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SUMMARY

Demand response, defined as the shifting of electricity demand, is generally believed to have value both for the grid and for
the market: by matching demand more closely to supply, consumers could profit from lower prices, while in a smart grid
environment, more renewable electricity can be used and less grid capacity may be needed. However, the introduction of
residential demand response programmes to support the development of smart grids that includes renewable generation is
hampered by a number of barriers. This paper reviews these barriers and categorises them for different demand programmes
and market players. The case study for the Netherlands shows that barriers can be country specific. Two types of demand
response programmes have been identified as being the most promising options for households in smart grids: price-based
demand response and direct load control, while they may not be beneficial for market players or distribution system
operators. © 2016 The Authors. International Journal of Energy Research Published by John Wiley & Sons Ltd.
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1. INTRODUCTION

The growth of renewable power generation has been strong
in recent years: since 2006, the pace accelerated to 5.5%
per year [1]. In order to reach the goal set by the
European Union (EU) of 20% of renewable energy in
2020 [2] and at least 27% in 2030 [3], this growth has to
continue and some challenges regarding renewable elec-
tricity must be resolved. Besides high costs, the main bar-
rier to large-scale implementation of renewable electricity
from sources such as wind and solar energy is the variabil-
ity of these sources, which poses challenges for integration
in the grid [4]. In the current electricity system, supply fol-
lows demand: electricity is produced by utilities and dis-
tributed by network companies when users need it using
centralised usually fossil-fuel-based power plants. As the
generation of electricity by wind turbines and photovoltaic
(PV) systems depends on the weather, supply is variable
and difficult to control, which may lead to imbalances in
the electricity system. The variations in production and risk
of imbalance between supply and demand lead to fluctuat-
ing electricity prices, which sometimes become even

negative [5], and to higher costs to the system. Because de-
mand and supply of electricity have to be balanced at all
times, variation of the electricity price over the day may
create an incentive for producers and consumers of elec-
tricity to either adapt production or demand to changing
circumstances. Dynamic network tariffs have been intro-
duced already in the 1930s to address peak-load issues [6].

A significant part of the growth of renewable energy
can be attributed to local electricity production, such as
PV energy at households [7]. This adds a second challenge
to the system: historically, electricity is produced in a
centralised way and transported to households via the
high-voltage, medium-voltage and low-voltage transmis-
sions systems. Nowadays, a large share of renewable elec-
tricity, including wind and solar PV energy, is produced
locally and directly inserted in the low-voltage distribution
system [8]. Large electricity peaks are created on the grid
when large amounts of PV systems are installed in a dis-
trict, especially in the summer. In addition, the increased
deployment of electric vehicles (EVs) and heat pumps by
households leads to a higher electricity demand, especially
in winter [9]. The use of electricity for transport and
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heating is part of ‘the electrification of everything’ [10] and
will lead to much higher electricity peaks on the network.
Smart energy management including accurate forecasting
of supply and demand is necessary to support the develop-
ment of decentralised power generation in smart grid envi-
ronments [11–16].

The combined increase in local electricity production
and higher electricity demand could force large invest-
ments in distribution networks to create additional grid ca-
pacity [17]. Because these developments mainly take place
at households, this problem is especially relevant for the
residential sector and less for the commercial or industry
sector. Electricity storage could solve both problems, as a
storage device such as a battery could either supply or take
up electricity and thereby balance demand and supply and
reduce peaks, but present high cost prohibits this [18].

Another solution would be to let demand follow supply,
which is termed ‘demand response’. In general, it supplies
consumers ‘with control signals and/or financial incentives
to lower or adjust their consumption at strategic times’
[19], meaning that consumers are encouraged to either in-
crease or decrease their electricity demand, depending on
whether there is an abundance or shortage of electricity, re-
spectively. Demand response programmes can reduce fluc-
tuations in electricity flows and price and thereby reduce
costs for the system as a whole. Concomitantly, through
the reduction of the peaks in electricity demand, demand
response programmes can reduce electricity peaks in the
(distribution) grid, which leads to lowering the risk for
overloading the network. Also, because the electricity peak
in the grid determines the maximum capacity of the elec-
tricity grid, a lower peak could mean that a lower grid ca-
pacity is needed. If the needed maximum capacity of the
network is kept lower, investments by distribution system
operators (DSOs) to enlarge the capacity by the owners
and operators of the grid can be deferred. Hence, demand
response can be beneficial to electricity producers, DSOs
and consumers, because it stabilises and lowers prices.

Model studies in smart grid environments show differ-
ent results for the ability of demand response programmes
to reduce the demand peak: peak reduction has been esti-
mated to be 5% [20] and 20% [21] and for some local areas
even between 35% and 67% [22]. Real-life cases show
similar varying outcomes: sometimes the reduction is be-
tween 3% and 6% [23], 10–14% [24] and 35% [25], and
in some cases, it can be as high as 50% [26]. The decrease
depends strongly on the chosen programme [27].

Demand response programmes in residential areas have
been offered in the USA to hundreds of thousands of con-
sumers [28,29]. In the Netherlands, development of de-
mand response directed to consumers is lagging behind
compared to that in the USA, while day and night tariffs
existed since the 1960s, which was meant to shift day loads
to the night in order to leave coal-fired power plants run-
ning. Some experimental tariff systems have been tested
in practice, even some already in the 1980s related to wind
power [30], but were never adopted [31]. In some of the
smart grid field experiments in which Dutch network

companies, energy suppliers and information technology
companies work together to advance the development of
smart grids, demand response is tested. Only limited re-
search has been carried out so far to identify potential bar-
riers for demand response introduction in residential areas
in the context of smart grid development.

An overview of some categories of barriers specific to the
United States has been reported [32,33]. Research has been
performed on barriers to demand response in Europe as well,
but only on programmes organised by aggregators, and those
studies either have a European perspective [34] or focus on
other European countries [35] or only give a short situation
overview [19]. An in-depth analysis of what obstructs the in-
troduction of demand response programmes is lacking.

In this paper, we thus add to the present state-of-the-art in
that we perform an in-depth analysis of the barriers to the in-
troduction of demand response programmes in support of
smart grid development in residential areas. Identification
and review of the barriers is carried out in an original way:
we formulate the barriers as hypotheses, and a distinction is
made for different demand response types and stakeholders.
First, a thorough document review has been performed to
identify a global overview. Second, these barriers have been
discussed with Dutch experts from the energy sector, linking
them to the situation in the Netherlands.

Note that different stakeholders may conceive barriers in
a different way. In fact, a barrier for one stakeholder may be
beneficial for another. Rather than identifying barriers as ar-
guments against introduction of demand response to ac-
commodate smart grids, one could argue that social
acceptance [36] is crucial, especially considering the ‘prob-
lem’ that demand response should solve, namely variability
in supply and demand by decentralised power generation
and consumption from systems owned by consumers. In
fact, consumers are becoming ‘prosumers’ (producing con-
sumers) of electricity, and they can respond at will to the
surplus of electricity generated, perhaps focusing on direct
use of PV power to increase their self-consumption, which
will become economically interesting with decreasing feed-
in tariffs or abolishment of net metering.

This paper is further organised as follows. Section 2
provides an overview of demand response programmes,
while Section 3 describes the barriers found in more detail,
and hypotheses are formulated. Section 4 presents results,
which are discussed in Section 5. Section 6 closes the pa-
per by drawing conclusions. Recommendations are formu-
lated as well, such that a faster development of demand
response in smart grid environments for households can
be realised, in particular in the Netherlands.

2. DEMAND RESPONSE
PROGRAMME OVERVIEW

2.1. Categories of demand response

Many demand response programmes have been described
in literature. In order to create an overview, a
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categorisation method is needed. Even though multiple
classifications have been proposed [37–42], the
categorisation of demand response by the US Department
of Energy [43] is the most widely used. It makes a distinc-
tion between tariff options and programme options, where
the former is also described as price-based demand re-
sponse and the latter as incentive-based demand response
[43]. Based on this classification, shown in Figure 1, an
overview of demand response programmes is given in the
following, including some information from model studies
and real-world experiments about their performance. A fur-
ther subdivision is shown as well, which will be discussed
in subsections that follow.

2.2. Price-based demand response

Price-based demand response includes dynamic pricing
programmes, in which the price of electricity is not fixed
but varies in time. The most important options are time-
of-use (TOU) rates, critical peak pricing (CPP) and real-
time pricing (RTP) [43]. These programmes all have the
same goal: to reduce electricity use during certain periods.
This is performed by setting a higher-than-normal price
during these periods. In a centralised electricity supply sys-
tem, TOU pricing has been introduced to increase overall
demand at certain low-demand times (e.g. to let electric
water heaters run at night) to create higher base load, and
not to reduce peak demand.

2.2.1. Time of use
Time-of-use rates work by dividing a day in multiple

periods and making the electricity price different for each
period. In periods in which electricity demand is high,
prices are set higher than normal. In periods in which de-
mand is low, the electricity price is set lower than normal.
This creates a financial incentive for consumers to shift
their electricity use from a period with a high demand
(and therefore high price) to a period with a low demand
(and therefore low price). An example of TOU rates is
given in Figure 2.

Time-of-use rates are the most widely applied demand
response method. In the USA, over two million customers
had TOU rates [39,44]. The majority of customers enrolled
have been offered TOU rates as a default option, while the
opt-out rates are low [28]. TOU rates are also offered to
consumers in other countries, ranging from China to many
European countries including France, Italy, Spain and the
UK [34,45,46]. In the Netherlands, the widely used option
to have a separate electricity price for the day and the night
(albeit with minimal price difference of about 0.01€/kWh)
is a price-based demand response measure.

The results of implementing TOU rates vary. Model
experiments show a decrease in peak use from 50% to
7.6%, without benefits to consumers: instead, the cost
for consumers increased [41,42]. This is caused both by
higher (average) prices and by a larger electricity use.
The latter is induced by the lower tariffs during the off-
peak period. The effect of demand response programmes

Figure 1. Overview of two categories of demand response and further classification (based on [40,43]). [Colour figure can be viewed
at wileyonlinelibrary.com]
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on total electricity use is uncertain regarding its overall
energy savings potential [46]. Furthermore, the outcomes
of these models are very dependent on price responsive-
ness, that is, the reaction of consumers to the higher or
lower prices. This includes both price elasticity (the
change in electricity use due to changes in the electricity
price) and substitution elasticity (the shifting of use to a
different period) [47]. The price responsiveness of con-
sumers to variable electricity prices also differs on the
time horizon: for example, in the long run, users can im-
prove their responsiveness with automation of appliances
[48]. It furthermore varies per consumer class and region
[38]. For all price-based demand response programmes,
price elasticity is an important parameter. However, its
real value is not only not constant and very dependable
on other factors but also unknown. Earlier research
showed values ranging from �0.05 to �1.1, meaning a

10% increase of price can lead to a decrease of the elec-
tricity use between 0.5% and 11% [49]. Experiments in
the real world showed TOU rates leading to a reduction
in peak use of 3% to 6% [50].

2.2.2. Critical peak pricing
Critical peak pricing works by raising the price of elec-

tricity strongly during certain peak periods with an
intended effect to reduce demand. These events are not
known beforehand: in most programmes, these periods
are communicated to the users shortly in advance. How-
ever, the duration and (maximum) number of these periods
are determined in advance and known to the end user [26].
Users are compensated for the temporary higher tariffs by
offering them a lower base tariff. An example of CPP is
given in Figure 2. It is stated that CPP is the most suited
pricing method to reduce peaks [26].

Model outcomes depend strongly on the chosen price
responsiveness, but real experiments have proven CPP is
far more efficient than TOU rates in reducing peak de-
mand. However, the exact amount of reduction varies
greatly, ranging from 13% to 20% without automation
and of at least 30% with automation [50,51]. Even values
of 50% have been reported in practice [26]. But it should
be noted that peak reduction obviously happens only dur-
ing the peak periods, while TOU rates reduce the peak ev-
ery day [27]. Furthermore, model studies have indicated
that the cost for consumers can be high, because some elec-
tricity use cannot be shifted to another period and the elec-
tricity price during the peak period is usually much higher
[41,42]. Finally, CPP and TOU rates can be combined
[50], which is used on a large scale in France and could
be a promising option for the Netherlands [26].

2.2.3. Real-time pricing
Real-time pricing is similar to TOU in the sense that it

includes both periods with a lower-than-normal price and
periods with a higher-than-normal price; however, the ex-
act timing of the periods and the prices are not known in
advance [52]. Only a maximum price and a minimum price
are set in advance, and the price can vary continuously be-
tween these limits. An example of RTP is given in Figure 2.
In some RTP programmes, a price period with a fixed du-
ration (for example of 1 h) is included, and the tariffs are
communicated to the customer 1 day in advance, creating
a form that has some characteristics of TOU rates and is
known as quasi-RTP [53]. Models showed RTP is more ef-
ficient in peak-load reduction than TOU rates and leads to
a higher economic benefit for both consumers and pro-
ducers [54,55], but results depend strongly on the elasticity
of demand [47]. However, it is found that even when cus-
tomers are highly responsive (e.g. by using automation)
monetary savings can be low [53,56,57]. Furthermore, it
is noted that consumers are usually not enthusiastic about
RTP [58]. Real-life studies in the United States show load
reduction ranging from 12% to 33% of consumers’ aggre-
gate peak demand [59].

Figure 2. Price-based demand response examples: price in
eurocents per kilowatt-hour per day. [Colour figure can be

viewed at wileyonlinelibrary.com]

Barriers to residential demand response in smart grids M. H. J. Weck, J. van Hooff and W. G. J. H. M. van Sark

793© 2016 The Authors. International Journal of Energy Research Published by John Wiley & Sons Ltd. 2017; 41:790–816
DOI: 10.1002/er

http://wileyonlinelibrary.com


2.3. Incentive-based demand response

Incentive-based demand response is described as ‘an
agreed fixed rate payment for customer participation that
reflects the savings associated with switching off during
peak price events’ [38]. Most authors follow the distinc-
tion of the US Department of Energy [43] and include
six programmes under this name. These six programmes
can be roughly divided further into two types: classical
and market based (Figure 1) [40]. In classical forms of
incentive-based demand response programmes, con-
sumers are paid for their participation. Classical
programmes include direct load control (DLC) and
interruptible/curtailable load. The other programmes can
be considered market based. In the USA, incentive-based
demand response involves over five million customers
[28] and is responsible for around 90% of the available
flexibility [60].

2.3.1. Direct load control
Direct load control gives an electricity supplier or sys-

tem operator the possibility to reduce load by remotely
shutting down household appliances on a short notice
[43]. A distinction can be made between controllable load,
which does not impact consumer lifestyle, and critical
load, which cannot be controlled [61]. The former includes
space cooling and heating and appliances such as washing
machines and water heaters, but charging of EVs could
also be possible [16]. The most commonly used appliances
in these programmes are air conditioners, water heaters and
swimming pool pumps [62]. DLC programmes can also in-
clude an override option to consumers, which gives them
the option to keep using their appliance, although this is
seldom used by consumers [51].

Direct load control is mostly offered to small-scale
users, such as households or small businesses [38], espe-
cially in the USA. The largest example is the On Call pro-
gramme from the Florida Power & Light Company, which
has more than 800 000 participants [63]. Many other utili-
ties offer similar programmes [43]. Often payment is done
in the form of a fixed reward, which is independent of the
number of events in which the utility makes use of its pos-
sibility to control an appliance. In Europe, many experi-
ments are underway with DLC (e.g. [64,65]), but it is not
applied on a large scale (yet).

2.3.2. Interruptible/curtailable service
Interruptible/curtailable service is a programme in

which users get rewarded for reducing their load to a cer-
tain, predefined level for a short period of time, such as
an hour. Users that do not comply may be fined or removed
from the programme. This type of programme has usually
been offered only to large electricity users [43].
Interruptible/curtailable service has been applied on a large
scale in the USA, where it was the most important source
of demand response when measured by peak-load reduc-
tion in the USA, with a potential of over 10GW [43].
But the number of entities offering this type of demand

response programme is decreasing [39]. It has also been
applied in China and Europe, but on a much smaller scale
and mostly to industry [45,46].

2.3.3. Market-based demand response
Market-based demand response programmes include

demand bidding/buyback, emergency demand response,
capacity market and ancillary services market programmes
[40]. These programmes offer users the ability to sell their
flexibility on a market. Users are paid for their perfor-
mance, thus receiving a price per amount of load reduction
(per unit of power (kW) or energy (MWh)). The price is
determined on the market, so this type of demand response
will mostly be used during critical periods in which the
price is high. Market-based programmes vary in multiple
ways, such as on which market the flexibility is sold, if a
capacity tariff is paid and whether fines are levied for
non-compliance.

3. BARRIER SELECTION
METHODOLOGY

All electricity consumers, whether these are residential,
commercial or industrial, can make use of demand re-
sponse programmes. However, not all programmes are
suitable for demand response at households.

Our methodology therefore was designed in the follow-
ing manner. We first made a selection of various demand
response options as reviewed in Section 2 and selected
only those that were suited for the Dutch case.

Second, a deductive approach based on literature re-
search leads to the identification of 17 barriers that would
obstruct the introduction of the two selected categories of
demand response options for Dutch households. The bar-
riers in each category were further classified based on
whether the barrier was applicable to the situation in which
the demand response programme would be organised by a
market player, a DSO or both. In the latter case, the barrier
was classified as a general barrier. An overview of the clas-
sification is given in Figure 3. Finally, every barrier has
been labelled based on the classification of barriers by
Greening [32] and Hirst [33] and are related to customers,
regulatory, technical or institutional.

The third step in our methodology consisted of
conducting interviews with experts in the field, based on
a questionnaire. This was considered necessary as although
various authors had identified barriers to demand response,
many of these demand response options are not yet applied
on a large scale but only tested in experiments and field stud-
ies. Expert interviews have been performed to validate the
outcome of the literature study by discussing these with ex-
perts. A semi-structured interviewwas held with 13 selected
experts from the Dutch energy sector, as in this way, it was
possible to test the outcomes of the first part as well as to
give room for extra input from the experts. The selection
of interviewees has been based on the goal to get a broad
spectrum of experts, from multiple backgrounds and
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multiple organisations. A list of the organisations at which
the interviewees were employed is given in Table I. Note
that consumers were not interviewed, as this was not
deemed necessary at this stage of the research. Also, no con-
sumer organisation exists that specifically targets electricity
issues.

An interview questionnaire was made in which the
selected barriers were formulated as hypotheses and
discussed to test their validity. The hypotheses are devel-
oped and described in Section 4.2. Interview transcripts
were made, and all relevant statements of experts made
in the recorded interviews were coded; that is, labels were
attached to bits of text to distil it and to give a handle for
comparing text [66]. The categories to which a statement
has been coded are either one of the earlier identified bar-
riers or, when a problem or barrier that was not yet covered
was brought up by an interviewee, a new category. Coding
was performed using NVIVO 10 software [67]. The coding
categories are called ‘nodes’ in this software and are de-
fined as ‘a collection of references about a specific theme,
place, person or other area of interest’ [68]. Analysis of the
nodes (barriers) was performed and in the end has led to

either acceptance or rejection of specific hypotheses; re-
sults are presented in Section 4.3.

4. RESULTS

4.1. Selection of demand response
programmes

In Section 2, demand response programmes have been
identified and described. Not all demand response
programmes are equally suited for households. Two cate-
gories, that is, market-based demand response and
interruptible/curtailable service have inherent disadvan-
tages that make these programmes unsuited for household
demand response, as will be discussed here.

Market-based demand response rewards the consumer
per amount of demand reduction provided. For example,
when a consumer receives a signal to reduce electricity
use, he or she is rewarded for the amount of kilowatt-hour
not used. But this amount of electricity not used is difficult
to determine. Because the electricity use of a household
varies strongly over time, and comparing with the moment
before the signal is received is not a suitable way to deter-
mine the reduction. A better way would be to determine
what would have been the electricity use without the sig-
nal: by subtracting this from the real use, the amount of re-
duction becomes clear. If the electricity use would be
relatively constant, for example, in the case of a factory
with a continuous industrial process, this could be fairly
well estimated. But for an individual household, this is al-
most impossible. Electricity use varies per minute, per
hour, per day, per month and per year and is subject to ran-
dom actions, which makes the prediction of an individual
consumer’s baseline (i.e. the reference curve showing the
expected electricity use of the customer in time without
the influence of any signals or incentives) unreliable [55].
Furthermore, even if a baseline is created, the consumer

Figure 3. Classification of barriers. [Colour figure can be viewed at wileyonlinelibrary.com]

Table I. Overview of companies of at which interviewees were
employed.

Company Type of organisation

Alliander Distribution system operator
CE Delft Consultancy
E.D. Mij Electricity supplier
Eemflow Energy Consultancy
Eneco Electricity supplier
Enexis Distribution system operator
Greenchoice Electricity supplier
NL Noodvermogenpool Aggregator
Stedin Distribution system operator
TenneT TSO Transmission system operator
TNO Research institute
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can try to manipulate this baseline to increase the rewards
he or she will obtain for reducing demand, for example
by creating an artificially increased baseline.

Field experiments to determine how much consumers
have reduced their electricity use after they received a sig-
nal to do so confirmed the difficulty of establishing a base-
line on the individual household level [64]. These
experiments also showed that when the experiments are
continued over a long time, the baseline itself is also influ-
enced by the experiments. Furthermore, even if a reliable
baseline could be developed, it would be necessary to
make a personal baseline for each participating household.
Because of these reasons, market-based demand response
is considered unsuited for households.

Interruptible/curtailable service has mainly been used
for large industrial electricity users [43], because it has
some intrinsic properties that make it less suited for house-
hold demand response programmes. As explained before,
customers get rewarded for decreasing their electricity
use to a predefined level. For a household, this is much
more difficult than for example for a factory with several
continuous processes. First of all, most households are
not aware of their current power use. Secondly, this power
use is highly variable and strongly influenced by events,
such as electrically heating drinking water. It would be
quite an effort for a household to keep electricity use below
a certain threshold. Therefore, interruptible/curtailable
service is considered unsuitable for households.

In conclusion, because of the inherent disadvantages of
market-based demand response and interruptible/
curtailable service for households in smart grids, these
two programmes are not considered to be realistic options
for (Dutch) households. Therefore, only barriers to price-
based demand response and DLC will be examined.

4.2. Overview of barriers

Multiple barriers to the large-scale introduction of price-
based demand response and DLC to households in smart
grid environments have been identified. These barriers
are presented below and formulated as hypotheses that
have been tested in the interviews. First, barriers to price-
based demand response are discussed. A classification is
made between three types of barriers: barriers specific to
situation in which a market player initiates the programme,
barriers specific to the situation in which a DSO runs the
programme and general barriers (Figure 3). General bar-
riers are barriers that apply to the situation in which the
programme is organised both by a market player and by
a DSO.

4.2.1. Barriers to price-based demand response
Price-based demand response can be organised either

by an electricity supplier or a DSO, as these two parties in-
fluence the electricity bill of consumers (via the electricity
price per kilowatt-hour and the network tariff, respec-
tively), and both have an incentive to use price-based de-
mand response: an electricity supplier can use price-based

demand response for example to have a lower demand
when prices on the market for electricity are high, leading
to lower average procurement costs. This financial benefit
can be partially or wholly transferred to the consumer,
via lower electricity prices. A DSO can use price-based
demand response to reduce peaks in the grid.

An electricity supplier can introduce price-based de-
mand response by making the electricity price per
kilowatt-hour dynamic. A DSO can do this by making
the presently fixed network tariff dynamic, that is, per
kilowatt-hour and different per time period: a dynamic net-
work tariff. An important difference between the dynamic
electricity price from the electricity supplier and the dy-
namic network tariff from the DSO is that, when intro-
duced, the latter would be mandatory for all consumers.
This then prevents that only small electricity users would
choose this option to pay per kilowatt-hour while the large
users would choose the option of a fixed amount indepen-
dent of the electricity use.

So because an electricity supplier is the only market
player able to influence the electricity price, the distinction
between a market player and DSO is replaced by a distinc-
tion between an electricity supplier and DSO in the case of
price-based demand response. This has influence on the bar-
riers: some barriers are only applicable to the case in which
the DSO organises the demand response programme (dy-
namic network tariffs), while other barriers are only applica-
ble to situations in which an electricity supplier is
responsible for the programme (dynamic electricity prices).
Therefore, a further classification of barriers is made: first,
general barriers are discussed, which are barriers that are in-
dependent of the organiser of the demand response pro-
gramme. Hereafter, barriers that are specific to dynamic
network tariffs or specific to dynamic electricity prices are
discussed. For each barrier, a hypothesis is formulated.
The hypotheses related to price-based demand response
are given the letter P and numbered from 1 to 12. They are
shown in Table II and are further discussed in the following.

4.2.1.1. General barriers
4.2.1.1.1. Barrier 1: benefit to consumers uncer-
tain. While the benefits of price-based demand response
to the electricity market and system are clear, it is essential
for its success that consumers also benefit from the
programme. However, many researchers have described
possible negative aspects or consequences of dynamic
tariffs, and it is doubted if the financial benefits from
price-based demand response would be enough to per-
suade customers. Not only may savings be limited, they
are also uncertain [52].

Furthermore, while research showed that most cus-
tomers benefit financially from dynamic tariffs, this is not
the case for all customers. Customers who use a larger
share of their electricity use during high-price periods than
the average customer and do not change their usage pattern
may have to pay more than they did before [69]. This can
be especially problematic for low-income households that
have difficulties to change their consumption pattern [58],

Barriers to residential demand response in smart gridsM. H. J. Weck, J. van Hooff and W. G. J. H. M. van Sark

796 © 2016 The Authors. International Journal of Energy Research Published by John Wiley & Sons Ltd. 2017; 41:790–816
DOI: 10.1002/er



and this redistribution across customers may be the most
difficult barrier to the roll out of dynamic pricing [69].
Thus, as the electricity price becomes variable, the benefit
to consumers of price-based demand response is uncertain.
This creates a barrier to the introduction of price-based
demand response, as formulated in the following:

Hypothesis P1. The uncertain benefit to consumers forms
a barrier to price-based demand response for households in
the Netherlands.

4.2.1.1.2. Barrier 2: uncertainty in forecasting and
balancing. At the moment, balance responsible parties
(BRPs) and the transmission system operator (TSO) are
able to make a reliable forecast of the electricity demand
of households over the day using standard demand profiles.
Demand forecasting does not take responsiveness to short-
term price variations into account [70]. The introduction of
price-based demand response will change this situation. It
is thus argued that demand forecasting has to change to
include price-responsive demand [57].

Without this improved forecasting, price-responsive
demand will create an imbalance between supply and
demand, because household demand will be different than
expected. Predicting the changes due to price-based de-
mand response in demand is difficult because the demand
function is unknown [71]. This uncertainty in forecasting
and balancing forms a barrier to DSOs or electricity
suppliers to introduce price-based demand response.
Therefore, Hypothesis 2 is formulated as follows:

Hypothesis P2. The negative consequences for demand
forecasting and balancing form a barrier to price-based
demand response for households.

4.2.1.1.3. Barrier 3: smart meter required. Dy-
namic pricing programmes require a smart meter to be able
to determine the electricity use in each separate tariff

period, as many authors noted [32,52,62]. In the
Netherlands, the large-scale smart meter rollout has started
in January 2015 and should be completed by the end of
2020 [72], meaning it will take 6 years for all households
to have a smart meter installed. If a consumer would
choose to have a dynamic tariff before 2020, while a smart
meter has not yet been installed, a fee of around €70 is
charged for meter replacement, while the financial benefits
of price-based demand response to a consumer are uncer-
tain as noted before. This forms a barrier to electricity
suppliers and DSOs to introduce demand response in the
Netherlands as formulated in the following:

Hypothesis P3. The limited number of households with a
smart meter and the cost for installing a smart meter form
a barrier to price-based demand response for households.

4.2.1.1.4. Barrier 4: new system required for con-
sumer billing. At the moment, calculating the final elec-
tricity costs of a household is easy: because the network
tariff and the electricity price per kilowatt-hour are fixed,
only the yearly electricity use is needed. A dynamic tariff
that can vary per day, per period or per hour requires new
billing systems that are able to determine the final network
or electricity costs for the consumers for each period and
in total [9,62,73]. The cost of creating such a system forms
a barrier to the party organising the price-based demand
response programme; hence, we hypothesise the following:

Hypothesis P4. The need for new billing systems forms a
barrier to price-based demand response for households.

4.2.1.1.5. Barrier 5: new system required for allo-
cation and reconciliation. In the current system, a
BRP has to make sure enough electricity is bought to meet
the expected electricity demand of its customers for each
15-min period (known as programme time unit (PTU)) of
the day. Afterwards, this is compared with the actual

Table II. Overview of barriers to price-based demand response.

Number Barrier Label

General barriers
P1 Benefit to consumers uncertain Customer
P2 Uncertainty in forecasting and balancing Technical
P3 Smart meter required Technical
P4 New system required for consumer billing Technical
P5 New system required for allocation and reconciliation Regulatory
P6 No access to data due to privacy concerns Customer
P7 New demand peaks Technical
P8 Different interests electricity supplier and DSO Institutional
Barriers specific to dynamic network tariffs
P9 Higher costs for large users Customer
P10 Not allowed by regulation Regulatory
P11 Uncertain income distribution system operator Institutional
Barriers specific to dynamic electricity prices
P12 Consumers are not interested Customer
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electricity use of its customers as measured by the DSOs,
which can be higher or lower than expected. The difference
is calculated for each of these periods, and the BRP either
has to pay (in case electricity use was higher than expected
during that period) or receives money back (in case elec-
tricity use was lower than expected during that period).
Note that for each period the electricity price can be differ-
ent, because the price that is used in this process is the one
determined on the Amsterdam Power Exchange [74], the
Dutch electricity spot market. This process is called recon-
ciliation. The difficulty is that the actual electricity use of a
household in each PTU is not known. Instead, the actual
electricity use is estimated based on profiles, which is
called allocation. An example of such a profile is shown in
Figure 4 for a day in January.

In case an electricity supplier introduces price-based de-
mand response, it will buy less electricity in advance for
the peak periods and more for non-peak periods, because
it expects its customers to shift electricity use from peak
periods to the non-peak periods. However, if allocation is
still based on the standard household profile, in which the
reaction of a consumer to a dynamic tariff is not included,
the electricity supplier will in the end (wrongfully) have to
pay extra during reconciliation, because according to the
allocation based on the standard profile, electricity use
was higher during peak periods and lower during non-peak
periods than the electricity supplier expected. In other
words, with the current allocation process, the electricity
supplier will not see any financial benefit from price-based
demand response. This forms a barrier to electricity sup-
pliers to introduce price-based demand response; hence,
we hypothesise the following:

Hypothesis P5. The current allocation and reconciliation
process forms a barrier to price-based demand response
for households.

4.2.1.1.6. Barrier 6: no access to data owing to
privacy concerns. The introduction of smart meters in

the Netherlands has led to concerns and discussions about
privacy [75,76], and this issue might resurface when dy-
namic tariffs are introduced. In order to create a correct bill
for the customer, the electricity supplier or DSO needs ac-
cess to the data from the smart meter. At the moment, a con-
sumer needs to give explicit permission to make this
possible [72]. Introduction of dynamic tariffs may be ham-
pered, as consumers might not be willing to share a smart
meter for privacy reasons. Thus, it will be impossible for
the DSO or electricity supplier to create a correct bill. This
forms a barrier to price-based demand response for house-
holds to DSOs or electricity suppliers, as formulated in the
following:

Hypothesis P6. Privacy concerns about data sharing form
a barrier to price-based demand response for households.

4.2.1.1.7. Barrier 7: new demand peaks. One of
the most important goals of demand response is to reduce
peaks in electricity demand. Dynamic tariffs do reduce
peak demand, but research also revealed that dynamic tar-
iffs could create new peaks in demand, potentially because
of automatically operating load-shifting appliances
[53,57,62,77]. As electrification in households is expected
to strongly increase, new demand peaks may be expected
in the future [77]. These new peaks can cause problems
on the grid and higher prices on the market. This forms a
barrier to price-based demand response for an electricity
supplier or DSO, as stated in the following:

Hypothesis P7. The creation of new demand peaks forms
a barrier to price-based demand response for households.

4.2.1.1.8. Barrier 8: different interests of electric-
ity supplier and distribution system operator. Even
though both a DSO and an electricity supplier could profit
from price-based demand response, this does not necessar-
ily mean that both would benefit at the same time
[9,32,42]. An example of a situation in which such a

Figure 4. Profile of a household on 5 January 2015; daily use of 11.8 kWh is 0.33% of annual use. [Colour figure can be viewed at
wileyonlinelibrary.com]
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conflict could arise is when the load on the grid is very
high because of a high demand. If consumers are on an
RTP programme and at the same time wholesale electricity
prices are decreasing, an electricity supplier would lower
its prices. This lower price could lead to even more con-
sumer demand and aggravate the grid problems for the
DSO. Furthermore, a situation could arise in which both
parties have a price-based demand response programme:
not only would a complex situation for the consumer arise
when for example one party chooses to use RTP while the
other chooses CPP, but as interests differ, a situation could
arise in which one party tries to increase demand while at
the same time the other party tries to decrease demand.
The fact that a programme from an electricity supplier
could have negative consequences for a DSO and vice
versa creates a barrier to electricity suppliers and DSOs;
hence, we hypothesise the following:

Hypothesis P8. The different interests of DSOs and
electricity suppliers form a barrier to price-based demand
response for households.

4.2.1.2. Barriers specific to dynamic network
tariffs
4.2.1.2.1. Barrier 9: higher costs for large users.
At the moment, all households have to pay the same fixed
network tariff. Introducing a dynamic network tariff based
on the amount of kilowatt-hour used would change this sit-
uation and would create a situation in which large differ-
ences per household arise [9]. Large users would end up
paying much more than small users. While this would re-
ward energy savings and small users would profit from this
new system, it has negative consequences. First and fore-
most, because there is a large spread in electricity use per
household [78], many households with a relatively large
electricity use would end up paying much more.

Furthermore, at the moment, adding extra electric appli-
ances to a household has no influence on the network tariff,
as it is fixed. Because of a new dynamic tariff per kilowatt-
hour, large electric appliances will become much more ex-
pensive to use. Estimates showed that a new tariff would
lead to an increase in annual electricity costs for a heat
pump of around €600 [9]. This will have a negative influ-
ence on for example the diffusion of heat pumps and EVs,
while at present especially EVs are strongly supported by
the government [79,80]. This barrier to DSOs to introduce
price-based demand response programmes is stated in the
following:

Hypothesis P9. The negative consequences for large elec-
tricity users of an increase in the price per kilowatt-hour
form a barrier to dynamic network tariffs for households.

4.2.1.2.2. Barrier 10: not allowed by regulation.
European Union legislation creates some room for price-
based demand response. The EU directive 2012/27/EU de-
mands that ‘…member states shall ensure the removal of

those incentives in transmission and distribution tariffs that
(…) might hamper participation of demand response’ [81].
In addition, a recent report prepared for the European
Commission states that ‘network tariffs should promote
peak demand management and aim to reduce infrastructure
cost for peak demand’ and ‘tariffs should encourage sys-
tem flexibility, e.g. distributed generation, demand re-
sponse and energy efficiency’ [82]. This was already
advocated by EURELECTRIC (Union of the Electricity
Industry), who wrote ‘alternative pricing options that allo-
cate the additional costs of network reinforcement and grid
losses to the network customers responsible for creating
those costs (more closely following marginal costs) should
be explored’ and therefore argued for ‘network tariffs that
penalise energy use at peak hours’ [83].

However, a variable network tariff is not allowed for
Dutch consumers at the moment [84]. Since 2009, the
Electricity Act demands that the tariffs of a DSO should
be based on capacity [85]. The main reasons are that a ca-
pacity tariff reflects costs adequately, because users with a
larger capacity have to pay more and that a capacity tariff
is simple to administrate [9,83]. But the Act leaves no
room for a dynamic network tariff. So even though devel-
opments on the European level create room for demand re-
sponse, the Dutch law prohibits it, at this moment. This
forms a barrier to DSOs to introduce price-based demand
response as described in the following:

Hypothesis P10. Dutch law forms a barrier to dynamic
network tariffs for households.

4.2.1.2.3. Barrier 11: uncertain income distribu-
tion system operator. Dutch DSOs are paid a fixed
amount per consumer, based on the capacity of the con-
sumer. This creates a stable annual income for the DSOs.
If a DSO would introduce a dynamic network tariff per
kilowatt-hour, the income for the DSO would become de-
pendent on the annual electricity use and also on the
amount of electricity used per period. This creates uncer-
tainty for the DSO and may lead to lower revenues than ex-
pected which possibly may not be enough to cover DSO
costs. Because revenue adequacy is key to DSOs [83], this
uncertainty in income forms a barrier to the introduction of
dynamic network tariffs by DSOs. Therefore, the follow-
ing hypothesis has been formulated:

Hypothesis P11. The uncertainty about the income of a
DSO forms a barrier to dynamic network tariffs.

4.2.1.3. Barriers specific to dynamic electricity
price
4.2.1.3.1. Barrier 12: consumers are not inter-
ested. Electricity is considered a low-interest good, ab-
stract, invisible, untouchable, not consumed directly but
rather indirectly via various energy services [86]. Con-
sumers regard electricity as a necessity while they expect
security of supply, and its costs usually are an important
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share of the budget of a household. It has been noted that
this lack of interest to electricity could form a barrier to dy-
namic electricity prices [32]. As consumers presently lack
experience in dynamic pricing schemes, they would not
like to see the flat rates changed. Also, if costs would con-
stitute a small part of the budget for residential and small
commercial customers, no one would consider trying to
understand dynamic pricing schemes [32].

To overcome this barrier and increase the number of
consumers with a dynamic electricity price, it would be
an option to offer it by default instead of letting consumers
choose for dynamic electricity prices, while offering an
opt-out possibility. This has been carried out in the USA,
and results show the opt-out rates are low: for example, re-
sults from a study in California revealed that only 2–7% of
the default customers opted out before the start of the pro-
gramme and only 4–8% dropped out of the programme in
the first 2 years [29]. However, there is no retail competi-
tion in the electricity market of the USA, meaning con-
sumers cannot leave their utility [50]. In the Netherlands,
however, the electricity market is liberalised and con-
sumers can easily switch to another electricity supplier.
So electricity suppliers might not dare to offer all their cus-
tomers a new dynamic pricing plan as default option, be-
cause they fear some of their customers will switch to
another electricity supplier. This could mean that cus-
tomers would need to actively choose for a dynamic tariff,
while they are not interested in electricity [50]. Therefore,
we hypothesise the following:

Hypothesis P12. The lack of interest of consumers forms a
barrier to dynamic electricity prices for households.

4.2.2. Barriers to direct load control
Similar to the situation in Section 4.2.1, barriers are di-

vided in general barriers and barriers specific to either DLC
organised by a DSO or by market players. The latter cate-
gory includes all parties that could use this flexibility on a
market, such as electricity suppliers and aggregators.
Again, for each barrier, a hypothesis is formulated. The hy-
potheses regarding DLC are labelled with the letter D and
numbered 1 to 5. An overview of all identified barriers to
DLC for Dutch households is given in Table III, with
labels added. Details are described as follows.

4.2.2.1. General barriers
4.2.2.1.1. Barrier 13: lack of large suitable appli-
ances. The most common household appliances used
for DLC are water heaters, air conditioners and swimming
pool pumps [62]. Because of the large electric load, these
appliances have a much larger impact on peak use than
small appliances. In the Netherlands, electricity use of
households is relatively low compared to other Western
countries [87], because there are not many large
electricity-using appliances. Not many households use
large air conditioners, electric water heaters or swimming
pumps, nor do many households use other large electric
appliances. This could form a barrier to the introduction
of DLC by DSOs or electricity suppliers in the
Netherlands.

Some electric appliances that are widespread in Dutch
households have been identified to be suited for DLC, such
as tumble dryers, dish washers and washing machines
[10,53,88]. But recent research showed the potential of
these appliances is limited [23]. Besides the fact that the
electricity use of these appliances is lower than the use of
for example air conditioners or water heater, these appli-
ances have two other important drawbacks. First, they have
been found to be highly asymmetrical [65], meaning that
when these appliances are controlled, it is much easier to
suddenly increase demand than to decrease demand. This
is caused by the fact that appliances are not often switched
on all at the same time, so neither can they be all switched
off at the same time. In other words, the coincidence factor
described by Strbac is low [62]. Also, these appliances are
not designed to be switched off during their use, and doing
so could have negative consequences. This asymmetry
limits their usefulness for demand response. The second
limitation is that because of energy efficiency demands
and technical improvements, newer versions will have a
much lower electricity use than older versions. As a conse-
quence, they will be less suited for demand response be-
cause of their lower electricity use. This will create a
barrier to organisations that want to organise DLC
programmes. Another interesting appliance could be the
refrigerator/freezer, but the latter limitation also applies to
this appliance.

However, in recent years, two types of large appliances
have become more popular to households: heat pumps and

Table III. Overview of barriers to direct load control.

Number Barrier Label

General barriers
D1 Lack of large suitable appliances Technical
barriers specific to direct load control organised by a distribution system operator
D2 Value to the distribution system operator uncertain Institutional
D3 Regulation obstructs the distribution system operator Regulatory
Barriers specific to direct load control organised by market players
D4 Not enough value to market players Institutional
D5 Unsuited for the regulating market Regulatory
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EVs. These two types of appliances have a large electricity
use and can be controlled. In the Netherlands, the number
of installed heat pumps using air was around 30 000 units
per year in three consecutive years, 2011, 2012 and 2013,
and the number of installed heat pumps using water was al-
most 6000 per year in 2011 and 2012 but decreased to
around 3000 in 2013 [89]. The number is expected to in-
crease further: the Dutch Heat Pump Association set a tar-
get of 500 000 heat pumps in 2020 [90]. The number of
electric cars in the Netherlands increased rapidly in recent
years and was around 35 000 in the first half of 2014 [7],
of which the majority was a plug-in hybrid or included a
range extender. In 2020, this number is estimated to reach
200 000, which is the target of the government [79].

It would be very beneficial for DLC if these expecta-
tions are met and these two types of appliances become
widespread in the Netherlands, but this is uncertain. So at
the moment, the lack of appliances might form a barrier
to DLC for DSOs or market players. The first hypothesis
about DLC for households in the Netherlands is therefore
as follows:

Hypothesis D1. At the moment, the lack of suitable appli-
ances forms a barrier to DLC in the Netherlands.

4.2.2.2. Barriers specific to direct load control
organised by a distribution system operator
4.2.2.2.1. Barrier 14: value to the distribution sys-
tem operator uncertain. The fact that in the USA
many utilities offer DLC programmes shows that a viable
business case can be made for this demand response pro-
gramme. However, DLC has value to these companies
not only because of the effect on the grid but also because
the reduced demand lowers the amount of electricity these
companies have to buy for their customers during these
(extremely) high-price periods. Because in the
Netherlands the operation of the grid is split (by law) be-
tween production and distribution of electricity, Dutch
DSOs do not have this second incentive. Therefore, Dutch
DSOs will benefit less from demand response.

The monetary value of a lower household peak use was
estimated for the New Zealand grid to be less than a
€100/year [91], but it is unknown how these outcomes ap-
ply to the Dutch case. A study by the Dutch consultancy
Ecofys estimated the value of peak reduction to be between
€200 and €740/kW per household for the Dutch situation
[92], showing that it is highly dependent on local differ-
ences in the capacity of the current grid and the household
density. A DLC programme only has value to the DSO if
the cost of the programme, including the installation of
control equipment and the payments to participants, is less
than the cost of the current solution, that is, enlarging the
capacity of the grid. It is reported that in 2050 DLC with
heat pumps and EVs can be cheaper than enlarging the ca-
pacity, but only between €5 and €23 per household per
year, assuming customers participate for free and without
taking inflation into account [92]. Therefore, the financial
benefit of DLC is uncertain, which creates a barrier to

Dutch DSOs, as formulated in the second hypothesis about
DLC for households:

Hypothesis D2. The uncertainty of the benefit to the DSO
forms a barrier to DLC in the Netherlands.
4.2.2.2.2. Barrier 15: regulation obstructs the dis-
tribution system operator. Dutch DSOs are regulated
by the state, and some regulations have implications for
DLC. Dutch law states that a DSO should abstain from
any form of discrimination between consumers [85]. This
could imply that the DSO is not allowed to reward some
consumers (for example, with a fee or via a discount on
their bill) for participation in a DLC programme if this of-
fer is not extended to all consumers. However, most con-
sumers will not be living in areas with possible grid
constraint, so the DSO has no incentive to offer DLC to
those consumers. If it would be mandatory to offer it to
all consumers, the DLC programme would become much
larger and much more expensive, while having no extra
benefits to the DSO. This regulation forms a barrier to
the DSO:

Hypothesis D3. Regulation forbidding Dutch DSOs to of-
fer DLC only to some consumers forms a barrier to DLC in
the Netherlands.

4.2.2.3. Barriers specific to direct load control
organised by market players
4.2.2.3.1. Barrier 16: not enough value to market
players. For an electricity supplier or BRP, DLC could
be interesting if the flexibility could be used on a market,
for example, the imbalance market organised by the Dutch
TSO TenneT [93]. Instead of increasing electricity produc-
tion to balance the system (upwards regulation), DLC
could be used to decrease demand, and vice versa. Re-
search showed that this imbalance market is a highly inter-
esting market for residential demand response because of
the relatively high potential revenues [94]. However, the
business case is uncertain. The price paid by TenneT on
the imbalance market for downwards regulation is usually
less than €100/MWh [95]. In the past years, the price has
been more than €300/MWh only around 20 times per year
[95]. TenneT pays more often for upwards regulation, so
more money can be earned here. For example, during
12% of the periods in 2012 and 2013, TenneT paid more
than €100/MWh for extra electricity production. But prices
never exceeded €600/MWh. Furthermore, the number of
times TenneT had to use regulating power decreased over
the last 5 years, irrespective of upward or downward
regulation.

Even when it is taken into account that because the in-
creasing share of renewables in the energy system imbal-
ance could increase and prices could become higher in
the future, the price paid for flexibility in the Netherlands
is low compared to the 23 eurocents a household usually
pays or receives per kilowatt-hour (in the present net
metering scheme). The average price in 2014 was
€69/MWh for upward regulating power and €19/MWh
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for downward regulating power. These price differences
are low compared to the 23 cents/kWh, which forms a bar-
rier to DLC for market players; hence, we hypothesise the
following:

Hypothesis D4. The low prices on the balancing market
form a barrier to DLC programmes of market players in
the Netherlands.

4.2.2.3.2. Barrier 17: unsuited for the regulating
market. In the USA, DLC can be used on electricity
markets, including the regulatory market, via aggregators
called Curtailment Service Provider [48,96]. In the
Netherlands, TenneT controls the balancing market and is
the only buyer on the market. TenneT contracts 300MW
of regulatory power in advance, but regulatory power can
also be offered on the spot. If an electricity supplier wants
to use its DLC programme to offer regulating power on
this market, there are requirements that must be met, such
as a minimum amount of a single bid of 4MW [97]. In or-
der to compare this scale with a household, it should be
noted that the peak use of an average Dutch household is
0.8 kW on an average winter day and its night use is
0.2 kW [9]. However, peak use and the load available for
flexibility are expected to increase in the coming years be-
cause of the introduction of heat pumps and EVs. Still, in
order to actively participate in this market, aggregators

controlling appliances of thousands of households will be
needed.

Furthermore, regulating power must be able to be di-
rected by the national frequency power regulator of
TenneT, and TenneT demands that regulating power can
be continuously regulated in discrete steps of 1MW [97].
Finally, there are requirements for the minimum regulating
rate and reaction time. If the electricity supplier contracts
enough appliances, it might be able to conform to these re-
quirements. However, it is unknown if TenneT accepts
households DLC on the imbalance market, which forms a
barrier to market players to introduce DLC. Thus, we
hypothesise the following:

Hypothesis D5. The criteria of the imbalance market form
a barrier to DLC programmes of market players in the
Netherlands.

4.3. Assessment of barriers

The analysis of the interview data revealed that the experts
recognised some of the barriers, while other barriers were
not considered to be relevant to the Dutch situation. Expert
opinions are summarised below and are used to accept or
reject hypotheses, while detailed transcripts can be found
elsewhere [98]. The results are discussed for each barrier;
results are summarised in Tables IV and V.

Table IV. Overview of accepted and rejected hypotheses about price-based demand response.

Number Hypothesis
Accepted/
rejected Category

P1 The uncertain benefit to consumers forms a barrier to price-based demand
response for households in the Netherlands.

Accepted Dynamic electricity prices

P2 The negative consequences for demand forecasting and balancing form a
barrier to price-based demand response for households.

Rejected N/A

P3 The limited number of households with a smart meter and the cost for
installing a smart meter form a barrier to price-based demand response
for households.

Rejected N/A

P4 The need for new billing systems form a barrier to price-based demand
response for households.

Accepted Dynamic network tariffs

P5 The current allocation and reconciliation process forms a barrier to
price-based demand response for households.

Accepted Dynamic electricity prices

P6 Privacy concerns about data sharing form a barrier to price-based demand
response for households.

Accepted Dynamic network tariffs

P7 The creation of new demand peaks forms a barrier to price-based demand
response for households.

Accepted Dynamic network tariffs

P8 The different interests of distribution system operators and electricity
suppliers form a barrier to price-based demand response for households.

Rejected N/A

P9 The negative consequences of an increase in the price per kilowatt-hour for
large electricity users form a barrier to dynamic network tariffs for
households.

Rejected N/A

P10 Dutch law forms a barrier to dynamic network tariffs for households. Accepted Dynamic network tariffs
P11 The uncertainty about the income of a distribution system operator forms

a barrier to dynamic network tariffs.
Rejected N/A

P12 The lack of interest of consumers forms a barrier to dynamic electricity
prices for households.

Accepted Dynamic electricity prices

N/A, not applicable.
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4.3.1. Barriers to price-based demand response
4.3.1.1. General barriers
4.3.1.1.1. Barrier 1: benefit to consumers uncer-
tain. The majority of experts believed that the uncertain
financial consequences of a dynamic tariff for a household
would form a barrier to price-based demand response.
Consumers might not like the inherent uncertainty of a dy-
namic electricity price, as it could mean people will have to
pay more than they do in the current system. Savings result
from changing behaviour and reacting to the prices. When
consumers do not react properly, they might have to pay
more. One expert added that this barrier was not properly
understood, as in most pilot projects either the price was
virtual instead of real or consumers were protected by a
maximum tariff, making sure they could not lose money.

Two out of the 13 experts did not consider the uncer-
tainty to be a barrier, referring to the large number of peo-
ple in the Netherlands who uses the so-called day and night
tariffs. The price difference between the day and night tar-
iffs is small (about 1 eurocent/kWh), and the system is sim-
ple: consumers know in each moment what the electricity
price is and what it will be later. Economic benefits are
doubtful, or at least minimal, as the fixed tariff for night
use is lower than that for day use.

Two other experts, both employed at an electricity sup-
plier, brought up another argument against this barrier: in
the current system, the consumer has a fixed price so is
protected from possible price increases. In exchange, the
consumer has to pay a “fee,” which is included in the price.
Because in dynamic pricing this risk is transferred from the
electricity supplier to the consumer, the consumer does not
have to pay this fee and receives on average a lower price.
This reduces the chance that consumers end up paying
more than they did before with their fixed price. However,
it is uncertain if the financial benefit resulting from the on
average lower price is large enough to compensate users
who use more than average during higher-price periods.
It is also not known if it is enough for consumers to com-
pensate for the uncertainty.

Another argument against this barrier was the possibil-
ity of introducing a cap: a maximum price. This could

protect consumers against high prices in case a real-time
tariff would be introduced. However, even though it some-
what reduces the risk, consumers who use more than aver-
age during higher-price periods could still end up paying
more.

Finally, an expert added that this might not be a barrier
to all people: some will most likely not have problems with
the uncertainty, as influencing a certain percentage of the
consumers may already lead to a large impact on the net-
work and on electricity production. However, this percent-
age is uncertain and even when the uncertainty is not a
problem to all consumers, the uncertain benefit to con-
sumers forms a barrier to price-based demand response
organised by an electricity supplier for most households
in the Netherlands. For price-based demand response
organised by a DSO, it does not form a barrier because
the tariffs are regulated and consumers have no possibility
to choose. Therefore, we conclude that Hypothesis P1 is
accepted, while it is not a general barrier but rather a
barrier to dynamic electricity prices.

4.3.1.1.2. Barrier 2: uncertainty in forecasting and
balancing. Experts on this subject agreed that dynamic
prices for households have an effect on forecasting and
balancing by BRPs, which at the moment is based on a
standard profile for all households. Because dynamic pric-
ing will make consumers change their electricity use, BRPs
must change the way they make predictions. However, the
experts did not consider it to be a barrier, as they believe
the BRPs are very well able to adapt. One expert,
employed at a TSO, explained that a BRP will experience
large imbalance at first, after which the BRP has to change
its estimations, thus quickly gaining experience, leading to
good predictions of electricity demand.

Another expert, employed at an electricity supplier,
suggested that when RTP is introduced, the extra costs in-
curred for creating imbalance could be made part of the dy-
namic electricity price. In other words, the consumers
could pay the real costs, including the price paid for creat-
ing imbalance. In this situation, the consequences of the

Table V. Overview of accepted and rejected hypotheses about direct load control.

Number Hypothesis
Accepted/
rejected Organiser

D1 At the moment, the lack of suitable appliances forms a barrier to direct load
control in the Netherlands.

Rejected N/A

D2 The uncertainty of the benefit to the distribution system operator forms a barrier
to direct load control in the Netherlands.

Accepted Distribution system operator

D3 Regulation forbidding Dutch distribution system operators to offer direct load
control only to some consumers forms a barrier to direct load Control in the
Netherlands.

Accepted Distribution system operator

D4 The low prices on the balancing market form a barrier to direct load control
programmes of market players in the Netherlands.

Accepted Market player

D5 The criteria of the imbalance market form a barrier to direct load control
programmes of market players in the Netherlands.

Rejected N/A

N/A, not applicable.
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wrong predictions would be attributed to the consumer.
Thus, it would not form a barrier to the BRP, while the
consumer would be compensated with lower prices, as ex-
plained earlier.

So the negative consequences of price-based demand
response for demand forecasting and balancing are limited,
because BRPs are expected to be able to adapt and make
new, better projections, and the possible costs can be
passed on to the consumer. Therefore, it does not form a
barrier to price-based demand response for households
and Hypothesis P2 is rejected.

4.3.1.1.3. Barrier 3: smart meter required. The
interviewed experts had different opinions about the state-
ment that the lack of smart meters in the Netherlands forms
a barrier to households demand response. While multiple
experts believed that today not enough smart meters are
installed, two experts, both employed at an electricity sup-
plier, stated that there are already enough smart meters.
One of them noted that between 10% and 15% of his
company’s customers has a smart meter already and be-
cause he did not expect electricity suppliers to offer the
product straight away to every customer, this will be
enough to start offering dynamic tariffs. Another expert,
employed at a consultancy, added that because it is possi-
ble for consumers to buy a smart meter right away instead
of waiting until it will be installed for free, he did not con-
sider it to be a barrier at the moment.

The large majority of experts noted that the lack of
smart meters would disappear in a few years, and therefore,
they did not consider it to be a barrier to dynamic tariffs.
An expert employed at a DSO noted that even though
public opinion could turn against the smart meter (possibly
because of privacy concerns), obstructing its diffusion, in
the most likely scenario, every household will have been
offered a smart meter by 2020, meaning there will be
enough smart meters. One of the experts added that be-
cause he expected it will take some years to change the al-
location and reconciliation process, which is essential as
described at barrier 5, there will be enough smart meters
by the time it is even possible to offer dynamic tariffs on
a large scale. Thus, because of the planned large-scale roll-
out of smart meters, a large majority of experts stated that
the requirement of a smart meter is not barrier; Hypothesis
P3 is rejected.

4.3.1.1.4. Barrier 4: new system required for cus-
tomer billing. Not all experts agreed with each other
on the subject of the need for a new billing system. While
some agreed that the difficulty of creating a system capa-
ble of working with dynamic electricity prices forms a
barrier, others stated that some companies already had de-
veloped a billing system able to work with dynamic elec-
tricity prices and dynamic network tariffs. It thus would
not be a problem to calculate the average price that the
customer would have to pay for the electricity used, based
on the electricity use of a customer in each different

pricing period. Some issues remain, such as required
computational power, in case dynamic electricity prices
would be applied on a large scale, and missing smart
meter data.

However, in case a DSO introduces dynamic network
tariffs, more is needed for consumer billing than just a
new system to calculate the final price for a consumer. At
the moment, the DSO has no direct contact or contract with
households. The network tariff is a fixed amount that is
collected by the electricity supplier and passed on to the
DSO. The fact that the DSO has no direct contact with con-
sumers could be problematic when the bill is different for
each consumer or for example when the consumer dis-
agrees with the bill he or she receives via the electricity
supplier. Experts considered this system to be much more
difficult than the current system, while two other experts,
both employed at a DSO, referred to the cost of
implementing a new system on such a large scale, which
could be in the range of tens of millions of euro.

Overall, even though not all experts agreed on this sub-
ject, the need for a new billing system for an electricity
supplier is not considered to be a barrier because multiple
experts who are working or have worked with dynamic
electricity prices claimed to already have such a system.
However, because of the extra system changes needed, it
is considered a barrier for a DSO that wants to introduce
a price-based demand response programme. Consequently,
Hypothesis P4 is accepted as a barrier to dynamic network
tariffs, and not as a general barrier.

4.3.1.1.5. Barrier 5: new system required for allo-
cation and reconciliation. All interviewed experts
considered the current allocation and reconciliation process
to be a barrier to price-based demand response. This means
that even if households move part of their electricity use to
cheaper periods, the electricity suppliers cannot profit from
this development. They cannot buy less electricity during
expensive periods because in the end, it is still assumed
that households followed the standard profile, meaning ac-
cording to an expert ‘that it is impossible to make money’.
To prove the household is behaving differently, allocation
based on the smart meter is essential. An expert, employed
at an electricity supplier, explained that customers should
not be included in the profile if they take part in a dynamic
tariff scheme.

One expert denoted price-based demand response as
‘useless’ without this change in the allocation and reconcil-
iation process. It should be noted that change is in prog-
ress, regarding abolishing the reconciliation process and
using data from the smart meter instead for direct alloca-
tion on the household level [99].

Using the data from the smart meter means the smart
meter is essential not only for billing, as described at bar-
rier 4, but also for the allocation process. Consumers that
do not want a smart meter or do not want to share their data
cannot participate in a price-based demand response
programme. This is discussed in more detail at barrier 6.
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While DSOs are involved in the allocation and reconcil-
iation process, the way of allocating electricity use is irrel-
evant for dynamic network tariffs. For a DSO, it would be
enough to collect and process the data as described earlier
at barrier 4. So the current allocation process does not form
a barrier to dynamic network tariffs.

So based on the fact that electricity suppliers cannot
make a profit with dynamic pricing as long as the electric-
ity use of households is allocated using the standard pro-
file, the current allocation and reconciliation process is
considered a barrier to price-based demand response
organised by an electricity supplier. Therefore, Hypothesis
P5 is accepted as a barrier specific to dynamic electricity
prices, not as a general barrier.

4.3.1.1.6. Barrier 6: no access to data owing to
privacy concerns. The interviewed experts more or
less agree that privacy concerns form a barrier to con-
sumers to share the data collected by the smart meter and
thereby form a barrier to dynamic tariffs. However, the ex-
perts believe this is not an issue for the majority of house-
holds. Some experts noted that they believed the attention
that was given to this issue in politics or in the media does
not reflect the opinion of the majority of the general public.
Nevertheless, in order to get the collection of data ac-
cepted, multiple experts mentioned two issues that would
be critical. The first is to offer a clear benefit in exchange,
while the second is to be transparent to the consumer on
the use of the data.

However, many believed there still would be a small
group objecting to the collection of data. One expert sug-
gested independent trusted third parties to take over the
billing process. Another expert suggested that, because an
electricity supplier needs the data for billing but does not
need real-time data, the data from the smart meter could
be transferred with a delay of for instance 1week. This
could remove the fear that the data reveal whether the con-
sumer is at home or what he or she is doing at the moment.
Another expert added that opt-out possibilities should be
offered as well. The downside of this is that it would lead
to ‘gaming’: users would pick the cheapest tariff. For ex-
ample, households with a lower electricity use would opt
for a tariff based on the amount of kilowatt-hour used,
while large users would pick the fixed tariff. This would
lead to a loss of income for the DSO.

Because of the aforementioned reasons and because not
every household is needed, privacy concerns about data
sharing do not form a barrier to price-based demand re-
sponse programmes organised by an electricity supplier.
But in case the programme is organised by a DSO, it does
form a barrier because these tariffs are regulated and all
households have to participate. Therefore, Hypothesis P6
is accepted as a barrier to dynamic network tariffs, not as
a general barrier.

4.3.1.1.7. Barrier 7: new demand peaks. The ma-
jority of experts acknowledged that dynamic tariffs could

create new demand peaks. One expert explained that they
already found such a situation in a pilot project with an in-
dustrial company. Most experts came up with suggestions
to overcome this problem. In the case the dynamic tariff
would be combined with DLC, the experts expected it
would be possible to prevent new demand peaks by letting
a central system take this effect into account and start ap-
pliances one by one instead of all together. However, in
case dynamic tariffs are introduced without DLC, so with-
out central coordination, the majority of the experts consid-
ered the creation of new demand peaks not only to be a
possibility but also a problem, at least in case consumers
introduce automation in their home.

Two experts suggested the possibility of introducing
different tariff structures for different households in the
same neighbourhood. But introducing multiple
programmes and making sure customers in the same
neighbourhood choose differently would make introducing
demand response much more difficult for electricity sup-
pliers or DSOs. Another expert proposed adding a random
function into smart appliances, so the appliance would not
react instantly to a price signal but only after a random pe-
riod of time. But this would require the producers of smart
appliances to collaborate on implementing this.

It has become clear that the creation of new demand
peaks is a problem. For an electricity supplier, creating
new peaks is not a problem, because the electricity supplier
is not responsible for the grid. Furthermore, it would be un-
likely that these new peaks are so large compared to the to-
tal national electricity use that they would have a
significant impact on the electricity market. It is therefore
unlikely that this problem would form a barrier to the elec-
tricity supplier to introduce dynamic tariffs. However, for a
DSO, reducing peaks in the grid is the main reason to intro-
duce price-based demand response, and therefore, the cre-
ation of new peaks does form a barrier to introducing
dynamic network tariffs. It is thus concluded that the crea-
tion of new demand peaks only forms a barrier to price-
based demand response for households in case it is
organised by a DSO. Therefore, Hypothesis P7 is
confirmed as a barrier to dynamic network tariffs, not as
a general barrier.

4.3.1.1.8. Barrier 8: different interests of electric-
ity suppliers and distribution system operators.
While all interviewed experts recognised that a price-based
demand response programme by an electricity supplier
could work against the interests of a DSO and vice versa,
only two experts considered this to be a barrier. Even
though conflicting situations could arise, for example,
when an electricity supplier wants to increase electricity
demand while at the same time a DSO wants to decrease
it, this would happen only occasionally. Furthermore, it
was expected that when an electricity supplier would try
to lower the price while a DSO would try to raise, it this
would lead to a sub-optimal outcome for at least one of
the parties, but this would not be problematic: as long as

Barriers to residential demand response in smart grids M. H. J. Weck, J. van Hooff and W. G. J. H. M. van Sark

805© 2016 The Authors. International Journal of Energy Research Published by John Wiley & Sons Ltd. 2017; 41:790–816
DOI: 10.1002/er



the price incentive of the DSO would be strong enough to
prevent demand reaching the maximum capacity of the
grid, the consequences would be limited. It could even be
argued that for the system as a whole, an optimal price is
reached, as the interests of both parties are included in
the final price. So even though the interest of an electricity
supplier and DSO could be conflicting, the consequences
would be limited and most likely it would seldom happen.
Therefore, it is concluded that the different interests of
DSOs and electricity suppliers do not form a barrier to
price-based demand response for households. Conse-
quently, Hypothesis P8 is rejected.

4.3.1.2. Barriers specific to dynamic network
tariffs
4.3.1.2.1. Barrier 9: higher costs for large users.
The interviewed experts all recognised that a dynamic net-
work tariff based on the amount of kilowatt-hours would
lead to higher costs for large users but disagreed whether
this is a barrier to price-based demand response. For most
experts, the subject was strongly related to the question of
whether this would be fair or not. Some of the experts did
not consider a higher tariff for large users to be a problem,
stating that this would be fairer than the current system in
which almost every household pays the same amount.
Two other experts added this higher price per kilowatt-hour
would create a stronger incentive for energy efficiency. On
the other hand, two experts, both employed at a DSO, noted
that the costs for a DSO are based on the peak use in kilowatt
because this determines the maximum capacity needed. So
the number of kilowatt-hours used is less relevant to a
DSO, making it not a fair base for the tariff.

However, even if it would be fairer than the current sys-
tem, this does not mean it would not be a barrier, because it
is likely households that would have to pay more would
protest. Another expert expected less protest, and a third
expert concluded that even when some people would pro-
test, this would only be a minor problem. This claim is sup-
ported by the fact that the system has been changed
without problems before: in 2009, the network tariffs were
changed from a system based on the number of kilowatt-
hours to a system based on the size of the needed capacity.
An expert, employed at a DSO and who was involved in
the change of systems in 2009, added another perspective.
He explained that when the system was changed, much ef-
fort was put into making sure the transition would not have
a large financial impact on many consumers. Therefore, the
structure of the energy tax was also adapted: by changing
the tax per kilowatt-hour and the fixed tax deduction, large
increases were prevented for many consumers while keep-
ing an incentive for energy efficiency. If the system is
changed again, the energy tax could again be used to pre-
vent large negative effects for some users.

It is likely that when dynamic network tariffs would be
introduced, measures would be taken to prevent large price
increases for some households. Furthermore, while even in
that case the dynamic network tariff can be negative for
some households, it is not considered to be serious enough.

Because of these reasons, the fact that dynamic network tar-
iffs would lead to higher costs for some, that is, large users,
is not considered to be a barrier to price-based demand re-
sponse organised by a DSO, and Hypothesis P9 is rejected.

4.3.1.2.2. Barrier 10: not allowed by regulation.
The current system, in which the network tariff is capacity
based, is not part of the Electricity Act but part of a by-law,
a so-called ministerial order, according to an interviewed
expert working at a DSO. While changing such a by-law
should be possible, the interviewed experts believe chang-
ing the current network tariff system will be a difficult pro-
cess, which can take years. So the current regulation forms
a barrier to dynamic network tariffs. But according to the
experts, the principles on which the current system and
regulation is based and the reasons why this system was
chosen are the most important causes for this barrier, more
than the time and effort it would take to change regulation
as such.

An important principle here is that DSOs have to work
in a non-discriminatory way towards anybody who wants
access to the grid. This principle could prohibit DSOs from
introducing price-based demand response only in certain
network areas or only for certain connections, such as EV
charging points. While offering dynamic network tariffs
to all households could be possible, it is not necessary be-
cause in most network areas there are no problems with
peak capacity.

Since the current capacity-based system was introduced
in 2009, the reasons and arguments to choose this system
are highly relevant when attempting to change the system
again. One of the reasons for the choice of the current sys-
tem was the fact that it is easy to administer (as discussed
at barrier 4) while a new system would be more complex.
Secondly, the current capacity-based tariff matches more
with the costs of the DSO, which are determined by the ca-
pacity, not the amount of kilowatt-hours. Finally, privacy
is safeguarded more in the current system, creating another
reason not to change regulation.

So the current regulations, especially the principles be-
hind it and the reasons why this system was introduced
in 2009, form a barrier to dynamic network tariffs. There-
fore, Hypothesis P10 is accepted.

4.3.1.2.3. Barrier 11: uncertain income distribu-
tion system operator. All interviewed experts con-
firmed that the introduction of dynamic network tariffs
by a DSO would create uncertainty in the income of a
DSO, with one expert noting that ‘energy savings by
households would lead to higher network tariffs’ because
DSOs would compensate for the loss of income by raising
tariffs. However, most experts did not consider this to be
a barrier to dynamic network tariffs. An expert, employed
at a DSO, explained that the loss of income in 1 year
would allow increasing tariffs the following year, pro-
vided the DSO is financially strong enough to handle
those fluctuations in income. Because in the current sys-
tem the tariff in a given year is based on the situation in
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three earlier years, the latter expert is correct in stating
that this can be compensated in later years, even though
this might not be directly and fully compensated. Also,
the credit ratings of the largest three Dutch DSOs
(Alliander, Enexis and Stedin) confirm his statement
about the strong financial position.

Based on the possibility for Dutch DSOs to compensate
for missed income in later years by raising tariffs and the
strong financial position of the DSOs, the uncertainty
about the income of DSOs due to a dynamic network tariff
is not considered to be a barrier to price-based demand
response and Hypothesis P11 is rejected.

4.3.1.3. Barriers specific to dynamic electricity
prices
4.3.1.3.1. Barrier 12: consumers are not inter-
ested. All interviewed experts confirmed consumers
are not interested in electricity. Several experts referred to
the relatively low price of electricity. It was also stated that
the complexity of dynamic pricing and the effort needed to
move electricity demand to other pricing periods would be
an extra reason why consumers would not be interested.

However, two experts added that even though the ma-
jority of consumers are not interested, a smaller group is.
One of the experts, employed at an electricity supplier,
stated that a critical size of 25% of consumers would be
enough to realise dynamic pricing. Besides the financial
benefit, he considered the benefit to the environment to
be a strong argument to reach this group. Another expert,
employed at a consultancy, was more specific and consid-
ered people who invest in an electric car, in solar panels or
in home automation to form an interesting niche market. A
third expert added that more people might become inter-
ested when the benefits of a dynamic electricity price
would become clearer to consumers, owing to a virtuous
circle. However, it remains uncertain how strong this effect
will be, as well as how much of the people in these niche
markets are really interested.

Because these niche markets are relatively small and
uncertain and all interviewed experts confirmed the lack
of interest of consumers, Hypothesis P12 is accepted.

4.3.1.4. Summary of barriers to price-based de-
mand response. Based on the interviews, five out of
the 12 hypotheses have been rejected. Seven hypotheses
have been accepted, of which five partially, in the sense
that these hypotheses have been reclassified. Three have
been reclassified as barriers to dynamic network tariff in-
stead of general barriers. Two have been reclassified as
barriers to dynamic electricity price instead of general
barriers. Therefore, no general barriers remain. An
overview is given in Table IV.

4.3.2. Barriers to direct load control
4.3.2.1. General barriers
4.3.2.1.1. Barrier 13: lack of large suitable appli-
ances. Almost all interviewed experts confirmed that
at the moment not many large suitable appliances were

available at households. Experts were sceptical about the
wet appliances (tumble dryer, dishwasher and washing ma-
chine) as well as refrigerators and freezers and considered
the available flexibility to be insufficient. In order to have
a meaningful impact, either on the grid or on the market,
controlling a very large number of these appliances would
be required. Experts also referred to energy efficiency im-
provements, meaning the available load for DLC at house-
holds will decrease even further.

Many experts believed the situation would improve as
heat pumps and EVs will bring a large amount of flexible
load. This statement is supported by the fact that at the mo-
ment, more than 100 000 heat pumps [89] and 50 000 EVs
[100] are available in the Netherlands. However, besides
the already mentioned uncertain diffusion of these appli-
ances, there are other limitations, such as availability of
flexibility. Nevertheless, heat pumps and EVs offer a sub-
stantial controllable load. One company already had started
offering DLC of EVs, albeit in combination with dynamic
electricity prices.

One expert, employed at a DSO, explained that for DLC
organised by a DSO, a lack of suitable appliances does not
form a barrier, as in that case the DSO does not worry
about peak electricity demand. Appliances such as the heat
pump or EV can be controlled; hence, because the problem
is caused by the same appliances that form the solution, for
a DSO, a lack of suitable appliances does not form a barrier
to DLC by a DSO.

Based on the fact that a lack of suitable appliances does
not form a barrier to DLC by a DSO and the large number
of heat pumps and EVs, Hypothesis D1 is rejected.

4.3.2.2. Barriers specific to direct load control
organised by a distribution system operator
4.3.2.2.1. Barrier 14: value to the distribution sys-
tem operator uncertain. The interviewed experts do
not agree on whether the value to the DSO of using DLC
instead of enlarging the capacity of the grid is high enough
to justify the introduction of DLC. While some experts are
convinced using DLC is cheaper, citing for example the
high costs involved in enlarging the capacity of the grid
or referring to studies that indicate DLC might be cheaper,
others believe this is not the case.

Another issue is highly relevant for the value to the
DSO: reliability. One of the main arguments of the experts
who believe DLC is not a viable option is the uncertainty
about the reliability of DLC, for example, because of unco-
operative consumers in a neighbourhood. An expert,
employed at a research company, refers to the large media
attention a DSO receives when the grid fails and concludes
that DSOs rather enlarge cable capacity. Creating a pool of
appliances, to reach a larger capacity than necessary, to
compensate for moments some appliances are unavailable
could reduce this uncertainty, at an increased cost though.
Thus, based on the uncertainty on whether DLC is cheaper
than the conventional solution of enlarging the capacity of
the grid, Hypothesis D2 is accepted.

Barriers to residential demand response in smart grids M. H. J. Weck, J. van Hooff and W. G. J. H. M. van Sark

807© 2016 The Authors. International Journal of Energy Research Published by John Wiley & Sons Ltd. 2017; 41:790–816
DOI: 10.1002/er



4.3.2.2.2. Barrier 15: regulation obstructs the dis-
tribution system operator. The interviewed experts
considered the current regulation to form a barrier to
DLC programmes organised by the DSO. Besides the fact
that adapting laws and regulation is a long and difficult
process, two main difficulties were emphasised: (1) the in-
terviewees confirmed that the principle to work in a non-
discriminatory way hinders not only price-based demand
response, as described at barrier 10, but also DLC
programmes. This requirement obstructs the DSO to offer
DLC only in certain areas, while offering DLC to all
households is expensive and unnecessary; (2) experts con-
firmed that at the moment a DSO is not allowed to do any-
thing ‘behind the meter’, as that is part of the household,
thus making it impossible for DSOs to control household
appliances.

Because of these two regulatory demands and the diffi-
culty of changing regulation, it is concluded that regulation
obstructs the DSO and forms a barrier to DLC in the
Netherlands. Therefore, Hypothesis D3 is accepted.

4.3.2.3. Barriers specific to direct load control
organised by market players
4.3.2.3.1. Barrier 16: not enough value to market
players. Almost all interviewed experts agreed that at
the moment, the monetary value of flexibility is too low.
However, most experts believed the value will increase
as more solar PV and wind power will be installed, as these
two sources of electricity are intermittent and difficult to
predict. However, it is not sure that the increase of wind
and solar PV power will automatically mean the value of
flexibility will increase significantly. Besides the already
observed trend that even though installed solar PV and
wind power increased, the use of regulating power by
TenneT has decreased in the last 5 years; three extra argu-
ments have been made.

First, an interviewed expert employed at a TSO referred
to the International Grid Control Cooperation (IGCC), in
which the TSOs of each country exchange current power
imbalances occurring in their control zones [101], thus
avoiding counterbalancing, and instead of activating regu-
lating power, power imbalances are ‘netted’ (compensated)
by a power imbalance in the opposite direction in other re-
gions. This greatly reduces the need for regulating power
and has a downward influence on prices. Nowadays, the
IGCC includes, beside the Dutch TSO TenneT, TSOs from
Germany, Denmark, Czech Republic, Switzerland and
Belgium [102]. Further European expansion and deeper
cooperation of the TSOs could mean the trend of less use
of regulating power continues.

Second, the imbalance created by wind and solar PV
power is mainly due to errors in prediction. But predic-
tions, such as wind forecasting, have improved strongly
in recent years [8]. For example, in Spain, the day-ahead
errors in forecasting of the output of wind power plants
have been reduced by one-third between 2008 and 2012
[103]. If predictions continue to improve, this will lead to
lower prices on the balancing market.

Third, if other options, such as storage or regulation of
the output of gas turbines, are cheaper to use for balancing
than DLC at households, these options will be preferred.
This reduces the need for TenneT to set high prices. Mul-
tiple experts also referred to demand response at the indus-
try and commercial sector, with one expert explaining that
this is preferable over households. Relative to the amount
of flexibility gained, the cost at households might be
higher. These costs include the costs for metering and con-
trolling appliances, also marketing campaigns and visiting
customers are expensive, which is often not taken into
account.

Overall, the interviewed experts considered the value of
flexibility to be too low but expected it to increase in the
future because of the increase of solar PV and wind power.
However, considering the decrease in the recent years,
IGCC, better prediction and other options for flexibility,
this is no guarantee the value will increase enough to make
DLC at households possible. Therefore, the low prices on
the balancing market are considered a barrier to DLC
programmes of market players in the Netherlands and
Hypothesis D4 is accepted.

4.3.2.3.2. Barrier 17: unsuited for the regulating
market. The interview with an expert working at a
TSO revealed that household demand response using
DLC is not suitable for use by a TSO. In the
Netherlands, the national TSO TenneT makes use of three
types of reserves to balance demand and supply: regulating
power, reserve power and incident reserve.

Using DLC for regulating power is not possible be-
cause it needs to be directed by the automatic frequency
power regulator, meaning it should be controllable on a
4-s basis. Furthermore, it should be possible to prove that
the requested power was delivered, meaning real-time
metering on a 4-s basis is necessary. This is beyond the
capabilities of the smart meter, so it would require extra
measuring equipment. The cost needed to fulfil these re-
quirements for control and measuring do not outweigh
the benefits.

Using households for reserve power would be possible,
as it does not have to be controlled directly by TenneT and
a longer reaction time is permitted. However, reserve
power is only used 2% or 3% of the time. Furthermore,
the cheapest option is chosen first. Also, a market player
would need to control hundreds or maybe thousands of ap-
pliances to reach the minimum amount of megawatts. Be-
cause of these reasons, it is highly unlikely that a market
player can make a viable business case out of this.

Incident reserve is also not possible. First of all, even
though it is not directly controlled by TenneT, fines are
levied when the reaction of the aggregator is too slow or
incomplete. Second, a minimum amount of 20MW is re-
quired. Aggregators combining various household appli-
ances could reach this threshold, but another interviewed
expert, employed at an aggregator, added that an individual
connection smaller than 500 kW was not viable to use as
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incident reserve, as the costs for control and metering of
each separate connection are higher than the benefits.

Multiple other interviewed experts confirmed that
household demand response is not of interest to TenneT.
However, TenneT is not the only party that tries to balance
the system. In fact, BRPs perform the actual balancing.
TenneT has 300MW of regulatory power to control
15 000–20 000MW; the rest is controlled by the BRPs. In
this process, the price paid by TenneT is crucial. This price
is paid not only to the parties that supplied regulating
power but also to each party whose personal imbalance
counters and thereby reduces the national imbalance. One
of the interviewed experts, employed at an electricity sup-
plier, explained that they were already using the flexibility
of industrial companies to create imbalance in their own
portfolio in the opposite direction of the national imbal-
ance. This way, the BRP helps to balance the system and
is paid by TenneT. So the system is largely balanced ‘pas-
sively’ by the BRPs, instead of ‘actively’ by TenneT.

So the criteria of TenneT make the use of DLC at
households for ‘active’ balancing impossible, but BRPs
can still use the flexibility for ‘passive’ balancing. There-
fore, the criteria and regulation do not form a barrier to
the use of DLC on the imbalance market and Hypothesis
D5 is rejected.

4.3.2.4. Summary of barriers to direct load con-
trol. Based on the interviews, three out of the five hypoth-
eses about DLC have been accepted. Two hypotheses have
been rejected. An overview is given in Table V.

4.3.3. New barriers
Many experts considered the technology needed to con-

trol appliances to be a barrier to DLC. At the moment,
smart appliances are scarce: almost all household appli-
ances cannot be controlled. In most experiments, the appli-
ances are controlled with smart plugs, but the experts
involved in pilots with these plugs are not content with
their quality. Not only the quality of hardware forms a bar-
rier but also the cost of installing the hardware, as well as
the software needed to control the appliances and a clear
lack of standardisation. Based on the arguments of the ex-
perts as well as the fact that more than half of the experts
brought up the lack of hardware and software needed to
control the appliances in the interviews, the technology is
considered to be an extra barrier to DLC, both for a DSO
and for a market player.

4.4. Overview of results

Based on the interviews, several hypotheses formulated af-
ter the literature study have been rejected. In total, seven
out of the 17 hypotheses have been rejected. Furthermore,
an extra barrier has been added. Finally, two hypotheses
describe similar barriers: Hypotheses P10 and D3, which
were both accepted, described how regulation obstructs a
DSO to introduce demand response programmes. There-
fore, these two hypotheses form one barrier. In total, this
has led to the identification and confirmation of 10 differ-
ent barriers to the introduction of demand response. An
overview of the final results is given in Table VI.

Table VI. Overview of final barriers.

Type Barriers Label Organiser

Price-based
demand
response

The uncertain benefit to consumers forms a barrier to price-based
demand response for households in the Netherlands.

Customer Market player

The need for new billing systems forms a barrier to price-based
demand response for households.

Technical Distribution system operator

The current allocation and reconciliation process forms a barrier to
price-based demand response for households.

Regulatory Market player

Privacy concerns about data sharing form a barrier to price-based
demand response for households.

Customer Distribution system operator

The creation of new demand peaks forms a barrier to price-based
demand response for households.

Technical Distribution system operator

Dutch law forms a barrier to dynamic network tariffs for households. Regulatory Distribution system operator
The lack of interest of consumers forms a barrier to dynamic electricity

prices for households.
Customer Market player

Direct load
control

The uncertainty of the benefit to the distribution system operator forms
a barrier to direct load control in the Netherlands.

Institutional Distribution system operator

Regulation forbidding Dutch distribution system operators to offer
direct load control only to some consumers forms a barrier to direct
load control in the Netherlands.

Regulatory Distribution system operator

The low prices on market form a barrier to direct load control
programmes of market players in the Netherlands.

Institutional Market player

Technology to control appliance Technical Market player, distribution
system operator
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5. DISCUSSION

5.1. Implications and recommendations

By identifying the barriers to the introduction of demand
response, in particular to Dutch households, this research
contributes to both theory and practice. It fills a gap in
the literature about demand response by shedding light
on the specific situation of Dutch households and by giving
a clear and extensive overview of what obstructs the intro-
duction of residential demand response in this particular
case. Furthermore, the identification of barriers has value
to society for two reasons. First of all, the identification
of barriers can give direction to which steps have to be
taken in order to overcome these barriers and introduce de-
mand response at households. This way, it can contribute
to the introduction of new products or services for con-
sumers and ultimately to more renewable electricity in
the Netherlands. Second, because four demand response
options were examined (based on two possible categories
and two possible organising parties), it gives information
on which of these options is the most viable to introduce.

Based on the results, some recommendations regarding
the best demand response option can be made. The results
have revealed there are many barriers to demand response
programmes by a DSO, both to price-based demand re-
sponse and to DLC. This includes doubt about the advan-
tages, for example, the financial benefit and the effect on
reducing peaks in the network, as well as difficulties in im-
plementation, due to regulation, costs and technical issues.
There are fewer barriers to demand response programmes
organised by market players, and these are most likely eas-
ier to overcome than barriers to programmes organised by
a DSO. This suggests that to successfully introduce de-
mand response to Dutch households, the focus should first
be on demand response organised by market players.

5.2. Limitations

The chosen research methods do have some limitations,
which could impact the outcomes of this research. First
of all, the literature study, which constituted the first part
of the methodology, has been extensive but may not have
been exhaustive, which might have had a negative effect
on the reliability of the research. Nevertheless, collecting
an extensive amount of articles as well as adding a second
step to the research, that is, the interviewing of experts, has
reduced the potential negative effect of this limitation on
the reliability of this research.

The second part of the methodology, the interviews, has
a similar limitation. The selection of experts can be consid-
ered to be somewhat arbitrary. The selection approach was
unstructured: some experts were selected because in their
field, they were the easiest to get in contact with. Also,
some experts declined to be interviewed. This could mean
some experts with a different view or more expertise have
been missed, influencing the reliability of the process in
which the hypotheses were either rejected or accepted.

The potential consequences of this limitation have been re-
duced by interviewing a broad spectrum of experts, both in
function and in organisation. Still, the research might have
benefited from a more structured approach to the selection
of experts for interviews.

Third, the research design, in which first a literature
study was carried out to identify barriers and second ex-
perts were interviewed to examine the earlier found bar-
riers, might have been too narrow. Some barriers might
not yet have been described in the literature and thereby
missed. A more open design, in which first unstructured,
open interviews were conducted to let the experts freely
identify barriers, which would later be checked by a study
of literature, could have led to the identification of new
barriers. The potential consequences have been limited by
conducting a broad literature study, leading to a relatively
large number of barriers. Furthermore, interviewees were
asked if they believed other barriers existed besides the
ones identified in the literature in this research. In fact, only
one new barrier was identified in this way.

Even when these limitations to the research are taken
into account, possible other explanations of why the intro-
duction of residential demand response in the Netherlands
is obstructed can be rejected. The structured approach of
the research leads to high internal validity, because possi-
ble other explanations, that is, other barriers, have been
taken into account but have been rejected after discussion
with the experts in interviews.

5.3. Recommendation for further research

Based on the outcomes of this research, three interesting
directions for further research can be identified. First of
all, further research could focus on how the identified bar-
riers could be overcome. Overcoming the barriers and in-
troducing demand response in the Netherlands could
reduce the fluctuation and high prices on the electricity
market. By mitigating these negative consequences of re-
newable energy, further research could contribute to more
renewable energy in the Netherlands.

Second, this research has focused on the Dutch situa-
tion. Further research could focus on different countries,
to identify if similar barriers apply. Identifying barriers in
other countries could give valuable information about
which country would be the most suitable to introduce
residential demand response first.

Third, this research has limited its focus on demand re-
sponse categories in which consumers are rewarded finan-
cially for their participation. Some interviewees referred to
possible changes in consumer’s behaviour, that is, changes
in electricity demand, for other than financial motives.
However, not much is known about the effectiveness of
these methods and little information is available in litera-
ture. Further research could examine if these methods face
different barriers and maybe barriers that are easier to over-
come. This way, further research could examine an under-
developed field of research and contribute to the
introduction of demand response.
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6. CONCLUSION

Based on the results from the literature study and the
interviewing of experts, the barriers that may obstruct the
introduction of residential demand response programmes
in the Netherlands have been identified. They are
summarised in Table VII. Barriers depend on who intro-
duces the programme, which can be either a DSO or a mar-
ket player such as an electricity supplier. It also depends on
which demand response programme is introduced: the two
most likely options for households are price-based demand
response and DLC. With price-based demand response, the
electricity price per kilowatt-hour is not fixed anymore but
changes in time. With DLC, consumers receive a fixed re-
ward in exchange for giving a DSO or market player the
ability to remotely control appliances at home.

A DSO can introduce price-based demand response by
changing its fixed network tariff into a tariff per kilowatt-
hour, which changes in time: a dynamic network tariff. The
literature study and expert interviews revealed four barriers
to a dynamic network tariff. The first barrier is the need to
change the current billing system, as a new system is needed
to bill all consumers.The secondbarrier is formedbyprivacy
concerns, which make it impossible to make dynamic net-
work tariffs mandatory for every Dutch household. Third,
even though price-based demand response can reduce peaks
in the demand, it can also create new demand peaks, which
limits the effectiveness of the programme. Finally, regula-
tion, especially the requirement to work in a non-
discriminatory way (while grid problems are a local issue),
forms a barrier. So the need for a new billing system, privacy
concerns, new demand peaks and regulation form barriers to
price-based demand response organised by a DSO.

An electricity supplier can introduce price-based de-
mand response by changing its fixed electricity price per
kilowatt-hour into a price that changes in time. When this
dynamic electricity price is introduced, three different is-
sues form a barrier. The first is the current allocation and
reconciliation process, in which electricity suppliers have
to pay for the assumed electricity demand by their residen-
tial customers instead of the real electricity demand and
thereby limits their ability to reward customers for shifting
demand. Second, the financial benefit to a household de-
pends on their ability to shift demand, which is uncertain
and can be limited. Third, consumers are not really inter-
ested in electricity and therefore most likely also not really
interested in a dynamic electricity price. So the three

barriers to price-based demand response organised by an
electricity supplier are the current allocation and reconcili-
ation process, the uncertain benefit to consumers and the
lack of interest from consumers.

Direct load control faces different barriers than that
faced by price-based demand response. Three barriers ob-
struct a DLC programme introduced by a DSO. First of
all, it is uncertain if a DSO will benefit financially from
using DLC instead of using the current solution, which is
to enlarge the capacity of the grid. Second, similar to the
price-based demand response by a DSO, regulation ob-
structs the DSO, especially the requirement to work in a
non-discriminatory way and the limited role behind the
meter. Finally, at the moment, the hardware and software
needed to control appliances is unsatisfactory. So the three
barriers are the uncertainty of the benefit to a DSO, regula-
tion and the hardware to control appliances.

The last barrier to DLC organised by a DSO, the hard-
ware to control appliances, also applies to the situation in
which the programme is organised by a market player. Sec-
ond, the financial reward for flexibility is too low to com-
pensate for the costs of installing and running a
residential demand response programme and it is uncertain
if these prices will increase. So the hardware and software
as well as the limited financial benefit form a barrier to
DLC organised by a market player.

In conclusion, in total, 10 different barriers have been
identified that potentially obstruct the introduction of
demand response programmes for households in the
Netherlands. Further research is necessary on how to
overcome these barriers.

NOMENCLATURE

BRP: = balance responsible party
CPP: = critical peak pricing
DLC: = direct load control
DSO: = distribution system operator
EU: = European Union
EV: = electric vehicle
IGCC: = International Grid Control Cooperation
PTU: = programme time unit
PV: = photovoltaic
RTP: = real-time pricing
TSO: = transmission system operator
TOU: = time of use

Table VII. Barriers to demand response for each category and organiser.

Market player Distribution system operator

Price-based demand response Allocation and reconciliation process Need for new billing systems
Uncertain benefit to consumers Privacy concerns about data sharing
Lack of interest of consumers The creation of new demand peaks

Regulation
Direct load control Low prices on market Uncertainty of the benefit to the distribution system operator

Technology to control appliance Regulation
Technology to control appliance

Barriers to residential demand response in smart grids M. H. J. Weck, J. van Hooff and W. G. J. H. M. van Sark

811© 2016 The Authors. International Journal of Energy Research Published by John Wiley & Sons Ltd. 2017; 41:790–816
DOI: 10.1002/er



ACKNOWLEDGEMENTS

The authors gratefully acknowledge the many experts who
were willing to be interviewed during the course of this
research.

REFERENCES

1. International Energy Agency. Tracking Clean Energy
Progress 2014. IEA: Paris, 2014 Available from:
http://www.iea.org/publications/freepublications/
publication/Tracking_clean_energy_progress_2014.
pdf (last accessed 4 October 2016).

2. European Commission. An Energy Policy for Europe,
Communication from the Commission to the
European Council and the European Parliament,
{SEC(2007) 12}. EC: Brussels, 2007 Available from:
http://eur-lex.europa.eu/legal-content/EN/TXT/PDF/
?uri=CELEX:52007DC0001&from=EN (last
accessed 4 October 2016)..

3. European Commission, A policy framework for cli-
mate and energy in the period from 2020 to 2030,
Communication from the Commission to the
European Parliament, the Council, the European Eco-
nomic and Social Committee and the Committee of
the Regions, COM/2014/015, EC: Brussels, 2014.
European Commission, Brussels (2014). Available
from: http://eur-lex.europa.eu/legal-content/EN/TXT/
PDF/?uri=CELEX:52014DC0015&from=ga (last
accessed 4 October 2016).

4. Justus D. Case Study 5: Wind Power Integration into
Electricity Systems. OECD/IEA: Paris, 2005 Avail-
able from: https://www.oecd.org/env/cc/34878740.
pdf (last accessed 4 October 2016)..

5. Schaps K, Eckert V. Europe’s storms send power
prices plummeting to negative, Reuters, 2014. Avail-
able from: http://www.reuters.com/article/us-europe-
power-prices-idUSBREA080S120140109 (last
accessed 4 October 2016).

6. Houthakker HS. Electricity tariffs in theory and prac-
tice. Economics Journal 1951; 61:1–25. doi:10.2307/
2226608.

7. Hekkenberg M, Verdonk M. Nationale
Energieverkenning 2014. ECN: Petten, 2014 Avail-
able from: http://www.pbl.nl/sites/default/files/cms/
publicaties/pbl-2014-nationale-energieverkenning-
2014_01364.pdf (last accessed 4 October 2016).

8. Vonk D. Electricity Networks: Infrastructure and
Operations. IEA/OECD: Paris, 2013 Available from:
https://www.iea.org/publications/insights/insightpub-
lications/ElectricityNetworks2013_FINAL.pdf (last
accessed 4 October 2016).

9. Bles M, Smit ME, Rooijers FJ. Variabilisering
transporttarieven—Effecten voor de consument,
netbeheerder en samenleving. CE: Delft, 2013 Avail-
able from: http://www.ce.nl/publicatie/variabilisering
_transporttarieven/1345 (last accessed 4 October
2016).

10. Kok K. The PowerMatcher: smart coordination for
the smart electricity grid. PhD Thesis, Vrije
Universiteit Amsterdam, 2013. Available from: https:
//www.cs.vu.nl/en/Images/Koen_Kok_4jul2013_
tcm210-342361.pdf (last accessed 4 October 2016).

11. Mahmood A, Javaid N, Khan MA, Razzaq S. An
overview of load management techniques in smart
grid. International Journal of Energy Research
2015; 39:1437–1450. doi:10.1002/er.3350.

12. Mesaric P, Krajcar S. Home demand side manage-
ment integrated with electric vehicles and renewable
energy sources. Energy and Buildings 2015;
108:1–9. doi:10.1016/j.enbuild.2015.09.001.

13. Gellings CW, Samotyl M. Smart grid as advanced
technology enabler of demand response. Energy Effi-
ciency 2013; 6:685–694. doi:10.1007/s12053-013-
9203-0.

14. Lunde M, Røpke I, Heiskanen E. Smart grid: hope or
hype. Energy Efficiency 2015; 9:545–562.
doi:10.1007/s12053-015-9385-8.

15. Darby S, Strömback J, Wilks M. Potential carbon im-
pacts of smart grid development in six European
countries. Energy Efficiency 2013; 6:725–739.
doi:10.1007/s12053-013-9208-8.

16. Van der Kam M, Van Sark W. Smart charging of
electric vehicles with photovoltaic power and
vehicle-to-grid technology in a microgrid; a case
study. Applied Energy 2015; 152:20–30.
doi:10.1016/j.apenergy.2015.04.092.

17. International Energy Agency. World Energy Invest-
ment Outlook. IEA: Paris, 2014 Available from:
https://www.iea.org/publications/freepublications/
publication/WEIO2014.pdf (last accessed 4 October
2016).

18. International Energy Agency. Technology Roadmap
Energy Storage. IEA: Paris, 2014 Available from:
https://www.iea.org/publications/freepublications/
publication/TechnologyRoadmapEnergystorage.pdf
(last accessed 4 October 2016).

19. Coalition SED. Mapping Demand Response in
Europe Today. SEDC: Brussels, 2014 Available
from: http://smartenergydemand.eu/wp-content/up-
loads/2014/04/SEDC-Mapping_DR_In_Europe-2014-
04111.pdf (last accessed 4 October 2016).

20. Corradi O, Ochsenfeld H, Madsen H, Pinson P. Con-
trolling electricity consumption by forecasting its re-
sponse to varying prices. IEEE Transactions on

Barriers to residential demand response in smart gridsM. H. J. Weck, J. van Hooff and W. G. J. H. M. van Sark

812 © 2016 The Authors. International Journal of Energy Research Published by John Wiley & Sons Ltd. 2017; 41:790–816
DOI: 10.1002/er

http://www.iea.org/publications/freepublications/publication/Tracking_clean_energy_progress_2014.pdf
http://www.iea.org/publications/freepublications/publication/Tracking_clean_energy_progress_2014.pdf
http://www.iea.org/publications/freepublications/publication/Tracking_clean_energy_progress_2014.pdf
http://eur-lex.europa.eu/legal-content/EN/TXT/PDF/?uri=CELEX:52007DC0001&from=EN
http://eur-lex.europa.eu/legal-content/EN/TXT/PDF/?uri=CELEX:52007DC0001&from=EN
http://eur-lex.europa.eu/legal-content/EN/TXT/PDF/?uri=CELEX:52014DC0015&from=ga
http://eur-lex.europa.eu/legal-content/EN/TXT/PDF/?uri=CELEX:52014DC0015&from=ga
https://www.oecd.org/env/cc/34878740.pdf
https://www.oecd.org/env/cc/34878740.pdf
http://www.reuters.com/article/us-europe-power-prices-idUSBREA080S120140109
http://www.reuters.com/article/us-europe-power-prices-idUSBREA080S120140109
http://dx.doi.org/10.2307/2226608
http://dx.doi.org/10.2307/2226608
http://www.pbl.nl/sites/default/files/cms/publicaties/pbl-2014-nationale-energieverkenning-2014_01364.pdf
http://www.pbl.nl/sites/default/files/cms/publicaties/pbl-2014-nationale-energieverkenning-2014_01364.pdf
http://www.pbl.nl/sites/default/files/cms/publicaties/pbl-2014-nationale-energieverkenning-2014_01364.pdf
https://www.iea.org/publications/insights/insightpublications/ElectricityNetworks2013_FINAL.pdf
https://www.iea.org/publications/insights/insightpublications/ElectricityNetworks2013_FINAL.pdf
http://www.ce.nl/publicatie/variabilisering_transporttarieven/1345
http://www.ce.nl/publicatie/variabilisering_transporttarieven/1345
https://www.cs.vu.nl/en/Images/Koen_Kok_4jul2013_tcm210-342361.pdf
https://www.cs.vu.nl/en/Images/Koen_Kok_4jul2013_tcm210-342361.pdf
https://www.cs.vu.nl/en/Images/Koen_Kok_4jul2013_tcm210-342361.pdf
http://dx.doi.org/10.1002/er.3350
http://dx.doi.org/10.1016/j.enbuild.2015.09.001
http://dx.doi.org/10.1007/s12053-013-9203-0
http://dx.doi.org/10.1007/s12053-013-9203-0
http://dx.doi.org/10.1007/s12053-015-9385-8
http://dx.doi.org/10.1007/s12053-013-9208-8
http://dx.doi.org/10.1016/j.apenergy.2015.04.092
https://www.iea.org/publications/freepublications/publication/WEIO2014.pdf
https://www.iea.org/publications/freepublications/publication/WEIO2014.pdf
https://www.iea.org/publications/freepublications/publication/TechnologyRoadmapEnergystorage.pdf
https://www.iea.org/publications/freepublications/publication/TechnologyRoadmapEnergystorage.pdf
http://smartenergydemand.eu/wp-content/uploads/2014/04/SEDC-Mapping_DR_In_%3c?A3B2 thyc=10?%3eEurope%3c?A3B2 thyc=5?%3e-2014-04111.pdf
http://smartenergydemand.eu/wp-content/uploads/2014/04/SEDC-Mapping_DR_In_%3c?A3B2 thyc=10?%3eEurope%3c?A3B2 thyc=5?%3e-2014-04111.pdf
http://smartenergydemand.eu/wp-content/uploads/2014/04/SEDC-Mapping_DR_In_%3c?A3B2 thyc=10?%3eEurope%3c?A3B2 thyc=5?%3e-2014-04111.pdf


Power Systems 2013; 28:421–429. doi:10.1109/
TPWRS.2012.2197027.

21. De Jonghe C. Short term demand response in electric-
ity generation planning and scheduling. PhD Thesis,
Katholieke Universiteit Leuven, Heverlee, 2011.
Available from: https://lirias.kuleuven.be/handle/
123456789/317162 (last accessed 4 October 2016).

22. Veldman E, Gibescu M, Slootweg HJG, Kling WL.
Scenario-based modelling of future residential elec-
tricity demands and assessing their impact on distri-
bution grids. Energy Policy 2013; 56:233–247.
doi:10.1016/j.enpol.2012.12.078.

23. Staats M, De Boer-Meulman P, Van Sark WGJHM.
Can wet appliances be used for demand side
management in a smart grid environment. Sustainable
Energy Grids and Networks, 2016.

24. Mazur C, Goater A. Electricity demand-side
response. POSTnote 2014; 452:1–4.

25. Peacock AD, Owens EH. Assessing the potential of
residential demand response systems to assist in the
integration of local renewable energy generation. En-
ergy Efficiency 2014; 7:547–558. doi:10.1007/
s12053-013-9236-4.

26. Breukers SC, Mourik RM. The End-users as Starting
Point for Designing Dynamic Pricing Approaches to
Change Household Energy Consumption Behaviours.
Duneworks: Arnhem, 2013 Available from: http://
nbn-assets.netbeheernederland.nl/p/32768/files/Dune-
works%20Deel%201%20Engelse%20rapportage%20
Final.pdf (last accessed 4 October 2016).

27. Stromback J, Dromacque C, Yassin MH. The Poten-
tial of Smart Meter Enabled Programs to Increase En-
ergy and Systems Efficiency: A Mass Pilot
Comparison. VaasaETT: Helsinki, 2011. Available
from: http://esmig.eu/sites/default/files/2011.10.12_
empower_demand_report_final.pdf (last accessed 4
October 2016).

28. Lee MP, Aslam O, Foster B, Kathan D, Young C. As-
sessment of Demand Response and Advanced
Metering. Federal Energy Regulatory Commission:
Washington DC, 2014 Available from: http://www.
ferc.gov/legal/staff-reports/2014/demand-response.
pdf (last accessed 4 October 2016).

29. Delurey D, George S, Potter J, Farrell M. Demand re-
sponse: now that we can measure it, why not price it?
Presented at the national summit on Smart Grid and
Climate Change, 2014, Washington DC. Available
from: http://www.demandresponsesmartgrid.org/Re-
sources/Documents/Webinar%20Presentations/ADS
%20Pricing%20Webinar%20Slides%2014.09.30.pdf
(last accessed 4 October 2016).

30. Wolsink M. Wind power for the electricity supply of
houses. Netherlands Journal of Housing and

Environmental Research 1987; 2:195–214.
doi:10.1007/BF02497872.

31. Wolsink M. New experimental electricity tariff sys-
tems for household end use. ECEEE Summer Study
Proceedings, Panel 1997; 2:1–13 Available from:
http://dare.uva.nl/document/2/2583 (last accessed 4
October 2016).

32. Greening LA. Demand response resources: who is re-
sponsible for implementation in a deregulated mar-
ket? Energy 2010; 35:1518–1525. doi:10.1016/j.
energy.2009.12.013.

33. Hirst E. Barriers to Price-responsive Demand in
Wholesale Electricity Markets. Edison Electric Insti-
tute: Washington DC, 2002 Available from: https://
www.hks.harvard.edu/hepg/Papers/Hirst_Barriers_
PRD_6-02.pdf (last accessed 4 October 2016).

34. Stromback J. Demand response market drivers and
barriers. International Workshop on Potential and
Programmes to Foster Demand Response in Europe,
Ispra, 2010. Available from: http://iet.jrc.ec.europa.
eu/energyefficiency/sites/energyefficiency/files/events/
2010_Demand-response-Ispra/2_stromback.pdf (last
accessed 4 October 2016).

35. Smart Energy Demand Coalition. The Demand Re-
sponse Snap Shot. SEDC: Brussels, 2011 Available
from: http://smartenergydemand.eu/wp-content/up-
loads/2011/09/SEDC-DR-Snap-Shot.-FINAL-20112.
pdf (last accessed 4 October 2016).

36. Wolsink M. The research agenda on social accep-
tance of distributed generation in smart grids: renew-
able as common pool resources. Renewable and
Sustainable Energy Reviews 2012; 16:822–835.
doi:10.1016/j.rser.2011.09.006.

37. Conchado A, Linares P. The economic impact of de-
mand response programs on power systems. A survey
on the state of the art. In Handbook of Networks in
Power Systems I. Springer: Heidelberg, 2012;
281–301.

38. Cooke D. Empowering Customer Choice in
Electricity Markets. IEA: Paris, 2011 Available from:
https://www.iea.org/publications/freepublications/
publication/Empower.pdf (last accessed 4 October
2016).

39. Kathan D, Aldina R, Lee MP, Medearis L, Sporborg
P, Tita M, Wight D, Wilkerson A, Kreger F, Richard-
son V, Gifford W, Elsner C. Assessment of Demand
Response and Advanced Metering. Federal Energy
Regulatory Commission: Washington DC, 2012
Available from: https://www.ferc.gov/legal/staff-re-
ports/12-20-12-demand-response.pdf (last accessed
4 October 2016).

40. Albadi MH, El-Saadany EF. A summary of demand
response in electricity markets. Electric Power

Barriers to residential demand response in smart grids M. H. J. Weck, J. van Hooff and W. G. J. H. M. van Sark

813© 2016 The Authors. International Journal of Energy Research Published by John Wiley & Sons Ltd. 2017; 41:790–816
DOI: 10.1002/er

http://dx.doi.org/10.1109/TPWRS.2012.2197027
http://dx.doi.org/10.1109/TPWRS.2012.2197027
https://lirias.kuleuven.be/handle/123456789/317162
https://lirias.kuleuven.be/handle/123456789/317162
http://dx.doi.org/10.1016/j.enpol.2012.12.078
http://dx.doi.org/10.1007/s12053-013-9236-4
http://dx.doi.org/10.1007/s12053-013-9236-4
http://nbn-assets.netbeheernederland.nl/p/32768/files/Duneworks%20Deel%201%20Engelse%20rapportage%20Final.pdf
http://nbn-assets.netbeheernederland.nl/p/32768/files/Duneworks%20Deel%201%20Engelse%20rapportage%20Final.pdf
http://nbn-assets.netbeheernederland.nl/p/32768/files/Duneworks%20Deel%201%20Engelse%20rapportage%20Final.pdf
http://nbn-assets.netbeheernederland.nl/p/32768/files/Duneworks%20Deel%201%20Engelse%20rapportage%20Final.pdf
http://esmig.eu/sites/default/files/2011.10.12_empower_demand_report_final.pdf
http://esmig.eu/sites/default/files/2011.10.12_empower_demand_report_final.pdf
http://www.ferc.gov/legal/staff-reports/2014/demand-response.pdf
http://www.ferc.gov/legal/staff-reports/2014/demand-response.pdf
http://www.ferc.gov/legal/staff-reports/2014/demand-response.pdf
http://www.demandresponsesmartgrid.org/Resources/Documents/Webinar%20Presentations/ADS%20Pricing%20Webinar%20Slides%2014.09.30.pdf
http://www.demandresponsesmartgrid.org/Resources/Documents/Webinar%20Presentations/ADS%20Pricing%20Webinar%20Slides%2014.09.30.pdf
http://www.demandresponsesmartgrid.org/Resources/Documents/Webinar%20Presentations/ADS%20Pricing%20Webinar%20Slides%2014.09.30.pdf
http://dx.doi.org/10.1007/BF02497872
http://dare.uva.nl/document/2/2583
http://dx.doi.org/10.1016/j.energy.2009.12.013
http://dx.doi.org/10.1016/j.energy.2009.12.013
https://www.hks.harvard.edu/hepg/Papers/Hirst_Barriers_PRD_6-02.pdf
https://www.hks.harvard.edu/hepg/Papers/Hirst_Barriers_PRD_6-02.pdf
https://www.hks.harvard.edu/hepg/Papers/Hirst_Barriers_PRD_6-02.pdf
http://iet.jrc.ec.europa.eu/energyefficiency/sites/energyefficiency/files/events/2010_Demand-response-Ispra/2_stromback.pdf
http://iet.jrc.ec.europa.eu/energyefficiency/sites/energyefficiency/files/events/2010_Demand-response-Ispra/2_stromback.pdf
http://iet.jrc.ec.europa.eu/energyefficiency/sites/energyefficiency/files/events/2010_Demand-response-Ispra/2_stromback.pdf
http://smartenergydemand.eu/wp-content/uploads/2011/09/SEDC-DR-Snap-Shot.-FINAL-20112.pdf
http://smartenergydemand.eu/wp-content/uploads/2011/09/SEDC-DR-Snap-Shot.-FINAL-20112.pdf
http://smartenergydemand.eu/wp-content/uploads/2011/09/SEDC-DR-Snap-Shot.-FINAL-20112.pdf
http://dx.doi.org/10.1016/j.rser.2011.09.006
https://www.iea.org/publications/freepublications/publication/Empower.pdf
https://www.iea.org/publications/freepublications/publication/Empower.pdf
https://www.ferc.gov/legal/staff-reports/12-20-12-demand-response.pdf
https://www.ferc.gov/legal/staff-reports/12-20-12-demand-response.pdf


Systems Research 2008; 78:1989–1996. doi:10.1016/
j.epsr.2008.04.002.

41. Parsa Moghaddam M, Abdollahi A, Rashidinejad M.
Flexible demand response programsmodeling in com-
petitive electricity markets. Applied Energy 2011;
88:3557–3569. doi:10.1016/j.apenergy.2011.02.039.

42. Aalami HA, Moghaddam MP, Yousefi GR. Demand
response modelling considering interruptible/
curtailable loads and capacity market programs. Ap-
plied Energy 2010; 87:243–250. doi:10.1016/j.
apenergy.2009.05.041.

43. U.S. Department of Energy. Benefits of Demand Re-
sponse in Electricity Market and Recommendations
for Achieving Them. Department of Energy:
Washington, 2006 Available from: http://energy.
gov/sites/prod/files/oeprod/DocumentsandMedia/DOE
_Benefits_of_Demand_Response_in_Electricity_Mar-
kets_and_Recommendations_for_Achieving_Them_
Report_to_Congress.pdf (last accessed 4 October
2016).

44. Aghae J,AlizadehM-I. Demand response in smart elec-
tricity grids equipped with renewable energy sources: a
review. Renewable and Sustainable Energy Reviews
2013; 18:64–72. doi:10.1016/j.rser.2012.09.019.

45. Wang J, Bloyd CN, Hu Z, Tan Z. Demand response
in China. Energy 2010; 35:1592–1597. doi:10.1016/
j.energy.2009.06.020.

46. Torriti J, Hassan MG, Leach M. Demand response
experience in Europe: policies, programmes and im-
plementation. Energy 2010; 35:1575–1583.
doi:10.1016/j.energy.2009.05.021.

47. FariaP,ValeZ.Demandresponseinelectricalenergysup-
ply: an optimal real time pricing approach. Energy 2011;
36:5374–5384. doi:10.1016/j.energy.2011.06.049.

48. Spees K, Lave LB. Demand response and electricity
market efficiency. The Electricity Journal 2007;
20:69–85. doi:10.1016/j.tej.2007.01.006.

49. Lijesen MG. The real-time price elasticity of electric-
ity. Energy Economics 2007; 29:249–258.
doi:10.1016/j.eneco.2006.08.008.

50. Faruqui A, Sergici S. Household response to dynamic
pricing of electricity: a survey of 15 experiments.
Journal of Regulatory Economics 2010;
38:193–225. doi:10.1007/s11149-010-9127-y.

51. Newsham GR, Bowker BG. The effect of utility time-
varying pricing and load control strategies on resi-
dential summer peak electricity use: a review. Energy
Policy 2010; 38:3289–3296. doi:10.1016/j.enpol.
2010.01.027.

52. Faruqui A, Harris D, Hledik R. Unlocking the €53
billion savings from smart meters in the EU: how in-
creasing the adoption of dynamic tariffs could make
or break the EU’s smart grid investment. Energy

Policy 2010; 38:6222–6231. doi:10.1016/j.
enpol.2010.06.010.

53. Gottwalt S, Ketter W, Block C, Collins J, Weinhardt C.
Demand side management—a simulation of household
behavior under variable prices. Energy Policy 2011;
39:8163–8174. doi:10.1016/j.enpol.2011.10.016.

54. Spees K, Lave L. Impacts of responsive load in PJM:
load shifting and real time pricing. The Energy Jour-
nal 2008; 29:101–121. doi:10.5547/ISSN0195-6574-
EJ-Vol29-No2-6.

55. Chao H. Price-responsive demand management for a
smart grid world. The Electricity Journal 2010;
23:7–20. doi:10.1016/j.tej.2009.12.007.

56. Heshmati A. Demand, customer base-line and de-
mand response in the electricity market: a survey.
Journal of Economic Surveys 2014; 28:862–888.
doi:10.1111/joes.12033.

57. Roscoe AJ, Ault GW. Supporting high penetrations
of renewable generation via implementation of real-
time electricity pricing and demand response. IET Re-
newable Power Generation 2010; 4:369–382.
doi:10.1049/iet-rpg.2009.0212.

58. Darby S. The Effectiveness of Feedback on Energy
Consumption. Environmental Change Institute: Ox-
ford, UK, 2006 Available from: http://www.eci.ox.
ac.uk/research/energy/downloads/smart-metering-re-
port.pdf (last accessed 4 October 2016).

59. Barbose G, Goldman C, Neenan B. A Survey of Util-
ity Experience with Real Time Pricing. Lawrence
Berkeley National Laboratory: Berkeley, 2004 Avail-
able from: https://emp.lbl.gov/sites/all/files/REPORT
%20lbnl%20-%2054238.pdf (last accessed 4 October
2016).

60. Cappers P, Goldman C, Kathan D. Demand response
in U.S. electricity markets: empirical evidence. En-
ergy 2010; 35:1526–1535 DOI: 10.1016/j.
energy.2009.06.029.

61. Shao S, Pipattanasomporn M, Rahman S. Develop-
ment of physical-based demand response-enabled
residential load models. IEEE Transactions on Power
Systems 2013; 28:607–614. doi:10.1109/
TPWRS.2012.2208232.

62. Strbac G. Demand side management: benefits and
challenges. Energy Policy 2008; 36:4419–4426.
doi:10.1016/j.enpol.2008.09.030.

63. Florida Power & Light. Save up to $137 a year when
you enroll in On Call, 2016. Available from: https://
www.fpl.com/save/programs/on-call.html (last
accessed 4 October 2016).

64. Van Vliet AJ, Attema-van Waas AR, Dromacque C.
The added value of household level analysis in active
demand: using psychological concepts in understand-
ing changing electricity consumption behaviour.

Barriers to residential demand response in smart gridsM. H. J. Weck, J. van Hooff and W. G. J. H. M. van Sark

814 © 2016 The Authors. International Journal of Energy Research Published by John Wiley & Sons Ltd. 2017; 41:790–816
DOI: 10.1002/er

http://dx.doi.org/10.1016/j.epsr.2008.04.002
http://dx.doi.org/10.1016/j.epsr.2008.04.002
http://dx.doi.org/10.1016/j.apenergy.2011.02.039
http://dx.doi.org/10.1016/j.apenergy.2009.05.041
http://dx.doi.org/10.1016/j.apenergy.2009.05.041
http://energy.gov/sites/prod/files/oeprod/DocumentsandMedia/DOE_Benefits_of_Demand_Response_in_Electricity_Markets_and_Recommendations_for_Achieving_Them_Report_to_Congress.pdf
http://energy.gov/sites/prod/files/oeprod/DocumentsandMedia/DOE_Benefits_of_Demand_Response_in_Electricity_Markets_and_Recommendations_for_Achieving_Them_Report_to_Congress.pdf
http://energy.gov/sites/prod/files/oeprod/DocumentsandMedia/DOE_Benefits_of_Demand_Response_in_Electricity_Markets_and_Recommendations_for_Achieving_Them_Report_to_Congress.pdf
http://energy.gov/sites/prod/files/oeprod/DocumentsandMedia/DOE_Benefits_of_Demand_Response_in_Electricity_Markets_and_Recommendations_for_Achieving_Them_Report_to_Congress.pdf
http://energy.gov/sites/prod/files/oeprod/DocumentsandMedia/DOE_Benefits_of_Demand_Response_in_Electricity_Markets_and_Recommendations_for_Achieving_Them_Report_to_Congress.pdf
http://dx.doi.org/10.1016/j.rser.2012.09.019
http://dx.doi.org/10.1016/j.energy.2009.06.020
http://dx.doi.org/10.1016/j.energy.2009.06.020
http://dx.doi.org/10.1016/j.energy.2009.05.021
http://dx.doi.org/10.1016/j.energy.2011.06.049
http://dx.doi.org/10.1016/j.tej.2007.01.006
http://dx.doi.org/10.1016/j.eneco.2006.08.008
http://dx.doi.org/10.1007/s11149-010-9127-y
http://dx.doi.org/10.1016/j.enpol.2010.01.027
http://dx.doi.org/10.1016/j.enpol.2010.01.027
http://dx.doi.org/10.1016/j.enpol.2010.06.010
http://dx.doi.org/10.1016/j.enpol.2010.06.010
http://dx.doi.org/10.1016/j.enpol.2011.10.016
http://dx.doi.org/10.5547/ISSN0195-6574-EJ-Vol29-No2-6
http://dx.doi.org/10.5547/ISSN0195-6574-EJ-Vol29-No2-6
http://dx.doi.org/10.1016/j.tej.2009.12.007
http://dx.doi.org/10.1111/joes.12033
http://dx.doi.org/10.1049/iet-rpg.2009.0212
http://www.eci.ox.ac.uk/research/energy/downloads/smart-metering-report.pdf
http://www.eci.ox.ac.uk/research/energy/downloads/smart-metering-report.pdf
http://www.eci.ox.ac.uk/research/energy/downloads/smart-metering-report.pdf
https://emp.lbl.gov/sites/all/files/REPORT%20lbnl%20-%2054238.pdf
https://emp.lbl.gov/sites/all/files/REPORT%20lbnl%20-%2054238.pdf
http://dx.doi.org/10.1016/j.energy.2009.06.029
http://dx.doi.org/10.1016/j.energy.2009.06.029
http://dx.doi.org/10.1109/TPWRS.2012.2208232
http://dx.doi.org/10.1109/TPWRS.2012.2208232
http://dx.doi.org/10.1016/j.enpol.2008.09.030
https://www.fpl.com/save/programs/on-call.html
https://www.fpl.com/save/programs/on-call.html


CIRED Workshop, Rome, 2014. Available from:
http://www.cired.net/publications/workshop2014/pa-
pers/CIRED2014WS_0290_final.pdf (last accessed 4
October 2016).

65. Belmans R, Beusen B, Boesmans B, Cardinaels W,
Claessens B, Claessens S, Coomans P, D’hulst R, De
MeyerW, Degraeve J, Develder C, Dupont B, Foubert
W, Gordebeke J, Hoornaert F, Iacovella S, Jargstorf J,
JahnR,KesselsK,LabeeuwW,MuytersP,PenninckS,
PonnetteR,SixD,StoffelsS,Stragier,J,StrobbeM,Van
Daele K, Van Dievel P, Van Poppel P, Vanbeveren D,
Vangrunderbeek C, Vanthournout K, Verbeek G,
Verboven P, Vingerhoets P. Linear, The Report.
Energyville, Genk, 2014. Available from: http://www.
linear-smartgrid.be/sites/default/files/Linear%20Final
%20Report%20-%20lr2.pdf (last accessed 4 October
2016).

66. Silverman D. Interpreting Qualitative Data (Fifth).
Sage: London, 2015.

67. QSR International. NVivo, 2012. Available from:
http://www.qsrinternational.com/nvivo-product (last
accessed 4 October 2016).

68. Bryman A. Social Research Methods (Third). Oxford
University Press: Oxford, 2008.

69. Joskow PL, Wolfram CD. Dynamic pricing of elec-
tricity. American Economic Review 2012;
102:381–385. doi:10.1257/aer.102.3.381.

70. Centolella P. The integration of price responsive de-
mand into regional transmission organization (RTO)
wholesale power markets and system operations. En-
ergy 2010; 35:1568–1574. doi:10.1016/j.energy.
2009.06.046.

71. Yousefi S, Parsa Moghaddam M, Johari Majd V. Op-
timal real time pricing in an agent-based retail market
using a comprehensive demand response model. En-
ergy 2011; 36:5716–5727. doi:10.1016/j.energy.
2011.06.045.

72. Kamp HGJ. Besluit grootschalige uitrol slimme
meters. Tweede Kamer: Den Haag, 2014. Available
from: https://zoek.officielebekendmakingen.nl/kst-
29023-160.html (last accessed 4 October 2016).

73. Hess S, Tieman R, Trip J, Overbeek J, Roossien B,
De Waard-Pels Y, Scipio A. Werkgroep Topsector
Energie: Voorselectie focusonderwerpen. Energo:
Den Haag, 2011. Available from: https://www.goo-
gle.nl/url?sa=t&rct=j&q=&esrc=s&source=web&cd
=1&ved=0ahUKEwjEsLq46cXPAhUIK8AKHdLpD
gcQFggcMAA&url=https%3A%2F%2Fwww.energy-
go.nl%2FPublications%2FDownload%2F11%2Frou-
tekaart-ict-2030-achtergrond-bebouwde-omgeving&-
usg=AFQjCNHK4Aitoq1zSKOabki1mXVzu7Bk2-
A&bvm=bv.134495766,d.ZGg (last accessed 4 Octo-
ber 2016).

74. Amsterdam Power Exchange, APX, 2016. Available
from: https://www.apxgroup.com (last accessed 4
October 2016).

75. Lee, M.P., Aslam, O., Foster, B., Kathan, D., Kwok,
J., Medearis, L., Palmer, R., Sporborg, P., Tita, M.:
Assessment of demand response and advanced
metering. , Washington D.C. (2013).

76. Kamp HGJ. Stand van zaken uitrol slimme meters.
Tweede Kamer: Den Haag, 2013. Available from:
https://zoek.officielebekendmakingen.nl/kst-29023-
140.html (last accessed 4 October 2016).

77. Ramchurn SD, Vytelingum P, Rogers A, Jennings NR.
Agent-based control for decentralised demand side man-
agement in the smart grid. Proceedings of the 10th Inter-
national Conference on Autonomous Agents and
Multiagent Systems—Innovative Applications Track,
Taipei, 2011 pp. 5–12. Available from: https://pdfs.
semanticscholar.org/46e0/faacf50c8053d38fb3cf2da7fb
bfb2932977.pdf (last accessed 4 October 2016).

78. Gerdes J, Marbus S, Boelhouwer M. Energietrends
2014. ECN: Petten, 2014 Available from: https://
www.ecn.nl/publicaties/PdfFetch.aspx?nr=ECN-O--
14-041 (last accessed 4 October 2016).

79. Eurlings CMPS, Van der Hoeven MJA. Brief van de
Ministers van Verkeer en Waterstaat en van
Economische Zaken. Tweede Kamer: Den Haag,
2009 Available from: https://zoek.officielebekendma
kingen.nl/h-tk-20082009-7377-7382.pdf (last
accessed 4 October 2016).

80. Verhagen MJM, Atsma JJ, Donner JPH. Elektrisch
rijden in de versnelling. Tweede Kamer: Den Haag,
2011 Available from: https://zoek.officielebe-
kendmakingen.nl/blg-133623 (last accessed 4 Octo-
ber 2016).

81. Directive 2012/27/EU of the European Parliament
and of the Council of 25 October 2012 on energy ef-
ficiency. Official Journal of the European Union
14.11.2015 L 315/1-56, 2012. Available from:
http://eur-lex.europa.eu/LexUriServ/LexUriServ.do?
uri=OJ:L:2012:315:0001:0056:en:PDF (last accessed
4 October 2016).

82. RefE, AF-Mercados, Indra. Study on Tariff Design
for Distribution Systems. European Commission DG
Energy: Brussels, 2015. Available from: https://ec.
europa.eu/energy/sites/ener/files/documents/20150313
%20Tariff%20report%20fina_revREF-E.PDF (last
accessed 4 October 2016).

83. Rodrigues Da Costa M, Aldea I, Boubert J, et al. Net-
work Tariff Structure for a Smart Energy System.
Eurelectric: Brussels, 2013 Available from: http://
www.eurelectric.org/media/80239/20130409_network-
tariffs-paper_final_to_publish-2013-030-0409-01-e.pdf
(last accessed 4 October 2016).

Barriers to residential demand response in smart grids M. H. J. Weck, J. van Hooff and W. G. J. H. M. van Sark

815© 2016 The Authors. International Journal of Energy Research Published by John Wiley & Sons Ltd. 2017; 41:790–816
DOI: 10.1002/er

http://www.cired.net/publications/workshop2014/papers/CIRED2014WS_0290_final.pdf
http://www.cired.net/publications/workshop2014/papers/CIRED2014WS_0290_final.pdf
http://www.linear-smartgrid.be/sites/default/files/Linear%20Final%20Report%20-%20lr2.pdf
http://www.linear-smartgrid.be/sites/default/files/Linear%20Final%20Report%20-%20lr2.pdf
http://www.linear-smartgrid.be/sites/default/files/Linear%20Final%20Report%20-%20lr2.pdf
http://www.qsrinternational.com/nvivo-product
http://dx.doi.org/10.1257/aer.102.3.381
http://dx.doi.org/10.1016/j.energy.2009.06.046
http://dx.doi.org/10.1016/j.energy.2009.06.046
http://dx.doi.org/10.1016/j.energy.2011.06.045
http://dx.doi.org/10.1016/j.energy.2011.06.045
https://zoek.officielebekendmakingen.nl/kst-29023-160.html
https://zoek.officielebekendmakingen.nl/kst-29023-160.html
https://www.google.nl/url?sa=t&rct=j&q=&esrc=s&source=web&cd=1&ved=0ahUKEwjEsLq46cXPAhUIK8AKHdLpDgcQFggcMAA&url=https%3A%2F%2Fwww.energygo.nl%2FPublications%2FDownload%2F11%2Froutekaart-ict-2030-achtergrond-bebouwde-omgeving&usg=AFQjCNHK4Aitoq1zSKOabki1mXVzu7Bk2A&bvm=bv.134495766,d.ZGg
https://www.google.nl/url?sa=t&rct=j&q=&esrc=s&source=web&cd=1&ved=0ahUKEwjEsLq46cXPAhUIK8AKHdLpDgcQFggcMAA&url=https%3A%2F%2Fwww.energygo.nl%2FPublications%2FDownload%2F11%2Froutekaart-ict-2030-achtergrond-bebouwde-omgeving&usg=AFQjCNHK4Aitoq1zSKOabki1mXVzu7Bk2A&bvm=bv.134495766,d.ZGg
https://www.google.nl/url?sa=t&rct=j&q=&esrc=s&source=web&cd=1&ved=0ahUKEwjEsLq46cXPAhUIK8AKHdLpDgcQFggcMAA&url=https%3A%2F%2Fwww.energygo.nl%2FPublications%2FDownload%2F11%2Froutekaart-ict-2030-achtergrond-bebouwde-omgeving&usg=AFQjCNHK4Aitoq1zSKOabki1mXVzu7Bk2A&bvm=bv.134495766,d.ZGg
https://www.google.nl/url?sa=t&rct=j&q=&esrc=s&source=web&cd=1&ved=0ahUKEwjEsLq46cXPAhUIK8AKHdLpDgcQFggcMAA&url=https%3A%2F%2Fwww.energygo.nl%2FPublications%2FDownload%2F11%2Froutekaart-ict-2030-achtergrond-bebouwde-omgeving&usg=AFQjCNHK4Aitoq1zSKOabki1mXVzu7Bk2A&bvm=bv.134495766,d.ZGg
https://www.google.nl/url?sa=t&rct=j&q=&esrc=s&source=web&cd=1&ved=0ahUKEwjEsLq46cXPAhUIK8AKHdLpDgcQFggcMAA&url=https%3A%2F%2Fwww.energygo.nl%2FPublications%2FDownload%2F11%2Froutekaart-ict-2030-achtergrond-bebouwde-omgeving&usg=AFQjCNHK4Aitoq1zSKOabki1mXVzu7Bk2A&bvm=bv.134495766,d.ZGg
https://www.google.nl/url?sa=t&rct=j&q=&esrc=s&source=web&cd=1&ved=0ahUKEwjEsLq46cXPAhUIK8AKHdLpDgcQFggcMAA&url=https%3A%2F%2Fwww.energygo.nl%2FPublications%2FDownload%2F11%2Froutekaart-ict-2030-achtergrond-bebouwde-omgeving&usg=AFQjCNHK4Aitoq1zSKOabki1mXVzu7Bk2A&bvm=bv.134495766,d.ZGg
https://www.google.nl/url?sa=t&rct=j&q=&esrc=s&source=web&cd=1&ved=0ahUKEwjEsLq46cXPAhUIK8AKHdLpDgcQFggcMAA&url=https%3A%2F%2Fwww.energygo.nl%2FPublications%2FDownload%2F11%2Froutekaart-ict-2030-achtergrond-bebouwde-omgeving&usg=AFQjCNHK4Aitoq1zSKOabki1mXVzu7Bk2A&bvm=bv.134495766,d.ZGg
https://www.google.nl/url?sa=t&rct=j&q=&esrc=s&source=web&cd=1&ved=0ahUKEwjEsLq46cXPAhUIK8AKHdLpDgcQFggcMAA&url=https%3A%2F%2Fwww.energygo.nl%2FPublications%2FDownload%2F11%2Froutekaart-ict-2030-achtergrond-bebouwde-omgeving&usg=AFQjCNHK4Aitoq1zSKOabki1mXVzu7Bk2A&bvm=bv.134495766,d.ZGg
https://www.apxgroup.com
https://zoek.officielebekendmakingen.nl/kst-29023-140.html
https://zoek.officielebekendmakingen.nl/kst-29023-140.html
https://pdfs.semanticscholar.org/46e0/faacf50c8053d38fb3cf2da7fbbfb2932977.pdf
https://pdfs.semanticscholar.org/46e0/faacf50c8053d38fb3cf2da7fbbfb2932977.pdf
https://pdfs.semanticscholar.org/46e0/faacf50c8053d38fb3cf2da7fbbfb2932977.pdf
https://www.ecn.nl/publicaties/PdfFetch.aspx?nr=ECN-O--14-041
https://www.ecn.nl/publicaties/PdfFetch.aspx?nr=ECN-O--14-041
https://www.ecn.nl/publicaties/PdfFetch.aspx?nr=ECN-O--14-041
https://zoek.officielebekendmakingen.nl/h-tk-20082009-7377-7382.pdf
https://zoek.officielebekendmakingen.nl/h-tk-20082009-7377-7382.pdf
https://zoek.officielebekendmakingen.nl/blg-133623
https://zoek.officielebekendmakingen.nl/blg-133623
http://eur-lex.europa.eu/LexUriServ/LexUriServ.do?uri=OJ:L:2012:315:0001:0056:en:PDF
http://eur-lex.europa.eu/LexUriServ/LexUriServ.do?uri=OJ:L:2012:315:0001:0056:en:PDF
https://ec.europa.eu/energy/sites/ener/files/documents/20150313%20Tariff%20report%20fina_revREF-E.PDF
https://ec.europa.eu/energy/sites/ener/files/documents/20150313%20Tariff%20report%20fina_revREF-E.PDF
https://ec.europa.eu/energy/sites/ener/files/documents/20150313%20Tariff%20report%20fina_revREF-E.PDF
http://www.eurelectric.org/media/80239/20130409_network-tariffs-paper_final_to_publish-2013-030-0409-01-e.pdf
http://www.eurelectric.org/media/80239/20130409_network-tariffs-paper_final_to_publish-2013-030-0409-01-e.pdf
http://www.eurelectric.org/media/80239/20130409_network-tariffs-paper_final_to_publish-2013-030-0409-01-e.pdf


84. Ten Heuvelhof EF, Bosveld G, Esseboom MA, van
Huffelen AC, Kroon JM, Levelink HJ, Molengraaf
PC, Nabuurs P, Scheepers MJJ, de Swart JW,
Weijnen MPC. Op weg naar intelligente netten in Ne-
derland. Ministerie van Economische Zaken: Den
Haag, 2010. Available from: https://www.rijksover
heid.nl/binaries/rijksoverheid/documenten/rapporten/
2011/05/20/op-weg-naar-intelligente-netten-in-neder-
land/11081607-bijlage2.pdf (last accessed 4 October
2016).

85. Wijers GJ. Elektriciteitswet 1998. Ministerie van
Economische Zaken: Den Haag. Available from:
http://wetten.overheid.nl/BWBR0009755/2016-07-
01 (last accessed 4 October 2016).

86. Fischer C. Feedback on household electricity con-
sumption: a tool for saving energy? Energy Efficiency
2008; 1:79–104. doi:10.1007/s12053-008-9009-7.

87. World Energy Council. Average electricity consump-
tion per electrified household, 2016. Available from:
https://www.wec-indicators.enerdata.eu/household-
electricity-use.html (last accessed 4 October 2016).

88. Pina A, Silva C, Ferrão P. The impact of demand side
management strategies in the penetration of renew-
able electricity. Energy 2012; 41:128–137.
doi:10.1016/j.energy.2011.06.013.

89. Centraal Bureau voor de Statistiek. Hernieuwbare
energie in Nederland 2013. CBS: Den
Haag/Heerlen, 2014. Available from: https://www.
cbs.nl/-/media/imported/documents/2014/31/webver-
siefhernieuwbare%20energie.pdf (last accessed 4
October 2016).

90. Kleefkens O. Status rapportage warmtepompen,
technologie en markt in Nederland, 2014. Available
from: http://www.rvo.nl/sites/default/files/2014/11/
Definitief_Statusrapportage%20Warmtepompen.pdf
(last accessed 4 October 2016).

91. Gyamfi S, Krumdieck S. Scenario analysis of resi-
dential demand response at network peak periods.
Electric Power Systems Research 2012; 93:32–38.
doi:10.1016/j.epsr.2012.07.004.

92. Van Melle T, Ramaekers L, Terlouw W. Waarde van
slimme netten. Ecofys: Utrecht, 2014 Available from:
http://nbn-assets.netbeheernederland.nl/p/32768/files/
Rapport%20Waarde%20van%20Slimme%20Netten%
20Ecofys.pdf (last accessed 4 October 2016).

93. Godfried M, Hakvoort R, Meeuwis C, Noordzij G,
Rijkers F, Zwart G. Transparantie voor
onbalanssystematiek. Dienst uitvoering en toezicht
Energie: Den Haag, 2004. Available from: https://
www.acm.nl/nl/download/bijlage/?id=8350 (last
accessed 4 October 2016).

94. Mathieu JL, Dyson M, Callaway DS. Using residen-
tial electric loads for fast demand response: the poten-
tial resource and revenues, the costs, and policy
recommendations. Proceedings ACEEE Summer
Study Energy Efficiency in Buildings 2012; 2012
Available from: http://aceee.org/files/proceedings/
2012/data/papers/0193-000009.pdf (last accessed 4
October 2016):189–203.

95. TenneT. Data systeem & Transport, 2016. Available
from: http://www.tennet.org/bedrijfsvoering/ (last
accessed 4 October 2016).

96. PJM. Retail electricity consumer opportunities for de-
mand response in PJM’s wholesale markets, 2014.
Available from: https://www.pjm.com/~/media/mar-
kets-ops/dsr/end-use-customer-fact-sheet.ashx (last
accessed 4 October 2016).

97. TenneT. Product information on regulating power.
(2014).

98. Weck M. Barriers to the introduction of residential
demand response in the Netherlands, MSc Thesis,
Utrecht University, 2015. Available from: http://
dspace.library.uu.nl/handle/1874/320684 (last
accessed 4 October 2016).

99. Bouwhuis R, Van Der Mark A. Kansen en obstakels
voor de energiesector. Energy insights. Magnus Red:
Naarden, 2014. Available from: http://insights.mag-
nus.nl/wp-content/uploads/2014/07/De-komst-van-
slimme-allocatie-kansen-en-obstakels-voor-de-ener-
giesector.pdf (last accessed 4 October 2016).

100. RVO: Cijfers elektrisch vervoer. ▪▪ Available from:
http://www.rvo.nl/onderwerpen/duurzaam-onderne-
men/energie-en-milieu-innovaties/elektrisch-rijden/
stand-van-zaken/cijfers (last accessed 4 October 2016).

101. TenneT. Information on the international expansion of
the grid control cooperation by addition of the Dutch
control block. IGCC Price Model: Market Informa-
tion from the Transmission System Operators 2012.
Available from: http://www.tennet.eu/fileadmin/user
_upload/Company/Publications/Technical_Publica-
tions/Dutch/Market_information_IGCC.pdf (last
accessed 4 October 2016).

102. Baritaud M, Volk D. Seamless Power Markets. IEA:
Paris, 2014 Available from: https://www.iea.org/pub-
lications/freepublications/publication/SEAMLESS-
POWERMARKETS.pdf (last accessed 4 October
2016).

103. Philibert C, Holttinen H, Chandler H. Technology
Roadmap Wind Energy. IEA: Paris, 2013 Available
from: https://www.iea.org/publications/freepublica-
tions/publication/Wind_2013_Roadmap.pdf (last
accessed 4 October 2016).

Barriers to residential demand response in smart gridsM. H. J. Weck, J. van Hooff and W. G. J. H. M. van Sark

816 © 2016 The Authors. International Journal of Energy Research Published by John Wiley & Sons Ltd. 2017; 41:790–816
DOI: 10.1002/er

https://www.rijksoverheid.nl/binaries/rijksoverheid/documenten/rapporten/2011/05/20/op-weg-naar-intelligente-netten-in-nederland/11081607-bijlage2.pdf
https://www.rijksoverheid.nl/binaries/rijksoverheid/documenten/rapporten/2011/05/20/op-weg-naar-intelligente-netten-in-nederland/11081607-bijlage2.pdf
https://www.rijksoverheid.nl/binaries/rijksoverheid/documenten/rapporten/2011/05/20/op-weg-naar-intelligente-netten-in-nederland/11081607-bijlage2.pdf
https://www.rijksoverheid.nl/binaries/rijksoverheid/documenten/rapporten/2011/05/20/op-weg-naar-intelligente-netten-in-nederland/11081607-bijlage2.pdf
http://wetten.overheid.nl/BWBR0009755/2016-07-01
http://wetten.overheid.nl/BWBR0009755/2016-07-01
http://dx.doi.org/10.1007/s12053-008-9009-7
https://www.wec-indicators.enerdata.eu/household-electricity-use.html
https://www.wec-indicators.enerdata.eu/household-electricity-use.html
http://dx.doi.org/10.1016/j.energy.2011.06.013
https://www.cbs.nl/-/media/imported/documents/2014/31/webversiefhernieuwbare%20energie.pdf
https://www.cbs.nl/-/media/imported/documents/2014/31/webversiefhernieuwbare%20energie.pdf
https://www.cbs.nl/-/media/imported/documents/2014/31/webversiefhernieuwbare%20energie.pdf
http://www.rvo.nl/sites/default/files/2014/11/Definitief_Statusrapportage%20Warmtepompen.pdf
http://www.rvo.nl/sites/default/files/2014/11/Definitief_Statusrapportage%20Warmtepompen.pdf
http://dx.doi.org/10.1016/j.epsr.2012.07.004
http://nbn-assets.netbeheernederland.nl/p/32768/files/Rapport%20Waarde%20van%20Slimme%20Netten%20Ecofys.pdf
http://nbn-assets.netbeheernederland.nl/p/32768/files/Rapport%20Waarde%20van%20Slimme%20Netten%20Ecofys.pdf
http://nbn-assets.netbeheernederland.nl/p/32768/files/Rapport%20Waarde%20van%20Slimme%20Netten%20Ecofys.pdf
https://www.acm.nl/nl/download/bijlage/?id=8350
https://www.acm.nl/nl/download/bijlage/?id=8350
http://aceee.org/files/proceedings/2012/data/papers/0193-000009.pdf
http://aceee.org/files/proceedings/2012/data/papers/0193-000009.pdf
http://www.tennet.org/bedrijfsvoering/
https://www.pjm.com/~/media/markets-ops/dsr/end-use-customer-fact-sheet.ashx
https://www.pjm.com/~/media/markets-ops/dsr/end-use-customer-fact-sheet.ashx
http://dspace.library.uu.nl/handle/1874/320684
http://dspace.library.uu.nl/handle/1874/320684
http://insights.magnus.nl/wp-content/uploads/2014/07/De-komst-van-slimme-allocatie-kansen-en-obstakels-voor-de-energiesector.pdf
http://insights.magnus.nl/wp-content/uploads/2014/07/De-komst-van-slimme-allocatie-kansen-en-obstakels-voor-de-energiesector.pdf
http://insights.magnus.nl/wp-content/uploads/2014/07/De-komst-van-slimme-allocatie-kansen-en-obstakels-voor-de-energiesector.pdf
http://insights.magnus.nl/wp-content/uploads/2014/07/De-komst-van-slimme-allocatie-kansen-en-obstakels-voor-de-energiesector.pdf
http://www.rvo.nl/onderwerpen/duurzaam-ondernemen/energie-en-milieu-innovaties/elektrisch-rijden/stand-van-zaken/cijfers
http://www.rvo.nl/onderwerpen/duurzaam-ondernemen/energie-en-milieu-innovaties/elektrisch-rijden/stand-van-zaken/cijfers
http://www.rvo.nl/onderwerpen/duurzaam-ondernemen/energie-en-milieu-innovaties/elektrisch-rijden/stand-van-zaken/cijfers
http://www.tennet.eu/fileadmin/user_upload/Company/Publications/Technical_Publications/Dutch/Market_information_IGCC.pdf
http://www.tennet.eu/fileadmin/user_upload/Company/Publications/Technical_Publications/Dutch/Market_information_IGCC.pdf
http://www.tennet.eu/fileadmin/user_upload/Company/Publications/Technical_Publications/Dutch/Market_information_IGCC.pdf
https://www.iea.org/publications/freepublications/publication/SEAMLESSPOWERMARKETS.pdf
https://www.iea.org/publications/freepublications/publication/SEAMLESSPOWERMARKETS.pdf
https://www.iea.org/publications/freepublications/publication/SEAMLESSPOWERMARKETS.pdf
https://www.iea.org/publications/freepublications/publication/Wind_2013_Roadmap.pdf
https://www.iea.org/publications/freepublications/publication/Wind_2013_Roadmap.pdf

