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Abstract
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of Uppsala Dissertations from the Faculty of Science and Technology 1955. 96 pp. Uppsala:
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With increased weather-dependent electricity production and electrification at the heart of the
ongoing transition away from fossil fuels, peaks in electricity demand are set to increase and
become increasingly difficult to meet, which threatens the functioning of the electric power
systems that our society depends on. Time-varying electricity rates, which aim to incentivize
electricity users to shift their electricity use in time, have been proposed as a key instrument in
alleviating grid imbalances and bottlenecks. Previous research has found that users respond to
such rates by shifting their electricity use in time, but there is great variability in the observed
response between studies that remains unexplained. In other words, it is unclear how and why
users respond to time-varying rates, and thus how these so called demand side response policies
should be designed to provide the best results.

This thesis aims to improve our understanding of how and why (not) time-varying rates work
by exploring how users respond to both price and non-price signals that aim to incentivize a
shift of electricity use in time, and what motivates, discourages, enables and hinders them to
respond. This is done through four separate studies that are carried out in contexts where users
have been involuntarily subjected to interventions that aim to incentivize demand side response.
Using several novel methods, research designs and understudied empirical contexts, the studies
also illustrate how biases that are commonly observed in the literature can be avoided and how
intervention effects that often remain overlooked can be captured.

The results suggest that users may hold different motives to respond to signals that aim to
incentivize a shift of electricity use in time, including non-financial motives such as a care for
the environment and a will to meet the expectations of others. The rhythms and schedules of
people’s everyday lives are identified as the most important hindrances for people to engage in
demand side response. Notably, there is no evident relationship between how much money users
may save by responding to a signal and their actual response. Many users do hold expectations
of saving money and claim to engage in demand side response as a result of those expectations,
but the fact that users are rarely (if ever) informed of whether their expectations are met or
not suggests that many users may actually be willing to engage in demand side response with
little or no financial reward. However, there is a risk that users who expect to save money
may refrain from or stop engaging in demand side response if their expectations are not met,
which poses a potential threat to the long-run effectiveness of conventional price-based demand
response programs. There is also a risk that users who primarily hold non-financial motives may
be discouraged to engage in demand side response if monetary savings is the key selling point of
demand response programs. Policymakers, professionals and researchers should explore these
risks and alternative policies that address them, particularly policies that may be more appealing
to users that hold non-financial motives to engage in demand side response. Doing so will be key
to ensure that current and future demand side response policies are cost-efficient and effective,
both today and tomorrow.
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1 Introduction 

This thesis addresses the issue of how and why users of electricity respond to 
time-varying rates that aim to incentivize a shift of electricity use in time. This 
chapter explains why this is important to study and presents the purpose, re-
search questions and structure of the thesis. 

1.1 Research rationale 
Ever since the industrial revolution, our society has been fueled by the energy-
dense organic substances we call fossil fuels. We have dug them up, refined 
them, distributed them and burnt them in order to extract the vast amounts of 
solar energy that is stored within them, all with the purpose of replacing man-
ual labor—of achieving more with less. 
 
If we wouldn’t have discovered fossil fuels, our world would look very differ-
ent from today, and most would probably agree that it would not be for the 
better. Sadly, fossil fuels were not everything we hoped for. With growing 
demand, we have come to understand that they will not last forever [1,2], that 
the air pollution they bring causes millions of premature deaths every year 
[3,4] and that the greenhouse gases that are emitted in the process are likely 
to warm our planet to temperatures that have not been seen for millions of 
years [5,6]. The complexity of earth’s climate and ecosystems make it difficult 
to foresee what the consequences of this warming will be, but chances are that 
the consequences for human prosperity and life on earth will be severe [7–12]. 
 
Although we have not been able to reduce the world’s demand for fossil fuels 
or to bend the emissions curve just yet [13–15], the transition towards a non-
fossil fuel-based energy supply has never been higher on the agenda. Even 
though energy demand continues to grow (2,3% in 2018) and most of that 
demand is still met by fossil fuels (70% in 2018) [15], the growth rate of re-
newables now exceed those of fossil and nuclear energy combined [16]. In 
2017, approximately 18.1% of the world’s total final energy consumption was 
supplied by renewables [16]. 
 



 2

With a growth rate of 4% in 2018 [15] and a projected growth rate that is more 
than twice that of overall global energy demand1 [13], electricity is widely 
regarded as the “fuel of the future” [15]. The rising shares of weather-depend-
ent renewable electricity generation has begun transforming energy systems 
around the world [16]—challenging Thomas Edison’s model of centralized 
steerable electricity production that has dominated since the late 19th century 
[17]. The latest analyses by the International Energy Agency (IEA) suggest 
that “wind and solar PV [will] provide more than half of the additional elec-
tricity generation to 2040 in the Stated Policies Scenario and almost all the 
growth in the Sustainable Development Scenario”2 [13]. 
 
With considerable amounts of variable electricity generation, we will be re-
quired to come up with new ways of balancing the production and consump-
tion of electricity as we may no longer be able to increase the production of 
electricity whenever we want. Without a perfect balance between supply and 
demand in any given moment, the system on which modern society depends 
will start to collapse. With higher variability in production, more energy will 
have to travel through the grid over shorter periods of time, which may also 
give rise to capacity shortages where lines and other infrastructure are under-
sized. With distributed energy resources (DER), such as solar photovoltaics 
(PV), capacity shortages may arise virtually anywhere as all production units 
in a given location may start to produce at the same time when the sun’s rays 
hit the panels. Large scale deployment of weather-dependent DER thus re-
quire us to come up with more sophisticated ways of forecasting and manag-
ing their output. Vice versa—lows in production may lead to power shortages 
if demand exceeds supply. 
 
As if these changes in production dynamics were not challenging enough, 
electricity demand is changing as well. The digital revolution, which started 
in the 1950-1970s [18], has had a huge impact on electricity demand. Today, 
it is hard to imagine that the Internet was commercialized in the 1990s [18], 
as there were approximately 4.1 billion Internet users in the end of 2019 [19] 
and 93% of the world’s population lived within reach of a mobile broadband 
service. This development has led to the introduction of a plethora of electri-
cally powered systems and gadgets into our lives, and it does not look like it 
is going to stop anytime soon. The IEA anticipates that electricity demand will 
continue to rise with at least1 2.1% per year to 2040 “as a result of rising 

                               
1 Under the IEA’s Stated Policies Scenario, which ”reflects the impact of existing policy frame-
works and today’s announced policy intentions.” [266] 
2 The IEA’s Sustainable Development Scenario meets the emission reduction conditions of the 
Paris Agreement, holding ”the temperature rise to below 1.8 °C with a 66% probability without 
reliance on global net-negative CO2 emissions; this is equivalent to limiting the temperature 
rise to 1.65 °C with a 50% probability. Global CO2 emissions fall from 33 billion tons in 2018 
to less than 10 billion tons by 2050 and are on track to net zero emissions by 2070.” [266] 
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household incomes, with the electrification of transport and heat, and growing 
demand for digital connected devices and air conditioning” [13]. The decar-
bonisation of industry will also contribute to a rise in electricity demand as 
part of its vast demand for energy needs to be met by renewable electricity in 
order to reduce emissions to acceptable levels [20]. 
 
Demand is not only expected to rise, but to change in dynamics as well, as our 
demand for the services that we electrify vary over time. Electric transport, 
heating and cooling also require considerable amounts of power (watt) which 
further contributes to the change in dynamics. Just like the changes to the dy-
namics of production, these changes may give rise to capacity shortages at 
times when most people demand these services—so called periods of peak 
demand—and to power shortages if demand cannot be met by the available 
production. In effect, “policy makers and regulators will have to move fast to 
keep up with the pace of technological change and the rising need for flexible 
operation of power systems” [13]. 
 
These issues may seem abstract or far ahead, especially in places where power 
systems have been working fine for decades, but they may arise quickly when 
the transition to renewables and/or electrification takes speed. Sweden, which 
is considered to be one of the world’s most climate progressive, prosperous 
and innovative countries [21–24], is now facing capacity shortages in several 
regions which risk hampering societal development—including efforts to re-
duce carbon emissions via electrification [25–30].  
 
Capacity shortages can be dealt with by reinforcing the grid, but that costs 
considerable amounts of money and can take decades to complete—time 
which may not exist given the urgency of the transition towards a low-carbon 
society. Reinforcing the grid also does not solve issues with the balance be-
tween supply and demand. There is likely not one single solution to these is-
sues. Grid reinforcements; increased interconnections between regions and 
countries; deployment of complementary types of renewable production; stor-
age solutions such as batteries, pumped hydro power and hydrogen; energy 
efficiency (EE) measures and demand side response (DSR) are all examples 
of potential partial solutions. 
 
An important distinction between these measures is that some of them operate 
on the supply side and are predominantly technical in nature, whereas some 
of them operate on the demand side, which means that they rely on human 
beings to a great extent. EE and DSR, which belong to the latter, are often 
bundled under the term demand side management (DSM)3 as they refer to 
measures aiming at shaping energy demand.  
                               
3 The term DSM is sometimes used interchangeably with DSR [105]. 
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DSM strategies have received much attention over the last decades as they are 
considered to have a comparatively low implementation cost while they could 
potentially address all of the aforementioned issues. They may also provide 
many other benefits, such as improved system reliability, avoided infrastruc-
ture costs, reduced market prices and volatility, improved energy security, re-
duced energy costs and emissions (e.g. [31–39]). Although EE has long been 
considered the best way of reducing energy-related costs and emissions while 
bringing about a number of other benefits [13,31,32], overall energy reduc-
tions do not help with dynamic energy system issues to the same extent as 
DSR. Hence, greater attention has been paid to DSR lately, which is what this 
thesis and the following part of this text will focus on. 
 
The challenge with DSR (and EE) measures is that their success relies on the 
engagement of the demand side, i.e. on users of electricity like you and I and 
the commercial and public organizations we work for. Highly energy-inten-
sive firms have been providing flexibility to electricity systems for decades, 
commonly as part of national strategic reserves that can be called upon when 
the balance between demand and supply is threatened. But to realize the po-
tential of DSR, we must figure out how the vast majority of users, such as 
homes and less energy-intensive firms and organizations, can be engaged in 
altering their demand as well. The technological challenges of enabling the 
majority of users to engage in DSR—such as deploying a modern metering, 
control and communication infrastructure to be able to provide users with in-
formation about and increased control over their use of electricity—are one 
thing, but getting users to engage and actually realize the potential of DSR is 
a completely different challenge. 
 
The role of human decision-making, habits and routines in shaping energy 
demand has consequently received substantial attention over the last couple 
of decades, and many different ways of getting users to reduce their electricity 
use at certain times have been tested. The role of the individual user and the 
residential sector in providing DSR has been the primary focus of research, 
while the role of commercial and public organizations and organizational fac-
tors and features has received much less attention [40]. Price-based demand 
response programs (PBPs) is the most commonly used approach to induce 
DSR to date, especially in the residential sector. These “programs” consist of 
market-based pricing policies that offer or force users to adopt time-varying 
electricity rates (also known as dynamic pricing). These time-varying rates are 
often combined with “enabling technologies”—such as energy use feedback 
and technologies that provide users with the ability to automate certain elec-
tricity-demanding features and tasks—with the aim of increasing DSR. These 
technologies have also been used separately to encourage changes in electric-
ity use, but the focus has then been on overall energy reductions rather than 
reductions at certain times. Rewarding users for providing and/or standing 
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ready to provide demand reductions or increases via so called incentive-based 
demand response programs (IBPs) is another approach to induce DSR, but it 
is less common and almost exclusively applied to non-residential users. 
 
Summarizing studies (i.e. meta-analyses and reviews) on the effects of time-
varying rates in the residential sector suggest that users respond to such rates 
by reducing and/or shifting their demand in time [41–52], and that the magni-
tude of the response may increase when energy feedback and other enabling 
technologies are used [42,43,45,47,50,51,53]. Summarizing studies also sug-
gest that residential users reduce their overall electricity use in response to 
energy feedback alone [54–62]. Despite the large DSR potential of commer-
cial and public organizations [63–65], far less research has been done on how 
such users respond to time-varying rates. The studies that have been done do 
however suggest that commercial and public organizations respond by reduc-
ing and/or shifting their demand in time as well [66–72]. 
 
 After hundreds of studies on the effects of time-varying rates, one would think 
that we would have a good understanding of how and why different ap-
proaches work, so that we can effectively inform policymaking and bring 
about the benefits of DSR on a broader scale. Given that so many studies sug-
gest that users respond to time-varying rates in a desirable manner, some 
would perhaps argue that we do. However, there are many questions that re-
main unanswered. 
 
The variability in the reported effects of time-varying rates on peak electricity 
demand (with and without enabling technologies) is immense—ranging from 
about 0-60% for residential users (see e.g. [47,51]). Some have claimed that 
much of this variability can be explained by differences in the peak to off-
peak price ratio of the rates as well as the use of enabling technologies [47,51]. 
However, the attentive reader will find that reported effect sizes vary greatly 
irrespective of peak to off-peak price ratio and the use of enabling technolo-
gies, as shown by the figures in [51,73]. The shape of the effect size distribu-
tions differ somewhat depending on the type of time-varying rate and use of 
enabling technology, but they are all extremely wide and heavily overlapping, 
as shown by the bar charts in [47,51]. Similar variability can be seen in many 
summarizing studies (e.g. [41,43,44,50]). Although surprisingly little atten-
tion has been paid to this issue, a few have acknowledged that the large vari-
ability between studies leaves us with inconclusive evidence with regards to 
how and why users respond the way they do to different time-varying rates 
and the role of enabling technologies [50]. 
 
Seeing that time-varying rates, which is the primary policy instrument used to 
induce DSR, are based on the very idea that DSR can be induced by changing 
the price of electricity, it is quite remarkable that rather substantial differences 
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in pricing between studies cannot explain the observed differences in user re-
sponse particularly well. One potential explanation for at least a part of this 
variability might lay in that the studies were conducted and evaluated in dif-
ferent ways [42,45,55,56,74]. For example, the way in which a pricing policy 
is marketed can affect users’ awareness of a policy and how to respond to it, 
and how an evaluative study is designed and the effects are estimated can have 
an impact on the observed effect size. However, the extent to which method-
ological differences can explain the observed variability remains unknown.  
 
Others have argued that the way in which users respond to interventions is 
highly context-dependent, wherefore studies conducted at different places 
and/or at different times will produce different outcomes [75]. The extent to 
which differences in contextual factors can explain the observed variability 
between studies on the effects of time-varying rates does however also remain 
unknown. This is also difficult to explore given that context includes concepts 
that can be difficult to define and measure, such as social rules and relation-
ships, norms and cultural values [75].  
 
The market and system conditions under which most studies on the effects of 
time-varying rates have been conducted do however constitute examples of 
contextual factors that might affect our understanding of how and why time-
varying rates work. Particularly with regards to the applicability and transfer-
ability of the findings that summarizing studies provide. Summarizing studies 
suggest that the vast majority of research has been carried out in the U.S. (see 
e.g. [41–47,50,51]), which implies that our current understanding of how and 
why time-varying rates work is very much colored by the North American 
context. In effect, policymakers and professionals located elsewhere may not 
be able to rely on the findings that most of the literature provides. One exam-
ple of this is the tendency to introduce time-varying rates on a voluntary (so 
called opt-in) basis in North America, while implementers in other locations 
may tend to introduce pricing policies on an opt-out or even mandatory basis. 
These different approaches may yield very different results [45]. Another ex-
ample is the prevalence of vertically integrated utilities (who may both pro-
duce, distribute and sell electricity) and a lack of retail competition in the U.S. 
[76], while vertically integrated utilities are not allowed and retail competition 
is required in the EU [77,78] and many other countries [76]. This difference 
affects, among other things, how users are charged for the distribution and use 
of electricity, which have consequences for the strength of the incentive to 
alter one’s electricity use pattern that time-varying rates aim to provide. 
 
Ongoing trends—such as the deployment of solar PV, the unbundling of ver-
tically integrated utilities and introduction of retail competition [76–78] and 
the move towards more cost-reflective rates [73,79–86]—are also changing 
the conditions under which time-varying rates have been operating, and thus 
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the relevance of the currently available studies in the years to come. The price 
signals provided by time-varying rates may not only come to change in char-
acter, but may also come to interact with other signals, such as financial in-
centives to self-consume solar electricity, retail market conditions and distri-
bution capacity issues. This increases the complexity for users and might af-
fect how they respond to time-varying rates. 
 
Finally, another potential explanation for the extreme variability observed in 
summarizing studies may lay in that the interventions themselves do not work 
entirely in the way that they are intended. Just as with energy savings pro-
grams, implementers of time-varying rates usually stress the monetary bene-
fits of altering one’s energy use. However, not only do we know that people 
may be motivated by more and/or other things than to save money, we also 
know that people may respond to monetary incentives and promises of mon-
etary savings in unexpected ways [87–91]. The fact is that we know compar-
atively little about how users interpret the price signals provided by time-var-
ying rates and accompanying feedback technologies. This includes what mo-
tivates, discourages, enables and hinders users to respond to such rates, how 
users respond in practice and even what kind of practices that are causing 
peaks in demand and the factors and processes that govern those practices. 
 
In summary, our knowledge about how and why time-varying rates work or 
not is far from complete. Improving our understanding of this is key to deliver 
effective and cost-efficient DSR policies that are socially acceptable. 

1.2 Purpose and research questions 
The purpose of this thesis is to improve our understanding of how and why 
(not) time-varying rates work by beginning to fill in the gaps that were laid 
out in the introduction above and are further discussed in Section 2.4. This is 
done by studying how users respond to different forms of signals that aim to 
incentivize a shift of electricity use in time4, and what motivates, discourages, 
enables and hinders their response. More specifically, this thesis looks at how 
and why (not) users respond to different implementations of mandatory de-
mand-based distribution tariffs in isolation and in combination with real-time 
retail pricing and real-time energy feedback. It also looks at how and why 
(not) users respond to a non-price signal that aims to incentivize a shift of 
electricity in time, with the purpose of assessing what significance the price 

                               
4 By “a shift of electricity use in time” we mean a change of the shape of the electricity use 
pattern. Such a change may be achieved by moving the use of electricity from one point in time 
to another and/or by reducing or increasing it at a certain point in time. 
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of electricity in itself might have in encouraging users to shift their electricity 
use in time from another angle. 
 
Specifically, this thesis aims to answer three questions: two research questions 
(RQs) which are addressed by synthesizing and discussing the main findings 
of the appended papers, and a meta research question (MRQ) which is ad-
dressed through a broader discussion of key findings in relation to the litera-
ture. 

 
RQ 1: How and why do users respond to time-varying rates aiming to incen-
tivize a shift of electricity use in time, and how is real-time energy feedback 

interpreted and used by users who are subjected to such price signals? 
 

The first research question is addressed by Paper I through a study of how 
small and medium-sized electricity users (35-63 A), belonging to the commer-
cial and public sector, have responded to a mandatory demand-based distribu-
tion tariff; by Paper II through a study of how and why (not) users living in 
single-family homes have responded to a mandatory demand-based time-of-
use distribution tariff, real-time retail pricing and real-time energy feedback; 
and by Paper IV through a cross-sectional study of how and why (not) resi-
dential users in different types of housing have responded to a mandatory de-
mand-based time-of-use distribution tariff by comparing their electricity use 
patterns, intentions to load-shift, attitudes toward load-shifting, perceived 
norms surrounding load-shifting and perceived control over the act of load-
shifting to users who have not been subjected to a time-varying rate. 
 
RQ 2: How and why do users respond to non-price signals aiming to incen-

tivize a shift of electricity use in time? 
 

The second research question is addressed by Paper III through a study of how 
and why (not) users living in apartments with solar PV—who were unaware 
of their prosumer status and of what being a prosumer (i.e. both a user and 
producer of electricity) entailed—responded to information informing them 
of that they had become prosumers and encouraging them to shift the timing 
of their electricity-using activities to daytime, without being financially re-
warded for doing so. 

 
MRQ: Given the price range that is currently politically and commercially 

acceptable, what significance does the price in itself have in encouraging us-
ers to shift their electricity use in time? 

 
The third (meta) research question is addressed through a broader discussion 
of key findings in relation to the literature. It aims to connect back to the issue 
of the relationship between the financial incentive provided by time-varying 
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rates and the users’ response that was raised in the introduction. The question 
is conditional to point out that it is not about whether the price of electricity 
matters to users at all—as it can most definitely come to matter if it is raised 
high enough—but rather about the extent to which the price of electricity mat-
ters to users who are asked to engage in DSR given the price levels prevailing 
today. 

1.3 Structure of the thesis 
The rest of the thesis is structured as follows: Chapter 2 provides a background 
to the topic of demand side response, a deeper discussion of what we know 
and do not know about how and why users respond to time-varying rates (i.e. 
the motives for this thesis) and an overview of different theoretical perspec-
tives on the drivers of users’ demand for energy and how it can be altered; 
Chapter 3 provides an overview of the research approach and the methods 
used in each of the appended papers as well as reflections on the quality of the 
individual studies; Chapter 4 addresses the first two research questions (RQ 1 
and 2) by synthesizing and discussing the findings of the appended papers; 
Chapter 5 addresses the third (meta) research question (MRQ) by discussing 
key findings in relation to the literature; and Chapter 6 concludes the thesis by 
summarizing the main contributions, implications of the findings, avenues for 
further research and general limitations of the thesis. 
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2 Background 

This chapter provides a brief history of electric power systems and of how the 
ongoing transition towards increased shares of renewable electricity produc-
tion demands a more sophisticated management of electrical power grids. It 
discusses some of the technical solutions that have been proposed as potential 
enablers of the transition and the power system management challenges that 
come with it. The concepts of the smart grid and demand side response are 
presented, followed by an introduction to the various market-based policy in-
struments that are commonly used with the aim to induce shifts of electricity 
use in time. A review of research on the effects of time-varying rates is pro-
vided, followed by an in-depth discussion of the key limitations and challenges 
that this thesis seeks to address. Lastly, an overview of various theoretical 
perspectives on the drivers of energy demand and how changes in demand can 
be induced is presented. 

2.1 From flames to sockets 
Our use of fossil fuels started with coal, which began to replace fuel wood in 
the densely populated city of London in the 17th century once we had figured 
out how to deal with the hazardous smoke [17]. Late in the 17th century, coal-
fired steam-driven water pumps were invented to get rid of water that entered 
the mines, and by the end of the century the technology had been refined into 
powerful steam engines that would later be  used to power locomotives, ships 
and factories [17]. 
 
Improvements in transport facilitated industrialization and urbanization. As 
cities grew, a demand for better street lighting arose to enable safe commuting 
around the clock as well as a lengthening of the working day [17]. The need 
for better lighting stimulated research, and in the end of the 18th century it was 
discovered that coal and wood could be turned into gas that could be burnt to 
provide lighting and be easily distributed through pipes [17]. Although the use 
of gas for lighting increased dramatically, the more expensive oil lamps which 
relied on whale oil continued to be used by those who did not have access to 
the gas networks [17]. Over time, it became difficult to find enough whales at 
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the same time as the demand for oil continued to rise due to a need for indus-
trial lubricants [17]. In the middle of the 19th century, it was discovered that 
oils and other chemicals could be extracted from coal, wood, tar and shale. A 
few years later the worlds’ (supposedly) first oil refinery was established in 
Scotland which paved the way for a new era of oil-based energy provision 
[17]. 
 
In parallel to the coal and oil revolution, an understanding for the physical 
properties of electricity developed. In 1600, William Gilbert presented his dis-
coveries on the relationship between electricity and magnetism [92] which 
paved the way for numerous discoveries and inventions such as the electric 
motor, the telegraph and the incandescent lamp during the 19th century [17]. 
Electric lighting showed great potential in being more efficient, more conven-
ient and cleaner than gas and oil lamps [17]. The problem was that very few 
had access to steam engines and generators that could provide the electricity 
[17]. Thomas Edison, who invented the incandescent lamp in America, had 
already far-reaching plans on how to solve this issue. Thanks to the success of 
his light bulb, Edison was able to launch the first two centralized electrical 
power systems in 1882 that fed electrical lighting systems in London and Man-
hattan with power from coal-fired boilers [17]. This development would not 
only lead to the spread and use of electrical lighting in New York and London, 
but would quickly come to revolutionize the way we produce, distribute and 
use energy. 
 
2.2 Renewables and the need for smarter grid manage-

ment 
Although fossil fuels have dominated our energy systems for over four centu-
ries now, things took a new turn in the second half of the 20th century. The oil 
crises in the 1970s [93] and the scientific community’s message to the world 
that the burning of fossil fuels is warming our planet [94] marked the begin-
ning of the transition towards renewable energy provision. 
 
Variable (weather-dependent) renewables such as wind power and solar PV 
are now being deployed with a staggering pace to produce low-carbon elec-
tricity [16]. Although the industry and transport sector account for about as 
much of global carbon emissions as the production of electricity and heat (43 
vs. 41% in 2017)[95], the electricity sector is considered to the most important 
to decarbonize first as other sectors are expected to depend on electrification 
to be able to decarbonize [96–99]. The fact that the power sector accounted 
for almost two-thirds of emissions growth in 2018, as a result of increased 
demand being met by coal-fired power plants [15], further highlights the need 
for rapid decarbonisation of the power sector.  
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These changes bring about new challenges. With large shares of variable and 
distributed electricity generation, the balance between supply and demand that 
is needed to keep power systems functional can (in most places) no longer be 
kept the way it has—not without inducing unwanted emissions. This is be-
cause load following and peaking power plants—which are used to balance 
out periodical and exceptional fluctuations in demand respectively—are fos-
sil-fuel based in many countries, which creates a positive correlation between 
the hourly demand and CO2-intensity of produced electricity [100–103]. The 
primary exception is when hydro power is used as balancing power, such as 
in Sweden and New Zealand, where increased demand may lead to lower CO2 
emissions per kWh [100,104]. 
 
 Electrification of carbon and energy-intensive services such as transport and 
heating, as well as increased use of air conditioning and electrical gadgets in 
general, is expected to further exacerbate the balancing problem and might 
become an issue even in countries with large hydropower resources. As the 
demand for these services are dictated by people’s lives which in themselves 
are highly synchronized on an aggregate level, peak electricity demand is ex-
pected to increase [105]. These peaks in demand, which usually occur in the 
mornings and evenings as people go to and get home from work [105], do not 
synchronize very well with peak production from solar PV or wind power—
the two technologies that are expected to provide most of the growth in elec-
tricity generation the decades to come [13]. 
 
Increased peaks in demand and supply might also lead to grid capacity short-
ages and increase the volatility of electricity prices [25–27,29,106–108]. Bot-
tlenecks in transmission and distribution capacity can be dealt with by rein-
forcing grid infrastructure, but that costs considerable amounts and can take 
decades to complete, and it still does not solve the balancing issue. Hence, 
many alternative solutions have been suggested. We will now briefly review 
some of the most talked about solutions to a low-carbon energy future before 
we move on to the topic of DSR. 
 
A technology that figures in most energy system scenarios is carbon capture 
and storage (CCS). CCS is rarely portrayed as a solution to grid imbalances 
and bottlenecks per se, but if the emissions from fossil and/or bio fueled power 
plants could be captured and stored, we could continue to produce energy and 
balance out demand fluctuations more or less in the way we do today. How-
ever, there are some serious limitations to CCS. Fossil fuels won’t last forever 
[1,2]; renewables already outcompete traditional fossil-fueled generation 
[109] despite the massive subsidies that fossil fuels receive [16,110–112]; the 
infrastructure needed to handle even a fraction of global CO2 emissions is 
daunting [113]; it has low public support [114]; and, there are many other risks 
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and uncertainties which make CCS an unreliable means for rapid decarboni-
sation [97,115,116]. 
 
Another way of dealing with imbalances could be to store energy while we 
have surplus production from renewables, and retrieve it when demand ex-
ceeds supply. Energy storage could potentially resolve many of the challenges 
we face, and will probably be needed in energy systems with high shares of 
variable production [117,118]. But despite rapid technological progress in the 
field, there are still many things that need to be addressed before energy stor-
age can provide the flexibility that is needed. Bringing down the cost to make 
it into a competitive alternative “will require changes to market structure and 
regulations, or the creation of new markets for ancillary grid services” [117]. 
But even if the cost goes down, there are many other issues that might slow or 
hinder the adoption of energy storage technologies. For example, battery tech-
nologies face a number of issues that need to be dealt with in the near future—
such as production-related emissions, toxicity, recyclability and access to rea-
sonably priced raw materials [119–122]. Other technologies such as power-
to-X—where variable renewable electricity is used to produce renewable gas 
or hydrogen—also struggle to gain foothold. Producing hydrogen from renew-
ables is costly at the moment, infrastructure is lacking and will take time to 
develop, and regulations currently hamper the development of a green hydro-
gen industry [123]. 
 
An alternative to stationary energy storage solutions that has received much 
attention lately is the possibility of using electric vehicles (EVs) as distributed 
short-term energy storage, as these batteries are already deployed and are not 
used for most of the time. Although the aforementioned issues with battery 
technologies remain, vehicle-to-grid (V2G) solutions arguably have substan-
tial technical potential to provide flexibility while also improving the financial 
viability of low-carbon mobility [124–127]. Distributed stationary batteries, 
such as those used by some solar PV owners, may also be used in a similar 
fashion, although the technical potential is likely lower due to these batteries’ 
lower capacity and adoption rates. 
 
Although there are many potential technological solutions on the horizon, the 
real-world potential of all of these technologies (except very centralized / 
large-scale solutions) depend on a number of things, such as: (i) how people 
adopt and use them; (ii) on monitoring and control systems that can keep track 
of and help to manage them and their interaction with the energy system, and; 
(iii) on markets to ensure efficient integration and use of these demand side 
resources. For example, for EVs to fulfil their potential as a flexibility re-
source, we must find ways to get individual EV users to plug in their cars 
when they are not used [124], to accept having their batteries being managed 



 14 

by someone else and to provide the managing party with the necessary infor-
mation to do so (e.g. travel plans) [128]. Monitoring and control systems are 
needed to keep track of and manage e.g. the individual cars’ battery health and 
charging, and markets are needed e.g. to realize the value of having these bat-
tery resources in the system by providing the signals that are needed to manage 
them in an efficient way (e.g. information to control systems and users). 
 
This brings us to the concept of the “smart grid”, which emerged in the mid-
2000’s in response to the increasing complexity of power systems and the pos-
sibilities presented through advancements in digital information and commu-
nication technology. The “smart grid” was defined by the European Commis-
sion Task Force for Smart Grids in 2010 as “an electricity network that can 
cost efficiently integrate the behaviour and actions of all users connected to it 
— generators, consumers and those that do both — in order to ensure eco-
nomically efficient, sustainable power system with low losses and high levels 
of quality and security of supply and safety” [129].  
 
Although there are other definitions out there, they share the idea that the 
smart grid involves consumers (who may now also be producers) of electricity 
in its management in response to their increased influence on, and importance 
for, the grid’s functionality. Due to the expected high number of distributed 
resources in future power systems, this requires a completely digitalized sys-
tem where users, monitoring and control systems and markets interact to ob-
tain a resilient and efficient system. A key component of smart grids is there-
fore an advanced metering infrastructure that can provide system actors and 
components with information that is vital to the functioning of the system, 
such as information about real-time system conditions. EU member states 
were required to prepare “smart metering” roll-out plans by the “Third Energy 
Package” enforced in 2009 [130], with the goal of having at least 80% of so 
called smart meters installed by 2020 in member states with a positive cost-
benefit analysis [131]. Sixteen out of 27 EU member states had decided to 
proceed with large-scale roll-outs as of 2014, with the goal of covering at least 
80% of consumers by 2020 [132]. In 2017, about 12.5% of all grid infrastruc-
ture investments represented smart grid technologies, and a total of 800 mil-
lion smart meters had been deployed world-wide [133]. 

2.3 Demand side response 
The idea of the “demand side” playing an active role in managing and main-
taining power systems has become increasingly central in energy policymak-
ing. Perhaps most recently and explicitly in the EU “Clean energy for all Eu-
ropeans” package which was proposed in 2016 and adopted in 2019 [134,135]. 
Rather than portraying this as a new responsibility, the European Commission 
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presents it as an opportunity for citizens to “actively take part in the clean 
energy transition”, e.g. by “allow[ing] them to take their own decisions on 
how to produce, store, sell or share their own energy” [134]. 

 
This brings us to the core topic of this thesis—DSR, which is “increasingly 
seen as a way of meeting emerging needs for better system management and 
concerns about energy security and environmental impact.”[53]. DSR 
measures can be implemented relatively quickly and have the potential to pro-
vide a cost-effective means of alleviating grid imbalances and bottlenecks, 
while providing a number of additional benefits such as improved system re-
liability, avoided infrastructure costs, market price reductions, reduced price 
volatility and emissions [33,35–37,39]. However, a smart metering infrastruc-
ture is required to realize the potential of DSR. Without it, information about 
current system and market conditions—such as demand and supply balances, 
prices, emissions, capacity constraints etc.—cannot be provided to users who 
have the ability to adjust their demand. In fact, some argue that implementing 
smart metering does not make any sense unless DSR measures are imple-
mented as well [136]. 
 
There are a number of definitions of DSR, most of which have a rather narrow 
view on what it can and should be. For example, the definitions provided by 
the European Commission [137], the U.S. Department of Energy [39] and the 
well-cited article by Albadi and El-Saadany [35] suggest that demand re-
sponse is an end-customer’s change in electricity use in response to a financial 
incentive. However, there may be other ways of getting users to provide flex-
ibility. Torriti, Hassan and Leach [49] provide a broader definition of DSR as: 

 
“a wide range of actions which can be taken at the customer side of the elec-
tricity meter in response to particular conditions within the electricity system 
(such as peak period network congestion or high prices).” 

 
However, with distributed generation and storage technologies, changes in 
consumption patterns do not necessarily have to be in response to electricity 
system conditions, but could just as well be to individual “behind-the-meter” 
production and storage conditions. Changes to electricity use patterns could 
for example serve to increase self-consumption of PV-generated electricity 
which may be warranted for a number of reasons [138], which in turn has 
consequences for the electricity system at large. A revised definition that 
would encompass this would be to view DSR as any action which has conse-
quences for when electricity is drawn from or injected into the grid that is 
taken at the user side of the electricity meter in response to a signal. 
 
The “actions” can span from one-time investments in, or acceptance of, instal-
lations of “smart technologies” that are automated or controlled remotely by 
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another actor and thus require very little user interaction; to changes of habits 
and routines that initially require some active decision-making but quickly re-
turn to the habitual/routinized state; to doings that require active human deci-
sion-making—and everything in between. The “signal” can in principle come 
in any form (e.g. by word, text, numbers or visualizations, in leaflets, on bills 
or by digital media etc.), from anyone (e.g. landlord, municipality, distribution 
system operator, retailer etc.) and signal anything (consumption, production, 
costs, environmental impact, social norms etc.). 

2.3.1 Types of demand response programs 
Although there are many ways in which DSR could be encouraged, there are 
a few approaches that have come to dominate. Albadi and El-Saadany [35] 
suggest that the different types of instruments used to incentivize DSR can be 
categorized into two main groups: price-based and incentive-based demand 
response programs. 

 
Price-based programs (PBPs) consist of time-varying rates applied to the dis-
tribution and/or sales of electricity (depending on the market structure) which 
provide a financial signal to users to reduce their electricity use during certain 
time-periods. Users can follow this signal either by reducing their electricity 
use, or simply by moving it to another time. The rate structure can either be 
static (i.e. pre-determined), dynamic (i.e. change over time) or a combination 
of the two, and it can either be volume-based (kWh), demand-based (kW, 
sometimes called power-based) or both (on top of any fixed charges that might 
exist). An example of two PBPs on opposing ends of the scale are static vol-
ume-based time-of-use tariffs (where users are charged a fixed amount per 
kWh during pre-determined peak and off peak hours, which remain the same 
from day to day) and real-time pricing (where users are charged a different 
price per kWh each hour, which varies from day to day). More examples of 
different types of PBPs are provided in Albadi and El-Saadany [35]. 
 
Incentive-based programs (IBPs) are less common than PBPs as they are 
mainly used in the commercial sector to incentivize energy-intensive firms to 
provide sizable flexibility to the electricity system. So called classical IBPs 
provide payments for users who agree to have some part of their consumption 
(usually heating or cooling-related) remotely controlled, while so called mar-
ket-based IBPs provide users who engage in DSR with monetary rewards—
the size of which depends on the size of the agreed upon response [35]. More 
examples of different types of IBPs are provided in Albadi and El-Saadany 
[35]. 
 
As some of the demand response programs can have quite complex incentive 
structures, they are regularly combined with “enabling technologies” such as 
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energy feedback (e.g. online portals and in-home displays) and/or automation 
technologies (e.g. smart thermostats and appliances) that aim to “enable” users 
to respond to the programs. Feedback technologies aim to provide users with 
information about the signal provided by the demand response program and 
the consequences of their actions which can be used to make informed deci-
sions on how to respond to the signal. Automation technologies aim to provide 
users with the possibility of automating certain energy-requiring features and 
tasks in their homes to reduce the manual labor required to respond to a signal. 

2.4 Time-varying rates: effects, issues and knowledge 
gaps 

By now, hundreds of tests and actual implementations of time-varying rates 
have been evaluated around the world. Summarizing studies on the effects of 
time-varying rates in the residential sector suggest that users do respond to 
them by shifting their demand away from the more expensive hours [41–52], 
and that the magnitude of the reduction often increases when energy feedback 
and other enabling technologies are used [42,43,45,47,50,51,53]. Summariz-
ing studies also suggest that residential users reduce their electricity use in 
response to energy feedback alone [54–62], illustrating that users seem to be 
able and willing to reduce their electricity use in general without a change in 
pricing. 
 
Despite the large DSR potential of commercial and public organizations [63–
65], far less attention has been paid to how the commercial and public sector 
can contribute with electricity use flexibility, and to how they respond to time-
varying rates. Part of this may be due to that IBPs are more often used to 
incentivize more energy-intensive users to engage in DSR than time-varying 
rates. A reason for this may be that the actions of energy-intensive users (and 
producers) of electricity have a greater impact on the electricity system and 
therefore need to be more predictable to distribution and transmission system 
operators. Another reason might be that the users themselves need to know in 
advance whether they can shut down or turn on electrical loads (or production 
units) without disturbing their operations or making a financial loss. Studies 
that have been done on how commercial and public organizations respond to 
time-varying rates do however suggest that they respond by shifting their de-
mand away from peak hours just as residential users do [66–72]. 
 
Despite the fact that so many studies suggest that time-varying rates work in 
the way they are intended, there are many questions that remain unanswered 
that are important to our understanding of how and why time-varying rates 
work. Section 2.4.1 to 2.4.3 below elaborate on the specific issues and 
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knowledge gaps that were raised in Chapter 1 which this thesis seeks to ad-
dress. 

2.4.1 A large and unexplained variability in the reported effects 
A major issue visible in summarizing studies is that the variability in the re-
ported effects of time-varying rates, both with and without enabling technol-
ogies, is immense—ranging from close to zero all the way up to 60% (see e.g. 
[47,51]). Surprisingly few have paid any serious attention to this variability, 
and those who have addressed this issue have not been able to provide a con-
vincing explanation. The variability in how commercial and public organiza-
tions respond to time-varying rates is lower, ranging from about 4-14% on 
average [66–72], but the number of studies is also substantially lower. Hence, 
the rest of this section will focus on the bulk of the available research, i.e. on 
studies of how and why residential users respond to time-varying rates. 
 
Faruqui, Sergici and Warner [47], who present one of the most comprehensive 
summaries of time-varying rates in the residential sector to date (337 pricing 
treatments) suggest that “much of the discrepancy in results across the studies 
goes away once demand response is expressed as a [log-linear] function of the 
peak to off-peak price ratio” [47]—and even more so if the use of enabling 
technologies is controlled for. According to them, roughly 57% of the varia-
tion between studies can be explained by differences in the peak to off-peak 
price ratio and the use of enabling technologies [47]. Many of the authors of 
the studies of how commercial and public organizations respond to time-var-
ying rates also claim that users’ response increase with increasing peak to off-
peak price ratio based on price elasticity estimates. However, whether the 
same pattern can be seen if we synthesize the findings across studies remains 
to be seen. 
 
It is difficult to assess the validity of the claims made by Faruqui, Sergici and 
Warner [47], as they do not show how well their proposed log-linear model 
fits the individual data points. However, the same data set has been used in 
other publications as well [51,73,85], and those publications reveal that the 
reported effects vary greatly irrespective of peak to off-peak price ratio and 
the use of enabling technologies (see Figure 1). The bar charts in [47,51] il-
lustrate that the shape of the distributions in reported effect sizes differ some-
what depending on the type of time-varying rate and whether enabling tech-
nologies were used or not, but they are all extremely wide and heavily over-
lapping. 
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Figure 1. Reported residential peak demand reductions (y-axis) for different types of 
time-varying rates with different peak to off-peak price ratios, with and without ena-
bling technologies (blue circles and green diamonds respectively). Each data point 
represent a pricing treatment. The data has been reproduced from the figures in 
Faruqui and Aydin [73] using WebPlotDigitizer [139]. 

The study by Faruqui, Sergici and Warner [47] is not the only one showing 
this immense variability. The same phenomenon can be seen in other summa-
rizing studies that have grouped effect sizes according to differences in the 
treatments, such as the type of pricing scheme and use of enabling technolo-
gies (see e.g. [41,43,44,50]).  
 
Contrary to Faruqui, Sergici and Warner [47], another summarizing study of 
30 time-varying rate trials in the residential sector by Frontier Economics [43] 
did however conclude that “the size of the difference between peak and off-
peak prices does not fully explain the variation in the size of the consumer 
response across studies”. They exemplified with the fact that the study with 
the highest peak to off-peak price differential resulted in a very low peak im-
pact. Similarly, the U.S. Department of Energy [50], which summarized 
eleven government-initiated consumer behavior studies, concluded that the 
large variability between studies leaves us with inconclusive evidence regard-
ing the role of peak to off-peak price ratios and enabling technologies. They 
suggested that “further study and analysis is needed to fully assess the role of 
IHDs [in-home displays]” and hypothesized that “something in addition to 
price may be driving differences in the observed response level”. 
 
Davis et al. [45] drew similar conclusions based on a meta-analysis of 32 stud-
ies, suggesting that in-home displays do not make any difference for users’ 
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response to pricing treatments, while automation technologies do. This sug-
gests that a lack of differentiation between different types of enabling technol-
ogies could contribute to some of the unexplained variability that is seen in 
other summarizing studies. Unfortunately, Davis et al. [45] did not provide an 
analysis of the effects of different types of time-varying rates. Nor did they 
illustrate any raw data on the variability between studies or discuss how this 
variability can be explained by anything else than the access to enabling tech-
nologies.  
 
Some have suggested that the variability found in summarizing studies may 
well be attributable to differences in how the individual studies were con-
ducted [42,56], and that the average treatment effect estimates may be inflated 
by numerous biases. Using estimates from the field of medicine to correct for 
biases that were deemed likely to be present in studies on the effects of time-
varying rates, Davis et al. [45] suggested that the average treatment effect of 
time-varying rates is likely severely inflated. Their “raw” average treatment 
effect estimate was a peak reduction of 6.9%, while the bias-corrected figure 
was 2.5%. Similarly, Delmas, Fischlein and Asensio [55] found that the esti-
mated effects of information-based energy conservation measures were con-
siderably lower in studies with statistical controls than those without (1.99% 
vs. 9.57% on average). In line with these observations, a number of scholars 
have raised concerns about a lack of rigor in demand side intervention studies 
[140–144]. However, the extent to which methodological deficiencies and dif-
ferences between studies can explain the variability shown by summarizing 
studies on the effects of time-varying rates remains to be explored. 
 
To sum up, we have not yet fully understood how the strength of the financial 
incentive provided by time-varying rates and the access to enabling technolo-
gies may affect users’ response. Identifying the cause(s) of the observed vari-
ability between studies is key to understanding how time-varying rates work 
and is thus vital to effective DSR policymaking. 

2.4.2 Little is known about what people really do and why 
The vast majority of studies on the effects of time-varying rates have focused 
on users’ response in quantitative terms. This is natural in the sense that this 
is what matters to the grid. But a sole focus on electricity use data keeps us 
from seeing how and why users use energy and respond to DSR interventions. 

 
An increasing number researchers are recognizing the importance of looking 
beyond the electricity use data, as doing so may reveal what people actually 
do in response to DSR interventions, what constitutes peak demand and the 
possibilities of reducing it [145–150]. However, this is still a fairly new en-
deavor that differs rather substantially from the dominating techno-economic 
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energy research practices, which will require an expansion of the methodolog-
ical and theoretical portfolios that are typically used in energy research 
[145,151–157]. 
 
For example, to understand why we may observe a similar response to time-
varying rates that have very different peak to off-peak price ratios, we may 
need to explore how users understand and reason about these dynamic price 
signals, as well as what might motivate, discourage, enable and hinder users 
to respond to a time-varying rate. In order to understand what role the price 
itself might play, it would also be very useful to know what users actually do 
when they respond to time-varying rates, what they do not do and why. The 
same goes for the role of enabling technologies. For example, employing 
smart thermostats or direct remote control systems to reduce peak demand in 
the evenings might not render any results if evening peaks are actually caused 
by activities that are governed by direct human involvement—such as cooking 
or showering. 
 
A recent development which might help us understand what significance the 
price of electricity might have in inducing DSR, and how able users are to be 
flexible in the timing of their energy use, is the deployment of solar PV. As 
consumers become prosumers, their electricity costs automatically become 
dynamic as their PV panels provide different amounts of electricity depending 
on the time of day, the season and the weather. The value of this home-gener-
ated electricity depends on the system and market conditions, but it is most 
often more profitable to self-consume one’s solar electricity, unless over-com-
pensating support policies for solar PV are in place. In other words, prosumers 
have a dynamic financial incentive to increase their electricity use as the in-
tensity of sunlight increases and vice versa, much like users who are subjected 
to time-varying rates, albeit in the opposite direction. 
 
Research on how prosumers might use electricity differently than non-
prosumers is limited, but several of the studies that do exist suggest that 
prosumers develop new habits to make use of their home-grown electricity 
[158–160] that are similar to the ones found in studies of how users respond 
to time-varying rates [145,146,161–163]. However, due to the presence of 
both the technology itself and the financial signal to self-consume, it is diffi-
cult to know why prosumers who claim to shift their electricity use in time as 
a result of having PV actually do so. For example, some have suggested that 
becoming a prosumer might in itself lead to an increased energy awareness 
[160,163–167], which could induce changes to electricity use patterns. The 
fact that the strength and structure of the financial incentive to self-consume 
is very difficult to assess for an individual prosumer without access to sophis-
ticated feedback—which usually is not there—also makes one wonder about 
the significance of the financial incentive. Understanding how and why 
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prosumers might alter the timing of their demand would be valuable as we 
seek to understand how flexible users may be in their electricity use and what 
significance the price of electricity might have in inducing DSR.  
 
To summarize, exploring what happens behind the meter and why will help 
us understand how and why demand side interventions work, and thus help to 
unravel the unexplained variability between studies on the effects of time-var-
ying rates. Ultimately, this will help us to develop more effective and cost-
efficient policies and to understand the broader and more long-term conse-
quences of demand side interventions. 

2.4.3 A bias towards the North American context and a lack of 
studies on the effects of mandatory and demand-based 
rates 

Summarizing studies suggest that the vast majority of studies on the effects of 
time-varying rates have been carried out in North America, particularly in the 
U.S. (e.g. [41–47,50,51]). As the conditions under which time-varying rates 
operate vary from one place to another, the results presented by the available 
studies might not be entirely transferable to other places. Some scholars have 
argued that the way in which users respond to interventions is highly context-
dependent, wherefore studies conducted at different places and/or at different 
times will inevitably produce different outcomes [75]. But the extent to which 
differences in contextual factors can explain the observed variability between 
studies on the effects of time-varying rates remains unknown to this point.  
 
Although “context” includes concepts that may be difficult to define and as-
sess the impact of—such as social rules and relationships, norms and cultural 
values [75]—it is clear that the North American context has certain character-
istics that are important to take into consideration with regards to the transfer-
ability of results. For example, the level of electricity market liberalization in 
the U.S. is comparatively low. According to Morey and Kirsch [76], 15 states 
had introduced competition among retailers (suppliers of electricity), eight 
states had suspended or rescinded it and the rest had not pursued it as of 2016. 
This means that most users in the U.S. have no choice but to buy their elec-
tricity from vertically integrated utilities who may both produce, distribute and 
sell electricity. In Europe on the other hand, vertically integrated utilities are 
not allowed and retail competition is required by Directive 2009/72/EC3, alt-
hough the level of implementation varies between member states [77,78]. Re-
tail competition is also implemented in many other countries such as Australia, 
Korea, New Zeeland and Turkey [76].  
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A possible consequence of having distributors and retailers operate inde-
pendently of each other is that both might provide users with signals to behave 
in different ways. If retail competition is in place, even users who live in the 
same distribution area might experience different signals. The price signals 
provided by the different actors may both be dynamic, and as they serve dif-
ferent purposes, they might not follow the same pattern [86,168,169] which 
consequently might affect how users respond to the signals. Another conse-
quence might be that distributors and retailers experience a greater freedom 
and need to experiment with how they charge their customers and what com-
plementary services they offer. With retail competition, there are more retail-
ers on the market who compete for the same customers, whereby they must 
find ways of attracting them—e.g. by developing new types of pricing ar-
rangements and energy services. 
 
Another issue that affects the transferability of results is the way in which 
time-varying rates have been implemented in studies versus how they are im-
plemented in reality. For example, many studies have evaluated the effects of 
time-varying rates by asking a sample of users to take part in a pilot project, 
with the option to withdraw at any point. With this approach, there is an obvi-
ous risk that only those who think they will benefit from having a time-varying 
rate will chose to participate, creating a volunteer selection bias (also known 
as selection into treatment). Worst case, they will benefit from accepting the 
time-varying rate without doing anything, and those who do not benefit will 
withdraw from the experiment, creating an attrition bias. These self-selection 
biases are known to skew effect estimates upwards in all sorts of contexts.  
 
The issue of self-selection in studies on the effects of time-varying rates was 
raised already in 1989 by Aigner and Ghali [170]. Yet many studies suffering 
from these biases have been carried out since. Based on a screening of 32 time-
varying rate studies conducted in the U.S. and Canada, Davis and colleagues 
[45] suggested that these biases (and others) were likely present in the majority 
of studies and had likely inflated reported effect size estimates extensively. 
Davis and colleagues [45] might even have underestimated the potential im-
pact of these biases given that the bias estimates were taken from the field of 
medicine. In medical evaluations, people generally do not have the ability to 
choose how to react to a treatment, as opposed to electricity users who must 
actively choose how to respond to an intervention. Ericson’s [171] suggestion 
that users with higher demand flexibility are more likely than others to choose 
dynamic tariffs when given the chance, and Hledik’s note that “the likely en-
rollee in a rate with a demand charge tends to be larger than the average 
customer – twice as large in most cases.” [79] confirm that these biases are 
real-world problems. 
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If one intends to implement a time-varying rate in a voluntary fashion, self-
selection biases are not an issue for the validity of the results per se. Although 
one might question the usefulness of voluntary instruments, as users who have 
undesirable electricity use patterns and are disadvantaged by a rate can simply 
chose not to accept it, most studies on the effects of time-varying rates are 
based on an opt-in approach [50,172]. As such, the results of studies with self-
selection biases might still be used to inform DSR policymaking if the end-
goal is to introduce a voluntary instrument. However, the fact that many sum-
marizing studies do not differentiate between or account for different forms of 
implementations suggests that this issue might still be a problem as it risks 
being overlooked. If one intends to implement an opt-in rate, one cannot rely 
on the effect size estimates provided by summarizing studies that mix studies 
with and without self-selection biases, as these will underestimate the likely 
effect of the rate. This makes the intended policy look less effective than it is, 
possibly leading to sub-optimal investment decisions. 
 
The consequences of overestimating the likely effects of a policy are however 
worse. This is what will happen if one who intends to implement a mandatory 
or an opt-out rate relies on the effect size estimates provided by single or sum-
marizing studies that suffer from self-selection biases. Summarizing studies 
rarely mention mandatory and opt-out designs, but they do exist and actually 
dominate in some places (for studies on the effects of such time-varying rates, 
see e.g. [173–177]). As expected, enrolment rates have been found to be much 
higher for opt-out than opt-in rates (e.g. 83% vs. 26% on average [172]), re-
sulting in lower average treatment effect size estimates (see e.g. [175–177]), 
due (at least) to the increased number of treated individuals. However, as opt-
out approaches result in a larger number of users enrolled, “one would expect 
larger aggregate peak demand reductions from comparably sized populations 
of customers […] using opt-out versus opt-in approaches” [50]. The cost-ben-
efit of opt-out approaches is also likely to be larger as participants do not need 
to be actively recruited [50].  
 
In addition to the above biases, the conditions under which time-varying rates 
have been operating are changing, which might also affect the “transferabil-
ity” of the evidence provided by the literature. Not in space, but in time. 
 
For example, the default way of charging users for their electricity use has 
traditionally been for the volume of electricity they consume (kWh). However, 
as a result of the wide-scale deployment of smart meters, distributors have 
started to reconsider, as it is not primarily the volume of electricity delivered 
that determines distribution costs, but rather the peak demand (kW). To im-
prove the cost-reflectiveness of their tariffs, distributors have begun to intro-
duce demand charges [73,79–82,85], meaning that users are charged for their 
peak demand in some way—such as their highest peak or the average of a 
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number of peaks per month. The number of utilities in the U.S. who use de-
mand charges is still very low compared to the number of utilities on the mar-
ket (about 30 of more than 2000) [73,178], and the same goes for Europe in 
general [84]. In effect, there are still very few studies of how and why users 
respond to rates that are based on or include demand charges [79]. Such stud-
ies are needed as demand charges aim to provide users with an incentive to 
behave slightly different than energy-based time-varying rates do. They also 
introduce another dimension of complexity which makes users’ costs become 
more difficult to foresee. 
 
To summarize, there is a clear and often undisclosed bias towards studies on 
the effects of opt-in rates in the literature, and a lack of studies on the effects 
of demand-based rates. Irrespective of the underlying reasons for this, it pre-
sents a problem for the applicability and transferability of results. Policymak-
ers and professionals who intend to implement mandatory or opt-out time-
varying rates clearly run the risk of being deceived by the current body of 
literature to think that these rates are more effective than they are—resulting 
in misinformed policy decisions. The extent of this issue will likely increase 
as the need for demand side flexibility increases and policymakers and pro-
fessionals move towards stricter instruments. This warrants an increased at-
tention to the issue of self-selection biases in the time-varying rate literature 
and more studies on the effects of mandatory and opt-in rates. Those in charge 
of DSR policymaking need to be made aware of that any mismatch between 
the way in which a time-varying rate has been evaluated and the way in which 
it will be implemented presents a threat to the validity of the evidence pro-
vided by the literature. The lack of studies on the effects of demand-based 
rates also warrants increased attention, as these rates differ from traditional 
time-varying rates and are expected to become much more common in the 
years to come. 

2.5 Understanding the human dimensions of energy 
demand 

As the demand for energy has increased and the societal and planetary chal-
lenges of meeting this demand have become increasingly apparent, so has the 
scholarly interest in what drives the demand for energy and how that demand 
can be altered to reduce greenhouse gas emissions and to ensure an efficient 
and resilient electricity system.  
 
To date, the vast majority of energy research has focused on the physical, 
technical and economic aspects of our energy systems. Almost 70% of the 
studies published in the three leading energy journals between 1999 and 2013 
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came from authors in the physical sciences, engineering and economics [179]. 
About 20% came from authors in the social sciences5, arts and humanities, but 
only about 1% from disciplines concerned with what people do and why (other 
than economics)—such as sociology (0.9%), psychology (0.2%) and anthro-
pology (0.04%) [179]. Similarly, Dunlop [180] found that only 2.6% of stud-
ies mentioning “energy efficiency” in the title, abstract or keywords published 
between 1909 and 2018 covered in the database Scopus came from the social 
sciences [180]. In effect, many have argued that the human dimensions of en-
ergy demand are under-researched [88,179,181–183]. 
 
There is no doubt that the physical, technical and economic aspects of energy 
systems are important determinants of energy demand—such as how much 
energy infrastructures, machines and appliances require to perform certain 
tasks—but there is no demand unless there are humans demanding those tasks. 
Put simply, energy demand is the product of the energy-using properties of 
infrastructures, machines and appliances and people’s actual use of those. 
 
Few would probably argue against this. Yet much of contemporary policy-
making with a sustainability agenda often sees technological innovations sup-
ported by top-down regulations as solutions per se, while the adoption and use 
of technologies often remains overlooked [88,182,184]. Policies aimed at re-
ducing energy-related emissions will arguably be more successful if they “take 
into account key psychological, social, cultural and organizational factors 
that influence energy choices, along with factors of an infrastructural, tech-
nical and economic nature.” [182]. 

2.5.1 Basic theoretical approaches 
Social scientists have worked for an increased consideration of human dimen-
sions in environmentally relevant policymaking since the 1970s—following 
events such as the 1973 OPEC oil embargo, several man-made environmental 
crises and large-scale technological failures [185,186]. Over the years, many 
views on what drives energy demand and how that demand can be altered have 
emerged. 
 
As illustrated by Sovacool and Hess [187], there are at least a hundred theories 
and concepts that are of potential relevance to the topic of energy demand that 
span across more than 20 disciplines. In an attempt to make better sense of 
how these resemble and differ from one another, the authors suggest a typol-
ogy of five categories in terms of their analytical emphasis: i) agency-centered 

                               
5 Although some have argued that the behavioral sciences are different from the rest of the 
social sciences [267], we use the term social sciences to refer to both of these sciences for the 
sake of consistency with how the term is used in most of the literature. 
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theories, ii) structure-centered theories, iii) meaning-centered theories, iv) re-
lational theories, and v) normative theories. We will now briefly review these 
categories before we dive deeper into a selection of theories and concepts that 
have been used in the design and evaluation of interventions that aim to alter 
users’ demand for energy. 
 
The first two categories—agency and structure-centered theories—“represent 
a ‘classic divide’ in the social sciences with respect to analytical strategies 
for explaining societal change and social action” [187]. Agency-centered the-
ories focus on and emphasize the agency of individual actors, such as people 
and households and their decision-making processes, and often view social 
and technical factors as external and constant [187]. Energy demand is largely 
seen as the outcome of individual choices, wherefore interventions often focus 
on promoting more desirable choices. Agency-centered theories dominate 
within disciplines such as psychology and are common within economics. 
 
Structure-centered theories on the other hand, downplay the role of the indi-
vidual and prioritize the structural and functional attributes of socio-technical 
systems and their role in determining e.g. how people are able to adopt and 
use new technologies [187]. In other words, what individuals do and are able 
to do is determined by the larger socio-technical system, and so, energy de-
mand is best altered by changing the structural and functional attributes of that 
system. Structure-centered theories are common within disciplines such as 
science and technology studies, innovation studies, organization studies, po-
litical science and public policy. Economists often focus on how structural 
attributes, such as grand financial systems and incentives, bring about social 
change as well. However, the underlying idea in economics tends to be that 
change is brought about by steering individuals’ choices through economic 
incentives, rather than by changing the social/physical/technical structures in 
society to bring about social change.  
 
Some analysis of meaning is common in most, if not all, theories, but mean-
ing-centered theories gravitate towards a focus on “language, symbolism, nar-
ratives, performativity, rhetorical visions, and how technologies can co-con-
struct and negotiate meaning for human subjects.” [187]. For example, the 
way we talk about energy use and the associations we make with energy-using 
technologies is considered to have an impact on energy demand as it guides 
what we as individuals and society do next. Meaning-centered theories span 
across many different disciplines, such as linguistics and semiotics, commu-
nication studies, political science and public policy, science and technology 
studies and psychology.  
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Relational theories try to encompass both agency, structure and meaning by 
emphasizing the role of social relations and interactions and the “webs of so-
cial structure and meaning in which actors are suspended and which they 
change through their action” [187]. What humans do is considered to be gov-
erned first and foremost by habits, routines, conventions and rules that are 
shaped by a constantly evolving, co-produced, socio-technical system. Rather 
than emphasizing either agency or structure, relational theories stress that 
what humans do is a result of the interaction between agency and structure: 
agency shapes structure, which shapes agency, and so forth. The focus in stud-
ies of energy demand if often on  people’s doings (that require energy) and 
how those doings both emerge from and shape the socio-technical context. 
Relational theories are used within disciplines such as science and technology 
studies, sociology, innovation and organization studies. 
 
Lastly, normative theories—as opposed to the explanatory/descriptive theo-
ries presented above—focus on whether certain developments, such as the 
adoption of new technologies and policies, can be considered positive or neg-
ative for people and society based on e.g. ethical and moral criteria [187]. 
Normative theories are used within disciplines such as development studies, 
ethics and moral studies, legal studies and jurisprudence, political ecology and 
geography. 

2.5.2 The behavior change paradigm 
Of Sovacool and Hess’[187] five categories, agency-centered theories that 
originate from the fields of economics and psychology have come to dominate 
the social sciences’ influence on energy research and policymaking [185,188]. 
The long-term dominance of agency-centered approaches has been termed the 
“behavior change paradigm”, the “expectancy-value paradigm” and the “atti-
tude-behavior-choice paradigm” by its critics [185,188,189], as it is grounded 
in the general notion that energy demand is the result of individuals’ choices 
which can and should be altered through interventions that aim to steer those 
choices. We will now briefly review some of the most prominent schools of 
thought within this paradigm before we move on to an alternative view on 
energy demand within the category of relational theories that has become in-
creasingly popular over the past two decades. 

2.5.2.1 Economics 
Within neoclassical economics—which was the first social science discipline 
engaged in the study of energy demand and in policymaking aimed at altering 
demand [90]—the basic idea is that behavioral change can be achieved by 
making the desirable choices more attractive through pricing. Rational choice 
theory, which is the standard decision-making model in neoclassical econom-
ics, stipulates that individuals are rational actors that have clear preferences, 
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act in their self-interest, have self-control and seek to maximize their own util-
ity [88]. Early policy models of energy demand developed in the 1970s (for 
an overview, see e.g. [190]) were based on these conceptions, which for ex-
ample resulted in that the models “proceeded from a first approximation that 
treats demand as a simple (usually log linear) function of the prices of fuels 
and energy-using equipment and of the consumer's income or budget.” [90]. 
In other words, rational choice theory established the idea that humans alter 
their energy demand in predictable ways to changes in pricing—an idea that 
has evidently guided much of energy policymaking. 
 
The neoclassical economic view on human decision-making has been heavily 
criticized for ignoring a range of behavioral and social factors that influence 
why humans do what they do, including their use of energy (for overviews, 
see e.g. [88–90]). Although criticism against neoclassical economic assump-
tions was raised already in the 1950s and has grown stronger ever since 
[88,89], concepts from neoclassical economics based on the idea of humans 
as rational actors still persist in various forms. Notably, utility maximization 
is still used in much (if not most) of economic modelling, despite continued 
criticism (e.g. [191]). Another, more specific example is the commonly used 
concept of price elasticity of demand (see e.g. [192,193]) which depicts de-
mand solely as a function of price. Its use has been criticized for diverting our 
attention from the behavioral factors that influence humans’ responses to 
prices, as well as non-price factors that impact energy demand [90]. Further-
more, as shown in the earlier sections of this thesis, the idea that price predicts 
and is the main driver of demand permeates most of DSR policymaking and 
evaluation. 

2.5.2.2 Behavioral economics 
The critique against neoclassical economics eventually lead to the develop-
ment of behavioral economics (BE)—a subfield of economics which took 
speed in the late 1980s and can be described as a mix of economics and psy-
chology with some additional influences from other social science disciplines 
[89,194]. BE is the study of how cognitive, motivational and contextual fac-
tors—such as heuristics and biases, economic and non-economic considera-
tions and decision-making circumstances—affect how people make decisions, 
what they prefer and what they choose to do [88]. 
 
Identifying systematic divergences from the neoclassical economic model of 
human behavior—so called anomalies [88,89]—is a key focus of BE. People’s 
use of heuristics (rules of thumb to make quick “good enough” decisions) 
[195,196], the status quo bias (the tendency among people to want to keep 
what they already have) [197], loss aversion (the tendency that the disutility 
of losing something is perceived to be greater that the utility of acquiring it) 
[197] and limited attention (the fact that we focus on certain information and 
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disregard other relevant information due to a limited information processing 
capability) [198] are examples of anomalies that are of potential relevance to 
our understanding of energy-relevant behavior [88,199,200].  
 
The identification of anomalies like these has not only helped behavioral econ-
omists to understand how people make decisions, but more importantly—how 
these insights can be utilized in interventions to steer choices in certain direc-
tions. This is what “nudging” [201] or “nudge theory” is all about. According 
to Thaler and Sunstein who popularized the concept of nudging in 2008, a 
nudge “is any aspect of the choice architecture that alters people’s behavior 
in a predictable way without forbidding any options or significantly changing 
their economic incentives. To count as a mere nudge, the intervention must be 
easy and cheap to avoid.” [201]. Utilizing the status quo bias to get people to 
buy green electricity by having green electricity contracts be the default option 
[202] is an example of a nudge, as is the use of social comparisons [203] and 
goal setting [204,205] to promote energy savings. 

2.5.2.3 Psychology 
Many of the phenomena that behavioral economists study were originally dis-
covered by psychologists and are still being studied by psychologists. There 
are however important differences between the two fields in how they study 
and understand human behavior. For example, BE is mainly concerned with 
economic decision-making and often uses neoclassical economic theory as a 
point of reference when describing behavioral phenomena (the “anomalies”), 
while psychology is concerned with all sorts of behavior and have no desire 
to contrast their observations against neoclassical economic theory [206]. Ra-
ther than exploring single, sometimes seemingly isolated, deviations from ne-
oclassical economic theory, psychologists have spent decades building models 
that aim to describe a broad range of human behaviors. Most of these models 
describe behavior as an outcome of individuals’ beliefs, attitudes and values, 
and many of them also incorporate contextual factors and social norms [207]. 
 
The theory of planned behavior (TPB) [208,209], and its predecessor the the-
ory of reasoned action (TRA) [210,211], are examples of models with a par-
ticularly strong track record, including in energy research [87,207]. The TPB 
stipulates that the best predictor of a given behavior is the intention to engage 
in that behavior. Intention in turn is predicted by a person’s attitude toward 
the behavior, their subjective (perceived) norms surrounding the behavior and 
their perceived behavioral control (which may also inform behavior directly 
via actual behavioral control). The difference between the TRA and the TPB 
is that the former does not include perceived behavioral control. Attitude, sub-
jective norm and perceived behavioral control are in turn the outcome of peo-
ple’s behavioral, normative and control beliefs respectively. Although the 
TRA/TPB might seem different from any neoclassical economic theory at the 
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surface, the fact is that the TRA/TPB shares the assumption that decisions are 
primarily based on rational deliberation in consideration of the outcomes and 
the available constraints. 
 
Another theory that has been used in the domain of energy behavior research 
(e.g. [212,213]), albeit to a lesser extent than TRA/TPB [87], is the value-
belief-norm (VBN) theory [87,214,215]. VBN theory was developed specifi-
cally for the study of environmentally significant behaviors and merges and 
expands concepts from a range of theories that have been used to explain such 
behaviors [214,215]. The VBN theory stipulates that a person’s values (e.g. 
biospheric, altruistic and egoistic) inform three specific groups of beliefs 
about conditions in the biophysical environment, which inform their pro-en-
vironmental norms (sense of obligation to take pro-environmental action) 
which ultimately predict pro-environmental behavior—all in a causal chain 
[214]. However, each of the five explanatory variables may not only affect the 
next variable in the chain, but also variables further down the chain.  
 
Two important distinctions between the TRA/TPB and the VBN theory is that 
the latter explicitly recognizes that behaviors may emerge from altruistic/bio-
spheric values and that it “posits a mechanism – norm activation – that can 
bypass or truncate the rational utility calculus presumed in most SEU [sub-
jective expected utility] models” [215]. According to Stern, “these differences 
are important for understanding proenvironmental behavior because such be-
havior often brings no tangible personal benefit to those who engage in it” 
[215]. 

2.5.3 From behaviors to practices 
As mentioned, the “behavior change paradigm” is not without its critics. Just 
as rational choice theory has been criticized for its seemingly robotic view on 
human behavior, agency-centered theories used in energy research and poli-
cymaking have been criticized for their lack of consideration of social, cultural 
and technical structures and processes (e.g. [185,188,189,216]).  
 
Although attempts have been made to accommodate such factors in agency-
centered models in recognition of that environmentally significant behaviors 
are often strongly influenced by non-attitudinal factors [207,214,215], critics 
have argued that agency-centered models are inherently unfit to be used as 
templates for designing and evaluating energy policies (e.g. 
[185,188,189,216]). One of the core arguments is that most energy use is not 
the result of active decisions but of habits and routines—which are in turn the 
result of wants and “needs” shaped by structures and processes beyond the 
control of the individual. As such, “neither technological innovations nor the 
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persuasion of individuals to choose different, ‘better’ behaviours will catalyse 
sufficient change” [184]. 

 
Theories of practice (ToP)—sometimes called (social) practice theory (SPT), 
despite that there are many different accounts of ToP [217]—have been advo-
cated as an alternative approach to exploring and understanding why humans 
do what they do. Following Sovacool and Hess’ [187] typology, ToP—which 
originate from sociology—belong to the category of relational theories. What 
sets ToP apart from other relational theories that have become popular in en-
ergy research—such as the multi-level perspective (MLP) on socio technical 
transitions and innovation [218]—is that ToP focuses on the actions of people 
[187], which makes it attractive as an alternative to agency-centered theories 
to use in studies of how and why people respond to energy interventions. 
 
Although there are different accounts of ToP, they all share the idea that both 
individuality and social order result from “practices”, which can be described 
as “temporally unfolding and spatially dispersed nexus[es] of doings and say-
ings” [219]. The practices as “entities” are actualized and sustained as humans 
or “carriers of practice” perform these doings and sayings (practices as “per-
formances”) [216,219], and they “emerge, persist and disappear [over time] 
as links between their defining elements are made and broken.“ [216].  
 
The elements of practice are defined slightly different in different accounts of 
ToP [217]. In Shove, Pantzar and Watson’s account [216], which is one of the 
more recent and popular versions, the elements are: 

• Materials, such as “objects, infrastructures, tools, hardware and the 
body itself” [216] 

• Competences, such as “practical consciousness, cultivated skill (…) 
or shared understandings of good or appropriate performance in 
terms of which specific enactments are judged” [216] 

• Meanings, such as “social and symbolic significance of participation 
at any one moment” [216] 

 
Practices as entities change and develop over time as their constituting ele-
ments change—either because they are substituted by other elements, or be-
cause they are shaped by other elements. A single element may in turn be 
shared by many practices, and practices may connect to other practices either 
loosely as “bundles of practices”, or tightly as “complexes of practices”, both 
in time and space [216]. 
 
Clearly, the ToP view on why humans do what they do differs substantially 
from the agency-centered theories reviewed above. Notably, ToP attempt to 
provide an account of both human action and societal change. What is im-
portant to acknowledge with regards to the study of why humans use energy 
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and respond to energy interventions is that the individual user is not at the 
center of attention in ToP. Users are simply seen as carriers of energy-using 
practices—such as washing, showering and driving— and it is the users’ per-
formances of those practices that keep the practices alive. Thus, users’ wants 
and “needs”—which are considered to be the drivers of energy demand—orig-
inate from the performances of practices rather than individual choices [220]. 
Furthermore, “social and material factors are not conceptualized as external 
stimuli or barriers to behaviour; they are parts of practices and thus inher-
ently dependent on the performances within given practices” [184]. In studies 
of energy use, focus either lays at practices as entities, such as how certain 
practices evolve over time and/or depend on one another (e.g. [149,150]), 
and/or at practices as performances, such as how and why certain perfor-
mances change in response to interventions (e.g. [146,161,163]). 
 
Obviously, the practice theoretical approach has its drawbacks as well, and a 
number of unresolved challenges exist. The most pressing issue is perhaps 
how to operationalize and research practical policymaking issues [184]. Im-
pact evaluation is often key in policymaking, yet ToP are cautious about de-
fining and differentiating between outcomes and impacts [184]. Scholars have 
also highlighted the tendency among proponents of ToP to overemphasize the 
responsibility of institutions and governance structures in ensuring a transition 
towards a low-carbon society, and pointed out that such a view risks excluding 
individuals from participating in enacting, and taking part in decision-making 
for, societal change [221]. Other examples of shortcomings/challenges of/in 
ToP are: the question of who is qualified to study practices and how this can 
be done while ensuring sufficient reliability and validity; how the boundaries 
of a practice can be drawn in analysis and intervention; how ‘interlocking 
points’ in systems of practices (which are regarded as important to consider in 
interventions) can be identified; how to identify which practices are key for 
analysis among many intertwined practices; the insufficiently theorized issue 
of social interaction and communication; and, the lack of explicit considera-
tion of themes such as power and justice, which are otherwise key themes in 
sociology [184]. 
 
To wrap up Section 2.5, there are many different views on what drives the 
demand for energy and how it may be altered. Despite the differences be-
tween, and disagreements over the appropriateness of, different theoretical ap-
proaches, proponents of the various perspectives still seem to acknowledge 
that different views are needed to comprehend and deal with the multifaceted 
issue of energy demand (e.g. [87,189]). 

 



 34 

3 Research approach and methods 

This chapter presents and discusses the research approach of, and methods 
used in, each of the appended papers. It aims to provide an overview of the 
characteristics of the different studies and to complement the information that 
is already provided in each of the papers with deeper reflections on the ra-
tionale behind, and quality of, the individual studies. 
 
As specified in Section 1.2, the purpose of this thesis is to improve our under-
standing of how and why (not) time-varying rates work by beginning to fill in 
the knowledge gaps that were introduced in Section 1.1 and further discussed 
in Section 2.4. The nature of the research questions addressed in this thesis, 
the empirical contexts in which each of the studies were conducted and the 
practical conditions of each research project, have required the use of multiple 
study designs and data collection and analysis methods. The fact that each 
study has been conducted in collaboration with researchers from different ac-
ademic “schools” (industrial engineering and management, cognitive psychol-
ogy and statistics) has also had an influence on the research approach taken in 
each paper, such as the choice of theoretical perspective and analytical ap-
proach.  
 
A summary of the characteristics of, and methods used in, the studies reported 
in the appended papers is presented in Table 2. The context of, and approach 
taken in, each of the appended papers is presented in more detail in the fol-
lowing subsections, including an assessment of the quality of the measures 
used and the main strengths and weaknesses of the studies. However, for the 
full details of each study, we refer the reader to the appended papers them-
selves. 
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3.1 Paper I 
Background 
Paper I—Identifying and estimating the effects of a mandatory billing demand 
charge—set out to explore the electricity use effects of a mandatory demand-
based distribution tariff that was introduced to all (n = 612) small and medium-
sized electricity users (35-63 A) in a distribution area on the 1st of May 2015. 
The users belonged to the commercial and public sector and included users 
such as farms, office buildings, multifamily houses, restaurants, shops, work-
shops, sports facilities and smaller “industrial” facilities such as sewage treat-
ment plants. The study also aims to provide a critical discussion of how DSR 
effects can be causally evaluated, and to demonstrate how causal effects can 
be estimated using a novel two-level time series modelling approach based on 
retrospective observational electricity use data. We received funding from En-
ergiforsk AB to evaluate the impact of the tariff after it had been introduced, 
whereby we as researchers had no influence over the design, assignment or 
implementation of the tariff. 

 
Study design 
The question in focus is a question of causality. The ideal study design to ad-
dress such a question is an experimental study design, where confounding fac-
tors are controlled for (on average) by random assignment of the treatment 
(the tariff). However, using such a design is not always possible, such as in 
this case where the tariff had already been implemented and also had to be 
given to all users belonging to the same customer category for regulatory rea-
sons. 
 
Instead, a quasi-experimental study design was chosen, which is one that al-
lows for causal estimates to be obtained without random allocation of the treat-
ment under a set of assumptions [222]. A quasi-experiment can be set up and 
evaluated in different ways. In our case, we compared the treated users to a 
set of non-treated users from another area that had similar electricity use pat-
terns prior to the treatment, using a two-level time series modeling and match-
ing approach proposed by Schultzberg [223]. 
 
Data collection and analysis methods 
The data collection consisted of two parts: i) extraction of observational data 
from all individuals’ electricity meters and two centrally located temperature 
meters, and ii) collection of self-reported user characteristics using a paper-
based self-completion questionnaire. The data extracted from the meters were 
used to estimate the treatment effect, while one of the self-reported measures 
was used to explore the relationship between the financial impact of the tariff 
and the treated users’ level of response.  
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One year of pretreatment hourly electricity use and outdoor temperature data 
were extracted from the meters for the treated and the non-treated users with 
the help of the respective DSOs. We wanted to have a full year of pretreatment 
data to properly capture the seasonal variation in electricity use, but most of 
the treated users did not have that (hourly metering was being rolled out just 
prior to the introduction to the tariff). As incomplete time series were prob-
lematic to the analysis, most of the treated users’ time series had to be dis-
carded. Also, the data had to be cleaned prior to the analysis to avoid having 
extreme values and use patterns drive the results. In the end, a total of 1110 
users were included in the final sample (184 treated and 926 non-treated). 
 
A parametric two-level time-series model was built and used to decompose 
the within-user electricity use time series. The parameters of the 1110 user 
specific models were estimated using the Dynamic Structural Equation Mod-
elling (DSEM) framework [224]. These parameters, along with two observed 
covariates (fuse size and an estimate of the expected change in yearly distri-
bution cost as a result of the tariff), were then used to match users with similar 
electricity-use processes between the two areas, using a propensity score (PS) 
based caliper matching estimator [225]. Finally, the hourly average electricity 
use each day (i.e. the raw data) for the two groups of users (i.e. all the treated 
and the non-treated users which had been successfully matched) was com-
pared over a period of three years (one pre treatment + two post treatment) to 
provide an estimate of the causal effect of the tariff (the average treatment 
effect of the treated, ATET). 
 
As an exploratory add-on to the causal analysis, we explored the relationship 
between the financial impact of the tariff and the treated questionnaire re-
spondents’ level of response. Firstly, this was done through an assessment of 
the correlation between the within-user mean difference in electricity use (pre 
vs. post treatment period) and the estimated expected change of total yearly 
electricity costs as a result of the tariff. Recognizing that different users may 
be more or less sensitive to changes in electricity costs depending on their 
financial situation and perceptions about costs, we also assessed the correla-
tion between the within-user mean difference in electricity use (pre vs. post 
treatment period) and the estimated expected change of total yearly electricity 
costs as a result of the tariff multiplied with the users’ perceived importance 
of the total electricity costs relative to their total expenditures. 

 
Theoretical basis/framing 
The study used no explicit theoretical framework to collect and analyze the 
data, but the intervention itself and our evaluation of the intervention is indeed 
rooted in an agency-centered view on human action. The DSO who imple-
mented the tariff was of the conviction that issues of peak demand can (at least 
partially) be dealt with by providing users with a financial incentive to change 
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their demand in a deliberate fashion. Although we made no claims about how 
we expected the users to respond to the intervention, one could argue that we 
as researchers subscribed to the DSO’s assumption in our evaluation as we 
focused on estimating the causal changes in electricity use and on exploring 
whether there was any positive relationship between the users’ expected cost 
changes, perceived importance of electricity costs and actual response. 
 
Reliability and validity of measures 
The main part of the analysis is based on electricity use data, which can be 
considered both a reliable and valid measure of users’ electricity use as the 
data are collected with high precision meters and are quality controlled (the 
DSO needs to make sure that data accurately reflect actual usage to provide 
the basis for billing). The temperature data also provide a highly reliable and 
valid measure of temperature per se. However, only one temperature meter 
was used per area, whereby local variations in temperature might have af-
fected the electricity use of individual users. Nevertheless, we do not believe 
that this has biased the overall results in any significant manner, given that the 
local temperature variations are likely relatively small; that many users don’t 
use electricity for heating; and, that heating and cooling systems do not re-
spond right away due to the thermal inertia of buildings.  
 
Moving on to the second part of the analysis, two of the three financial 
measures (∆  and ∆ )6 that were used were simply calculations 
based on the electricity use data, the actual pre and post treatment tariffs and 
the average monthly retail price paid by commercial users as declared by Swe-
den’s electricity retailers [226]. The reliability of these input data is high, 
whereby the reliability of the measures is also high. The validity of the two 
measures, i.e. whether they represent the financial impact of the tariff or not, 
can however be discussed. The two measures are accurate estimates of the 
expected change in cost as a result of the new tariff given their pretreatment 
year electricity use pattern, but that might not be a representative measure of 
the “actual” financial impact as that is dependent on the users’ financial situ-
ation and perception of costs. 
 
We did not have data on the users’ actual financial situation, but we did meas-
ure the users’ perceived importance of their total electricity costs relative to 
their total expenditure. Being a self-reported measure captured for the first 
time and with no “objective” data to compare with, we cannot easily assess 
                               
6 ∆costdist = the yearly distribution tariff cost during the pretreatment period given the (new) 
demand-based tariff, divided by the yearly distribution tariff cost during the pretreatment period 
given the (original) energy-based tariff. ∆costtot = the yearly total (distribution & retail) cost 
during the pretreatment period given the demand-based tariff and a monthly average retail cost 
(as declared by Sweden’s electricity retailers [226]), divided by the yearly total cost during the 
pretreatment period given the (original) energy-based tariff and the monthly average retail cost. 
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the reliability or validity of this measure. We do however find it reasonable 
that those who responded to the questionnaire had some sense of the situation, 
as it was sent to the person in the organization who receives the electricity bill. 
The recipient was furthermore asked to let someone knowledgeable in the or-
ganization answer the questions in case they could not, and there was a “do 
not know” alternative as well to avoid having respondents guessing. 
 
Strengths and weaknesses of the study 
The primary strengths of the study lay in the empirical context and the method 
used to estimate the effect of the tariff. Firstly, as the tariff was mandatory, 
there was no selection into treatment, which is otherwise a common source of 
bias in studies on the effects of time-varying rates (see [45] and the discussion 
in Section 2.4.3). Secondly, as the tariff was introduced to the whole popula-
tion of users in the user segment 35-63A, rather than to a sample from that 
population, there was no initial sampling error. Users had to be removed due 
to incomplete or problematic time series, but this was done transparently using 
a set of disclosed inclusion criteria that were the same for both areas, whereby 
we find no reason to believe that this selection itself may have caused any 
severe bias of the results. 
 
The primary weakness of the study lays in the fact that a number of assump-
tions must be made in order to be able to interpret the results causally, namely: 
i) that the users in reference area were not affected by the change of tariff in 
the intervention area; ii) that there is a positive probability for all users in the 
intervention area to have been located in the reference area given their char-
acteristics, and iii) that the electricity use of each user follows one and the 
same process over time (i.e. the process does not change, unless a treatment is 
applied) and that all time-varying covariates that are dependent on both the 
treatment assignment and the outcome under no treatment are observed. 
 
The first assumption can be accepted right away, as the two areas had nothing 
to do with each other. The second assumption was deemed to be sufficiently 
addressed by the caliper-based matching procedure. The reasonableness of the 
first part of the third assumption was verified by comparing the mean pretreat-
ment electricity use of the treated and the matched group. The second part of 
the third assumption is trickier, as we do not know all time-varying covariates. 
We took the obvious one (temperature) into account, but there might be other 
ones that we do not know of. However, based on what we know of the physical 
and technical determinants of energy use, we find it unlikely that the results 
would have been significantly altered by the presence of an unknown time-
varying covariate. 
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3.2 Paper II 
Background 
Paper II—Convenience before coins: Household responses to dual dynamic 
price signals and energy feedback in Sweden—set out to explore whether, how 
and why (not) users living in single-family homes had adapted their use of 
electricity to a long-standing mandatory demand-based TOU distribution tar-
iff as well as real-time retail pricing (for those who had chosen such a contract 
prior to our study)—and whether, how and why (not) they had made use of 
real-time energy feedback (which was provided to those who chose to partic-
ipate in the study) in doing so. We as researchers had no control over the de-
sign, the assignment or the implementation of the tariff or the retail contracts, 
but of the feedback. The project was funded by the Swedish Energy Agency. 
 
Study design 
The study was designed as a qualitative non-experimental study, with a focus 
on the individuals’ self-reported “post treatment” responses to and experi-
ences of/with the tariff, retail pricing and feedback. Single-family homes who 
were subjected to the tariff were asked to take part in our study via e-mail in 
2014, with the help of the DSO. The study, which as a collaboration with the 
DSO, would give them access to real-time feedback on their electricity use 
and associated costs and thereby help to improve our understanding of the 
usefulness of such.  
 
60 households accepted and were given access to real-time (instantaneous) 
energy feedback which could be viewed in any web browser. 40 of them also 
received an in-home display (a small tablet with Wi-Fi connectivity) which 
could be used for continuous display of the feedback interface. The feedback 
interface itself had been developed in a participatory process with a smaller 
group of householders from the same distribution area prior to the study to 
make sure that it fit the specific empirical circumstances and was to the liking 
of individuals subjected to those circumstances. 
 
The participating households were invited to a meeting at the DSO’s facilities 
about six months after the start of the study with the purpose of providing 
them with information and receiving their feedback. They were told about the 
function and purpose the distribution tariff as well as of real-time retail pricing 
(from the DSO’s / retailer’s / society’s’ point of view, to make sure they were 
well-informed) and how they could adapt to these dynamic price signals in 
practice. After having participated for 10–15 months, the participants were 
asked to continue participating for another year while committing to do as 
much as they could and found reasonable to adapt to the price signals and the 
feedback they were given. 14 households accepted, of which eleven made it 
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to the end. This second selection process was used to ensure that the house-
holders whom we were going to ask about their experiences and opinions were 
as interested and experienced as possible, as we wanted to assess a sort of 
“best-case scenario” in terms of what level of DSR householders might be 
willing and able to provide in response to (multiple) dynamic price signals and 
real-time feedback. 
 
Data collection and analysis methods 
The data collection consisted of two parts: a semi-structured diary and in-
depth face-to-face semi-structured interviews. The diaries, which the individ-
ual householders in the eleven participating households were asked to fill in 
daily during one week, were given to them nine months after they had ac-
cepted to participate for another year. At that point, most households had lived 
with the feedback for about two years. The diaries had the participants write 
down each electricity-using activity they carried out and specify which appli-
ances were involved, if and how they reflected on the price of electricity, and 
whether they did anything to try to adapt to the price. 14 householders filled 
in the diary (representing nine of the eleven households).  
 
The diaries were used as discussion material during the interviews, along with 
a number of excerpts from the feedback interface showing both the participat-
ing households’ own electricity use during the diary week and over the past 
year, as well as a number of non-household-specific feedback scenarios aimed 
to assess their interpretation and understanding of the feedback. 
 
The interviews were carried out in the weeks following the completion of the 
diaries, and all household members were asked to participate. In most cases 
the two adults of each home did. The interviews took 1.5 hours on average 
and revolved around four major themes: (i) their perceived impact of their 
participation in the project on their daily lives; (ii) their perceived reasons to 
change their electricity use in general; (iii) their perceived impact of the real-
time feedback, and (iv) their perceived possibilities to adapt in response to the 
price signals and the feedback.  
 
Each of the eleven interviews were audio-recorded and transcribed verbatim. 
Thematic analysis, as depicted by Braun and Clarke [227], was used to analyze 
the diaries and the interview transcripts. The texts were read through to iden-
tify interesting features in each item (diary/transcript) as well as potential 
themes within and across the items, based on e.g. similarities and differences, 
repetitions, metaphors and analogies and linguistic connectors as suggested 
by Ryan and Bernard [228]. The identified features and the themes were then 
discussed between the authors in relation to the research questions, whereby 
the texts were read again multiple times to verify and refine the specifics of 
each theme and their fit with the overall story. In case a statement was difficult 
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to interpret, we went back to the original recording to pick up the context and 
nuances needed to understand what the respondent actually meant. Finally, the 
most vivid and compelling examples from the texts—with regards to the 
householders’ responses to and experiences of/with the tariff, retail pricing 
and feedback—were extracted and organized to support the final analysis pre-
sented in the paper. The final analysis was also informed by and adjusted in 
relation to literature that had become relevant over the course of the analysis 
as a result of the findings.  
 
Theoretical basis/framing 
Shove et al.’s [216] account of a theory of practice (discussed in Section 
2.5.3), and in particular Strengers’ [163] application of that account, guided 
much of the data collection and analysis. Our focus lay on the performances 
of practices that use electricity and how these had, or had not, been affected 
by the tariff, the real-time retail price and the real-time feedback in terms of 
when and why they were performed. As we had no way of observing the actual 
performances of the practices or verifying the respondents statements with pre 
vs. posttreatment electricity use data, the analysis had to rely on the house-
holders’ statements about how and why they did what they did. 
 
Reliability and validity of measures 
There are different views on the applicability of the concepts of reliability and 
validity in qualitative research and several alternative criteria for evaluating 
the quality of qualitative research have been proposed [229]. However, there 
is not yet any consensus regarding which evaluation criteria to use [229]. For 
the sake of consistency with the corresponding discussions of the other ap-
pended papers, this brief discussion will stick to the concepts of reliability and 
validity in discussing the quality of the study. 
 
Several actions were taken to increase the reliability of the measures. All of 
the interviews and the analysis of the interview transcripts were carried out by 
two of the authors together (male and female) with the aim of improving the 
inter-rater reliability. Similarly, each household was represented by two indi-
viduals (male and female) during one and the same interview. This should 
have contributed to a more complete and sincere depiction of the household-
ers’ performances of practices, as well as a more nuanced and balanced story 
with regards to the fact that males and females might do different things in 
their homes, and do things differently. The fact that the interviewees filled in 
details in each other’s stories and corrected one another when they did not 
entirely agree or had another viewpoint that they wanted to share, provides 
some evidence for that interviewing both adult household members at the 
same time was a good idea.   



 43

A number of actions were taken to increase the validity of the measures as 
well. Using only self-reports to assess the energy use impacts of interventions 
is undoubtedly problematic as the respondents’ statements may be biased or 
overconfident [230], e.g. due to a will to conform to the perceived expecta-
tions of the interviewers or others, imperfect memory, misunderstandings or 
an inability to explain one’s doings in enough detail. Although one can never 
be sure that self-reported measures reflect objective measures of energy use, 
there are things that can be done to increase the chances of obtaining more 
accurate and truthful answers. Some of the things we did were: to use both 
diaries and interviews to collect data; ask both adult members of each house-
hold to fill in the diaries and take part in the interviews; to use the diaries as 
well as excerpts from the feedback interface as a basis for the discussion dur-
ing the interviews; and, to ask them about their doings, experiences and opin-
ions multiple times in different ways during the course of the interviews to 
assess the coherence of their stories. 
 
Although the accuracy and the truthfulness of their stories of how they had 
adapted their practices as performances to the “treatments” is of major im-
portance, the significance of the study as a whole does not depend on it. Un-
derstanding people’s motivations to alter the performances of practices, and 
their interpretations and use of the price signals and the feedback interface, 
were also key focuses of the study, and these aspects can only be captured 
through self-reports. These self-reported “measures” might not be entirely 
truthful either, but the actions we took to increase their validity—such as hav-
ing the interviewees look at, describe and reason about their own diaries, the 
feedback interface and the signals it conveyed during the actual interviews—
hopefully removed some of the barriers to having them deliver accurate and 
truthful depictions. The fact that similar stories were given in multiple inter-
views, and that most of the interviewees could describe and reason about their 
doings and experiences in detailed ways, does at least provide some confi-
dence in that the “measures” were reasonably valid.  
 
Strengths and weaknesses of the study 
The primary strengths of the study lay in the empirical context, the way in 
which the feedback interface was developed and the length of the period dur-
ing which the householders lived with the feedback. There is to the best of our 
knowledge, no other study that has investigated the potential effects of having 
householders being subject to dynamic pricing within both distribution and 
retail. The combination of this circumstance with the real-time feedback, 
which was not only custom made to the circumstances, but also experienced 
by the householders for a period of about two years, is even more unique. This 
setting allowed us to conduct an in-depth exploration of how price signals of 
different sorts and complexity might be interpreted and used in the long run, 
and what role real-time feedback might play in a setting where householders’ 
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are asked to make sense of and decide on how to respond to complex yet ap-
propriate market signals. 
 
The primary weakness of the study lays in that we had no way of confirming 
the authenticity of the users’ self-reported doings. Another aspect of the study 
that might be seen as a weakness with regards to the generalizability of the 
findings is that the sample size was small and heavily biased towards individ-
uals interested in taking part in the study. Although this is hardly uncommon 
in qualitative research and was a deliberate decision by us as researchers, as 
we sought to provide a rich description of the experiences of the most engaged 
type of users, it does limit the generalizability of the findings. On the other 
hand, the aim was not to describe what most people might do in response to 
dual dynamic price signals and real-time feedback, but to give a sense of how 
dynamic price signals and real-time feedback might be interpreted and used 
by the most interested and engaged users. Thus, the findings are relevant to 
our understanding of what we can possibly expect if we subject users to highly 
dynamic price signals combined with advanced feedback that aims to make 
those signals as visible and understandable as possible.   

3.3 Paper III 
Background 
Paper III—Rising with the sun? Encouraging solar electricity self-consump-
tion among apartment owners in Sweden—set out to test the hypothesis that 
householders who become prosumers start to shift their electricity use in time 
to increase their self-consumption for reasons other than to save money, such 
as becoming aware of where the energy comes from and that it is a non-abun-
dant renewable resource that one has to be considerate of. It also set out to 
explore whether becoming a prosumer might induce spill-over effects, such as 
people starting to engage in non PV-related pro-environmental actions, e.g. as 
a result of the feeling of having become a greener citizen. We as researchers 
had control over the design, the assignment and the implementation of the 
intervention as long as we stayed within the limits of our budget and what the 
tenant-owners’ association was willing to accept. The project was funded by 
the Swedish Energy Agency. 
 
Study design 
The question in focus is a question of causality, which cannot be adequately 
answered unless “becoming a prosumer” can be randomly assigned (through 
an experimental design) or be considered randomly assigned (through a quasi-
experimental design) to subjects and unless the (most often) inherent financial 
incentive to self-consume is absent.  
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The study came to being as a result of us finding such an empirical context: 
54 newly built condominiums with a shared rooftop PV installation, where the 
householders had not been aware of the PV when they purchased their apart-
ments and had not received any information about the PV or of what its exist-
ence meant for them. Whatever monetary savings they as individual house-
holds incurred by self-consuming solar electricity and/or by refraining from 
using electricity during times when there was no production, never came to 
their benefit. All the electricity-related costs and incomes were split across the 
collective and only fed back to the households in case the average price per 
kWh that each household paid for the electricity they used was adjusted by the 
tenant-owners’ association, which never happened during the study. In other 
words, we had a sample of non-self-selected prosumers who were unaware of 
that they were prosumers and had no financial incentive to alter the timing of 
their electricity use. 
 
We saw this as a unique opportunity to (as close as one possibly can) being 
able to evaluate the causal effects of “becoming a prosumer”, and in doing so, 
evaluate the effects of a potentially engaging non-price signal to engage in 
DSR, and of studying the emerging breed of non-self-selected apartment-liv-
ing prosumers. The intervention/treatment “becoming a prosumer” consisted 
mainly of four carefully designed paper-based information leaflets that were 
distributed to each household’s mailbox by hand, about once every quarter 
during a year. As the study was conducted together with the tenant-owners’ 
association, all households received the leaflets as part of the association’s 
regular distribution of information. In other words, there was no selection into 
treatment.  
 
The intervention had a two-fold aim: i) to inform the householders of that they 
had become prosumers and what that meant for themselves and the collective 
of households that they were part of, and ii) of how they could self-consume 
their solar electricity (e.g. using the built-in timers in their major appliances) 
and different reasons for why they should do so. A full account of the inter-
vention and the justification for its design is too extensive to reproduce here, 
but is available in Paper III. 
 
As we did not have a comparable group of non-self-selected prosumers to use 
as reference, we used a stepped wedge design (e.g. [231]) to assess the causal 
effects of the first leaflet. That is, the households were randomly split into 
three groups, which were treated in sequence with a time lag of about three 
weeks, whereby currently untreated households could be used as controls for 
households who had been treated. The split into groups was done using a strat-
ified randomization procedure to improve the efficiency of the design by en-
suring balance in the measures of interest before treatment (daily proportion 
of electricity use during daytime hours, kWhr, and average daily electricity 
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use, kWh). The reason for why we were limited to assessing the effects of the 
first leaflet only with this approach was that the householders obviously be-
came aware of their status as prosumers already by the first leaflet, and the 
time lag between the groups could not be extended for practical reasons.  
 
In addition to the stepped wedge design, we used pre and post treatment (after 
all four leaflets) comparisons of electricity use and questionnaire data. 
 
Data collection and analysis methods 
Hourly electricity use data were collected for all households from five months 
before the first group of households received the first leaflet and onwards.  
 
In addition, two paper-based questionnaires were sent out—one pre treatment 
a couple of months before the first leaflet, and one post treatment after the 
fourth leaflet had been given out. These captured: i) basic socioeconomic var-
iables; ii) information about when and why they used major appliances; and 
iii) their assessment of how eight different behaviors affect the environment, 
to what extent they felt morally responsible to perform those, how often they 
performed them and how often they intended to perform them in the future.  
 
The posttreatment questionnaire was identical to the first, except three addi-
tional open-ended questions about: i) whether they had changed their electric-
ity use in response to the leaflets, and if yes, how; ii) what motives and/or 
incentives to adapt their electricity use to the availability of solar electricity 
they had experienced; and iii) what barriers and/or lack of incentives to adapt 
their electricity use to the availability of solar electricity they had experienced. 
 
The causal effects of the first leaflet were estimated using a panel regression 
model with fixed effects for household and time to control for differences be-
tween the groups pre treatment and natural variation in the measures over 
time. The analysis was based on twelve weeks of daily individual observations 
of kWhr and kWh—starting three weeks before the first leaflet (to improve the 
precision of the fixed household-specific parameters) and ending three weeks 
after the last group had received the first leaflet. The statistical power was 
estimated to be 80% for an average change in kWhr of 0.012, and close to 
100% for an average change of around 0.0225. The latter was estimated to be 
equivalent to a shift of 0.12 dishwasher runs to daytime hours per day on av-
erage per household. The corresponding power for kWh was 80% for a change 
of 0.4 kWh and 100% for 0.6 kWh. 
 
The pre vs. posttreatment differences in the householders’ answers to the 
closed survey questions were analyzed using a combination of Bayesian 
model comparison (e.g. [232]) and visual comparisons following the estima-
tion approach proposed by Cumming [233], but with credible intervals instead 
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of confidence intervals and with additional graphics showing e.g. how the in-
dividual responses changed between the surveys. 
 
Content analysis [229]—which is similar to thematic analysis, but with a focus 
on analyzing and summarizing texts in quantitative rather than qualitative 
terms—was used to analyze the answers to the open-ended survey questions. 
The answers to each question were read through multiple times and induc-
tively categorized into themes that were named to reflect the essence of the 
replies as closely as possible. As new themes were identified, the categoriza-
tion of the answers was revised. The final categorization was agreed upon by 
two of the authors of the paper. Finally, the number of answers within each 
theme belonging to each question were summarized in bar charts, which were 
presented and interpreted in the paper. The reason we used content analysis 
rather than thematic analysis was that the answers were short and heavily over-
lapping. An analysis in quantitative terms was simply deemed to be better 
suited to provide a digestible overview of the hundreds of answers we re-
ceived, while still retaining the relevant aspects of the replies with regards to 
our research questions and the literature. 
 
Theoretical basis/framing 
The study takes an agency-centered view on human action by the way the 
questions are posed and the intervention is designed, executed and evaluated. 
We tested whether information about a currently unknown circumstance (be-
ing a prosumer with access to solar electricity and major appliances with tim-
ers) and encouragements to alter one’s daily doings in response to that circum-
stance can induce changes to the timing of energy-using activities and lead to 
spillover effects. As such, the intervention follows the logic of the “infor-
mation-deficit” model, which despite its popularity and success in energy in-
tervention studies has been criticized for having a naïve view of what it takes 
to bring about social change [207,234].  
 
Regardless of what one thinks of the “information-deficit” model, the fact is 
that the aim with our study was to test specific hypotheses which in our em-
pirical context related to awareness and knowledge. An information-based in-
tervention was deemed to be the most appropriate for our purposes. Although 
the leaflets simply provided information, they were carefully designed, taking 
into account the findings of many qualitative studies of how and why (not) 
residential users respond to demand side interventions. For example, the leaf-
lets provided very specific hands-on guidance on how to increase one’s self-
consumption of solar electricity using a simple rule of thumb (use your appli-
ances during daytime, aiming at 12.00 p.m.) and the built-in timers on the 
major appliances that all households had. The idea was to make it as conven-
ient as possible for the householders to respond to the information by lowering 
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the cognitive and practical burden of comprehending and responding to the 
information. 
 
Reliability and validity of measures 
The electricity use data that were used in many of the analyses can be consid-
ered both reliable and valid measures of the households’ electricity use as the 
data were collected with high precision meters and quality controlled to ensure 
correct billing. 
 
The questionnaires were tested within our research group and among our fam-
ilies prior to being handed out, to make sure that the questions were under-
standable and easy to answer, and that the answers were interpretable and us-
able. The questionnaires were also distributed to and accepted by the board of 
the tenant-owners’ association prior to being distributed, providing an addi-
tional level of quality control. 
 
What we did to increase the quality of the responses with regards to the use of 
major appliances (which was a key focus of the intervention) was to ask the 
person who usually carries out the household chores (such as dishwashing and 
washing) to complete the questionnaire, or at least be of help during the com-
pletion. The questionnaires were also signed by the board of the tenant-own-
ers’ association (in addition to one of the authors of the study as a representa-
tive of Uppsala university) to increase the legitimacy. 
 
The multiple measures that aimed to capture spill-over effects were condensed 
into a number of composite scores, and the internal reliability of these were 
assessed using Cronbach’s alpha, and proved to be acceptable (between 0.63 
and .80). Furthermore, there were “Do not know” options for each question 
where applicable, to decrease the risk of having respondents guessing. 
 
Strengths and weaknesses of the study 
The primary strengths of the study lay in the empirical context, the study de-
sign and the multiple methods approach, which in combination made it possi-
ble to explore a number of phenomena related to the use of solar PV. For the 
purposes of this thesis, the ability to explore the effects of a potentially engag-
ing non-price signal aiming to induce a shift of electricity use in time was 
particularly important. Prior to our study, there were almost no studies of 
apartment-living prosumers, and very few studies exploring what people do 
when they become prosumers. Importantly, no other study of prosumers had 
employed an experimental design, or even before and after measurements of 
what people do when they become prosumers, which also meant that no other 
study had tried to verify prosumers’ claims about changes to their electricity-
using habits in a systematic way. 
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The primary weakness of the study lays in that there was no external control 
group, which limited us to using a stepped wedge design and pre vs. posttreat-
ment comparisons. Although the stepped wedge design was deemed to pro-
vide sufficient power and allowed us to interpret the effect estimates causally, 
it limited us to assessing the effects of the first leaflet only. Pre vs. posttreat-
ment comparisons were used to capture the potential effects of the full treat-
ment, but without a control, estimated treatment effects can in principle not be 
interpreted causally. Even if we have little reason to believe that the house-
holders would have changed the timing of their electricity use gradually over 
the course of the study for any other reason than the intervention, we cannot 
know for sure. 

3.4 Paper IV 
Background 
Paper IV—Opening the black box of demand response—set out to explore the 
effects of a long-standing mandatory demand-based TOU distribution tariff in 
terms of changes to users’ proportion of electricity use during peak hours and 
a number of cognitive variables aim to represent their will and ability to shift 
the use of electricity to off-peak hours. We as researchers had no control over 
the design, the assignment or the implementation of the tariff. The project was 
funded by the Swedish Energy Agency, Elforsk AB (now called Energiforsk 
AB) and STandUP for Energy. 
 
Study design 
Although an experimental or quasi-experimental design would have been pre-
ferred given the causal nature of the research questions, that was not an option 
as the tariff had been implemented two decades before the study. Hence, we 
chose to use a cross-sectional design and did whatever we could to increase 
its rigor. We used a large stratified random sample; a control group of equal 
size from a sociodemographically similar area; and, a structural equation 
model, informed by both individual hourly electricity use data and a rich ques-
tionnaire data set, to estimate the differences between the “treated” and the 
“non-treated” households. 
 
1500 households were randomly sampled from an area that had had a manda-
tory demand-based TOU distribution tariff since the end of the 1990s, and 
1500 from an area located in a socio-demographically similar area nearby (in 
terms of population size, average income, political preferences, education, av-
erage age etc.) that had had a conventional energy-based tariff for as long. 
There were 500 single-family homes, 500 condominiums (tenant-owned 
apartments) and 500 rental apartments in each of the two samples. 
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Data collection and analysis methods 
One year of hourly electricity use data were collected for all 3000 households 
with the help of the DSOs in the two areas. Due to some mistakes in the sam-
pling and the incomplete data series, the final number of households included 
in the study was reduced to 2855.  
 
Each household was sent a paper-based self-completion questionnaire, which 
was structured in accordance with the theory of planned behavior (TPB) 
[208,209,235]. After two reminders, the overall response rate landed at 36.4%. 
In short, the questionnaire captured basic sociodemographic variables and 
measures of each dimension of the TPB, i.e: the householders’ intention to 
shift electricity use to off-peak hours; their attitudes toward shifting electricity 
use to off-peak hours; their subjective norms surrounding the shifting of elec-
tricity use to off-peak hours; and, their perceived behavioral control over shift-
ing their electricity use to off-peak hours. The attitude, subjective norm and 
perceived behavioral control dimensions were captured by letting the respond-
ents assess the strength of eighteen pairs of beliefs and motivators which 
formed the “belief components” of the TPB. Our choice of which beliefs and 
motivators to assess was determined by the outcome of two focus groups—
one with users in the intervention area and one with users in another area who 
had an almost identical tariff (the area under study in Paper II). 
 
The belief components were first analyzed visually using means and confi-
dence intervals to assess their relative strength, with the aim of identifying the 
most prominent potential drivers and barriers with regards to the household-
ers’ will and perceived ability to shift their electricity use to off-peak hours. 
Following that, an ANOVA was used to assess whether there were any differ-
ences in the proportion of peak hour electricity use and the directly assessed 
intention to shift electricity use to off-peak hours between the different types 
of users within and between the two areas. Lastly, the questionnaire and elec-
tricity use data were analyzed together using a multiple indicators multiple 
causes (MIMIC) structural equation model (SEM) (e.g. [236]) set up in ac-
cordance with the TPB structure. The aim of the SEM analysis was to identify 
whether any (and which) of the belief components actually predicted the us-
ers’ intention and behavior (as measured by the proportion of electricity use 
during peak hours) in the two areas. 

 
Theoretical basis/framing 
The data were collected and analyzed using Ajzen’s (agency-centered) theory 
of planned behavior [208,209]. In short, the TPB stipulates that a person’s 
attitude towards a specific behavior, their subjective norm surrounding that 
behavior and their perceived (and actual) behavioral control over that behav-
ior—which are all formed by beliefs—together predict a person’s intention to 
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perform the behavior, which ultimately predicts the actual behavior. The rea-
son we chose to use the TPB was that it provides a well proven framework for 
identifying and quantifying the strength of potential cognitive predictors of 
specific behaviors. 
 
It is important to stress that the TPB aims to describe a decision-making pro-
cess, whereby the behavior in focus is assumed to be conscious. Hence, by 
applying the TPB, we assume that householders actively choose whether to 
respond to dynamic pricing or not, at some point in time. Although the TPB 
is ill-suited for explaining routinized types of behaviors—which arguably 
govern most of householders energy use (e.g. [105,150,189,216,237]) and 
quite possibly their long-term “commitment” to DSR as well—it can provide 
a useful basis for understanding how even routinized types of behaviors can 
move from one state to another in response to external stimuli. It does not 
provide a universal explanation for how habitual behaviors come to change, 
but it does provide a model for understanding how psychological mediators 
influence the “activation phase”—that is, the phase where users’ habitual en-
ergy-using activities are brought into the cognitive realm, evaluated and pos-
sibly re-shaped before returning to a more habitual state [29,30]. In other 
words, the TPB might be used to understand the decision-making process (if 
any) behind the type of changes to habits and routines that time-varying rates 
have been suggested to induce. 

 
Reliability and validity of measures 
The electricity use data that were used can be considered both reliable and 
valid measures of the households’ electricity use as the data were collected 
with high precision meters and have been quality controlled to ensure correct 
billing. 
 
The questionnaire was custom made for our purposes, wherefore the reliability 
and validity of the measures had not been formally evaluated prior to the 
study. However, the questionnaire was tested within our research group and 
among our families prior to being handed out, to make sure that the questions 
were understandable and easy to answer, and that the answers were interpret-
able and usable. It was also distributed to and accepted by the DSOs prior to 
being distributed, providing an additional level of quality control. 
 
What we did to increase the quality of the responses with regards to their 
alignment with the electricity use data was to ask the respondents to answer 
the questions from the household’s point of view rather than from his/her per-
sonal point of view. The questionnaire was also signed by a representative of 
the DSO (in addition to three researchers at Uppsala university) and included 
the logos of the funding agencies to increase its legitimacy. 
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The reliability of the measures of the respondents’ behavioral, normative and 
control beliefs were improved by having these be represented by composite 
rather than single scores—consisting of the product of their beliefs and moti-
vators, which were assessed separately onto two different scales. The SEM 
analysis furthermore indicated that the specified model provided satisfactory 
fit to the entire data set. This indicates e.g. that the belief components that had 
been specified beforehand as being representative of the different dimensions 
of the TPB were correlated with one another within the same dimensions and 
distinctly different from the measures representing the other dimensions. In 
other words, the measures were deemed to be both reliable and valid with re-
gards to what they were supposed to represent—the TPB dimensions. 
 
Strengths and weaknesses of the study 
The primary strengths of the study lay in the uniqueness of the study’s focus, 
the data set and the way in which it was collected and analyzed. To the best of 
our knowledge, no other study has explored the potential effects of time-var-
ying rates at the psychological level of users, or how psychological mediators 
might explain whether users are willing and feel able to respond to time-var-
ying rates or not—including the timing of their actual electricity use. The sys-
tematic way in which the data were collected and analyzed, and the size and 
richness of the acquired data set, made this possible. 

 
The primary weakness of the study lays in that we were confined to a cross-
sectional design and that the sample size was too small to allow for subgroup 
analyses. Although the study can be considered a rigorous cross-sectional 
study, the fact remains that there is no way of controlling for all potential con-
founding factors without an experimental design. Strictly speaking, the iden-
tified effects can therefore not be interpreted causally, even if we cannot find 
any other explanation for why the householders from the two areas would dif-
fer in the collected measures. Furthermore, although the sample size was com-
paratively large, it still was not enough for us to be able to analyze different 
groups of households separately using SEM due to the complexity of the 
model. Most importantly, we were not able to run separate analyses for users 
who said they knew that they had a demand-based TOU tariff and those who 
did not. Given that less than half of the households who had a demand-based 
TOU tariff correctly stated that they did, the estimated effect of the tariff was 
likely lower than what it would have been if the vast majority of users had 
known about it. Consequently, some of the variables that were not identified 
as significant predictors of intention and behavior might actually have been 
significant. 
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3.5 Sweden as empirical context 
The studies reported in the appended papers of this thesis were carried out in 
Sweden. As electricity markets are structured in different ways in different 
places, and as the structure determines things such as how users are charged 
for their electricity, it is useful to briefly review the characteristics of the Swe-
dish electricity market to put the design and findings of each study into per-
spective. It is also worth noting that Sweden is considered to be one of the 
world’s most climate progressive, prosperous and innovative countries [21–
24], as this says something about the conditions for the development of DSR 
policies and solutions, as well as about the conditions under which the studies 
reported in this thesis were conducted. 

 
The Swedish electricity market was liberalized in 1996, whereby the then ver-
tically integrated utilities were disintegrated into DSOs and retailers (suppli-
ers), and both generation and retail competition was introduced [238]. This 
means that Sweden was early with far-reaching liberalization of its electricity 
market—preceding the European initiative to enforce vertical disintegration 
and retail competition through Directive 2003/54/EC. Sweden also became 
the first European country to mandate a large-scale roll-out of first generation 
smart meters in 2003, and it was required that meter readings be made at least 
monthly. The roll-out was considered completed in 2009 [239], and a survey 
in 2010 showed that 91% of the meters were capable of hourly readings [238]. 
A roll-out of second generation meters, capable of measuring every 15 
minutes (among other things), has been mandated to be finished by 2025 [240] 
to further support the transition towards smarter grids.  
 
Since the market liberalization, the distribution of electricity is carried out by 
DSOs—owned by the state, municipalities, private companies and other legal 
entities [238]. These are spread across the approximately 450 thousand square 
kilometer large country, while the sales of electricity is carried out by retailers 
that are not tied to any specific location, which any individual can choose to 
buy from. 
 
In 2020, there were about 170 DSOs (legal entities) taking care of the regional 
and local distribution of electricity [241]. These all have different ways of 
charging their customers. Most commonly, users are charged per kWh (plus 
fixed charges and taxes) irrespective of when they use their electricity, but 
sometimes the price is time-differentiated. As of 2020, there were ten DSOs 
offering energy-based TOU tariffs to residential users (16-25 A) and small and 
medium-sized commercial and public users (35-63 A) [242]. Another eight 
DSOs had implemented mandatory demand-based TOU tariffs among resi-
dential users (16-25 A) and another five had done the same among small and 
medium-sized users (35-63 A) [242]. 
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On the supply side, there were about 150 retailers in 2020 that users could 
choose to buy their electricity from [243]. These offer a variety of supply con-
tracts, from “fixed” price contracts where the price per kWh changes once 
every third year to RTP contracts where the price per kWh changes every hour 
in accordance with the market price established at the day-ahead market of the 
Nordic power market Nord Pool. As of January 2020, about 37 percent of 
Sweden’s 4.7 million households had a “fixed” price contract, 50 percent had 
contracts where the price changes from month to month and the remaining 13 
percent had either RTP contracts or “mixed” contracts which combine the 
pricing structures of the other types of contracts [244]. Users who want or 
need hourly metering (e.g. because they choose a contract that requires it) have 
the right to have hourly metering capability activated or installed free of 
charge since 2012 [238,245]. However, retailers are not yet obligated to offer 
RTP contracts, which might in part explain their low prevalence. The Euro-
pean Directive 2019/94, which will be implemented by 2021, will however 
require that all DSOs with more than 200,000 final customers offer dynamic 
price contracts.  
 
There are two important aspects of the Swedish electricity market structure 
that are worth highlighting with respect to the implementation and evaluation 
of time-varying rates, which differentiates the Swedish empirical context 
from, for example, most of the North American empirical contexts. Firstly, 
the fact that DSOs and retailers operate independently means that a change in 
pricing (e.g. static to dynamic) on either side will be diluted by the other. The 
proportion of distribution and retail costs obviously vary depending on the use 
pattern and the specific pricing schemes (which also depend on the type of 
user). On average though, about 45% of the costs that residential users pay 
consist of taxes and fees, 30% of retail costs and 25% of distribution costs 
[246]. The split between distribution and retail furthermore means that users 
may be subjected to time-varying rates for the distribution of electricity, the 
supply of electricity, or both. In other words, Swedish users might face two, 
possibly contrasting, dynamic price signals [86,168,169]. 
 
Secondly, just as many other countries, Sweden is working actively to im-
prove the conditions for DSR, which includes, for example, redesigning dis-
tribution tariffs to support the energy transition [247,248]. A key principle in 
the design of tariffs is that they should be cost-reflective, which given “the 
cost structure of the grid, with high fixed costs and low variable costs, sug-
gests that the majority of network costs should be covered through a fixed or 
power component [i.e. a demand charge]” [86]. Fixed charges do however not 
incentivize an efficient use of the grid, or “take into account the need for net-
work security and flexibility” as Regulation (EU) 2019/943 requires that dis-
tribution tariffs do, or allow for costs to be easily distributed in a fair way 
between users [86]. As a result, tariffs with a demand charge component are 
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becoming more common. As noted, a number of Swedish DSOs have already 
introduced demand-based tariffs—some of them quite long ago [174,249]—
and they have done so on a mandatory basis. This differentiates the Swedish 
context from, for example, the U.S. context where there are hardly any utilities 
who have implemented demand charges (about 30 of more than 2000) 
[73,178], and where time-varying rates have most often been introduced on a 
voluntary (opt-in) basis.  
 
To sum up, Sweden has come far in the liberalization of the electricity market 
and in the implementation of the infrastructure that is needed for time-varying 
rates. As of 2020, many DSOs still have not implemented dynamic distribu-
tion tariffs, and most retailers do not market or offer RTP retail contracts. 
However, many of the DSOs that have implemented dynamic pricing have 
done so in the form of demand-based TOU tariffs on a mandatory basis, and 
some users may even face two dynamic price signals at the same time. These 
are some of the features of the Swedish electricity market which sets the Swe-
dish empirical context apart from, for example, the North American context—
where most studies on the effects of time-varying rates have been carried out. 
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4 Synthesis of the findings 

This chapter addresses the first two research questions by synthesizing and 
discussing the main findings of the appended papers.  

 
As stated in Section 1.2, the purpose of this thesis is to improve our under-
standing of how and why (not) time-varying rates work, by answering three 
research questions. The first two research questions are addressed in the sub-
sections below, while the third (meta) research question is addressed in Chap-
ter 5. The correspondence between the research questions and the appended 
papers is summarized in Table 3 to facilitate the reading. 

 
Table 3. The correspondence between the research questions and the appended pa-
pers. 

Research questions Paper 
I 

Paper 
II 

Paper 
III 

Paper 
IV 

RQ 1. How and why do users respond to 
time-varying rates aiming to incentivize a 
shift of electricity use in time, and how is 
real-time energy feedback interpreted and 
used by users who are subjected to such 
price signals? 

    

RQ 2. How and why do users respond to 
non-price signals aiming to incentivize a 
shift of electricity use in time? 

    

MRQ. Given the price range that is  
currently politically and commercially  
acceptable, what significance does the 
price in itself have in encouraging users 
to shift their electricity use in time? 

    

 
  



 57

4.1 Addressing the first research question 
The first research question of this thesis (RQ 1), i.e. How and why do users 
respond to time-varying rates aiming to incentivize a shift of electricity use in 
time, and how is real-time energy feedback interpreted and used by users who 
are subjected to such price signals?, is addressed by Paper I, II and IV. All 
three studies explored the effects of mandatory demand-based distribution tar-
iffs in various ways. Demand-based tariffs are highly dynamic in the sense 
that the users’ costs depend on their peak demand (kW) rather than just their 
energy use (kWh), which aims to provide an incentive to smoothen out the 
demand curve, across all hours (Paper I) or within pre-defined peak hours (Pa-
per II and IV), as opposed to energy-based tariffs. As discussed in Section 
2.4.3, the effects of demand-based tariffs and of mandatory implementations 
of time-varying rates have hardly been studied. Paper II also explored the ef-
fects of combining the demand-based tariff with real-time retail pricing and 
real-time feedback on electricity use and costs, making it the first study to 
explore how users may respond to unusually dynamic pricing conditions sup-
ported by feedback. 

 
Paper I found that the small to medium-sized electricity users under study 
lowered their demand by 0.32 kWh/h on average over a two-year period after 
the mandatory demand-based tariff was introduced, which equaled to 7.4% of 
their hourly average use during the year before the tariff was introduced. The 
users reduced their demand gradually over the two-year period that was as-
sessed in comparison to the matched control, and the reduction in demand was 
more prominent during wintertime—about 16.8 kWh/day (0.70 kWh/h on av-
erage, equal to 16.2%) the winter two years after the tariff was introduced.  
 
To assess whether the strength of the financial incentive was related to the 
users’ response, we analyzed the correlation between the individual survey-
responding users’ expected change in yearly total electricity costs brought 
about by the new tariff and their within-user mean difference in electricity use 
during the posttreatment period. We found no correlation between the two. 
That is, users who were expected to pay more under the demand-based tariff 
(given their electricity use patterns during the year before the tariff was intro-
duced) did not reduce their demand to a greater extent. To see whether this 
could be explained by the fact that different users may be more or less sensi-
tive to changes in costs depending on their financial muscle, we also took their 
self-rated importance of electricity-related costs relative to their overall ex-
penditures into account, but the absence of a correlation remained. Although 
these findings would have to be confirmed by further studies, e.g. using actual 
rather than self-reported measures of the relative importance of electricity-
related expenditures and a larger sample of users, they remain noteworthy. If 
there is a correlation between the size of the financial incentive provided by a 
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time-varying rate and the degree of user response, it seems reasonable that this 
relationship would at least be evident among users in the commercial and pub-
lic sector whose activities are largely governed by economic considerations. 
 
Paper II aims to provide a deepened understanding how the most interested, 
engaged and autonomous users actually respond to time-varying price signals 
supported by real-time feedback in practice, and why they do it. The study 
was carried out in another empirical context than that of Paper I to broaden 
our understanding of how and why time-varying rates might work among dif-
ferent types of users, as well as how feedback might interact with and shape 
users’ response to time-varying rates.  
 
Paper II found that the highly motivated single-family home-living household-
ers under study claimed to have made a number of changes to the way they 
went about doing things in their homes, including: i) recurring shifts of elec-
tricity-using activities from peak to off-peak hours such as dishwashing, laun-
dering and a few other less frequent/common doings; ii) coordination of the 
use of appliances in time to reduce peak demand during peak hours; and iii) 
one off changes to timers to make sure that timer-automated appliances ran at 
times of low retail prices during off-peak hours. That users claim to have made 
the first type of adaption in response to time-varying rates has been found by 
others (e.g. [145,146,161,162]), but the other two have not, as the second type 
of adaption is a result of the demand charge and the third a result of having 
real-time retail pricing combined with a TOU tariff. 
 
The vast majority of the reported doings were said to have come about prior 
to the start of the study and to have been made in response to the demand-
based TOU tariff alone. Most householders had used the feedback to learn 
about their electricity use, but no householder could say that the feedback had 
affected their response to the TOU tariff. We suggest that this was because the 
adaptions that the users were willing and able to make in response to the TOU 
tariff consisted mainly of temporal adjustments of routines, i.e. time-shifts of 
activities that are performed regularly, which do not require real-time feed-
back. The feedback had been of some use to households who also had real-
time retail pricing, but its perceived usefulness quickly diminished over time 
for most of them as they realized how the price had a recurring daily pattern 
to which they could adapt without needing the feedback. Those who adapted 
to the hourly retail price did so by placing electricity-using activities during 
hours off low retail price during the TOU tariff’s off-peak hours. That is, the 
TOU tariff took precedence over the hourly retail price for those who had both. 
According to the householders, it was because the TOU tariff made up, or was 
perceived to make up, the majority of their bills. The hourly retail price was 
merged with the TOU tariff in the minds of the users to allow for a convenient 
response to both price signals simultaneously.  
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That the householders said to have adapted to the TOU tariff long before re-
ceiving the feedback surprised us, as they could not possibly have been able 
to estimate what their adaptions would lead to in terms of financial savings 
due to the complexity that the demand charge component of the tariff entails. 
When asked directly, it turned out that they did not know at all how much they 
were saving by the changes they had made, but that they assumed that they 
were saving something. What mattered to them was that the adaptions they 
made would not cause them any inconvenience by conflicting with the timing 
of other doings in their daily lives. In other words, they were willing to adapt 
as long as it did not cause them any inconvenience, even though they had no 
idea about how much money they were saving by doing so. 
 
In summary, the findings of Paper II suggest that users who are subject to 
demand-based as well as multiple price signals may respond in more ways 
that are beneficial for the electricity system than users who are subject single 
energy-based time-varying rates. However, the majority of the response is 
identical to that observed in studies on the effects of single energy-based time-
varying rates. We suggest that this is because what householders are willing 
and able to do without causing themselves inconvenience remains the same 
irrespective of the type of price signal and enabling technology being present. 
In addition, the householders tended to mentally reduce the rather complex 
price signals to simpler ones that aligned better with their willingness and abil-
ity to respond. This may in part defeat the purpose of subjecting users to more 
accurate but complex price signals. 
 
The fact that those with real-time retail pricing only cared about the perceived 
average pattern of the retail price during the TOU tariff’s off-peak hours, ra-
ther than the actual retail price across all hours, further illustrates how being 
able to respond without causing any inconvenience seems to be an important 
determinant of DSR. Perhaps more important than actual price levels and cost 
savings, given that the householders claimed to have adapted to the price sig-
nals without knowing how much they were saving. We also found that the 
way in which the feedback interface framed the information on prices and 
costs using different colors seemed to have an impact on their understanding 
of what constituted high prices and costs, and that most of them relied on the 
color indicators rather than the numbers provided by the feedback when inter-
preting the situation. These findings suggest that actual price levels and costs 
were difficult to relate to and did not really matter to the users, despite the fact 
that they belonged to a category of particularly interested users who had been 
subjected to the price signals and the feedback for a long time. 
Paper IV aims to explore users’ drivers and barriers to engage in DSR in a 
more structured manner. This was done by testing whether the attitudes, per-
ceived social norms and perceived ability to engage in load-shifting of users 
living in an area with a mandatory demand-based TOU distribution tariff 
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could explain their engagement in, and intention to engage in, load-shifting. 
The study was carried out in another empirical context than that of Paper I and 
II, although the tariff was very similar to that of Paper II. 
 
Paper IV found no notable difference in the proportion of electricity use during 
peak hours (as defined by the TOU tariff) between the users with the TOU 
tariff and the users without (those in the intervention and reference area re-
spectively). There was a small difference between single-family homes in the 
two areas (33% vs. 36% of electricity use during peak hours), but no sign of 
an interaction between the type of housing and the proportion of peak hour 
use overall. However, as noted in Section 3.4, less than half of the users were 
aware of the tariff, which tells us three things: i) electricity rates need to be 
actively marketed, and ii) the effect of the tariff on the users’ electricity use 
patterns might have been higher if only the vast majority of users had known 
about it, and iii) evaluators should measure rate awareness when evaluating 
the effects of a rate, as this might have a major impact on our understanding 
of how a rate performs. 
 
Despite the low awareness of the tariff, the users with the TOU tariff had a 
higher intention to engage in load-shifting, and this intention was more 
strongly related to their actual behavior than in the reference area. Further-
more, this intention could be predicted by two out of the three constructs stip-
ulated by the TPB: i) their beliefs about the consequences of load-shifting 
multiplied with their attitudes toward those consequences, and ii) their beliefs 
about the social norms surrounding load-shifting multiplied with the im-
portance of conforming to those norms. These constructs could not predict the 
intentions of the users in the reference area, suggesting that the TOU tariff had 
had an effect on the psychological level of the users. The intervention area 
users’ perceived ability to engage in load-shifting (which makes the third con-
struct of the TPB) could not predict their intention. However, when looking at 
all users simultaneously (i.e. both areas), we observed an interaction between 
perceived behavioral control and attitude towards load-shifting. That is, the 
users’ perceived ability to engage in load-shifting could predict their intention 
to engage in it, but only as long as they had a positive attitude towards engag-
ing in load-shifting in the first place. Unfortunately, the sample size was too 
small to run subgroup analyses, wherefore we could not assess whether there 
was any difference in this regard between the users in the different areas.  
 
Looking at the specific belief components that made up the constructs, we 
found that several of them could predict the proportion of electricity use dur-
ing peak hours in the intervention area. The belief components, in order of 
predictive power, were that load-shifting i) reduces one’s environmental im-
pact, ii) reduces one’s costs, iii) reduces one’s comfort, iv) reduces one’s qual-
ity of life, v) is expected by neighbors, vi) is expected by relatives and friends, 
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and vii) that most households with a demand-based TOU tariff engage in load-
shifting for financial reasons. 
 
These findings provide an interesting complement to the ones of Paper II and 
III (reported in Section 4.2). Just as in those studies, the users expected that 
engaging in DSR would lead to cost reductions, which again is very difficult 
to assess for the users themselves. Many also believed that load-shifting poses 
a threat to their comfort and quality of life, which is in line with the findings 
of Paper II and III where users expressed that load-shifting may impose tem-
poral demands that create inconvenience by conflicting with existing rhythms 
and schedules. Unlike what we observed in Paper II, the users in Paper IV 
claimed to be mainly and strongly motivated by environmental concerns. Such 
motivations were also clearly visible in Paper III. We also did not observe any 
normative beliefs in Paper II or III. However, a possible explanation for that 
is that we asked specifically for such beliefs in Paper IV, while we did not in 
Paper II and III. Although the normative belief components were not particu-
larly strong in absolute terms, it remains relevant to know that users’ may hold 
beliefs about what others expect of them and what others do, and that such 
beliefs may predict users’ response to time-varying rates. 
 
Two behavioral control belief components that were strong in absolute terms 
among users in both areas were that the household hardly uses any electricity 
(at all) and that the lifestyle of the household entails that the electricity use 
normally takes place during off-peak hours. Despite the very high absolute 
strength of these belief components, they could not predict the proportion of 
electricity use during peak hours. However, just as with the users’ behavioral 
control belief components, the effect of these belief components might be con-
cealed by an interaction with their attitudes toward the consequences of load-
shifting, which could not be properly captured in our analysis due to sample 
size limitations. That is, that these belief components act as barriers to load-
shifting among users with positive attitude(s) towards load-shifting. If users 
actually believe that they are not really using any electricity, and/or that what-
ever they use usually takes place during off-peak hours anyway, then this 
might obviously be a barrier to responding to a time-varying rate.  
 
In summary, the findings of Paper IV suggest that time-varying rates can in-
duce changes on the psychological level of individuals, including intentions 
to engage in DSR, that may not necessarily translate into observable changes 
in electricity use. Probing users’ motivations for engaging, or not engaging, in 
DSR in evaluations of time-varying rates can help to improve our understand-
ing of why and why not users engage in DSR, and thus help us create more 
effective DSR policies. For example, the findings of Paper IV suggest that 
users might be motivated by environmental concerns and perceived social 
norms, suggesting that DSR policies might become more successful if such 



 62 

motives are properly addressed. The findings also suggest that users may be-
lieve that their actions do not matter (because they are not using any electric-
ity, or are already using it during off-peak hours), and that engaging in DSR 
will lead to a loss of comfort and quality of life, which highlights the potential 
importance of providing users with feedback about their and others’ electricity 
use as well as concrete guidance on how to engage in DSR without causing 
inconvenience.  
 
To sum up the findings of Paper I, II and IV, the studied users were found to 
have responded to the demand-based time-varying rates in various ways, but 
not always in the way it was meant or because they were or would be saving 
money by doing so. Users seem to expect monetary savings, although at least 
some of them seem to be willing to engage in DSR without knowing if they 
are saving anything. Highly dynamic price-signals require sophisticated feed-
back in order for users to get a proper understanding of prices and cost savings, 
yet users were found to respond without feedback. Many users also seem to 
have non-financial motives to engage in DSR. The main barriers to users en-
gaging in DSR is that it might impose inconvenience in terms of temporal 
demands that conflict with existing rhythms and schedules, in terms of causing 
discomfort or a perceived loss of quality of life. Some users also believe that 
they are not really using any electricity, and/or that whatever they use usually 
takes place during off-peak hours anyway, which likely reduces their willing-
ness to engage in DSR and is a serious issue if those beliefs do not represent 
the reality.  

4.2 Addressing the second research question  
The second research question of this thesis (RQ 2), i.e. How and why do users 
respond to non-price signals aiming to incentivize a shift of electricity use in 
time?, is addressed by Paper III. Informed by the findings of Paper I and II—
suggesting that users’ response to a time-varying rate is not necessarily corre-
lated with the expected change in costs as a result of the rate, and that users 
seem to be willing to respond to time-varying rates even though they do not 
know how much they are saving—Paper III set out to explore how and why 
users might respond to a non-price signal aimed at incentivizing a shift of 
electricity use in time. 
 
There are many ways in which a non-price signal for DSR could be designed, 
but very few non-price signals have been tested. Non-price signals for energy 
conservation in general have been tested and shown to be effective, even more 
effective than price-based incentives [55,91,250–252]. A key difference is 
however that saving energy inevitably generates financial savings. The only 
studies on the effects of non-price signals for DSR we knew of prior to our 



 63

study were a few studies on critical peak pricing (CPP) programs. In CPP pro-
grams, the price of electricity is raised during times when a critical peak in 
demand is expected, usually a few times per year. In the studies on the effects 
of such programs, some households that were meant to act as controls received 
information about peak demand events, but without being financially re-
warded for responding. An Australian study found that households responded 
by lowering their demand by 13% during wintertime to such a signal [145], 
while a Californian study concluded that there was no clear evidence of any 
response [253]. These studies did however not go into depth to try to explain 
how and why (not) the users responded. 
 
The deployment of solar PV presents an alternative opportunity to study how 
and why non-price signals for DSR might work that does not require involving 
or persuading distributors to test such a signal. Numerous scholars have hy-
pothesized that bringing users closer to the production of electricity, e.g. 
through the deployment of solar PV on people’s houses, might result in an 
increased awareness of and care for the use of electricity [160,163–167]. A 
few studies that have looked into this indeed suggest that prosumers become 
more energy aware [158–160,254,255] and might engage in DSR [158,159], 
e.g. to make greater use of their home-grown electricity. The findings of Paper 
IV also suggest that users might be strongly motivated by non-financial con-
cerns, some of which PV clearly speaks to. Potentially, this could mean that 
users may be willing to respond to non-price signals aimed at incentivizing a 
shift of electricity use in time. 
 
Even though prosumers might not be charged for the electricity they use any 
differently than non-prosumers, the production of solar electricity is inevitably 
linked to the cost of consuming electricity, as an increased production of 
home-grown electricity reduces the need to buy electricity from the grid. 
Hence, we cannot know whether prosumers who claim to engage in DSR do 
it in response to the implicit price signal imposed by the ownership of PV, 
which most often incentivizes self-consumption (unless generous feed-in-tar-
iffs are in place), or something else. As a matter of fact, we do not even know 
whether householders actually change their energy awareness or electricity 
use in response to becoming prosumers, or whether those who become 
prosumers may have had a different awareness and willingness to alter their 
energy use before even becoming prosumers. This is because the studied 
prosumers have been self-selected and the studies have been non-experi-
mental. 
 
In Paper III, we were able to address these issues using a particular empirical 
context where people had become prosumers without actively choosing to, 
and did not have any personal financial incentive to self-consume (explained 
in Section 3.3). The idea was to see whether these non-self-selected prosumers 
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would be willing and able to engage in DSR, just by learning about their status 
as prosumers, what it means to be a prosumer (e.g. that you have access to 
solar electricity during daytime), why self-consumption is beneficial for soci-
ety and the collective they were part of and how to conveniently increase the 
rate of self-consumption (e.g. by shifting their use of major appliances to day-
time using the built-in timers). In other words, things that people who invest 
in PV themselves are likely to become aware of and that could motivate self-
consumption in the absence of a financial incentive to self-consume. 
 
Paper III found that a fair proportion of the responding householders reported 
having changed their electricity use in response to the information that was 
provided with the aim of increasing their self-consumption of solar electricity. 
Their intention to “use electricity during the day instead of in the evening” in 
the future had also increased substantially. By comparing their reported time-
of-use of major appliances before and after the treatment, we could see that 
they considered themselves to have shifted their use of major appliances to 
“around lunch or early afternoon” (mainly from “late afternoon or early even-
ing”). We found that the most important reason for why they used their appli-
ances at the specified times was the daily rhythms and schedules of their lives, 
both before and after the treatment. However, the number of householders 
who stated such reasons were considerably fewer after the treatment, while 
the number of householders who gave the production of solar electricity as a 
reason was much higher. About a third of the responding householders also 
perceived the daily rhythm and schedules of their lives to be a barrier to adapt-
ing to the availability of solar electricity. A few explicitly said that they did 
not perceive any barrier, while most of them did not provide an answer (most 
of which had said that they had not responded to the intervention). When asked 
to describe what motivations and/or incentives to adapt to the availability of 
solar electricity they had experienced, cost came out on top, followed closely 
by environmental concerns and lastly altruistic motives. Half of the respond-
ents did not provide an answer, most of which had said that they had not re-
sponded to the intervention.  
 
These findings very much resemble those of Paper II, and to some extent those 
of Paper IV, even though the signals aimed to induce DSR were quite differ-
ent. The daily rhythms and schedules of people’s lives was again reported as 
being a major determinant of whether people were willing and/or able engage 
in DSR and both costs and environmental concerns were argued to be im-
portant motivators/incentives to adapt. The cost motivation surprised us in Pa-
per II, given that the householders had no idea about how much they were 
saving by shifting their use of electricity in time, and even more so here, as 
there was not even a personal financial incentive present.  
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In the paper we discuss three possible explanations for this peculiar finding. 
In short, the users were i) either motivated by the fact that the collective could 
save money, ii) had misunderstood their ability to make personal savings or 
iii) simply responded to the question without deeper reflection. The first alter-
native would suggest that their “cost motive” was actually an altruistic motive 
in the form of a care for the collective, in which case altruistic motives would 
dominate among the users given that the other expressed motives were explic-
itly altruistic. Irrespective of whether we believe in this alternative or not, al-
truistic motives (including environmental concerns) clearly existed, just as in 
Paper IV. The second and third alternative would suggest that the household-
ers did not really care about the financial outcomes of their actions, as they 
claimed to have adapted to the intervention despite not having received any 
confirmation of that they were saving money, similar to what we observed in 
Paper II. 
 
These results alone suggest that non-price signals aimed at incentivizing a 
shift of electricity use in time may work and that householders may actually 
change their electricity use in response to becoming prosumers, even in the 
absence of a financial incentive to do so. At least if they are educated and 
encouraged to make use of their home-grown electricity. However, upon look-
ing at the electricity use data, we could not see any noteworthy change in the 
households’ ratio of daily electricity use during daytime hours or in their av-
erage daily electricity use in response to the intervention. Possible explana-
tions for this are discussed extensively in the paper. A plausible explanation 
is that major appliances were shifted by those who said they did so, but not 
often enough to make an obvious impact on the aggregate electricity use of all 
54 households. Further studies would have to be conducted to find out, pref-
erably using a larger sample and with more detailed response measures. 
 
In summary, non-price signals aimed at incentivizing a shift of electricity use 
in time have hardly been studied, despite the fact that non-price signals have 
been shown to be effective in promoting energy conservation. Paper III pro-
vides some evidence to suggest that non-price signals aimed at incentivizing 
a shift of electricity use in time may work by inducing the same type of re-
sponses as price signals do, but much remains to be explored.  
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5 Discussion 

This chapter addresses the third (meta) research question through a broader 
discussion of key findings in relation to the literature. 

5.1 Addressing the third (meta) research question  
The third (meta) research question of this thesis (MRQ), i.e. Given the price 
range that is currently politically and commercially acceptable, what signifi-
cance does the price in itself have in encouraging users to shift their electricity 
use in time?, is addressed by all of the appended papers. As discussed, several 
summarizing studies have explored whether users increase their response as 
the peak to off-peak price ratio of time-varying rates increase. As price signals 
are supposed to provide financial incentives, and users have been shown to 
respond to them, it is natural to assume that the price itself is what drives users’ 
response.  
 
However, the appended papers of this thesis contain several observations that 
call this assumption into question. The findings of Paper I and II suggest that 
users may respond to time-varying rates despite the fact that they do not, or 
simply cannot, know how much they are saving by doing so. Even among 
commercial and public users who were found to have reduced their demand 
after the introduction of a time-varying rate, we found no evidence of a rela-
tionship between the expected changes in costs as a result of the introduction 
of dynamic pricing and actual response (Paper I). We also found that users 
interpreted prices and costs differently depending on how they were presented, 
and that they even disregarded the numbers themselves in favor of color sig-
nals—even though they had lived with the feedback interface that provided 
the information for years and thus had had plenty of time to figure out what 
constitutes high prices and costs (Paper II). 
 
As discussed in Section 2.5, there are many different understandings of what 
governs energy demand and how changes in demand can be induced. That is, 
the observations presented in the appended papers can be understood in dif-
ferent ways. The discussion below is not consciously limited to one particular 
view, but is rather informed by concepts and observations from several strands 
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of research in an attempt to provide as broad of an understanding of the find-
ings as possible. 
 
Building on Shove et al.’s [36] account of a theory of practice, Strengers [163] 
suggested that price signals may act as conveyers of meanings beyond costs 
and savings. These would be meanings that make practices that use electricity 
come to matter in new ways, by turning electricity from something invisible 
to a material element of practice, which in turn changes the practices or the 
performances (such as the timing) of those practices. Strengers suggested that 
these be meanings of “frugality and finiteness [that come to life] without chal-
lenging broader meanings of abundance and availability” [163]. In other 
words, Strengers suggestion was that users may read more into price signals 
than the price itself. In simple terms, users may respond to a price signal for 
reasons other than to save money. Our observations that users may express 
salient non-financial motives for engaging in DSR—such as environmental 
concerns (Paper III and IV) and beliefs about what is normal and/or expected 
of them (Paper IV)—which may predict their actual response to a price signal 
(Paper IV), are in line with this hypothesis. 
 
If users, at least in part, respond to non-financial meanings conveyed by price 
signals, what determines the degree of response, if not the price level? We 
found that users claimed to be willing to engage in DSR, despite not knowing 
what the monetary reward for engaging in DSR was, as long as it did not cause 
them any inconvenience (Paper II). In other words, the price signal triggered 
their engagement in DSR, but the level of their engagement was determined 
by their ability to engage without causing inconvenience, rather than by the 
price of electricity at any given moment in time. To exemplify, the users with 
RTP retail contracts ran their appliances during times of low price, irrespec-
tive of how low the price actually was (Paper II). The importance of conven-
ience and comfort for users engagement in, and willingness to engage in, DSR 
was a recurring observation (Paper II, III and IV), and it is one that has been 
made by several others (e.g. [146,148,149,153,155,161,256]). Given this, it 
could be that users who are subjected to time-varying rates with different peak 
to off-peak price ratios do the exact same things in practice when responding 
to those different rates. In other words, different price levels may very well 
yield the same magnitude of user response. It could also mean that the actual 
monetary savings that users can make may not have to be particularly large 
for time-varying rates to induce DSR. Considering what this would mean for 
the design of DSR policies if it turned out to be true, these hypotheses defi-
nitely deserve to be tested.  
 
If it is the case that price signals carry meanings beyond costs and savings that 
may trigger a willingness to act in users (for the environment, for future gen-
erations, for society, and/or to conform to the expectations of others etc.) as 
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long as it does not cause them any inconvenience—is the price of electricity 
in itself doing anything at all, or could a non-price signal that speaks directly 
to people’s non-financial motives be just as, or perhaps even more, effective 
at inducing DSR? 
 
Paper III was a first attempt to answer this question by looking at how users, 
who have the technical means to engage in DSR, respond to a non-price signal 
aimed at incentivizing a shift of electricity use in time. This was done using 
the “having access to PV” context and information leaflets informing the users 
of that context as a non-price signal—a context which numerous scholars have 
suggested triggers an increased energy awareness in users [160,163–167] and 
non-financial motives to shift the timing of their electricity use [158,159]. Un-
fortunately, the results were ambiguous. The self-reports suggested that the 
signal had been effective, but the electricity use data did not show any clear 
sign of a shift in the users’ electricity use pattern.  
 
Apart from our study, the prospect of using non-price signals to induce DSR 
has hardly been explored. However, many studies have shown that non-price 
signals are effective at inducing energy conservation (for an overview, see 
[55])—even more effective than price-based ones [55,91,250–252]—which 
suggests that this deserves to be explored further. Paper III evaluated one type 
of signal in one type of setting, both of which were rather unique. Many more 
studies of different types of non-price signals in different empirical contexts 
need to be conducted before we can draw any conclusions. Interestingly, since 
the publication of Paper III, at least one study of a large scale implementation 
of a non-price signal for DSR has been evaluated [257]. The signal resembled 
a CPP signal and showed promising results, both in terms of peak demand 
reductions and cost-benefit [257]. 
 
Although many of our observations are well aligned with the hypothesis that 
users may respond to price signals for reasons other than to save money, some 
of our observations are not. Contrary to what Strengers’ [163] reported, most 
of our users actually claimed to be motivated by the prospect of saving money 
(Paper II, III and IV). Surprisingly, even users who had no prospect of doing 
so claimed that (Paper III). Yet, users claimed to engage in DSR without 
knowing how much they were saving by doing so (Paper II and III). In other 
words, the users were found to have beliefs about the consequences of their 
actions—consequences which motivated them to act, despite not being con-
firmed in terms of actual visible savings. On the other hand, their beliefs were 
not necessarily disconfirmed either. Is it thus possible that price signals also 
work, at least in part, by invoking beliefs about the financial benefits of en-
gaging in DSR?  
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A recent study by White and Sintov [258] found that the monetary savings 
that users believed they would make by having a TOU tariff strongly predicted 
their intent to remain on the tariff. Similarly, Baladi, Herriges and Sweeney 
[259] found that users’ beliefs about their electricity use patterns—which ob-
viously determine their costs and ability to make savings—predicted their 
willingness to enroll in a voluntary TOU tariff. However, the users’ expecta-
tions to save money were only weakly related to actual savings [258] and their 
perceptions of their use patterns were not accurate [259]. In other words, the 
users’ beliefs about the monetary outcomes of their actions determined their 
actions, and their beliefs were incorrect. 
 
This begs the question: what would happen if users who engage in or intend 
to engage in DSR based (at least partly) on the belief that they are saving 
money were proven wrong, rather than just not having their beliefs being con-
firmed? In other words, what would happen if users were told exactly how 
much money they were saving or would save, if that amount did not live up to 
their expectations? If the primary motive of a given user to engage in DSR is 
to save money, there is clearly a risk that the user may refrain from engaging 
in DSR upon realizing that he/she is not, or would not be, saving as much as 
expected. A meta-analysis of information-based energy conservation experi-
ments by Delmas, Fischlein and Asensio [55] suggest that this risk is real: 
study participants who received information on monetary savings or monetary 
incentives increased rather than decreased their energy use. According to the 
authors, one potential explanation for this is the “licensing effect”, i.e. that the 
users learnt that their expenditures and/or potential savings were smaller than 
anticipated, licensing them to consume energy without regret. Similar findings 
have been made in a few other studies [250,252]. 
 
In fact, providing financial incentives or emphasizing monetary savings when 
these are not perceived as strong or large enough may not only lead users to 
refrain from engaging in desirable behavior, or start to engage in undesirable 
behavior, but also crowd out non-monetary motivations to engage in such be-
havior [91,260–265]. For example, Schwartz et al. [91] found that emphasiz-
ing the monetary benefits of an energy conservation program’s reduced par-
ticipants’ willingness to enroll in the program. Their attention to environmen-
tal concerns was also reduced, even though the environmental benefits of en-
rolling were emphasized as well. This led the authors to conclude that energy 
conservation programs are likely better off emphasizing the intrinsic benefits 
of energy conservation, as the extrinsic benefits may speak for themselves. 
Similarly, Pellerano et al. [264] conducted a large randomized control trial 
(n=27,634 split into two treatment groups and one control) to test whether 
users who were told that they used X percent more electricity than the typical 
household would respond any differently than users who got the same mes-
sage and were told that they could reduce their electricity bill substantially by 



 70 

reducing their consumption below a certain price threshold in their electricity 
rate. They found that users who received the first message reduced their elec-
tricity use significantly in comparison to the control, while the users who re-
ceived the second message did not. This lead the authors to suggest that adding 
an extrinsic reward to a signal targeting an intrinsic motive reduces the impact 
of the signal. 
 
In other words, time-varying rates may not only run the risk of becoming in-
effective if users realize that engaging in DSR does not save them as much 
money as they were expecting, but may also run the risk of demotivating users 
who would be willing to engage in DSR for other reasons than to save money. 
These hypotheses deserve to be explored, and they bring us back to the ques-
tion of whether a non-price signal that speaks directly to people’s non-finan-
cial motives may be just as, or even more, effective at inducing DSR in the 
long run? Furthermore, how would a demand response program perform that 
uses the price of electricity to signal to users when to act, but which prioritizes 
people’s intrinsic motives in its marketing and lets the extrinsic benefits of 
responding to the signal speak for themselves? 
 
To sum up, our observations suggest that users may respond to time-varying 
rates in unexpected ways, and for reasons that are not obvious considering 
how price signals are meant and expected to work by those who implement 
them. Our and other’s studies suggest that time-varying rates induce DSR, but 
given users’ possible motivations to engage in DSR and their beliefs about the 
consequences of doing so, it is unclear whether using time-varying rates is the 
most effective way of inducing DSR and sustaining desirable electricity use 
patterns in the long run. Despite evidence from energy conservation studies 
suggesting that non-price signals may hold great potential, the effects of non-
price signals for DSR remain unexplored, but certainly deserve our attention 
going forward.  
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6 Conclusions 

This chapter summarizes the main research contributions, implications of the 
findings, avenues for further research and general limitations of the thesis. 

6.1 Main contributions, implications and avenues for 
further research 

The studies reported in the appended papers of this thesis set out to explore 
how and why (not) time-varying rates work. This was done by studying how 
users respond to various time-varying rates (with and without real-time energy 
feedback) and a non-price signal that aims to incentivize a shift of electricity 
use in time, including what motivated, discouraged, enabled and hindered 
their response. In doing so, this thesis has made a number of contributions that 
are of value to researchers and practitioners. 

 
Firstly, the appended papers of this thesis have explored a number of empirical 
circumstances and types of interventions which have hardly been studied, but 
which are highly relevant with regard to ongoing developments in the energy 
sector. For example, the appended papers are among the first to explore the 
effects of demand-based tariffs (Paper I, II and IV), mandatory implementa-
tions of time-varying rates (Paper I, II and IV), multiple time-varying rates 
(Paper II) and non-price signals that aim to incentivize a shift of electricity use 
in time (Paper III). More specifically, the appended papers are the first to study 
how small and medium-sized electricity users in the commercial and public 
sector respond to a mandatory demand-based distribution tariff and how the 
expected change of their costs and their perception of the importance of elec-
tricity-related costs relate to their response (Paper I); how users in single-fam-
ily homes interpret and respond to a mandatory demand-based TOU distribu-
tion tariff combined with real-time retail pricing and real-time feedback on 
prices and costs (Paper II); how users in condominium apartments respond to 
becoming aware of that they are prosumers and to non-financial encourage-
ments to shift their electricity use to daytime (Paper III); and, how a demand-
based TOU distribution tariff might affect users’ attitudes, perceived social 
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norms and perceived ability to engage in DSR, and how these cognitive me-
diators might in turn explain users’ intention to engage in, and actual engage-
ment in, DSR (Paper IV). 
 
In exploring the effects of some of these empirical circumstances and inter-
ventions, we have made use of methodological approaches that are new or 
have not been commonly applied in similar types of studies—approaches that 
demonstrate clear benefits over conventional approaches. For example, Paper 
I and III, which are among the first to provide a deeper discussion of the issue 
of self-selection biases in studies on the effects of time-varying rates (Paper I) 
and prosumerism (Paper III), illustrate how such biases can be dealt with using 
novel methodological approaches. These include quasi-experimental and 
stepped wedge designs, two-level time-series and panel regression models and 
matching and stratified randomization procedures based on observational pre-
treatment electricity use data. Similarly, Paper IV is among the first to show 
how post treatment survey and electricity use data can be used to conduct an 
evaluation of the psychological effects of time-varying rates and how these 
relate to users’ engagement in DSR using a comparative cross-sectional de-
sign and structural equation modelling. 
 
The unique features of the studies reported in this thesis have contributed to a 
number of findings that have implications for our understanding of how and 
why (not) users respond to signals aimed at incentivizing a shift of electricity 
use in time. As discussed in the beginning of this thesis, users’ response to 
time-varying rates is often assumed or claimed to be a function of price: as the 
price (or the peak to off-peak price ratio) goes up, so does users’ response. 
This assumption/claim was questioned in the beginning of this thesis as the 
suggested relationship between price and user response is anything but clear. 
A number of potential explanations for the lack of an evident relationship be-
tween price and user response were discussed, none of which have been suf-
ficiently explored. In effect, this thesis set out to improve our understanding 
of how and why (not) time-varying rates work, by studying how users respond 
to both price and non-price signals that aim to incentivize a shift of electricity 
use in time and what motivates, discourages, enables and hinders users to re-
spond. 
 
In line with previous studies on the effects of time-varying rates, the findings 
of this thesis suggest that users do respond to such rates by shifting the timing 
of their electricity demand. Users may do this in a multitude of ways, involv-
ing many different appliances, although dishwashers and washing machines 
are mentioned as being shifted in time most often. It is however unclear 
whether the use of these appliances is considered to be particularly easy to 
shift in time, or whether these appliances are simply more common in people’s 
homes than other types of appliances. 
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When users are confronted with very complex price signals, such as a combi-
nation of time-varying distribution and retail rates, they tend to simplify those 
rates by mentally merging them into one signal that they can respond to more 
conveniently. This was observed among very engaged users who had been 
subjected to such signals and had had access to real-time feedback informing 
them of the implications of those signals for years, which illustrates that there 
are limits to how complex signals users are willing and able to respond to. 
 
The findings furthermore suggest that users may hold several different mo-
tives to engage in DSR, including non-financial motives such as a care for the 
environment, for future generations, society, and/or a will to conform to the 
expectations of others. The rhythms and schedules of people’s everyday lives 
are identified as the most important hindrances for people to engage in DSR, 
as these dictate when certain practices—such as dishwashing and washing—
are performed. However, our observations suggest that users may come to re-
evaluate the temporal flexibility of practices as they are exposed to signals that 
aim to incentivize a shift electricity use in time.  
 
Another hindrance for people to engage in DSR that we identified was that 
users may believe that they are not really using any electricity, and/or that 
whatever they use usually takes place during off-peak hours anyway. This ob-
servation, and our observation that users who were subjected to very complex 
price signals were able to respond to those signals more conveniently with the 
help of feedback, suggests that feedback has a role to play in removing poten-
tial barriers to DSR, e.g. by informing users of the consequences of their elec-
tricity-using habits and routines. However, as we and many others have ob-
served, users tend to lose interest in feedback and find it less useful over time. 
Practitioners could use this insight and lend or rent out feedback capabilities 
over shorter periods of time. This could help to provide more users with feed-
back using less resources, while likely providing greater benefits than which 
can be expected from having fewer users with lifelong access to feedback. It 
does however remain to be seen whether the introduction of new technologies, 
such as PV, electric vehicles and residential battery storage solutions might 
change the perceived long-run usefulness of feedback. 
 
Notably, there is no evident relationship between how much money users may 
save (or lose) by (not) responding to a signal that aims to incentivize a shift of 
electricity use in time and their actual response to that signal. Many users do 
hold expectations of saving money and claim to engage in DSR as a result of 
those expectations, but the fact that users are rarely (if ever) informed of 
whether their expectations are met or not suggests that many users may actu-
ally be willing to engage in DSR with little or no financial reward. Several of 
our observations suggest that users might indeed engage in DSR without hav-
ing any clue of how much money they are saving by doing so. These findings 
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go against the conception that users are unwilling to engage in DSR unless 
they are generously remunerated, which sceptics of time-varying rates some-
times express. 
 
However, there is a risk that users who expect to save money may refrain from 
or stop engaging in DSR if their expectations are not met, which poses a po-
tential threat to the long-run effectiveness of conventional price-based demand 
response programs. There is also a risk that users who primarily hold non-
financial motives may be discouraged to engage in DSR if monetary savings 
is the key selling point of demand response programs. Policymakers, profes-
sionals and researchers should explore these risks and alternative instruments 
that address these risks and may be more appealing to users that hold non-
financial motives to engage in DSR. Doing so will be key to ensure that cur-
rent and future DSR policies are cost-efficient and effective, both today and 
tomorrow. Given that others have found non-price signals to be superior to 
price-based incentives in encouraging energy conservation, non-price signals 
that aim to incentivize DSR should be on the list of alternative policies to try 
out. The effects of emphasizing the non-monetary benefits of engaging in DSR 
in response to time-varying rates should also be explored. 
 
Apart from these future explorations, it is vital that the academic community 
recognizes the issue of the immense variability in reported user responses be-
tween studies on the effects of time-varying rates and engages in strategic ef-
forts to try to explain it. That is, not only do we need more research, but future 
research efforts need to be coordinated to a greater extent than they are today 
if we are to be able to understand the issue at hand. Meta-analysis is a powerful 
tool that can be used to understand how different aspects—such as contextual 
factors, intervention characteristics or methodological choices—impact the 
observed outcomes of interventions. However, unless the studies included in 
a meta-analysis are reasonably similar to one another and any differences be-
tween the studies are known, the results will not be very useful, and quite 
possibly even misleading. Researchers and practitioners who seek to study the 
effects of DSR policies should therefore use meta-analytic thinking through-
out their work, meaning that they should consider what studies have been con-
ducted, what studies that need to be conducted (including replications) to im-
prove future meta-analyses and how the study and its results should be re-
ported to facilitate meta-analysis. Ideally, studies on the effects of time-vary-
ing rates and other DSR interventions should be coordinated so that research 
funds are not used to conduct studies whose findings cannot be synthesized. 
The results of the available studies should be gathered and kept in one publicly 
accessible place, so that researchers and practitioners alike can find and make 
use of the available evidence without having to reinvent the wheel. The bottom 
line is that if we cannot understand why certain DSR policies work, e.g. be-
cause the evidence is incompatible and/or scattered, there is little prospect for 
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designing more effective policies, and a lot of public money risks being 
wasted.  
 
That being said, policymakers and practitioners should not sit around and wait 
for a “complete” picture of how DSR policies work to emerge, or for the ulti-
mate instrument to be discovered. An instrument will never be perfect, and it 
will likely have to be adjusted over time irrespective of its initial success. The 
fact that the majority of distributors/utilities/retailers around the world still 
have not implemented any policy that aim to incentivize DSR is one of the 
biggest barriers to obtaining a more flexible demand side, and to researchers 
and practitioners alike to learn about what works and what does not. 

6.2 Limitations 
This thesis is based on research carried out in various empirical contexts in 
Sweden. As the context inevitably has an impact on the findings, the reader 
should be aware of how the Swedish context might differ from other contexts 
where similar studies have been conducted. Aspects of the Swedish context 
that are important to be aware of when comparing the results with similar 
studies are described in Section 3.5, and a broader discussion of contextual 
aspects of studies in the field are discussed in Section 2.4.3. 
 
That being said, this thesis addresses a number of issues that are not confined 
to the Swedish context, and as shown throughout this cover essay and the ap-
pended papers, there is a fair amount of research carried out in different con-
texts that support the findings and arguments put forward in this thesis. How-
ever, it is important to acknowledge that the topic of DSR is broad and com-
plex, and that no single piece of research is able to provide a definitive answer 
to the questions that are put forward in this thesis. Rather, this thesis has pro-
vided a few additional pieces to the puzzle. It has raised a series of questions 
and scratched the surface on a number of issues through four separate studies 
that all have unique features.  
 
Using different empirical contexts and approaches to study something is use-
ful when trying to build a broad picture of an issue, but it can also be limiting 
in the sense that the different studies and their findings might become difficult 
to synthesize or compare. For example, this thesis builds upon both self-re-
ported and metered electricity use data, which for various reasons may be dif-
ficult to integrate and compare, as illustrated by Paper III. Many of the issues 
that this thesis addresses could not have been studied without the use of self-
reports, but it is no secret that self-reports are inherently problematic, as there 
is often no way of telling whether the person who is being interviewed or fills 
in a questionnaire is providing an accurate depiction of the issue at hand. Thus, 
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it is important to test whether what people say—such as what motivates them 
to engage in DSR or how they interpret prices differently depending on how 
they are visualized—holds true by testing it using carefully designed experi-
ments.  
 
The studies that this thesis builds upon also focus on different types of users, 
including residential users living in different types of housing and commercial 
and public users running different types of operations. The findings of the dif-
ferent studies in this thesis have been treated as if they were different pieces 
of the same puzzle, but the extent to which that holds true remains to be tested. 
The psychological mechanisms governing how a person understands an inter-
vention aimed at incentivizing a shift of electricity use in time may not change 
depending on what type of housing he/she lives in or whether he/she is at home 
or at work, but the conditions for how and why to respond to such an inter-
vention will differ depending on the context. In the case of residential versus 
non-residential users, it is clear that the conditions for how and why to respond 
may be different. Even though a single individual within an organization may 
have the responsibility and power to decide on how to respond to an interven-
tion, the conditions for making that decision are likely to be different from 
those in his/her private life, which may lead to a different outcome. Although 
the different studies that this thesis builds upon has looked into what moti-
vates, discourages, enables and hinders different types of users to engage in 
DSR, this thesis has not attempted at providing an account of how different 
types of users might differ from one another in terms of how and why they 
respond to signals aimed at incentivizing a shift of electricity use in time. That 
remains to be explored. 
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