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H I G H L I G H T S

• We model the large-scale impact of demand response systems with real-world data.

• Our key measures include electricity price, grid load and financial savings.

• The average spot price, as well as the peak price, decrease considerably.

• However, the volatility of the price can rise, impairing non-flexible customers.
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A B S T R A C T

Active load shifting of the electricity demand unlocks a variety of benefits. Examples of such advantages include
the increased stability of energy systems, reduced electricity costs and financial savings in the transmission as
well as generation infrastructure. Although the technology necessary for demand response has been extensively
studied for individual appliances or at the micro-grid level, evaluations of its nationwide impact are scarce. Yet
governments and policy-makers require quantitative assessments in order to understand the underlying value
and derive appropriate policies. For this purpose, this paper utilizes real-world data from the German-Austrian
electricity market in order to calculate ex post the impact of demand response on electricity spot prices and load.
As a result, we find that a 25% adoption rate of the available potential for load shifting could have decreased
nationwide electricity expenses by approximately €500 million, or 6%, in 2014. At the same time, we observe
that the price volatility rises under this scheme and thus impairs non-flexible electricity customers. This ob-
servation entails significant implications in terms of designing effective policies.

1. Introduction

For many years, the electricity market has predominantly offered
energy derived from fossil resources, which, conveniently, represent a
highly controllable form of power generation. However, the advent of
renewable energy has shifted the focus towards intermittent sources,
such as solar and wind power [1]. Since solar and wind power are
highly dependent on weather conditions, they cannot be operated ac-
cording to electricity demand. Conversely, the increasing availability of
smart and connected devices enables a better control of electricity de-
mand [2–4].

This paradigm shift has given rise to the concept of demand response
(DR) as a means of controlling demand [5]. Demand response has been
defined by the U.S. Department of Energy and the Federal Energy
Regulatory Commission as “a tariff or a program established to motivate
changes in electric use by end-use customers in response to changes in the

price of electricity over time, or to give incentive payments designed to induce
lower electricity use at times of high market prices or when grid reliability is
jeopardized” [6]. Within the field of DR, the term load shifting refers to
moving the electricity consumption of devices to a different point in
time such that the monetary expenditures for electricity generation are
minimized [7]. In this respect, electricity consumption is merely post-
poned or shifted to an earlier point in time, while the overall electricity
demand remains the same.

While DR has been the focus of many research publications, little is
known about the changes caused by load shifting on a national level or
its financial implications: prior research has discussed different DR
programs [8], based on which theoretical frameworks have been de-
veloped for classifying the benefits and costs of DR [9,10]. Multiple
studies analyze findings from field trials across electricity markets in
the United States [11–14], Japan [15] and Europe [16–19]. For in-
stance, with regards to a European implementation, research has
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calculated the infrastructure investments required to enable DR, but
provides only rough estimates of the potential benefits [20]. Among the
few quantitative evaluations, the long-term effects of different demand
response policies have been studied on the basis of a simplified model
[21]. In addition, stochastic Nash-Cournot competition models have
demonstrated that demand response lowers the electricity price, gen-
eration and emissions [22]. However, the latter work does not explicitly
distinguish between cases with and without Demand Response and thus
fails to precisely evaluate the benefits from DR usage. Various papers
describe and model implementations of DR for small sub-grids with a
focus on residential communities [23], real-time markets [24], fast-
acting response [25] or centralized scheduling [26]; however, their
approaches are not applicable to nationwide studies. A decision model
for the large-scale impact of DR is proposed in [27], but this work
provides merely an example evaluation for a single day. Hence, it is the
contribution of our work to extend such a simulation to a long-run time
horizon.

Our paper shows how the electricity spot market and electricity
expenses change at market level due to demand response usage, as this
question has been largely neglected in previous works. This research
gap is confirmed by a recent literature review of 117 publications
conducted in [28], which explicitly states that future research on de-
mand response should (1) focus on system-wide analysis and (2) in-
clude a wide range of end-uses, such as industrial, commercial and
private households. Hence, we take both requests into account and
perform an in-depth calculation of the nationwide impact of load
shifting.

In order to analyze the system-wide impact of load shifting, we first
need knowledge of the available load shift potentials. We can then in-
sert the potential into an optimization formulation to simulate the ex
post impact of load shifting. Effectively, we determine the best deci-
sions with respect to load shifting by minimizing the overall electricity
expenses. To account for an increasing adoption of load shifting in the
future, we perform our calculations for three scenarios representing
different volumes of available demand response potentials. In addition,
we utilize actual data from the electricity market of Germany and
Austria to ensure realistic results. Based on this, our results reflect the
impact of load shifting on both the electricity spot price and load.

The remainder of this paper is structured as follows. Section 2
presents a literature review concerning the expected benefits of demand
response. Subsequently, Section 3 describes our models and datasets for
analyzing the impact of load shifting on the electricity spot market. In
Section 4, we show the corresponding results from our analysis based
on actual market data. We then use our findings to derive implications
and discuss policy trade-offs in Section 5. Section 6 concludes.

2. Review of financial benefits of demand response

Related literature generally concludes that demand response trig-
gers many positive developments. These include economic and en-
vironmental benefits, as well as improvements in pricing, risk man-
agement, reliability and market efficiency [10,29–31]. We restrict our
literature search to materials concerning the immediate savings from
more cost-effective electricity purchases. For any other financial sav-
ings, we refer to related research.

Electricity retailers achieve cost savings if they optimize the volume
and timing of their electricity purchases in the most economically ef-
ficient manner. This finding has been suggested by conceptual works
[10]. Simulated results quantify the financial savings from market-
based trading of DR potential [32]. Such studies have also been ex-
tended to incorporate different pricing schemes [33].

Besides these savings from optimized electricity purchases, elec-
tricity retailers could also pursue other business models. For example,
one option is the provision of flexible demand in ancillary or control
reserve management [34,35]. To this end, a focus has been put on the
underlying optimization techniques for load balancing [36].

Interestingly, this market scenario yields greater financial savings as
compared to offering demand response potential as balancing energy or
for ancillary services [37]. Because of this, our study also addresses a
market-based scenario and this is later reflected by our choice of ap-
pliances (e.g. white goods), which do not entail the fast response rate
needed for grid stabilization.

In order to realize the aforementioned benefits, electricity retailers
alter the consumption behavior of their customers through special
programs or tariffs and pass some of their savings on to their customers.
Here a shift of a few hours is often sufficient to realize savings and does
not usually represent an inconvenience for the customer [38], e.g. if a
freezer’s compressor runs at night instead of during the day. Interest-
ingly, demand response flattens the overall demand curve, leading to
price reductions also for consumers not participating in demand re-
sponse [26]. The savings for electricity retailers and their customers
come at the cost of reduced profits for vendors of expensive peak re-
serve generation capacities [39,40].

Quantitative results from a macro-level study [41] indicate that fi-
nancial savings from smart meters, in combination with dynamic tariffs
in the European Union (almost 200 million households), could range
between €14 billion and €67 billion. This amounts to savings between
2.5% and 11.9%, given a total spending of €561 billion. The outcome
ultimately depends on customer adoption of demand response, i.e. the
extent to which end-consumers engage in DR activities. The previous
study assumes peak demand at a transmission level of 467 GW, while
the cost of smart meters in the European Union accounts for approxi-
mately €51 billion, which is partially offset by an economic surplus
between €26 billion and €41 billion. The authors of [42] optimize the
mix of renewable energy sources and find no significant impact of DR at
an hourly level. However, in a later study they project cost savings of
€27 million for the year 2024 in the investigated Western Inter-
connection grid [43].

3. Methods and materials

This section presents our methodology for determining the impact
of nationwide load shifting. First, we show how we model the elec-
tricity price on the basis of both actual demand and supply curves from
the electricity auction. This calculation includes optimal load shifts
based on a quadratic optimization that minimizes electricity expenses.
Finally, we describe the market data serving as the basis of our calcu-
lation and discuss the load potentials.

3.1. Modeling load shifting

Electricity retailers purchase power on the market via different
products, which differ in their time horizon. Market participants use the
derivative market to purchase electricity on a relatively long time-
horizon and thus ensure supply. In contrast, the spot market allows one
to balance day-to-day variations in supply and demand. In this paper,
we focus on the spot market, namely, day-ahead auctions, its most
important product.

We assume that the market price pricet for electricity depends on the
actual trading volume (i.e. market cleared quantity) volt at time t. Both
exhibit an approximately linear relationship within the observed
neighborhood and we thus introduce the following model

= +price γ β volt t t t (1)

with coefficients γt and βt . Here βt encodes the price elasticity of de-
mand, i.e. what the settled price changes with respect to demand. We
can then replace volt in the above formula with ±vol shiftt t in order to
estimate how the settled price would have been in the case of shifting
load shiftt.

We subsequently search for optimal load shifts by minimizing the
total electricity expenditures × ±price vol shift( )t t t with total load
shifting volume shiftt. The full derivation is consistent with related
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