result shows the presence of persistent inefficiency.
Since we use a log-log functional form for the total electricity demand and other continuous variables in
the model, the estimated coefficients on such variables can be interpreted as demand elasticities, e.g., the
(average) price elasticity of electricity demand is found to be rather inelastic (-0.0442).

Electricity consumption increases with dwelling size and single family houses have higher electricity
consumption than households living in apartments. Electricity consumption also increases with household
size. Households, in which elderly people of 60 years or older are present, tend to consume slightly
more electricity, whereas households with children consume less. The highest income level households
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(INC12K) are found to consume more electricity than the reference income category (INC6K) when
accounting for all other variables included in the model. '

The coefficients for the presence of a second fridge (HAS_FR2) or a separate freezer (HAS_FREEZER)
are positive and significant. Electricity consumption is found to be higher for higher levels of energy
services with stronger effects for use of entertainment services (televisions and computers), followed
by dishwashers and washing services. The preparation of warm meals appears to be significant as well
and the use of electricity as the energy source for cooking is unsurprisingly associated with a higher
demand.

The high coefficient on heating degree days (HDD) is seen to be positive and significant which is expected
as higher HDDs (cold weather) could mean people staying indoors and hence consuming more electricity.
The number of cooling degree days (CDD) is also significant and positive but the effect is much less
than that of HDD. The coefficient that captures the linear time trend is negative and significant hinting
towards technological progress. The coefficient on the quadratic time trend is weak but significant and is
indicative of the non-linear nature of the UEDT. The coefficient on the dummy for a university degree of
the respondent and that of the partner is significant and negative indicating that education plays a crucial
role in the demand for electricity at the household level.

4.5.1 Level of efficiency

Following the estimation results above and using Eq. (4.4), one can estimate the level of efficiency in the
use of electricity by Swiss households. Table 4.5 provides summary statistics of the estimated transient,
persistent and overall efficiency levels.

Table 4.5: Efficiency scores.

Efficiency type Mean Std. Dev. Minimum Maximum
Transient 0.857 0.046 0.281 0.971
Persistent 0.779 0.009 0.359 0.872

Overall 0.668 0.014 0.239 0.789

The short-run or the transient part of the efficiency in residential electricity consumption is found to be
between 28% and 97%, with a mean value of about 85.7%. The long-run component representing the
persistent part of the efficiency ranges from 36% to 87% and has a mean value of 77.9%. Persistent
efficiency is observed to be lower both in terms of the mean value and the variance implying higher
long-run inefficiencies. Note that the high persistent inefficiency of about 22% is indicative of structural
problems faced by Swiss households, who probably rely on an old appliance stock within their homes.
Moreover, this also possibly points to systematic behavioural shortcomings in terms of production and
consumption of energy services.

The mean overall inefficiency in the use of electricity by Swiss households is found to be at 33%. These
estimates indicate that there is a significant potential for the Swiss residential sector in the urban and
sub-urban areas to save energy. In fact, households could save as much as 22% of their electricity usage
in the long-run if they could improve on systematic and structural inefficiencies. With the reduction of
transient inefficiencies in the short-run, the potential to save electricity is up to 14%.

12Note that part of the income effect may be captured by some dwelling characteristics like the size of the residence and
whether the household lives in a newly built building.
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4.5.2 Role of DSM measures

In Chapter 4.2.2, we summarized the different DSM policy measures that were in place for the regions
covered by the utilities in our sample (Table 4.2). It would be interesting to investigate whether or not the
efficiency scores are different based on the existence of some of these policy instruments. Notice that
such a comparison should be performed only across households that, during a period, differ in treatment
of only one type of policy. If the comparison of efficiency levels is done across households that were
treated with different policies over different time periods, it would not be possible to comment on the role
of a particular policy. Furthermore, note that the analysis presented below do not comment on causality
but correlations.

Our primary interest lies in those DSM measures that existed for all private households. Hence, we
consider the following dichotomous policy variables for which we have comparable households across the
different regions in our sample.

dsm_Information: This DSM measure is 1 if consumers were distributed information offers via both
printed and online means.

dsm_Feedback: This DSM measure is 1 if consumers are provided a feedback on previous year’s
electricity consumption on their current electricity bill.

dsm_Audit: This DSM measure is 1 if consumers have access to a personalized energy consulting
service at their residence.

dsm_Subsidy: This DSM measure is 1 if consumers have access to an investment aid or subsidy for
investing in a new household appliance.

Suppose we want to determine if the level of efficiency in the use of electricity is different for two
groups of households that either: (a) have a policy implemented; or (b) does not have the same policy
implemented. We can check this by using a Kruskal-Wallis test which is a rank-based non-parametric test.
The null hypothesis is that the efficiency scores across the two groups are identical population. When the
p-value of the Kruskal-Wallis test is close to zero, the null hypothesis is rejected implying that there are
statistically significant differences between the two groups, i.e. the density of efficiency estimates which
differ by that policy measure are non-identical populations.'3

Table 4.6 reports the results of Kruskal-Wallis tests to determine if the overall efficiency score is different
across groups defined by each of the four DSM measure.!* For each DSM measure, the table shows
the regions for which the households are comparable, i.e. they differ in treatment of only the concerned
instrument. Information on the Kruskal-Wallis tests include number of observations in each group,
observed y2(1)-value, significance level (p-value), and whether the null hypothesis was rejected at the 5%
significance level.

The Kruskal-Wallis test can not reject the null hypothesis for two DSM instruments, dsm_Information
and dsm_Feedback. For both these instruments, the overall efficiency scores across the group of
respondents with policy and without policy are identical population. However, the tests shows that there is
a statistically significant difference in the overall efficiency levels between the groups based on dsm_-
Audit. The result is confirmed across two different sets of comparable samples. Similarly, a significant
difference in overall efficiency is also found between the two groups based on dsm_Subsidy.

13The Kruskal-Wallis test does not need any normality assumption over the underlying distributions.
1“We also ran t-tests to check if the difference between means of the total efficiency measure across each of the two groups is
significant or not and we obtained similar results.
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Table 4.6: Overall efficiency and DSM measures.

Kruskal-Wallis test

DSM Measure Regions No. of Observations x> (D) p-value H, rejected?
0 — 786
dsm_Information AIL, AMB 1.390 0.2383 No
1 — 232
0— 232
dsm_Feedback AMB, ESB 0.019 0.8892 No
1 — 431
0 — 467
dsm_Audit IBA, SW, ESB 40.183 0.0001 Yes
1 — 559
0— 232
AMB, SIL 10.768 0.0010 Yes
1 - 740
0 — 740
dsm_Subsidy SIL, EWL 251.495 0.0001 Yes
1 — 709

These results suggest that policy instruments related to energy audit at home, and that for investment
support for new household appliances, are associated with a higher overall efficiency. Note that we are
talking about correlation and not causality. One also has to be cautious of the fact that a DSM measure
can be implemented differently across regions, e.g., an investment subsidy for new appliances may apply
for refrigerators in one region but on light-bulbs in another region. It is also worth mentioning that these
results are conditional on the assumption that the households are indeed comparable and that there are
no systematic differences between them other than the policy-related instrument under consideration. In
our empirical model for residential electricity demand in urban and sub-urban areas, we account for the
influence of price, weather, household, dwelling and other characteristics and assume that there are no
other significant regional differences remaining.

4.5.3 Decomposition of the growth rate of energy demand

We now take into account that the variables in our equation for electricity demand change over time. One
might be interested in calculating and decomposing the growth rate of electricity demand. By totally
differentiating Eq. (4.2) with respect to time, the growth rate of energy demand over time can directly be
related to the growth rates of the explanatory (panel) variables, that is 1

E =apg PAE + apg PAK + ags ES + gy I‘IAH + awE WE + arc — EAF (45)
where the ‘hat’ on a variable indicates its growth rate over time.

Eq. (4.5) decomposes the growth rate of energy into terms related to: (i) changes of prices for energy and
capital stock; (ii) economies of scale component for the production of energy services; (iii) changes in
household attributes like income and household size; (iv) change of weather; (v) exogenous technological
change; and (vi) change in the underlying energy efficiency. As we have limited panel variables in our
empirical setting, we use a simpler version of the decomposition of the growth rate of electricity demand:

15Subscripts i and ¢ are omitted to avoid notational clutter.
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E=CL’PE PE+QHS I‘fS +C¥HDDHDD+G’CDDCbD+C¥Tc—EAF 4.6)

Table 4.7 reports the decomposition of the growth rate of electricity demand (ED) over 2010 — 2015. The
average annual growth rate of weather conditions, namely HDD and CDD, from one year to another
is prominent. The growth rate of transient inefficiency also seems to vary from one year to the next.
Electricity prices and household size have relatively remained stable over the considered period. Lastly,
the growth rate of residual component in the model also appears to be quite significant.

Table 4.7: Electricity demand (ED) growth rate decomposition of Swiss households - average values (in %).

Nr. ED Growth component 2011 2012 2013 2014 2015 Full sample
1 Average Price -0.136  -0.957 0.352  -0.277  -0.095 -0.243
2 HDD -5.626 2.987 1.724  -6.127 3.100 -1.579
3 CDD -0.186 0.368 0.193  -1.203 8.112 -0.043
4 Household size -0.059 0.020 -0.014 0.075  -0.109 0.011
5 Technical change (UEDT) 0.018 0.018 0.018 0.018 0.018 0.018
6 Short-run inefficiency 1.858  -0.996 0.078 0.487 -1.023 0.221
7 Residual 7.010 0.447 13.434 4185 -6.100 5.943

ED growth (1 +2+3+4+5+6+7) 2.880 1.888  15.785  -2.840 3.903 4.328

Number of households in each year: 1957(2011), 2732(2012), 3058(2013), 3544(2014), 312(2015).

Overall, when considering the effects of all the underlying components together, an increase of 4.3% in
the growth rate of electricity demand is observed for the full sample. The average growth rate of transient
inefficiency is found to have increased by about 0.22% which contributes to this overall increase in the
ED growth rate. Notice that the strong residual effect is indicative of the highly heterogeneous nature
of residential electricity demand, and also of the attitudes and behaviours of household members - one
that is complex to measure and to quantify. Furthermore, part of the residual effect is possibly due to the
limitations of the model in capturing changes of important attributes, e.g., household income and capital
stock, and other factors over the years.

4.6 Conclusion

To measure the inefficiency in the use of electricity in Swiss households, we estimate a stochastic frontier
model for residential electricity demand. We use data from our Swiss household survey conducted in
2015-2016 that collected panel data over five years. The dataset includes information on the level of
energy services, which is crucial, but often difficult to measure. The newly developed generalized true
random effects (GTRE) model is used to estimate the transient and persistent levels of efficiency in the
use of electricity.

The mean persistent inefficiency is found to be around 22% whereas the transient inefficiency is seen to
be around 14%. The high persistent inefficiency of about 22% is indicative of structural problems faced
by Swiss households, who probably rely on an old appliance stock within their homes. Moreover, this
also possibly points to systematic behavioural shortcomings in terms of production and consumption of
energy services. These results suggest that there is a considerable potential for saving electricity and thus
reaching the reduction target defined by the Swiss federal council as part of the Energy Strategy 2050.
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4.6 Conclusion

We further investigate the role of demand-side management measures on the level of efficiency in
residential electricity consumption. We perform Kruskal-Wallis tests on the estimated efficiency levels to
investigate if the distributions of efficiency scores are non-identical across two sub-populations that differ
on the existence of a DSM measure. Instruments related to energy audit at home, and that for investment
support for new household appliances, are found to be positively associated with a higher level of overall
efficiency. On the other hand, no such effect is observed for the policy instruments related to information
distribution and for feedback provision on the level of consumption. Note that these results are only
indicative and should be used with precaution.

Decomposition of the growth rate of demand for electricity shows an overall increase and highlights the
role of changes in weather, increase in transient inefficiency and technical progress. Furthermore, the
results are also indicative of the highly heterogeneous nature of residential electricity demand, and of the
attitudes and behaviours of members of the household.

From the point of view of policy makers, we note that the high level of overall inefficiency indicates
that there is a significant potential for the Swiss residential sector in the urban and sub-urban areas to
save energy. Finally, we emphasize again that clear distinction has to be made between the persistent
and transient inefficiencies faced by households in order to appropriately channel the relevant policy
measures.
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5 Boundedly rational consumers, energy and
investment literacy, and the display of
information on household appliances?

5.1 Introduction

The residential sector consumes nearly 30% of the total final energy consumption in Switzerland and about
58% of the energy end-use consumption of households is based on fossil fuels (BFE, 2015). Improving
the energy efficiency in the residential sector is therefore one of the strategies to reduce total fossil
energy consumption and related CO,-emissions in Switzerland. While a major effort needs to be made
to reduce the consumption of heating fuels, there is also a potential for enhanced energy efficiency in
the electricity consumption of Swiss households. One important pillar of reducing residential electricity
consumption is to foster the adoption of energy-efficient lighting and household appliances. A low
adoption of energy-efficient technologies is often related to the ‘energy-efficiency gap’ (Allcott and
Greenstone, 2012; Howarth and Sanstad, 1995; Sanstad and Howarth, 1994a), i.e. the frequent observation
that individual decision-makers do not choose the most energy-efficient appliance, even if this appliance
is also the most cost-efficient choice from the individual’s point of view (minimizing lifetime operating
costs).! The list of potential underlying causes for the ‘energy-efficiency gap’ is long and includes a
myriad of market and behavioral failures (Broberg and Kazukauskas, 2015; Sanstad and Howarth, 1994b).
A large body of literature studies, for example, (implicit) subjective discount rates and their role for the
persistence of the energy efficiency gap (Bruderer Enzler et al., 2014; Coller and Williams, 1999; Epper
et al., 2011; Harrison et al., 2002; Hausman, 1979; Min et al., 2014; Train, 1985). In this paper, we
abstract from subjective discounting and other market and behavioral failures to focus on those market
and behavioral failures that are related to the provision and processing of energy-related information.

In order to choose between two similar electrical appliances, a rational, utility-maximizing consumer
should solve an optimization problem in order to choose the appliance that minimizes the sum of the
purchase price and the present value of future energy costs (Gerarden et al., 2015; Sanstad and Howarth,
1994a,b). This optimization requires knowledge on the purchase prices of the appliances to choose from,
the electricity consumption of the respective products, the expected intensity and/or frequency of use, the
expected lifetime of the appliance as well as current and future electricity prices. If markets provide too
little or inadequate information about these parameters, or if this information is not salient enough to the
consumer, this constitutes a barrier to solving the optimization problem (Sanstad and Howarth, 1994a). In
fact, in many purchase situations, the information about the energy-efficiency of an appliance and thus
about the future energy costs is less salient than the purchase price. However, even if information on
the energy consumption of the appliance is provided, the optimization regarding the lifetime cost of an
appliance depends on additional information as mentioned above.

TPublished in the journal of Resource and Energy Economics: https://doi.org/10.1016/j.reseneeco.2017.06.001

't is important to note that throughout this paper, we define cost-efficiency from the (private) point of view of the individual
and not from a societal point of view in which we would also have to account for the avoidance of external cost in the production
of electricity.
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5 Boundedly rational consumers and the display of information on household appliances

To carry out the optimization, the consumer needs to gather the required information and then process this
information correctly. This creates both ‘information cost’ and ‘optimization cost’ (Conlisk, 1988), given
that the consumer needs to deliberate upon the options to choose from. Acknowledging the presence
of ‘deliberation cost’ (Pingle, 2015) is equivalent to acknowledging that individuals are ‘boundedly
rational’ (Sanstad and Howarth, 1994a; Simon, 1959), which means that they are not always able to
acquire and process all the necessary information to trade-off all the alternatives in real decision making
situations. This is because information acquisition is costly and the processing of information is cognitively
burdensome. As a consequence of being boundedly rational individuals tend to have problems solving the
optimization problem when making an investment decision. Instead, they often rely on simple rules of
thumb or decision heuristics (Frederiks et al., 2015; Wilson and Dowlatabadi, 2007), which potentially
widens the energy efficiency gap.’

Against the background of the described information-related market and behavioral failures, the research
presented in this paper deals with the question how information on future energy consumption should
be displayed on products in order to enable consumers to identify the appliance that minimizes lifetime
cost. Furthermore, we investigate whether and to what extent cognitive abilities as well as energy and
financial literacy support consumers in identifying a cost-efficient appliance. We hereby assume that
consumers may follow two different types of decision-making strategies: One is to optimize over the
lifetime cost of the appliance. This is in line with the neoclassical concept of a fully rational and informed
consumer. The other type of decision-making strategy, which is in line with the concept of bounded
rationality, is heuristic decision-making, i.e. choosing an appliance according to a specific and salient
characteristic of the appliance, e.g., a low purchase price, a high energy-efficiency rating or a lower
physical energy consumption. The choice of the decision-making strategy is determined, on the one hand,
by the information that is readily available in the purchase situation, e.g., in the form of information
display on the products. On the other hand, it is determined by an individual’s ability to process the
available information, which is influenced by socioeconomic factors as well as the individual’s level
of energy and financial literacy. The latter determine the individual-specific deliberation cost. We thus
assume, that the deliberation cost are a function of energy and investment literacy, with energy literacy
being defined as the individual’s prior energy-related knowledge, such as knowledge about energy prices
and energy consumption of different appliances, and investment literacy being defined as the individual’s
cognitive ability to perform an investment analysis.

To examine the role of information display, energy and investment literacy on the choice of electrical
appliances of boundedly rational consumers, we organized a household survey and conducted two online
randomized controlled trials with simple decision tasks. In two experiments, respondents were presented
two similar appliances and had to determine which of the two minimizes lifetime cost. With these
experiments we thus did not elicit consumers preferences but their ability to calculate the lifetime cost of
the appliances.® Individuals were randomly assigned to a treatment in which yearly energy consumption
of the appliances was displayed in either monetary terms or physical units. In the empirical part of the
paper, we analyze the individual decisions in the experiments while accounting for the respondents’ energy
and investment literacy, their attitudes towards energy conservation, as well as their sociodemographics.
Drawing on three samples of 583, 877 and 1, 375 households from three major Swiss urban areas the data
is analyzed in a series of (recursive) bivariate probit models.

We find that displaying information on energy consumption in monetary terms rather than in physical
units positively influences the probability to perform an investment analysis which in turn increases the

2 Alternatively, individuals may be inattentive to energy information on rational grounds, assuming that taking future energy
cost into account would be a minor factor in their calculation anyway (Sallee, 2014). This aspect, however, is not in the focus of
our discussion in this paper.

3The two experiments are not hypothetical stated choice experiments in which people are asked to state their preferences
for either the one or the other appliance. Instead, our framework encompasses the impact of an actual decision based on real
calculations of lifetime costs.
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probability to choose the most (cost-)efficient appliance. Also a higher level of energy and investment
literacy clearly enhances the individuals’ probability to do an investment calculation and to choose the
most efficient appliance. This supports the view that both displaying monetary information on future
energy consumption as well as consumers’ prior knowledge and cognitive abilities are decisive factors
when attempting to reduce the energy-efficiency gap. Investing in consumer education to increase their
energy and investment literacy could thus be an important element in a set of policy measures to enhance
residential energy efficiency.

The remainder of this chapter is organized as follows. Section 5.2 presents a literature review and discusses
the theoretical considerations and hypotheses. The dataset and the experimental design is presented in
Section 5.3 and the econometric specifications are presented in Section 5.4. Section 5.5 presents the
results and Section 5.6 concludes.

5.2 Literature review and hypotheses

5.2.1 Information, rationality and the choice of efficient appliances

Are individuals able to make fully rational decisions by minimizing total lifetime cost when choosing
electric appliances? Or are they ‘boundedly rational’ (Simon, 1959) and therefore lack the cognitive
abilities to perform the optimization task? The discussion about rational decision-making in the domain
of energy efficiency and the role of information in the choice of efficient appliances is going on for a
while (Sanstad and Howarth, 1994a,b). McNeill and Wilkie (1979) and Anderson and Claxton (1982)
investigate how the provision of information about energy consumption in either monetary or physical
units impacts on the choice of household appliances. While both studies do not find significant effects of
information display, more recent studies do so. For example, Heinzle (2012) examines the impact that
different ways of disclosing energy-related information have on the choice of TVs in online experiments
in Germany. The effects of three different disclosure formats of energy labels on appliance choice are
compared: annual energy consumption in terms of physical units (KWh), annual energy operating cost
in monetary terms and lifetime energy operating cost in monetary terms. Heinzle (2012) shows that
individuals tend to overestimate potential cost savings between two TV sets if provided with information
on energy consumption in physical units. When disclosing energy consumption in monetary terms,
respondents’ willingness to pay (WTP) for energy efficient TV sets only increased when lifetime energy
cost but not when annual operating cost were displayed. The display of annual operating cost in monetary
terms even reduced WTP compared to the display in physical units. Similar results are reported in Deutsch
(2010): based on a randomized field experiment on a commercially operating price comparison website it
is shown that disclosing the life-cycle cost of an appliance instead of the purchase price induces consumers
to purchase cooling appliances that are on average 2.5% more efficient than in the absence of life-cycle
cost disclosure.

Also Newell and Siikamiki (2013) test the effects of different forms of energy efficiency labeling. Among
other features, they evaluate the impact of a label including the estimated yearly operating cost versus the
impact of a label including physical information on energy use. Based on a choice experiment among
1,214 US home owners, they find that providing information on estimated yearly operating cost is more
effective in enhancing willingness to pay for more efficient water heaters than providing information
about energy use in physical units. These findings are partly in line with the findings in Heinzle (2012),
except that in the study of Newell and Siikamiki (2013) the display of annual operating cost (as opposed
to lifetime operating cost) had a positive influence on the choice of more efficient appliances. For light
bulbs, Min et al. (2014) test the influence of energy labeling on implicit discount rates in an incentivized
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choice experiment among 168 US residents and also conclude that the provision of information on annual
operating costs of the bulbs increases consumers’ WTP for more efficient bulbs.

Allcott and Taubinsky (2015) tested the effect of simultaneous information about yearly and lifetime
energy cost on consumers’ choices of either compact fluorescent (CFL) or incandescent light bulbs. In
both an online and an in-store experiment, they provide information about yearly and lifetime costs of
the bulbs to a treatment group. While the treatment increases the market share of CFLs by about 12%
in the online experiment, a similar treatment in the in-store experiment seemed less effective. Although
the effects of displaying yearly and lifetime energy cost cannot be separated in their experiments, their
results further support the view that providing monetary information supports consumers in accounting
for operating cost.

Other studies consider th