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Abstract	

The	‘prebound	effect’	characterises	how	average	heating	energy	consumption	in	older	homes	is	
consistently	lower	than	these	buildings’	calculated	energy	ratings,	and	helps	explain	why	energy	
savings	from	thermal	upgrades	are	often	lower	than	anticipated.	This	paper	explores	the	conceptual	
links	between	prebound	and	rebound	effects	and	aims	to	quantify	these	behavioural	effects.	It	
applies	the	resulting	mathematical	model	to	empirical	examples	of	actual	and	calculated	energy	
consumption	at	scales	of	individual	dwelling	and	national	housing	stock.	These	show	that	the	
rebound	effect,	as	defined	in	econometrics	literature,	can	only	indicate	proportionate	reductions	in	
energy	consumption	and	can	mask	high	levels	of	absolute	consumption.	The	prebound	effect,	
however,	can	identify	under-	and	over-consumption	regardless	of	rebound	effects.	A	combination	of	
high	prebound	effect	and	low	income	suggests	fuel	poverty,	and	the	rebound	effect	here	is	less	
relevant	regarding	total	energy	consumption.	Policymakers	should	identify	housing	with	high	
prebound	effects	in	order	to	eliminate	fuel	poverty,	and	be	aware	of	inaccuracies	in	calculating	
payback	time	where	economic	viability	of	retrofits	is	mandated.	Further	research	is	needed	to	
understand	motivations	and	practices	in	households	that	have	high	prebound	effects	and	to	identify	
specific	priority	groups	for	thermal	retrofit	policy.	
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1.	Introduction	

Nearly	a	quarter	of	low-income	households	in	the	EU	cannot	afford	to	have	a	comfortable	indoor	
environment	in	their	homes	due	to	energy	prices	[1].	Retrofit	programmes,	driven	by	policy	
instruments	such	as	the	EU	Energy	Efficiency	Directive	2012/7	[2]),	can	generate	economic	and	
societal	benefits.	However,	the	level	of	direct	energy	subsidies	allocated	to	fuel	poor	households	in	
some	EU	countries	is	much	higher	than	budgets	allocated	to	energy	retrofit	programmes,	which	
could	offer	more	sustainable	support	to	fuel	poor	households	and	thereby	address	the	cause	of	the	
problem.	This	calls	for	improvement	of	statistical	data	collection	by	providing	more	precise	evidence	
of	fuel	poverty	in	the	EU,	and	more	linkage	between	the	data	in	order	to	better	identify	the	
relationship	between	housing	conditions	and	fuel	poverty	[3].	

This	paper	aims	to	contribute	to	this	discussion	on	housing	conditions	and	fuel	poverty	in	a	policy	
context,	by	showing	how	the	notion	of	the	‘prebound	effect’,	a	term	coined	by	Sunikka-Blank	and	
Galvin	[4],	can	be	used	as	an	indicator	of	fuel	poor	households,	and	setting	this	alongside	established	
formulations	of	the	‘rebound	effect’	(see	list	of	special	terms,	symbols	and	abbreviations	used	in	this	
paper,	in	Table	1).	

It	is	first	necessary	to	clarify	the	definitions	and	mathematics	behind	the	prebound	effect	and	the	
established	rebound	effect,	which,	we	argue,	is	a	key	concept	in	setting	accurate	and	equitable	
energy	saving	policy	targets.	The	concept	of	the	‘rebound	effect’	has	a	long	history	and	is	now	deeply	
embedded	in	policy	and	academic	discussion.	This	was	initiated	by	Khazzoom’s[5]	empirical	finding	
that	energy	savings	were	smaller	than	expected	when	new	regulations	demanded	increases	in	the	
energy	efficiency	of	electrical	appliances.	These	regulations	were	enacted	to	reduce	energy	
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consumption	in	the	wake	of	the	oil	crises	of	the	early	and	mid-1970s,	but	Khazzoom	found	they	were	
failing	to	do	so	proportionately,	and	might	instead	be	having	the	opposite	effect.	He	called	this	
‘backfire’,	and	in	a	later	publication	Khazzoom	[6]	linked	this	to	a	similar	phenomenon	observed	by	
the	19th	century	economist	William	Stanley	Jevons	[7].	

In	the	numerous	empirical	studies	that	followed,	it	was	generally	found	that	‘backfire’	seldom	
occurred,	but	still	the	energy	savings	were	seldom	proportionate	to	the	energy	efficiency	increase.	It	
seemed	the	energy	efficiency	increase	was	being	divided	into	two	parts:	one	portion	went	to	reduce	
energy	consumption,	and	the	remaining	portion	was	‘taken	back’	to	increase	the	consumption	of	
‘energy	services’	[8].	Energy	services	are	the	benefits	people	get	from	consuming	energy,	such	as	
warmer	homes,	greater	distances	travelled,	more	goods	produced,	and	brighter	lighting.	This	two-
part	phenomenon	came	to	have	the	label	‘rebound	effect’,	a	term	which	first	appears	in	academic	
literature	in	1983	[9].		

Due	to	the	strong	involvement	of	economists	in	rebound	effect	discussion,	the	concept	of	the	
rebound	effect	has	been	rigorously	mathematically	defined	in	econometric	terms,	and	the	
mathematics	of	how	it	links	the	parameters	of	energy	consumption,	energy	efficiency,	energy	
services	consumption	and	the	price	of	energy	have	been	developed	in	detail	(see,	e.g.,	[11,19]).	In	
such	literature	the	rebound	effect	is	defined	as	the	‘energy	efficiency	elasticity	of	energy	services’	
(see	definition	in	Section	2.2).	There	are	other,	alternative	definitions	of	the	rebound	effect	(see	
discussion	in	[12,13]),	but	the	‘elasticity’	definition	found	in	economics	literature	tends	to	hold	sway	
in	most	policy	and	planning	discussion.	

It	is	generally	argued	that	there	are	four	different	forms	of	rebound	effect:	direct,	indirect,	economy-
wide,	and	transformational	[14].	The	direct	rebound	effect	is	where	consumers	increase	their	energy	
service	consumption	in	the	same	area	that	has	the	energy	efficiency	increase.	With	the	indirect	
rebound	effect,	consumers	use	money	saved	as	a	consequence	of	an	energy	efficiency	increase	in	
one	area,	such	as	home	heating,	to	increase	their	energy	services	in	another	area,	such	as	holiday	
travel.	The	economy-wide	rebound	effect	is	a	measure	of	the	total	rebound	throughout	a	country’s	
whole	economy,	as	a	consequence	of	all	the	energy	efficiency	increases	in	that	country.	The	
transformational	rebound	effect	occurs	when	an	energy	efficiency	increase	results	in	social	and	
organisational	change,	which	increases	the	need	or	desire	for	the	more	energy	efficient	product.	
Direct	rebound	effects	only	are	considered	in	this	paper.		

The	difficulties	of	quantifying	rebound	effects	are	widely	recognised,	but	estimates	of	the	rebound	
effect	and	‘comfort	taking’	related	to	space	heating	generally	lie	within	the	range	of	10-35%	[13].	
Sorrell	[15]	suggests	direct	rebound	effects	are	likely	to	decline	in	the	future,	if	the	demand	for	
energy	services	saturates,	and	calls	for	70%	reductions	in	energy	use	in	housing	based	on	the	
engineering	estimates.	

Bodies	such	as	the	European	Council	for	an	Energy	Efficient	Economy	emphasise	the	societal	benefits	
of	energy	efficiency	[16].	However,	failure	to	take	into	account	the	rebound	effect	has	been	
recognised	as	leading	to	shortfalls	in	achieving	energy	policy	goals	and	as	the	reason	actual	energy	
savings	fall	short	of	estimates	[15](.	A	useful	feature	of	rebound	effect	mathematics	is	that	this	can	
be	used	in	reverse,	to	estimate	the	actual	level	of	energy	efficiency	that	would	be	required,	to	
achieve	the	reductions	in	energy	consumption	that	policymakers	are	aiming	for	[16](see	calculation	
methodology	in	[17]).	Taking	this	several	steps	further,	Cellura	et	al.	[18]	use	an	input-output	model	
in	a	specific	country’s	building	and	policy	framework,	to	evaluate	the	energy	and	environmental	
effects	of	energy	efficiency	measures.	These	approaches	to	modelling	makes	the	rebound	effect	a	
very	useful	concept	for	aiding	policy	on	energy	and	environmental	planning.	

The	rebound	effect	has	been	seen	as	a	phenomenon	that	needs	to	be	prevented,	reduced	and	
counteracted	[19].	On	the	other	hand,	parties	such	as	the	International	Energy	Agency	(IEA)	have	
started	to	recognise	the	rebound	effect	as	a	co-benefit	of	energy	efficiency	policy	that	has	wider	
social	benefits,	such	as	reduction	of	fuel	poverty	[20].	This	is	because	the	rebound	effect	implies	an	
increase	in	the	level	of	energy	services,	which	is	what	is	needed	in	fuel	poor	homes.	
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The	term	‘prebound	effect’	gave	a	name	to	a	phenomenon	that	was	appearing	persistently	in	a	
number	of	European	housing	stocks[4].	While	the	rebound	effect	focused	on	over-consumption	after	
an	energy	efficiency	upgrade,	consistent	evidence	of	under-consumption	prior	to	or	in	the	absence	of	
energy	efficiency	upgrades	was	observed	in	Germany	[21,22],	France	[23];	the	Netherlands	[24],	
Belgium	[25]	and	the	UK	[26].	Four	key	observations	made	in	relation	to	the	prebound	effect	are:	(a)	
for	any	specific	value	of	calculated	consumption	there	is	a	diverse	range	of	actual	consumption	
values;	(b)	on	average	in	German	datasets,	actual	consumption	is	about	35%	below	calculated	
consumption;	(c)	this	gap	increases	as	calculated	consumption	increases;	and	(d)	for	low	energy	
houses	(those	with	very	low	calculated	consumption)	the	gap	goes	into	reverse	[4].	Consequently,	
the	estimates	of	the	economic	viability	of	thermal	retrofits	are	likely	to	be	extremely	over-optimistic,	
often	by	50%	or	greater.	Thermal	retrofits	‘cannot	save	energy	that	is	not	actually	being	consumed’	
[4,	p.	265].	

In	recent	academic	literature	the	prebound	effect	is	referred	to	in	passing	to	give	support	for	the	idea	
that	energy	related	occupant	behaviour	in	homes	is	very	different	from	that	which	is	assumed	in	
standard	calculation	methods	for	dwellings’	energy	consumption	ratings	(e.g.	[27,28,29]),	or	that	
actual	fuel	savings	after	a	retrofit	are	significantly	less	than	predicted	(e.g.	[30].	It	is	also	seen	as	
evidence	that	energy	saving	in	buildings	depends	on	both	the	technical	potential	of	the	buildings,	
and	the	social	potential	of	the	occupants	[31],	and	on	the	socio-technical	nature	of	how	these	
interact	[32].	

Table	1.	Symbols,	acronyms	and	nomenclatureused	in	this	paper	

Symbol,	acronym	
or	term	

Meaning	

A	 coefficient	of	C	in	best-fit	power	curve	for	actual	against	calculated	consumption		
BE	 proportionate	change	in	energy	consumption	
Bε	 proportionate	change	in	energy	efficiency	
C	 calculated	(theoretical)	energy	consumption	
D	 exponenet	of	the	best-fit	power	curve	for	actual	against	calculated	consumption		
E	 actual	energy	consumption	
EC	 European	Commission	
EPC	 Energy	Performance	Certificate	
kWh	 kilowatt-hours	
kWh/m2a	 kilowatt-hours	of	energy	consumed	per	square	meter	of	floor	area	per	year	
ln	 the	natural	logarithm	(of	the	quantity	in	the	brackets)	
P	 prebound	effect	
R	 Rebound	effect	
S	 energy	services		
U-value	 coefficient	of	thermal	retention,	e.g.	of	walls	and	windows	
ε	 energy	efficiency	
DENA	 German	energy	agency	(Deutsche	Energie-Agentur)	
DIN	 German	Institute	of	Standards	(Deutsches	Instut	für	Normung)	
EU	 European	Uniom	
backfire	 the	situation	where	the	rebound	effect	is	greater	than	1	(=100%).	
elasticity	 (in	economics)	a	measure	of	the	proportionate	change	in	one	variable	as	a	ratio	of	the	

proportionate	change	in	another	variable	
prebound	effect	 a	measure	of	the	shortfall	in	actual	energy	consumption	as	a	proportion	of	theoretical,	

calculated	consumption	
rebound	effect	 a	measure	of	the	proportion	of	an	energy	efficiency	increase	that	is	used	to	increase	the	

level	of	energy	services,	rather	than	decrease	the	level	of	energy	consumption.	
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Although	most	policies	and	assessment	tools	are	based	on	standardised	assumptions	regarding	
energy	use	rather	than	actual	consumption,	the	prebound	effect	has	been	recognised	by	some	policy	
makers,	such	as	the	Austrian	Federal	Ministry	for	Transport,	Innovation	and	Technology	[33]	and	the	
UK	government	[34],	and	has	been	set	in	the	centre	of	concern	as	to	how	a	system	of	calculated	
consumption	could	be	devised	which	more	accurately	approximates	actual	consumption	in	Germany	
[35,36].	German	and	Austrian	building	industry	publications	have	used	the	preboud	effect	as	an	
argument	as	to	why	retrofitting	to	those	countries’	very	exacting	minimum	standards	do	not	always	
pay	back	through	fuel	savings	(e.g.	[37,38]).	The	notion	of	the	prebound	effect	is	frequently	also	used	
as	an	argument	against	wall	insulation	for	older	buildings	(e.g.	[39,40,41].	

These	authors’	own	publications	have	frequently	referred	to	the	prebound	effect	as	an	explanatory	
factor	in	fuel	poverty	and/or	energy	savings	shortfalls	in	retrofits	[12,13,14,17,42,43,44,45,46,47,48],	
but	what	is	lacking	in	academic	literature	is	a	definitive	account	of	the	mathematical	relationship	
between	rebound	and	prebound	effects,	with	the	implications	for	retrofit	policy	and	fuel	poverty	
that	follow	from	this.	This	paper	attempts	to	fill	that	gap.	

Currently	there	is	an	assumption	that	if	rebound	effects	are	low,	the	energy	and	climate	goals	of	
thermal	retrofits	have	been	achieved,	whereas	if	rebound	effects	are	high,	this	indicates	a	problem	
[49,50,51,52],	and	in	such	studies	the	prebound	effect	is	not	usually	mentioned.	This	paper	argues	
that	the	rebound	effect,	which	essentially	indicates	a	ratio	between	two	proportions,	and	does	not	
directly	give	an	indication	of	absolute	magnitudes	of	energy	savings,	cannot	give	a	full	picture	of	
retrofit	needs	or	success.	It	argues	that	the	prebound	effect,	which	gives	a	more	direct	indication	of	
absolute	levels	of	consumption,	needs	to	be	considered	in	setting	more	accurate	and	equitable	policy	
targets	and	in	assessing	the	success	or	otherwise	of	retrofits.		

The	remainder	of	this	paper	is	structured	as	follows.	Section	2	offers	a	mathematical	development	of	
the	prebound	effect	and	relates	this	to	standard	mathematics	of	the	rebound	effect.	Section	3	
analyses	two	case	studies	using	the	mathematical	structure	so	developed.	The	aim	of	these	two	
examples	is	not	to	make	generalisations	or	claim	to	be	universally	representative,	but	they	are	used	
as	practical	cases	to	demonstrate	the	mathematics	of	these	two	behavioural	concepts.	The	results	of	
these	analyses	are	discussed	in	Section	4,	and	Section	5	concludes.	

2.	Mathematics	

2.1	The	mathematics	of	the	prebound	effect	

The	notion	of	the	‘prebound	effect’	was	derived	from	the	consistent	finding	that	actual	domestic	
heating	energy	consumption	is,	on	average,	lower	than	the	theoretical,	calculated	level	of	
consumption	required	to	keep	a	dwelling	comfortably	warm	in	all	rooms	throughout	the	entire	
winter.	This	was	found	in	all	known,	existing,	published	datasets	of	German	housing	sectors,	and	also	
in	similar	datasets	from	Belgium,	France,	the	Netherlands	and	the	UK.	Readers	are	referred	to	
discussion	of	these	datasets	in	the	original	prebound	effect	paper	[4],	and	to	the	data	sources		cited	
there,	for	details	of	their	data	collection,	time-period,	description	of	their	representativeness,	etc.	
The	original	mathematical	description	of	the	prebound	effect	was		developed	as	follows.	

Figure	1	is	a	plot	from	the	combined	German	datasets	used	by	Sunikka-Blank	and	Galvin	[4]	in	their	
description	of	the	prebound	effect.	These	are	datasets	of	calculated,	theoretical	heating	energy	
consumption	C	in	German	dwellings	(horizontal-axis)	and	actual,	measured	consumption	E	of	the	
same	dwellings	(vertical-axis).	The	datasets	were	combined	by	weighting	their	values	according	to	
the	number	of	data	points	in	each	dataset.	The	weighted	average	of	the	values	is	given	by	the	solid	
line	in	Figure	1.	

‘Calculated	consumption’	is	a	theoretical	figure	used	in	building	engineering	in	Germany	and	a	
number	of	other	countries,	to	indicate	how	much	heating	energy	would	need	to	be	consumed	in	a	
particular	dwelling,	for	that	dwelling	to	have	a	comfortable	indoor	temperature	and	air	quality	in	all	
rooms,	throughout	the	whole	year.	In	Germany	the	parameters	for	this	are	defined	in	Standard	DIN	V	
4108-6	of	the	German	Institute	of	Standards	(Deutsches	Institut	für	Normung	–	DIN	-	www.din.de/).	
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There	is	currently	discussion	among	practitioners	and	academics	as	to	how	accurate	calculated	
consumption	ratings	such	as	this	are	[53].	For	the	purposes	of	this	paper,	current	values	are	
accepted,	but	discussion	is	included	in	Section	4	on	the	difference	that	future	changes	in	these	
calculation	methodologies	might	make.	

In	Figure	1	the	points	where	actual	and	calculated	consumption	would	be	equal	are	given	by	the	
straight	diagonal	line	E	=	C.	The	prebound	effect	P	was	defined	by	its	initiating	authors	as	the	shortfall	
in	actual	as	compared	to	calculated	consumption,	as	a	ratio	of	calculated	consumption:	

𝑃 =  
𝐶 − 𝐸
𝐶

                           (1)	

This	can	be	expressed	as	a	function	of	C	alone,	if	a	formula	is	developed	for	the	relationship	between	
E	and	C,	over	the	range	of	the	data	points.	This	can	be	done	by	beginning	with	trial-and-error	curve-
fitting.	In	Figure	1	the	curve	so	fitted	is	the	solid	curved	line.	A	simple	formula	which	closely	
approximates	this	fitted	curve	is	the	power	function:	

𝐸 = 4.5𝐶!.!!"                           (2)	

This	formula	is	represented	by	the	curve	given	by	the	broken	line	in	Figure	1.	It	should	be	noted	that	
later	research	has	found	power	curves	of	this	form	to	give	the	most	consistent	lines	of	best	fit	for	
datasets	such	as	these	[13,45,54].	

Such	curves	have	the	general	form:	

𝐸 = 𝐴 ∙ 𝐶!                                (3)	

where	A	and	D	are	constants.	

Substituting	(3)	in	(1)	gives	a	general	expression	for	the	prebound	effect	in	C:	

𝑃 = 1 − 𝐴 ∙ 𝐶!!!                        (4) 	

In	this	case	the	formula	is:	

𝑃 = 1 − 4.5𝐶!!.!"#                       (5)	

This	indicates	how	the	prebound	effect	varies	with	calculated	or	theoretical	consumption	in	the	
particular	case	of	these	combined	datasets	of	German	dwellings.	Three	features	are	clear	from	
equations	(4)	and	(3):	

(a) Equation	(4)	indicates	that	the	prebound	effect	P	is	negatively	correlated	with	the	constant	
A,	whereas	equation	(3)	indicates	that	energy	consumption	E	is	positively	correlated	with	A.	
In	other	words,	high	prebound	effects	are	associated	with	low	levels	of	actual	consumption,	
and	vice	versa.	

(b) In	equation	(4)	the	prebound	effect	is	negatively	correlated	with	the	exponent	D,	whereas,	in	
equation	(3),	E	is	positively	correlated	with	D.	Both	A	and	D	are	constants	for	any	particular	
dataset.	This	implies	that	datasets	in	which	consumption	is	generally	high	are	likely	to	have	
low	prebound	effects,	whereas	datasets	of	homes	where	consumption	is	generally	low	(such	
as	in	cases	of	fuel	poverty)	are	likely	to	have	high	prebound	effects.	

(c) The	prebound	effect	is	positively	correlated	with	theoretical,	calculated	energy	consumption	
C.	This	means	that,	regardless	of	the	type	of	home	indicated	by	the	constants	A	and	D	in	a	
dataset,	the	higher	the	calculated	consumption	within	that	dataset,	the	higher	the	prebound	
effect	is	likely	to	be.	This	is	most	likely	because,	the	harder	a	home	is	to	heat	(all	other	things	
being	equal),	the	more	likely	it	is	that	the	occupants	under-heat	it.	It	should	be	noted	that	
dwellings	with	high	calculated	consumption	are	frequently	associated	with	low-income	
households	[55].	

This	gives	a	general,	qualitative	picture	of	the	sort	of	information	the	prebound	effect	can	give.	
Where	actual	consumption	is	high	compared	to	calculated	consumption,	the	prebound	effect	is	low;	
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and	where	calculated	consumption	is	high	(i.e.	the	thermal	quality	of	the	dwelling	is	poor)	the	
prebound	effect	is	high.	

This	is	as	far	as	the	original	work	on	the	prebound	effect	was	taken.	The	following	sub-section	
extends	this	into	a	discussion	of	the	rebound	effect.	

	

	
	

2.2.	The	mathematics	of	the	rebound	effect	

The	rebound	effect	is	conceived	in	econometrics	literature	as	an	‘elasticity’.	This	is	a	relation	which	
maps	the	ratio	between	a	proportionate	change	in	one	parameter	against	a	proportionate	change	in	
a	second	parameter.	The	‘elasticity’	rebound	effect	is	defined	[10,11]	as	the	energy	elasticity	of	
energy	services	consumption,	i.e.	the	ratio	between	a	proportionate	change	in	energy	services	
consumption	S	and	the	proportionate	change	in	energy	efficiency	ε:	

𝑅 =
𝜕𝑆
𝑆
𝜕𝜀
𝜀

                                    6 	

The	level	of	energy	services	is	generally	regarded	as	proportional	to	the	energy	consumption	and	the	
efficiency	with	which	this	energy	is	converted	to	these	services	[11]:	

𝑆 = 𝜀 ∙ 𝐸                                 (7)	

where	E	=	energy	consumption.	Substituting	(7)	in	(6)	and	using	the	product	rule	gives	an	expression	
for	the	rebound	effect	in	terms	of	energy	efficiency	and	energy	consumption:	

𝑅 = 1 +
𝜕𝐸
𝜕𝜀

∙
𝜀
𝐸

                     (8)	

Where	heating	in	buildings	is	concerned,	energy	efficiency	ε	is	generally	taken	to	be	inversely	
proportional	to	calculated	consumption	C		[12],	i.e.:	

𝐶 = 𝜀!!                                     (9)	
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Figure	1.	Composite	plot	of	weighted	averages	of	7	datasets,	total	3700	data	points	
for	actual	and	calculated	heaDng	consumpDon	in	German	dwellings	

Weighted	
average	

E=C	

E=4.5C^0.641	



7	
	

Hence,	if	the	relationship	between	calculated	energy	consumption	C	and	actual	energy	consumption	
E	is	a	power	curve,	as	in	Section	2.1	above,	equation	(3)	can	be	rewritten:	

𝐸 = 𝐴 ∙ 𝜀!!                            (10)	

	

Substituting	(10)	in	(8)	gives	an	expression	for	the	rebound	effect	for	the	case	where	equation	(3)	
holds	true:	

𝑅 = 1 +
−𝐷 ∙ 𝐴 ∙ 𝜀!!!! ∙ 𝜀

𝐴 ∙ 𝜖!!
           11 	

Simplifying	(11):	

𝑅 = 1 − 𝐷                                   (12)	

This	means	that	for	any	particular	dataset	of	calculated	and	actual	heating	energy	consumption,	the	
rebound	effect	is	a	constant.	Its	magnitude	depends	entirely	on	D,	the	exponent	of	the	power	curve	
that	bests	fits	the	data	points.	This	ratio	stays	constant	no	matter	how	high	the	calculated	
consumption	is.	In	practical	terms,	this	means	that	for	any	particular	dataset	such	as	that	
represented	in	Figure	1,	if	a	large	number	of	homes	are	thermally	retrofitted,	the	average	of	their	
rebound	effects	will	be	1	–	D,	regardless	of	how	high	their	theoretical,	calculated	consumption	was	
prior	to	their	retrofits,	or	how	low	or	high	it	is	post-retrofit.	This	is	because	the	‘elasticity’	rebound	
effect	is	a	behavioural	response.	It	indicates	the	average	magnitude	of	the	proportionate	shift	in	
consumption	that	occurs	when	people	can	get	more	energy	services	for	less	effective	cost.	

It	is	also	important	to	note	that	this	analysis	shows	how	the	rebound	and	prebound	effects	have	only	
one	mathematical	feature	in	common:	they	are	both	negatively	correlated	with	the	variable	D.	This	
variable	represents	the	human	factor	in	changes	in	consumption	in	relation	to	changes	in	energy	
efficiency.	The	higher	the	proportion	by	which	users	tend	to	increase	their	heating	consumption	
when	energy	efficiency	rises,	the	lower	the	variable	D,	therefore	the	larger	the	term	1	–	D,	therefore	
the	larger	the	rebound	effect,	and	the	larger	the	reduction	in	the	prebound	effect.	The	other	
variables,	A	and	C,	which	occur	only	in	the	prebound	effect	formula,	are	quite	different.	C	is	
determined	entirely	by	the	thermal	quality	of	the	dwelling	(a	high	C	correlates	to	low	thermal	quality,	
and	vice	versa).	A	is	determined	by	the	average	influence	of	human	behaviour	within	the	dataset,	but	
not	by	changes	in	behaviour.	A	high	value	of	A	indicates	that	the	householders	whose	homes	are	
represented	in	a	particular	dataset	are	high	consumers,	on	average,	regardless	of	the	thermal	quality	
of	their	homes.	The	rebound	effect	can	give	a	figure	for	how	much	people’s	energy	consumption	
reduces	in	proportion	to	how	high	it	was	previously,	given	a	certain	proportionate	change	in	energy	
efficiency,	but	it	gives	no	indication	of	what	the	magnitude	of	their	energy	consumption	was	or	now	
is	(hence	A	cancels	out	in	the	rebound	effect	calculation,	as	seen	in	equations	(11)	and	(12)).	Nor	
does	it	relate	this	change	to	average	consumption	or	theoretical,	calculated	consumption.	The	
prebound	effect,	however,	gives	clear	figures	for	the	level	of	consumption	in	relation	to	the	
expected,	calculated	consumption,	for	situations	both	prior	to	and	after	a	retrofit,	for	any	chosen	
starting	or	finishing	point.	Hence	it	brings	us	closer	to	seeing	what	that	actual	changes	in	energy	
consumption	are	(not	just	the	proportionate	changes),	as	energy	efficiency	changes1.	

		

																																																													
1	It	should	also	be	noted	a	rebound	effect	calculated	by	this	method	is	the	mid-point	of	a	confidence	interval.	
Calculating	the	confidence	interval	for	an	exponent	of	a	power	curve	requires	a	log-log	transformation	of	the	
data,	whereupon	the	line	of	best	fit	becomes	a	straight	line,	and	the	confidence	interval	for	the	rebound	effect	
is	the	confidence	interval	of	the	gradient	of	this	line.	A	forthcoming	paper	by	one	of	the	authors	develops	this	
and	applies	it	to	a	large	range	of	datasets.	
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3.	Case	study	examples	

3.1	Calculated	vs.	actual	consumption	in	French	homes	

The	implications	of	the	theoretical	points	made	in	Section	2	become	more	focused	when	empirical	
examples	are	considered.	We	first	look	at	the	application	of	the	mathematics	of	the	(p)rebound	
effects	in	French	houses,	using	a	cross-sectional	method3.	

Figure	2	gives	a	scatterplot	of	calculated	and	actual	heating	energy	consumption	in	a	random	
selection	of	700	French	‘houses’	(i.e.	homes	not	in	multi-apartment	buildings),	gathered	by	Cayla	et	
al.	[23],	giving	these	dwellings’	calculated	and	actual	space	heating	energy	consumption	in	2006.	
Readers	are	referred	to	[23]	for	the	details	of	data	gathering,	cleaning,	etc.5.	Based	on	equation	(3),	
the	best-fit	power	curve	for	this	data	is:	

𝐸 = 9.52𝐶!.!"!                          13 	

Therefore,	based	on	equation	(12),	the	rebound	effect	for	these	homes	is:	

𝑅 = 1 − 0.494 = 0.506 ≈ 51%                   14 	

This	means	that	if	a	large	number	of	such	dwellings	were	thermally	retrofitted	their	average	rebound	
would	be	51%,	regardless	of	their	calculated	energy	consumption	prior	to	and	after	the	retrofits.	

The	prebound	effect,	given	by	equation	(4),	is:	

𝑃 = 1 − 9.52 ∙ 𝐶!!.!"                    15 	

	
	

																																																													
3	The	cross-sectional	method	used	here	takes	a	snapshot	of	a	large	representative	sample,	and	uses	the	
assumption	that,	on	average,	dwellings	with	calculated	consumption	C1	and	actual		consumption	A1	would	end	
up	with	actual	consumption	A2	if	their	calculated	consumption	was	reduced	to	C2,	where	points	(C1,	A1)	and	
(C2,	A2)	lie	on	the	line	of	best	fit.	This	is	a	standard	econometric	method	of	estimating	elasticities,	and	is	
discussed	in	relation	to	space	heating	in	[13,45,54].	
5	Note	that	there	is	a	wide	scattering	of	points	in	this	dataset.	This	is	typical	of	such	datasets,	as	there	is	wide	
individual	variation	in	consumption	patterns	in	dwellings,	even	where	they	have	the	same	theoretical,	
calculated	consumption	levels.	As	mentioned	in	an	earlier	footnote,	the	95%	confidence	interval	for	the	
exponent	D	is	the	95%	confidence	interval	of	the	(linear)	gradient	of	the	log	transformation	of	equation	(3).	In	
this	case,	the	confidence	interval	is	44.92	-	54.74%.	
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Figure	2.	HeaDng	energy	intensity	and	consumpDon	for	random	
selecDon	of		700		French	houses,	with	best-fit	power	curve.	Data	

source:	Cayla	et	al.	[23].	
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In	comparison	to	the	German	datasets	in	Figure	1,	the	constant	A	is	higher	in	the	French	dataset,	
which	puts	downward	pressure	on	the	prebound	effect	for	all	values	of	C.	On	the	other	hand,	D	is	
lower	in	the	French	dataset,	which	puts	upward	pressure	on	the	prebound	effect	for	high	values	of	C.	
The	difference	is	seen	in	a	specific	example,	as	follows.	

Consider	a	French	house	and	a	German	home	each	with	calculated	consumption	of	300kWh/m2a,	
which	is	about	30%	above	the	average	of	German	housing	stock	[56].	In	each	case,	consider	what	
happens	with	rebound	and	prebound	effects	if	these	homes	are	both	retrofitted	to	give	a	calculated	
consumption	of	100kWh/m2a,	the	current	average6	mandatory	standard	in	Germany	for	retrofits,	
and	alternatively	to	50kWh/m2a,	the	current	German	average	new	build	standard.	Assuming	these	
homes	perform	as	‘average’	within	their	respective	building	stocks,	the	results	are	those	given	in	
Table	2,	based	on	equations	(4)	and	(12)7.	

	

		 German	homes	 French	houses	

C	 A	 D	 Rebound	%	 Prebound	%	 A	 D	 Rebound	%	 Prebound	%	

300	 4,5	 0,641	 35,9	 41,933	 9,52	 0,494	 50,6	 46,885	

100	 4,5	 0,641	 35,9	 13,858	 9,52	 0,494	 50,6	 7,394	

50	 4,5	 0,641	 35,9	 -10,480	 9,52	 0,494	 50,6	 -31,510	

Table	2.	Rebound	and	prebound	effects	for	datasets	of	German	homes	and	French	houses,	for	three	distinct	
levels	of	calculated	consumption.	Source:	own	calculations	from	Sunikka-Blank	and	Galvin	[4]	and	Cayla	et	al.	
[23].	

	

As	Table	2	indicates,	the	rebound	effect	for	French	houses	is	significantly	higher	than	for	German	
homes,	at	51%	compared	to	36%.	Using	the	rebound	effect	alone	to	compare	the	energy	saving	gain	
from	retrofitting	the	two	housing	stocks	would	therefore	lead	to	the	conclusion	that	retrofitting	
German	homes	brings	greater	energy	saving	gains	on	average,	because	their	rebound	effects	are	
lower.	

However,	a	more	nuanced	picture	is	given	when	the	prebound	effect	is	included	in	the	discussion.	
For	thermally	poor	homes,	represented	by	a	high	level	of	theoretical,	calculated	consumption	(here	
300kWh/m2a),	the	prebound	effect	is	higher	for	French	houses	(47%)	than	for	German	homes	(42%).	
This	means	that,	on	average,	French	houses	under-consume	compared	to	German	homes,	in	relation	
to	their	theoretical,	calculated	consumption	at	this	(higher)	end	of	the	scale.	

Further,	from	equations	(5)	and	(15)	it	can	be	seen	that	the	prebound	effect	in	the	French	dataset	
remains	higher	than	that	in	the	German	dataset	for	dwellings	with	calculated	consumption	greater	
than	145kWh/m2a.	Below	that	figure	the	prebound	effect	is	higher	in	the	German	dataset.	

French	households	who	are	in	homes	of	low	thermal	quality	therefore,	on	average,	tend	to	under-
consume	more	deeply	compared	to	German	households	living	in	homes	of	low	thermal	quality.	
German	households	tend	to	spend	more	to	keep	warm	in	these	(mostly	older)	homes.	Hence,	
retrofitting	an	average	French	house	to	a	modest	level	–	say	around	120kWh/m2a	–	will	actually	save	
more	energy	than	retrofitting	a	German	house	to	the	same	level.	Further,	a	case	could	be	made	that	

																																																													
6	The	precise	minimum	standard	for	any	particular	buiding	varies	according	to	its	geometry	and	size.	These	
figures	are	averages	over	all	domestic	buildings.	
7	Intuitively	it	might	seem	that	the	rebound	effect	depends	on	the	level	of	consumption.	However,	as	is	proven	
in	[45]	and	[54],	if	a	power	curve	is	a	fair	approximation	of	the	best	fit	curve	of	the	data,	the	rebound	effect	is	
independent	of	the	level	of	consumption.	This	can	also	be	shown	by	performing	a	log-log	transformation	of	the	
data.	This	produces	a	straight	line	as	the	best-fit	line,	i.e.	it	has	a	constant	gradient,	the	value	of	which	is	1	
minus	the	rebound	effect.	
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the	social	gain	is	greater	from	retrofitting	thermally	poor	French	homes,	as	high	prebound	effects	
indicate	that	a	house	is	not	as	warm	as	it	needs	to	be	for	good	health	and	comfort.	

Why,	then,	is	the	average	rebound	effect	higher	in	French	houses	than	in	German	homes?	The	
reason	is	that	the	prebound	effect	in	French	houses	of	very	high	thermal	quality	is	lower	than	that	in	
German	homes	of	high	thermal	quality:	French	households	tend	to	over-consume	more	liberally	in	
low	energy	homes,	i.e.	when	it	is	cheap	to	do	so.	As	Table	2	shows,	at	a	calculated	consumption	of	
100kWh/m2a,	French	houses	show	a	prebound	effect	significantly	lower	than	German	houses,	at	
7.4%	compared	to	13.9%,	and	the	discrepancy	widens	to	-31.5%	compared	to	-10.5%	for	a	calculated	
consumption	of	50kWh/m2a.	Setting	P=0	in	equation	(15)	indicates	that	the	prebound	effect	is	zero	
for	French	houses	where	calculated	consumption	C	is	83kWh/m2a.	This	suggests	that	retrofitting	
French	houses	to	a	higher	thermal	standard	than	this	(i.e.	a	lower	value	of	C)	is	likely	to	bring	less	
savings	than	anticipated.	At	this	point	the	house	is	giving	full	thermal	comfort,	and	retrofitting	it	to	a	
higher	standard	simply	results	in	energy	being	wasted,	i.e.	a	negative	prebound	effect.	The	
corresponding	value	of	C	for	German	homes	is	65.2kWh/m2a.	

A	further	point	is	that	average	actual	consumption	in	the	French	dataset	is	144kWh/m2a,	whereas	for	
German	homes	it	is	around	150kWh/m2a	[56].	The	difference	between	these	is	not	great,	but	it	
should	be	noted	that	‘houses’	only	are	included	in	the	French	dataset,	whereas	the	German	dataset	
includes	both	houses	and	apartments.	A	further	dataset	made	available	to	these	authors	by	Cayla	et	
al.	indicates	that	French	apartments	consume,	on	average,	around	89kWh/m2a.	Hence	average	
consumption	for	French	homes	is	most	likely	significantly	lower	than	for	German	homes.	

By	including	the	prebound	effect	it	becomes	clear	that:	

(a) Because	of	the	profile	of	the	prebound	effect,	retrofitting	French	houses	to	a	modest	
theoretical	consumption	level	of	around	120kWh/m2a,	on	average,	can	theoretically	save	
more	energy	than	retrofitting	German	homes	to	the	same	standard.	

(b) Due	to	the	reduction	of	fuel	poverty	and	improved	thermal	comfort,	there	is	more	social	gain	
to	be	achieved	from	retrofitting	French	houses	to	about	this	standard	or	somewhat	better.	

(c) Again	because	of	the	profile	of	the	prebound	effect,	retrofitting	French	houses	to	very	high	
thermal	standards	(under	83kWh/m2a)	is	likely	to	bring	considerable	over-consumption,	
whereas	over-consumption	in	thermally	efficient	German	homes,	on	average,	is	less	evident	
until	the	standard	reaches	about	65kWh/m2a.	

We	do	not	know	why	the	profile	of	the	prebound	effect	differs	so	significantly	between	French	and	
German	homes.	This	could	be	because	of	socio-cultural	factors	related	to	heating	practices	or	simply	
awareness	of	energy	use.	

3.2	Thermally	retrofitted	home	in	the	UK	

Considering	the	rebound	and	prebound	effects	is	also	of	interest	to	a	homeowner	who	wants	to	take	
up	economically	feasible	energy	efficiency	measures.	As	an	empirical	example	of	using	the	
mathematical	structure	of	these	behavioural	effects	a	three-bedroom,	semi-detached	house	of	floor	
area	75m2,	in	Cambridge,	UK,	was	investigated	by	the	authors	prior	to,	during	and	after	its	retrofit	
with	external	wall	insulation	and	a	heat-recovery	ventilator.	The	case	study	example	was	chosen	as	a	
representative	house	of	one	of	a	number	of	types	in	Cambridge,	and	the	thermally	retrofit	process	
was	directly	observed	by	the	researchers.		

The	house	was	built	in	the	1930s	and	has	solid	walls.	It	already	had	double-glazed	windows,	loft	and	
ground	floor	insulation,	and	gas	central	heating	with	thermostatic	radiator	valves.	However,	its	poor	
orientation	to	the	sun,	the	poor	thermal	quality	of	the	uninsulated	walls,	and	the	need	to	ventilate	
bathroom	areas	manually	made	it	difficult	to	heat	adequately.	The	house	was	occupied	by	two	
working	adults	who	are	usually	at	home	in	the	evenings	and	weekends,	and	one	of	whom	frequently	
works	from	home.	Gas	was	only	used	for	space	heating,	as	both	the	cooker	and	shower	were	electric.	
Hence	these	consumption	figures	do	not	need	a	rule-of-thumb	adjustment	for	the	portion	used	in	
cooking	and	hot	water.	
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An	independent	energy	audit	by	a	Green	Deal	advisor	estimated	that	the	annual	space	heating	
energy	requirement,	achieved	with	gas	central	heating,	was	15,000	kWh,	giving	a	theoretical,	
calculated	heating	energy	consumption	C	of	200kWh/m2a.	The	actual	space	heating	energy	
consumption,	averaged	over	the	three	years	prior	to	the	audit,	was	6,550kWh,	giving	an	actual	
consumption	E	of	87kWh/m2a.	Using	equation	(1)	this	gives	a	prebound	effect	of	56.5%.	The	retrofit	
was	designed	to	reduce	the	theoretical	space	heating	energy	consumption	to	around	100kWh/m2a.	
Note	that	pre-retrofit	actual	consumption	was	even	lower	than	this.	

A	pre-retrofit	prebound	effect	of	56.5%	is	very	high	compared	to	the	average	of	both	French	and	
German	datasets	for	this	level	of	C.	This	can	be	indicative	of	‘fuel	poverty’	[57],	where	the	thermal	
quality	of	a	home	is	so	poor	that	occupants	cannot	afford	to	heat	it	to	a	healthy,	comfortable	level	
[55].	It	also	means	that	the	energy	saving	estimates	given	by	the	independent	energy	audit	were	
highly	overestimated	and	the	estimate	for	payback	time	of	the	energy	efficiency	measures,	if	
considered	in	fuel	savings,	was	inaccurate.	The	Green	Deal	policy	only	finances	measures	that	are	
considered	‘economically	feasible’	and	comply	with	the	‘golden	rule’,	i.e.	pay	back	in	fuel	savings	in	
25	years.		In	this	case	there	was	a	£6,000	grant	towards	the	retrofit	investment	while	the	remaining	
retrofit	costs	of	£3,500	were	expected	to	pay	back	through	savings	in	energy	bills	within	the	25-year	
time	frame.	However,	based	on	the	actual	pre-retrofit	consumption	figures	(i.e.	including	the	
prebound	effect),	and	a	gas	price	of	£0.05/kWh,	the	£3,500	would	never	payback	if	the	household	
heated	to	the	theoretical,	post-retrofit	level	of	around	100kWh/m2a,	since	this	would	represent	an	
increase	in	energy	consumption8.	To	payback	within	25	years	the	household	would	have	to	reduce	its	
actual	consumption	by	37kWh/m2,	i.e.to	50kWh/m2a,	which	is	half	the	calculated	requirement	for	
full	thermal	comfort.	

The	rebound	effect	for	an	individual	dwelling	retrofit	can	be	calculated	from	the	general	solution	to	
equation	(8),	namely:	

𝑅 = 1 +
ln 𝐵!
ln 𝐵!

                             16 	

where	BE	is	the	proportionate	change	in	actual	energy	consumption	and	Bε	the	proportionate	change	
in	energy	efficiency	(=	the	reciprocal	of	the	proportionate	change	in	calculated	energy	consumption).	
Using	this	formula,	if	the	household	heated	to	the	calculated	level	of	100kWh/m2a	after	the	retrofit,	
its	rebound	effect	would	be	120%.	This	is	termed	‘backfire’	in	economics	literature,	as	it	represents	
higher	consumption	after	the	energy	efficiency	upgrade	than	before	it.	This	is	significantly	higher	
than	an	estimated	UK	average	of	around	35%	[17].	The	negative	policy	connotations	of	‘backfire’	do	
not	sit	well	with	the	idea	of	a	household	merely	consuming	the	amount	of	energy	required	for	full	
thermal	comfort.	Table	3	summarises	these	findings.	

	

Calculated	
consumption	C	
(kWh/m2a)	

Actual	consumption	E	
(kWh/m2a)	

Rebound	
effect	(%)	
if	house-
hold	heats	
to	
expected	
level	

Prebound	
effect	(%)	

Prebound	
effect	(%)	

Pre-
retrofit	

Post-
retrofit	

Pre-
retrofit	

Post-
retrofit	
(expected)	

Pre-
retrofit	

Post-retrofit	
(for	100	
kWh/m2a)	

200	 100	 87	 100	 120	 56.5	 0	

																																																													
8	It	is	rare	for	actual	consumption	to	increase	after	a	retrofit,	but	it	can	happen.	A	typical	situation	is	where	
householders	realise,	after	a	retrofit,	that	they	would	no	longer	be	throwing	money	out	the	window	by	having	
their	radiators	turned	on	in	all	rooms,	all	the	time.	However,	there	is	no	claim	here	that	the	household	
increased	their	consumption	to	this	level.	The	example	is	merely	to	see	what	the	rebound	effect	and	payback	
time	would	be	if	they	did,	
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Table	3.	Space	heating	energy	consumption,	rebound	and	prebound	effect	parameters	for	a	thermal	retrofit	of	
a	Cambridge,	UK,	home.	

	

A	much	discussed	question	among	energy	policy	and	planning	is,	what	levels	of	rebound	effect	can	
be	expected	from	fuel-poor	homes?	Concern	is	sometimes	expressed	that	rebound	effects	are	very	
high	when	fuel-poor	homes	are	retrofitted	[52],	and	that	this	could	make	governments	reluctant	to	
incentivise	such	retrofits.	However,	when	the	prebound	effect	is	brought	into	the	discussion	it	is	seen	
that	this	concern	is	somewhat	misplaced.	The	high	prebound	effect	prior	to	retrofitting	indicates	that	
this	house	was	under-consuming	by	a	significant	margin.	A	retrofit	that	is	successful	from	a	social	
point	of	view	would	reduce	the	prebound	effect,	narrowing	the	‘discomfort’	gap	between	calculated	
and	actual	consumption.	This	would	amount	to	a	high	rebound	effect,	but	it	would	not	imply	that	this	
house	would	become	an	over-consumer.	Even	where	the	rebound	effect	is	higher	than	100%	
(‘backfire’),	this	does	not	necessarily	imply	that	the	retrofit	‘backfired’	in	terms	of	its	purposes.	The	
rebound	effect,	where	the	occupants	can	keep	the	indoor	temperature	of	their	home	at	a	
comfortable	level,	would	simply	bring	its	consumption	level	to	a	more	normal	standard	for	a	
retrofitted	home.		

As	noted	above,	the	retrofit	was	designed	to	give	a	calculated	consumption	level	of	about	
100kWh/m2a.	If	the	actual	consumption	level	after	the	retrofit	increases	to	that	level,	thereby	
reducing	the	prebound	effect	to	zero,	the	actual	increase	in	consumption	would	be	13kWh/m2a,	or	
975kWh	per	year	for	the	house,	bringing	its	heating	consumption	to	7,500kWh	per	year.	This	is	
significantly	lower	than	the	average	for	the	UK,	which	is	well	over	12,000kWh	[64].	Using	the	
rebound	figure	out	of	context	would	therefore	be	misleading	regarding	the	total	energy	consumption	
of	this	house.	

	

4.	Discussion	

The	findings	have	the	following	policy	implications,	which	we	set	in	the	UK	context	in	the	first	
instance,	but	also	see	them	to	be	applicable	in	the	EU.	

Firstly,	if	policymakers	had	data	on	the	prebound	effect,	based	on	calculated	and	actual	energy	
consumption,	they	would	be	able	to	identify	households	that	are	under	consuming.	Not	all	
households	who	live	in	homes	with	high	prebound	effect	are	fuel	poor.	Keeping	a	low	indoor	
temperature	or	heating	only	certain	rooms	in	under-occupied	homes	can	be	a	personal	choice.	
Therefore	a	high	prebound	effect	might	not	always	indicate	discomfort	in	the	home,	just	as	a	low	
prebound	effect	might	be	necessary	for	some,	such	as	elderly	people,	who	may	need	higher	indoor	
temperatures	constantly.	‘Full	thermal	comfort’	is	a	subjective	measure.	In	Germany,	for	example,	it	
is	defined	by	the	German	Institute	for	Standards	(see	above).	The	internationally	used	ASHRAE	
standard	has	a	similar	basis.	Although	these	are	based	on	laboratory	studies	of	human	comfort	
levels,	it	is	widely	admitted	that	individual’s	needs	and	perceptions	of	thermal	comfort	can	vary	over	
a	wide	range	[58]	and	thermal	comfort	is	a	highly	socio-cultural	construct,	as	well	as	having	biological	
parameters	and	limits	[59].	However,	if	the	preboud	effect	is	combined	with	information	about	
household	income,	it	is	possible	to	identify	households	who	are	fuel	poor	and	need	support	for	
thermal	retrofits.		

Fabbri	[60]	has	suggests	an	index	to	evaluate	fuel	poverty	based	on	(low)	income,	energy	prices	and	
(poor)	building	energy	performance.	Income	and	energy	prices	can	be	obtained	from	various	existing	
databases	but,	as	recognised	by	Fabbri	[60],	poor	energy	performance	is	a	more	complex	factor	due	
to	variety	of	the	building	stock	and	the	number	of	variables.	A	poor	energy	performance	does	not	
necessarily	indicate	low	thermal	comfort,	as	middle-	or	high-income	households	can	afford	to	
compensate	for	poor	technical	performance	with	their	heating	patterns.	This	paper	suggests	that	we	
need	to	look	at	the	income	level	and	the	gap	between	the	calculated	consumption		and	the	actual,	
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measured	consumption,	i.e.	the	prebound	effect.	As	the	prebound	effect	itself	includes	a	behavioural	
response	to	energy	prices,	these	two	factors	are	sufficient	to	identify	the	fuel	poor.	

Despite	the	fact	that	the	UK	is	one	of	the	EU	countries	where	fuel	poverty	is	recognised	in	energy	
policies,	the	UK	Government	has	been	reducing	support	for	thermal	retrofits,	such	as	the	Green	Deal,	
which	was	scrapped	in	2015.	The	Energy	Companies	Obligation	(ECO)	scheme,	introduced	in	2013,	
imposes	energy	saving	obligations	on	energy	companies.	The	Carbon	Saving	Community	Obligation	
(CSCO)	and	the	Home	Heating	Cost	Reduction	Obligation	(HHCRO)	are	specifically	targeted	at	low-
income	households.	Further,	the	British	government	announced	in	2015	that	private	landlords	would	
not	be	able	to	unreasonably	refuse	requests	from	their	tenants	for	energy	efficiency	improvements,	
where	financial	support,	such	as	ECO,	is	available.	However,	the	housing	shortage	in	the	UK	and	the	
difficulty	of	finding	private	rental	properties	in	many	areas	make	these	demands	by	tenants,	in	most	
cases,	highly	unlikely.	Yet	societal	benefits	from	the	programs	tackling	fuel	poverty	are	obvious.	For	
example,	as	a	result	of	the	Warm	Front	Scheme,	which	gave	grants	of	up	to	£3,500	for	energy	
efficiency	measures,	a	decrease	in	anxiety	or	depression	by	50%	was	reported	(from	300	to	150	per	
1000	occupants),	while	the	beneficiaries	of	the	scheme	were	40%	less	likely	to	report	a	high	level	of	
psychological	distress,	and	there	were	positive	impacts	on	the	children’s	respiratory	problems	[3].	
Considering	these	kinds	of	societal	benefits,	fuel	poor	households	should	be	a	policy	priority,	
regardless	of	the	potentially	high	rebound	effect	that	will	only	ensure	that	their	homes	are	heated	to	
an	adequate	level.		

However,	as	found	by	Boardman	[61],	many	of	the	most	severely	fuel	poor	households	can	be	
reluctant	to	get	involved	in	thermal	retrofit	programmes	(she	calls	them	‘the	hidden	fuel	poor’),	and	
alternative	policy	approaches	are	needed.	She	suggests	a	combination	of	a	community	energy	
scheme	that	is	usually	need-driven	and	initiated	by	a	third-sector	or	voluntary	group,	and	an	area-
based	approach,	led	by	the	local	authority	and	possibly	legislation	driven.	If	local	authorities	were	to	
adopt	an	area	based	approach	where	several	properties	were	improved	in	the	same	street,	the	use	
of	the	prebound	effect	as	an	indicator	of	priority	areas	combined	with	income	level	data	could	be	a	
serviceable	approach	that	would	offer	metrics	for	priority	area	selection	and	set	a	quantitative	
criteria	as	to	which	households	qualify	for	a	grant.	

Secondly,	the	two	empirical	examples	show	how	important	it	is	for	policy	instruments	that	include	a	
criterion	of	‘economic	viability’	to	consider	behavioural	effects,	whether	in	a	regulatory	instrument	
as	in	Germany	[47]	or	a	fiscal	instrument	[62].	A	homeowner’s	decision	as	to	whether	to	invest	in	
energy	efficiency	measures	greatly	depends	on	the	payback	time.	Therefore	the	financial	feasibility	
of	thermal	retrofit	measures	greatly	depends	on	accurate	actual	energy	consumption	figures.		

The	advice	given	in	EU-driven	Energy	Performance	Certificates	(EPCs)	is	based	on	estimated	
consumption,	whereas	in	California,	for	example,	the	energy	audits	include	an	analysis	of	current	
energy	bills.	Green	mortgages,	where	a	mortgage	provider	tops	up	the	maximum	allowed	mortgage	
with	a	specific	fund	for	thermal	retrofit	measures,	are	explored	by	the	US	and	the	UK	governments	
and	advocated	by	the	2013	European	Commission’s	Climate	Action	report	‘Shifting	private	finance	
toward	climate-friendly	investments’	[63].	In	the	UK,	for	example,	Nationwide,	which	is	one	of	the	
biggest	mortgage	providers	in	the	country,	has	a	product	that	includes	a	£20,000	‘energy	
improvement’	top	up	of	the	mortgage,	with	an	interest	rate	0.5%	lower	than	the	main	mortgage	
interest	rate.	This	makes	it	a	more	beneficial	arrangement	compared	to	(now	defunct)	Green	Deal	
funding.	A	lower	default	risk	is	associated	with	improved	home	energy	ratings	(EnergyStar)	in	the	US,	
and	it	has	been	argued	that	this	should	be	taken	into	consideration	when	underwriting	home	
mortgages	[65].	A	working	market	for	green	mortgages	will	require	standardised	building	energy	
performance	tools,	such	as	the	EPCs,	and	there	is	a	need	for	quality	assurance	for	certificate	accuracy	
so	that	it	would	reflect	behavioural	effects.	

One	of	the	perceived	pitfalls	of	studies	of	rebound	and	prebound	effects	is	the	difficulty	of	correctly	
estimating	building’s	theoretical	heating	consumption	C,	which	is	the	heating	consumption	that	
would	be	required	to	provide	full	thermal	comfort	throughout	the	whole	building	all	year	round.	
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There	are	two	main	difficulties	with	this	metric.	One	is	that	it	excludes	behavioural	factors.	In	order	
to	adjust	a	building’s	theoretical	energy	consumption	(C)	better	to	reflect	the	actual	consumption,	
Majcen	et	al.	[36]	used	multivariate	analysis	to	predict	actual	consumption,	given	dwelling	
characteristics	(including	the	Energy	Performance	Certificate,	EPC),	household	characteristics	and	
household	behaviour.	Their	results	show	that	combining	these	variables	can	lead	to	more	accurate	
predicted	heating	consumption	on	the	level	of	individual	dwellings.	They	note	that	including	the	
variables	of	occupant	behaviour	and	comfort	perception	would	improve	accuracy	of	the	EPCs,	
although	this	would	mean	a	certificate	is	no	longer	valid	when	a	building	is	occupied	by	a	different	
user.	

Further,	to	produce	a	figure	for	calculated	consumption	C,	assumptions	have	to	be	made	about	the	
thermal	quality	of	a	dwelling.	These	are	usually	based	on	long-established	laboratory	test	values	for	
the	U-values	of	walls,	together	with	assumptions	about	the	rate	of	outdoor	air	incursion.	However,	
due	to	consistently	high	prebound	effects	in	older	dwellings,	doubt	has	been	cast	as	to	whether	the	
established	U-values	are	correct.	A	review	of	such	studies	is	offered	in	Francis	et	al.	[53],	who	present	
their	own	test	results	from	houses	in	situ.	Although	there	are	methodological	difficulties	in	testing	U-
values	of	sections	of	wall	that	are	physically	connected	to	other	walls,	windows,	floors	and	materials,	
a	consensus	may	be	emerging	that	established	values	are	higher	than	the	actual	reality,	i.e.	that	older	
houses	‘are	[thermally]	better	than	their	reputation’	[21]	(and	see	discussion	in	[66,67]).	

If	such	a	consensus	is	reached	and	all	buildings’	U-values	are	re-scaled	by	a	consistent	factor,	this	will	
not	affect	the	values	of	rebound	effects.	This	is	because	the	proportionate	change	in	energy	
efficiency	(and	its	differential	form	∂ε/ε	in	the	rebound	effect	definition)	will	not	be	altered	by	a	
proportionately	consistent	change	across	the	energy	efficiency	axis	(a	formal	mathematical	proof	of	
this	is	presented	in	[13],	pp.	134-135).	However,	in	datasets	that	include	a	mixture	of	older	dwellings	
and	newer	or	retrofitted	dwellings	with	modern	insulating	materials,	the	rebound	effect	will	be	
affected	because	only	the	energy	efficiency	figures	of	the	older	dwellings	are	likely	to	be	re-
estimated.	This	will	have	the	effect	of	reducing	rebound	effects,	though	only	slightly	in	countries	such	
as	the	UK,	France	or	Germany,	since	by	far	the	majority	of	dwellings	in	these	countries	have	the	kind	
of	walls	whose	U-values	would	be	re-estimated.	If	such	changes	were	to	become	standardised,	the	
magnitude	of	the	prebound	effect	would	change	significantly	for	older	dwellings.	A	lower	U-value	
means	lower	calculated	consumption,	so	that	actual	consumption	in	older	dwellings	may	be	closer	to	
theoretical	consumption.	This	would	reduce	prebound	effects	for	such	dwellings,	but	not	change	
them	for	energy-efficient	dwellings	whose	U-values	are	not	in	dispute.	Therefore	if	U-values	of	older	
dwellings	are	to	be	found	significantly	lower	than	the	figures	commonly	in	use,	this	will	not	challenge	
the	qualitative	findings	of	this	paper	significantly,	but	could	change	them	quantitatively:	the	
magnitudes	of	rebound	effects	and	some	prebound	effects	would	need	to	be	recalculated.It	is	
interesting	that	such	a	large	difference	is	apparent	between	rebound	effects	in	French	houses	and	
German	dwellings.	There	may	be	a	number	of	reasons	for	this,	but	so	far	no	studies	appear	to	have	
investigated	the	differences	between	the	two	countries	in	this	regard.	Possible	factors	might	be	
differences	in	construction	techniques,	heating	systems	and	climatic	conditions,	as	well	as	different	
household	lifestyles	and	behavioural	responses	to	implicit	energy	costs.	As	discussed	at	length	in	
[13],	there	are	two	ways	of	looking	at	this	issue	with	regard	to	the	rebound	effect.	In	a	purist	
econometric	approach,	rebound	effects	are	defined	solely	as	behavioural	responses	to	implicit	
changes	in	the	cost	of	energy	services.	To	calculate	rebound	effects	under	such	assumptions	would	
require	all	the	different	causes	of	the	change	in	energy	consumption	to	be	disentangled,	which,	to	
our	knowledge,	no	research	has	ever	succeeded	in	doing	in	relation	to	thermal	retrofits.	A	second	
approach	is	to	regard	all	influences	as	relevant	for	rebound	effect	calculations,	as	is	done	in	this	
paper.	Questions	of	specific	determinants	of	energy	consumption	can	be	investigated	for	other	
research	goals,	such	as	policy	interventions	regarding	building	substance,	heating	systems,	and	user	
behaviour.	
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5.	Conclusions		

This	paper	explored	the	conceptual	links	between	prebound	and	rebound	effects	and	discussed	
policy	implications	from	quantifying	these	two	behavioural	effects.		

The	study	of	the	mathematical	structure	of	these	effects	shows	that	if	a	prebound	effect	is	high	
before	a	retrofit,	a	high	rebound	effect	after	the	retrofit	is	less	relevant	regarding	the	total	energy	
savings.	A	high	prebound	effect	generally	indicates	that	occupants	are	not	getting	an	adequate	level	
of	thermal	comfort.	A	low	prebound	effect	indicates	the	level	of	comfort	is	probably	sufficient.	A	
negative	prebound	effect	indicates	wastage	of	energy.	Knowing	how	the	prebound	effect	in	a	
housing	stock	varies	with	calculated	consumption	can	help	policymakers	set	sensible	minimum	
thermal	standards	for	retrofits	–	as	illustrated	with	the	German	and	French	datasets.		

As	a	combination	of	high	prebound	effect	and	low	income	suggests	fuel	poverty,	the	prebound	effect	
and	household	income	level	can	be	used	as	metrics	by	policy	makers	to	identify	which	households	
(‘the	hidden	fuel	poor’)	should	be	a	priority	in	thermal	retrofit	policy.	

The	empirical	examples	in	Section	3	demonstrate	the	types	of	cases	for	which	rebound	effects	are	
typically	investigated:	large	datasets	of	heating	energy	consumption	figures	and	individual	retrofit	
case	studies.	The	main	usefulness	of	the	rebound	effect	in	respect	of	space	heating	consumption	is	in	
attempting	to	predict	what	magnitude	of	actual	energy	savings	are	likely	in	housing	stocks,	for	given	
magnitudes	of	average	energy	efficiency	increases,	where	the	total	energy	consumption	of	the	
housing	stock	is	known.	However,	large	rebound	effects	in	specific	cases	do	not	necessarily	mean	
heavy	energy	consumption,	either	on	an	absolute	or	proportionate	scale,	as	demonstrated	by	the	
Cambridge	case	study.	This	is	because	the	rebound	is	a	ratio	between	two	proportions	rather	than	an	
absolute	value.	

A	further	point	concerns	the	rationale	for	the	concept	of	the	rebound	effect.	The	notion	of	the	
rebound	effect	was	developed	in	the	1980s	to	provide	a	way	of	quantifying	the	extent	to	which	
energy	efficiency	increases	were	leading	to	energy	consumption	reductions.	The	fact	that	it	was	
formulated	as	an	elasticity	may	be	largely	because	economists	were	prominent	in	the	initial	work	on	
the	issue.	However,	the	most	basic	thing	about	the	rebound	effect	is	not	its	formulation	as	an	
elasticity,	but	the	question	of	how	to	produce	meaningful	information	about	the	behavioural	effects,	
on	energy	consumption,	of	energy	efficiency	increases.	Introducing	the	prebound	effect	into	the	
discussion	gives	supplementary	information,	which	can	give	a	fuller	picture	of	how	energy	
consumption	levels	in	this	sector	are	affected	by	energy	efficiency	increases.		

Further	research	is	needed	to	understand	motivations	and	practices	in	households	that	have	high	
prebound	effects.	
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