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Abstract 

Because of the increasing supply of intermittent renewable energy sources, demand response 

by end-users may be helpful to balance electricity networks and to prevent network 

bottlenecks. This paper estimates the hourly potential of price-based demand response in a 

number of European countries, especially for the residential end-users, using data from the 

real-time market. For that purpose, we investigate the hourly own and cross elasticities in 

different European countries. Based on these elasticities, historical spot prices as well as a 

number of technical constraints, we construct a price-based optimization model to identify the 

hourly potentials of price-based demand response. The estimation results show that the 

magnitudes of elasticities are relatively small, while the hourly potentials in the residential 

sector are not significantly higher than those in industrial and tertiary sector. This suggests 

that the potential of price-based demand response in the residential sector to deal with the 

increasing supply of renewables is small. 

Keywords: Electricity market; Price-based demand response; Intermittent generation 
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1. Introduction 

A fundamental issue in the electricity market is  to balance demand and supply and to 

ensure reliability. This issue is becoming more severe because of the increasing supply of 

intermittent renewable energy. One possible option for solving this issue is to introduce 

demand response (DR). DR, which includes price-based and incentive-based options, 

attempts to alter the timing (load shifting) and the total consumption level of electricity (load 

shedding). In practice, the loads of end-users are flexibly adjusted to the availability of 

fluctuating renewable energy sources. This short run adjustment requires some minutes to a 

few days. Recent studies on the estimation of DR potential focus on the load reduction over a 

long time horizon, such as the annual potential of DR (Feuerriegel and Neumann, 2014 ; Gils, 

2014; Paulus and Borggrefe, 2011), and the large end-users, such as the industrial and 

commercial customers. Residential users facing the price-based DR should be more sensitive 

to price signals in the short run. However, assessments of the potential of price-based DR for 

the residential users in the real-time market are sparse. In the residential sector, the 

consumption preferences and lack of measurement data make it difficult to examine the effect 

of DR.    

Examining the hourly potentials of price-based DR in the residential sector is important 

for at least two reasons. Firstly, this estimation can help policy makers to acknowledge the 

effect of price responsiveness of residential customers on accommodating excess demand of 

electricity in the short run. For example, if price changes in the spot market would be fully 

observed by residential users, peak consumption can be largely shifted or shed in case of high 

prices. Secondly, the estimation of the hourly potentials of price-based DR relates to the 

justification of excess investment in generation capacity. Intuitively, if peak consumption can 

be regularly and reliably reduced, capacity investment can also be reduced.  

This study aims to identify the hourly potential of price-based DR in a number of 

European countries (Germany, the Netherlands, the United Kingdom, Denmark, Norway, 

Sweden and Finland
2
), especially in the residential sector. The estimation of hourly potential 

of price-based DR depends on price elasticities and a price-based model. Firstly, we identify 

                                                        
2
 We choose these countries because they are all located in the northern part of Europe, while they 

have fairly different characteristics of electricity consumption.  
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the characteristics of these users, considering main technical restrictions, such as the time 

availability of DR (time for load shifting and shedding of a day), technical constraints 

(installed capacity, utilization rate and revision rate) and the impact of outdoor temperatures. 

Secondly, to estimate the potential of price-based DR, the hourly own and cross elasticities 

are determined by the method in Kirschen et al. (2000). Price elasticities reflect the end-user 

responsiveness of load adjustment to changes in prices. Based on price elasticities, spot prices 

and technical constraints, a price-based model for minimizing the costs of an electricity 

retailer can be developed. Unlike the model in Gils (2014) where the potential is estimated by 

the load profiles, our model focuses on price changes and price elasticities in the real-time 

market. 

After assuming that all end-users face real-time prices, results from the proposed model 

show that the maximum hourly potentials of price-based DR in industrial, tertiary and 

residential sectors can be 0.28%, 0.08% and 0.26% of peak loads in 2014. The hourly 

potentials in the residential sector are not significantly higher than those in industrial and 

tertiary sectors. Simultaneously, a high correlation between changes in spot prices and 

dynamics of the hourly potentials of price-based DR in the residential sector is evident. 

Notably, the overall hourly potential of price-based DR is highest in the morning. 

These results have some policy implications for balancing electricity demand and supply. 

Firstly, in addition to increasing investment in generation capacity, the estimated hourly 

potential shows that the price-based DR can provide some sources to balance electricity 

demand and supply. Secondly, policies of load management should primarily focus on the 

electrical appliances in different sectors associated with large potentials of price-based DR.  

This study is organized as follows. Section 2 explores the characteristics of specific 

price-based DR options. Section 3 reviews the literature on DR potential and price-based DR. 

Section 4 delivers a methodology for assessment. Section 5 presents numerical analyses. 

Section 6 concludes and provides some policy implications. 
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2 Price-based DR 

2.1 Policy options 

Price-based DR is designed to promote the low consumption of end-users by setting 

continuous high price signals of electricity (Hurley, Peterson & Whited 2013). Based on smart 

meters, this low consumption can be realized by load shifting and shedding. Options of 

price-based DR are time of use (TOU), critical peak pricing (CPP) and real-time pricing 

(RTP). Notably, load modifications in the price-based options are voluntary and not 

dispatched by a system operator (except for the aggregation of small contracts) (Hurley, 

Peterson & Whited 2013).   

As demonstrated by Albadi and El-Saadany (2007), the effect of price-based DR depends 

on price signals. More specifically, the price signals change in accordance with the 

time-varying generation costs of electricity (energy prices), increasing price flexibility (USDE 

2006). These price signals in different time blocks shift electricity consumption and are 

predetermined for a period of several months and years. In general, the prices during peak 

periods are higher than those during off-peak periods. The critical peak pricing adds a higher 

pre-specified price of electricity usage into the time of use prices or normal flat prices. Hence, 

informed costumers are allowed to respond to the price changes in critical periods. The 

customers in the critical peak pricing receive a price discount during off-peak period (USDE 

2006). In a similar manner, the real-time pricing charges the end-customers with more 

fluctuating rates based on the spot prices. The prices under the real-time pricing are only 

formed on a day-ahead or hour-ahead basis, aiming at industrial customers due to the high 

costs of price evaluation and smart metering (Celebi, Fuller 2007).   

 

 

2.2 Price-based DR in European countries 

Time of use (an option in the price-based DR) is used in Denmark, Finland and the 

United Kingdom, while it is rare in Germany, the Netherlands, Norway and Sweden. More 

specifically, Denmark installed 110,000 metering systems to serve 550,000 customers with the 

retail contracts of time of use in 2010. In 2008, the Finish main electricity utility invested in a 
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smart metering reading system to automatically read, control and manage 60,000 metering 

data from industrial customers (Torriti, Hassan & Leach 2010). In the United Kingdom, 

almost 4,500,000 large industrial and commercial customers participate in the time of use. 

Using reading and communication technology, British customers can respond to a 

time-differentiated rate in the retail market (Torriti, Hassan & Leach 2010). 

In short, the implementation of price-based DR is limited in Europe. The time of use in 

the price-based DR is primarily adopted by large industrial end-users rather than residential 

customers.  

 

3. Literature review 

In case of increasing supply of intermittent renewable energy sources, DR may play an 

important role in balancing electricity in the short run. To shed the light on the magnitudes of 

DR potentials in European countries, we review existing literature on the potential estimations 

in industrial, tertiary and residential sectors. 

 

3.1 DR potential 

To assess the theoretical potential of DR in Europe, Gils (2014) built load shifting and 

shedding models based on different load profiles of customers. These load profiles 

characterize the impacts of different temperatures and seasons on loads of electrical processes 

and appliances in industrial, tertiary and residential sectors. Using installed capacity and the 

assumed time availability of DR, Gils (2014) calculates the potentials of DR for allowed 

shifting and shedding loads in three sectors in Europe. The identified annual potentials of DR 

amount to a minimum load reduction of 61GWh and a minimum load increase of 68GWh on 

average. More specifically, the potentials of DR in three sectors are not constant, with 

industry accounting for 5GWh—33GWh, tertiary sector 21GWh—45GWh and residential 

sector 43GWh—209GWh.  

The DR potential is the key for power system balancing and efficiency. Dena (2010) and 

Klobasa (2007) focus on the interaction of power production from intermittent renewable 

energy sources and DR to improve system efficiency. Klobasa’s simulation results in 
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Germany found that 1500MW of additional minute reserve power and 2.85 €/MWh of 

additional balancing cost were necessary in 2005 with 17GW wind power installed. However, 

if 10% of the production capacity for DR is used in the pulp and paper industry, about 4% of 

electricity costs can be lowered. These results are similar to those in Feuerriegel and 

Neumann (2014). They find that a full utilization of the potential of DR in Germany can 

reduce peak costs and price volatility by 14.35% and 7.74%. 

Although Gils (2014) and Klobasa (2007) presented the annual potentials of DR using 

load-based calculation for industrial, tertiary and residential sectors, the real-time potential of 

DR remains unknown. Moreover, the potential of DR varies significantly throughout the day, 

especially in the residential sector. Thus, related to Gils (2014) and Klobasa (2007), this study 

estimates the real time potentials of price-based DR in three sectors, undertaking price-based 

estimation based on the technical constraints and the characteristics of load profiles. 

 

3.2 Price-based DR 

The price-based DR is designed to shift and shed electricity consumption, including 

time-of-use (TOU) and real-time pricing (RTP). Understanding the relationship between TOU, 

RTP and price elasticities (own and cross elasticities) is crucial to estimate the potential of DR. 

Most existing literature regarding price elasticities focuses on TOU (Al-Faris 2002, Beenstock, 

Goldin & Nabot 1999, Filippini, Pachauri 2004, Holtedahl, Joutz 2004). The proposed own 

elasticities vary from –0.04 to—0.18. In addition, the real-time price elasticity of electricity in 

the Netherlands is estimated by Lijesen (2007). The identified real-time elasticity in the 

Netherlands with –0.0043 is relatively smaller than that in TOU. Notably, in Beenstock et al. 

(1999), the price elasticity in the residential sector is larger than that in the industrial sector.  

In summary, little is known about the real-time potential of price-based DR in industrial, 

tertiary and residential sectors. Based on these results, we use the own and cross elasticities 

from own calculations, as well as data of spot prices to estimate the hourly potentials of 

price-based DR (load shedding and load shifting) in industrial, tertiary and residential sectors. 
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4 Estimation of the hourly potential of price-based DR 

This study quantifies the hourly potentials of price-based DR in the European countries, 

using bottom-up approach. This approach focuses on production processes and electrical 

appliances, as electricity is a necessary input in industrial, tertiary and residential sectors. In 

addition, time of day, temperature and weather conditions have impacts on electricity loads. 

In this analysis, the hourly potential of price-based DR is examined in three ways. Firstly, 

specific electric processes and appliances for DR are specified. Secondly, the characteristics 

of load profiles in three sectors are identified. Thirdly, installed capacities of appliances and 

models of estimating the hourly potential of price-based DR are clarified. The used 

assumptions and parameters are related to those in Gils (2014).   

4.1 Flexible loads in three sectors 

This study assesses loads of 12 different processes and appliances. Notably, flexible 

loads are constrained by technical limits, production processes and installed capacities. In 

energy-intensive industries, such as aluminum, copper, zinc and steel marking, any load 

adjustment is not available (Gils 2014). DR activities in energy-intensive industries are 

assumed to be not allowed. According to the investigation in Olsen et al. (2014), the load 

curves of manufacturing production and pumps in water supply in 24 hours remain fairly flat. 

Moreover, productions in most industrial companies require non-stop operations. Hence, only 

load shedding is assumed to be allowed in the manufacturing production in 24 hours. 

Accordingly, due to the surveyed peak hours of loads and limited business hours in the 

commercial sector (Olsen et al. 2014), it is assumed that most of available time of load 

shedding is limited during 8:00—20:00 (peak hours). Moreover, due to the use of thermal 

storage, pre-heating and pre-cooling are applicable in the tertiary sector (Olsen et al. 2014). 

Hence, load shifting in the tertiary sector is only allowed for loads of commercial heating and 

air conditioning. In the residential sector, due to the overall consumer preferences and 

time-dependency, only load shifting for wet appliances (washing machine, dryer) and load 

shedding for cold appliances (refrigerator) are available (Abdisalaam et al. 2012). Other 

appliances in households cannot be controlled by smart metering devices. Notably, the hourly 
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magnitudes of load shifting and shedding are measured by cross and own elasticities. Thus, 

the load shifting is assumed to allow both load advance and delay. Table 1 provides 

descriptions of the DR for processes and appliances in three sectors and their assumed values.  

Table 1: Overview of properties of processes and appliances 

Sector Process/Appliance DR  tshift (h) tshed (h) Season °C 

Industry Cement mills Load 

shedding 

0 24 Yes No 

 Mechanical wood 

pulp production 

Load 

shedding 

0 24 No No 

 Recycling paper 

processing 

Load 

shedding 

0 24 No No 

 Paper machines Load 

shedding 

0 24 No No 

 Calcium carbide 

production 

Load 

shedding 

0 24 No No 

 Air liquefaction in 

cryogenic 

rectification 

Load 

shedding 

0 24 No No 

 Cooling in food 

manufacturing 

Load 

shedding 

0 24 Yes No 

 Ventilation w/o 

process relevance 

Load 

shedding 

0 24 No No 

Tertiary Commercial 

ventilation 

Load 

shedding 

0 8:00—18:00 No No 

 Commercial air 

conditioning and 

cooling 

Both 6:00—18:00 12:00—20:00 No Yes 

 Commercial heating Both 7:00—9:00 7:00—19:00 No Yes 

 Pumps in water 

supply 

Load 

shedding 

0 24 No No 

Residential Cold appliances Load 

shedding 

0 24 Yes No 

 Wet appliances Load 

shifting 

24 0 Yes No 

Source: Abdisalaam et al. (2012), Gils (2014) and Olsen et al. (2014). Notes: tshift is the 

assumed time of load shifting. tshed is the assumed time of load shedding. Season represents 

that whether seasonal changes have an impact on loads. °C represents that whether 

temperature changes have an impact on loads. If there is no specific restriction, it is assumed 

that DR can be applied at all hours.  



9 

 

4.2 Shiftable load profiles 

Load profiles, technical limits, seasons and temperatures are key for assessing the 

potentials of DR. The load profiles characterize the load patterns. Due to the technical limits 

of DR in some processes and appliances, the implementation of load shedding and shifting 

depends on specific time periods. In addition, seasons and temperatures cause large volatility 

in flexible loads and relevant potentials of DR. 

4.2.1 Seasonal profiles 

In the industrial sector, activity of cement production in winter is lower than that in 

summer. Its daytime activity is also lower than that at night time (Gils 2014). Therefore, the 

utilization rate of appliances in the cement industry in winter is assumed to be by 20% lower 

than that in summer, while the rate at day time in all seasons is two thirds of that at night time. 

For ventilation processes in industrial and tertiary sectors, their utilization rates at night time 

are assumed to be reduced by 50% of that at day time. Furthermore, due to the seasonal 

impact, the utilization rate of cooling purposes (cooling in manufacturing) in the industrial 

sector in summer is assumed to be 10% higher than that in winter. Similarly, the utilization 

rate of wet and cold appliances in the residential sector follows the pattern of cooling 

purposes in the industrial sector.  

4.2.2 Temperature-dependent profiles 

The energy loads of air conditioning, cooling and commercial heating are closely 

correlated to outside temperatures. Hourly temperature profiles for each country are collected 

from ECA&D (2016) to estimate the hourly loads of air conditioning, cooling and commercial 

heating in summer and winter seasons. For each hour, cooling degree hour is defined as the 

difference between mean hourly outside temperature and 15℃ (base degree in Europe). If 

this difference is negative, the cooling degree is zero (Fan, Hyndman 2011). This difference 

in summer is used to examine the effect of hot temperatures on the loads of air conditioning 

and cooling appliances. This method can be also applied to estimate the hourly loads of 
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heating appliances in winter. Then, the loads of air conditioning, cooling and heating 

appliances in summer and winter can be estimated by: 

���i� = �1 + 
���,�����℃�
��℃ �D�i�,                   (1) 

���i� = �1 + max�0,15℃− T��
15℃ �D�i� 

where Dc
(i), Dh

(i) are the temperature-affected loads of air conditioning, cooling and 

commercial heating at the ith hour in summer and winter, D0(i) is the original loads of air 

conditioning, cooling and heating at the ith hour, Ti is the outside temperature at the ith hour. 

max�0, T� − 15℃� represents that the difference between mean hourly outside temperature 

and 15℃ is a positive value or zero at the ith hour.  

4.3 Flexible loads in three sectors 

This study estimates the potential of price-based DR on an hourly basis by price 

elasticities, spot prices and technical constraints of loads. More specifically, the estimation of 

the potentials of DR in the industrial sector depends on production capacity C, number of 

production appliances N and utilization rate suse,i at each hour. These parameters can be found 

in Gils (2014) and Klobasa (2007). Unlike the estimation of the potentials of DR in other 

papers, this study considers the effects of price changes and price elasticities (own and cross 

elasticities). The price elasticities of electricity in three sectors can be calculated by the model 

in Appendix. According to the assumption of RTP (real-time pricing) in Feuerriegel and 

Neumann (2014), consumers in industrial, tertiary and residential sectors face the same 

changes in spot prices. Thus, the calculation of the potential of DR is expressed by: 

DRP !�"�i� = ∑ D !�"�i�ε�i, j��&�'��&(�'�&(�'� �)*'+�                (2) 

  ε�i, j� ≥ 0, -.	- ≠ 1 

 ε�i, j� ≤ 0, -.	- = 1 
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where DRP !�"�i� is the potential of DR (load shifting and shedding) for each process and 

appliance at the ith hour, D !�"�i� is the initial load at the ith hour, ε�i, j� is the elasticity of 

consumer in each sector (if it is positive, it is cross elasticity; otherwise, it is own elasticity), 

and P(j), P0(j) is the spot price and the initial spot price at the jth hour. Then, the initial load 

of each appliance can be derived from the above equation (2) as: 

D !�"�i� = DRP !�"�i�∑ &(�'�
3��,'��&�'��&(�'��

)*'+�                (3) 

At each hour, the retailer tries to minimize the costs. Given the fixed price, the retailer 

determines to minimize the total loads.  

4-56 = 4-5∑ D !�"�i�)*7+� ∗ P�i�                  (4) 

= 4-59DRP !�"�i� ∗ P�i�9
P�j�

ε�i, j��P�j� − P�j��
)*

'+�

)*

7+�
 

Furthermore, the installed capacity is assumed to be affected by the number of 

operational processes and appliances, the production capacity of each appliance, the 

utilization rate at each hour, and the possible outrage rate. Therefore, the installed capacity as 

the constraint of flexible loads can be expressed by: 

S�!;"�<<=> !�" = N�! !�" ∗ CA�B� !�" ∗ s ;= !�"�1 − sD=E�;�F! !�" �            (5) 

Or S�!;"�<<=> !�" = NGG ∗ r !�" ∗ CA�B� !�" ∗ s ;= !�" 

where S�!;"�<<=> !�"  is the installed capacity of each appliance, N�! !�" is the number of specific 

manufacturing plants in the industrial sector, or the number of total commercial enterprises in 

the tertiary sector
3
, NGG  is the number of households, r !�"  is the ownership rate of 

                                                        
3
 This number assumes that one manufacturing plant owns one relevant production process or 

appliance in the industrial sector, while in the tertiary sector one firm owns five relevant commercial 

electricity appliances and services (commercial cooling, ventilation, air conditioning, heating and water 

supply).  
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household appliances, CA�B� !�"  is the average installed capacity of relevant appliance, s ;= !�" is 

the utilization rate, and sD=E�;�F! !�" is the revision rate. In this sense, the potential of price-based 

DR and the estimated load are subject to the installed capacity and the total load in each 

sector. 

Therefore, under the capacity and the market clearing constraints, the complete optimization 

problem for a retailer in one country is given by:  

4-56 = 4-599D !�"�i� ∗ I�-�
)*

7+�JK7L
 

= 4-5∑ ∑ DRP !�"�i� ∗ P�i� &(�'�
3��,'��&�'��&(�'��

)*7,M+�JK7L           (6) 

Subject to 

0 < 9 DRP�i�
JK7L

≤ 9 O7KPLQRRST
JK7L

 

99D !�"�i�
)*

7+�JK7L
∗ 365 = D;=A" 

Where Dsect is the yearly load in each sector. 

As shown, the potential of DR in the industrial sector at each hour is affected by the 

number of installed appliances, the production capacity, the utilization rate, the price changes, 

and the revision rate of appliances. Tables 2, 3, 4 and 5 summarize the assumed values of 

parameters in three sectors. In addition, the estimation of the flexible loads of air conditioning, 

cooling and commercial heating in the tertiary sector in equation (1) takes into account of the 

impact of outside temperatures.  



13 

 

Table 2: Country input for average installed capacity in each plant in the industrial sector 

Process / Appliance 
DE 

(MW) 

NL 

(MW) 

UK 

(MW) 

DK 

(MW) 

NO  

(MW) 

SE 

(MW) 

FI 

(MW) 

Cement mills 3.077 0.747 2.472 1.8 0.459 1.076 0.034 

Mechanical wood pulp 

production 3.01 0.027 0.073 0.02 1.72 0.201 0.213 

Recycling paper 

processing 2.848 0.027 0.142 0.02 0. 2 0.34 0.017 

Paper machines 0.714 0.131 0.065 0.02 0.24 0.96 0.194 

Calcium carbide 

production 0.88 0.045 0.048 0.02 0.08 0.068 0.017 

Air liquefaction in 

cryogenic rectification 2.096 0.513 0.335 1.4 3.56 0.357 0.017 

Cooling in food 

manufacturing 2.528 1.579 2.632 0.105 0.263 0.211 0.053 

Ventilation w/o process 

relevance 2.192 0.055 0.824 0.11 0.137 0.22 0.028 

Source: Quinkertz (2002), Paulus and Borggrefe (2011), Klobasa (2007), Verein Deutscher 

Zementwerke (2011), Blechschmidt (2010), FAO (2015), Schleich et al.(2006), Dena (2010), 

Cameron (2010), Gutschi and Stigler (2008), Häring, Ahner and Belloni (2008), Radgen et al. 

Stadler (2006), Gils (2014) and Odyssey-Mure (2015). The method for obtaining these results 

is presented in the Appendix. 

 

Table 3: Average installed capacity of appliances in each firm and household in tertiary and 

residential sectors 

Sector Appliance  Ave. capacity (MW) 

Tertiary Commercial ventilation 0.01 

 Commercial air conditioning and cooling 0.02 

 Commercial heating 0.04 

 Pumps in water supply 0.04 

Residential Cold appliances 0.002 

 Wet appliances 0.003 

Source: Odyssey-Mure (2015), MAISY (2016) and author’s calculation. Notes: It is assumed 

that tertiary and residential appliances in different countries have the same average installed 

capacities. 
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Table 4: Parameters for the estimation of the potential of DR in three sectors 

Sector Appliance/Process Utilization rate Revision rate  

Industrial Cement mills 80% 5% 

 Mechanical wood pulp production 80% 5% 

 Recycling paper processing 80% 5% 

 Paper machines 90% 5% 

 Calcium carbide production 80% 5% 

 Air liquefaction in cryogenic rectification 80% 5% 

 Cooling in food manufacturing 70% 5% 

 Ventilation w/o process relevance 50% 5% 

Tertiary Commercial ventilation 40% 5% 

 Commercial air conditioning and cooling 40% 5% 

 Commercial heating 30% 5% 

 Pumps in water supply 40% 5% 

Residential Cold appliances 40%  

 Wet appliances 40%  

Source: CBS (2015), EIA (2010b, 2010a), Gils (2014), MAISY (2016) and author’s 

calculation.  
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Table 5: Country input for the potentials of DR in three sectors 

Variable Germany 
The 

Netherlands 

The United 

Kingdom 
Denmark Norway Sweden Finland 

					N�!A
 102 12 82 15 33 25 17  

N�!
B 1658 351 867 149 1073 1383 1689 

N�!DB 1469 521 1458 224 107 139 160 

N�!B
 597 142 337 21 18 86 86 

N�!AA 395 51 319 12 12 55 18 

N�!�< 187 603 3848 114 966 74 22 

N�!AW 988 264 1081 179 92 121 95 

N�!EB 1821 376 723 384 91 239 137 

N"= 

(Million

) 0.7 0.2 1 0.2 0.3 0.4 0.2 

NGG 

(Million

) 39.8 7.6 27.1 2.6 2.2 4.7 2.6 

rcold 95.04% 87.65% 78.8% 110.46% 95% 99.35% 78.5% 

rwet 74.43% 76.57% 69.5% 83.4% 81% 70.05% 80% 

Tsmean 

(°C) 16 17 16 13.5 13.2 13.2 11.7 

Twmean 

(°C) 3.8 5.8 8.8 3.5 0.3 0.7 —0.8 

Dindu 

(TWh) 231.6 34.5 97.7 8.4 43.4 49.9 39.8 

Dtert 

(TWh) 138.4 25.1 113.4 10.31 36.8 43 21.5 

Dresi 

(TWh) 128.1 35.1 97.7 10.31 24.7 25.1 18.8 

Source: ECA&D (2016), Odyssey-Mure (2015) and Osiris (2015). Notes: Nin: the number of 

industrial plants focusing on specific processes. Nte is the number of firms in the tertiary 

sector. NHH: the number of households. r: the ownership rate of household appliances. cm: 

cement mills, mp: mechanical wood production, rp: recycling paper processing, pm: paper 

machines, cc: calcium carbide production, al: air liquefaction, cf: cooling in food 

manufacturing, vp: ventilation process, cold: cold appliances, wet: wet appliance. Tsmean, Twmean 

are mean outside temperature in summer and winter. Dindu, Dtert, Dresi are industrial, tertiary 

and residential load data in 2014. 
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Table 6: Variable Definitions 

Acronym Definition 

D0 Initial loads of electricity in different sectors at each hour (MWh) 

X7,M Hourly price elasticities of consumers in different sectors 

P(j) Spot price at jth hour(€/MWh) 

P0(j) Initial spot price at jth hour (€/MWh) 

Dc Loads of specific devices affected by hot temperatures (MWh) 

Dh Loads of specific devices affected by cold temperatures (MWh) 

Dsect Sectoral load data in 2014 (TWh) 

DRPunit
 i Sum of hourly load shifting and shedding at ith hour for each appliance (MW) 

CA�B� !�"  Average installed capacity for each appliance (MWh)  

s ;= !�" Average utilization rate for each appliance (%) 

tshift Allowed time of load shifting 

tshed Allowed time of load shedding 

Ti Outside temperature at the ith hour (°C) 

Tsmean Mean outside temperature in summer (°C) 

Twmean Mean outside temperature in winter (°C) 

 

5. Results 

To estimate the hourly potential of price-based DR, we assume that retailers deliver 

electricity to customers in industrial, tertiary and residential sectors. Our data relate to the 

price-based equations in the methodology and price data in a number of spot price exchange 

markets in 2014. All price data are published on an hourly basis from the year 2014 of the 

European Power Exchange (EPEX) (2015), the APX Power NL (2015), the APX Power UK 

(2015) and the Nord Pool (2015). These price data comprise all hours in weekdays. To 

examine the effect of time-dependency on the potentials of price-based DR, we analyze 

average price data in 2014 (in Figure 1).  
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Figure 1: Average hourly spot price changes by country in 2014 

Source: EPEX (2015), APX Power NL (2015), APX Power UK (2015), Nord Pool (2015) 

and own calculation. 

 

Figure 1 shows the changes in average hourly spot price, which correspond to the price 

changes (
YZ�Y[\]
Y[\] ) 

4
in equation (2) for a number of European countries, namely Denmark, 

Finland, Germany, the Netherlands, Norway, Sweden and the United Kingdom. As shown in 

Figure 1, price changes vary from country to country. In Scandinavia, the relatively high price 

changes in Denmark occur at night time, while in Finland, Norway and Sweden it is observed 

in the morning. The relatively high price changes in the morning also apply to Germany, the 

Netherlands and the United Kingdom. Notably, customers in Norway and Sweden face the 

similar changes in spot prices. The magnitudes of spot price changes are small, ranging from 

0.05 to 0.3. 

To estimate the price elasticities in European countries (the Netherlands, Germany, the 

United Kingdom, Finland, Denmark, Norway and Sweden), we assume that the customers in 

industrial, tertiary and residential sectors access electricity from local retailers with the 

                                                        

4
 Hereafter, the changes in spot prices refer to (

YZ�Y[\]
Y[\]

), unless the clear statement. 
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real-time prices. In addition, the averagely daily electricity consumption
5
 in three sectors is 

given by local retailers (E. ON NL 2014, E. ON UK 2014, E. ON DE 2014, E. ON SE 2014, 

E. ON DK 2014, Vattenfull 2014, Fjordkraft 2014). These load profiles are presented as 

indexes in Figure 2. Notably, in the industrial sector, the peak loads are observed at morning 

time, while in the tertiary sector they are at afternoon time, and in the residential sector they 

are at night time.   

 

 

Figure 2: Representative average daily load index by country in 2014 (based on average 

sectoral load in each country=100). Notes: these loads are aggregated to be hourly data. 

 

In addition, all spot prices are based on the hourly data in 2014 of the APX Power NL 

(2015), the APX Power UK (2015), the European Power Exchange (EPEX) (2015), and the 

Nord Pool (2015). The model for calculating the price elasticities is presented in Appendix. It 

is assumed that the traded volumes of retailers are from the spot markets. As argued by 

Lijesen (2007), only 15% of total load is traded in the spot market. Therefore, all estimated 

                                                        
5
 These available load data are representative daily consumption on average in 2014 instead of detailed 

load profiles of electricity retailers. 
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elasticities are divided by 15%. The estimated elasticities are shown in Table 7. 

 

Table 7: Average price elasticities at peak hours in European countries in 2014 

Country Industry Tertiary Households 

Denmark —0.0101 (own) —0.0105 (own) —0.0125 (own) 

 0.0009 (cross) 0.0009 (cross) 0.0124 (cross) 

Finland —0.0053 (own) —0.0055 (own) —0.0097 (own) 

 0.0006 (cross) 0.0007 (cross) 0.0011 (cross) 

Germany —0.0044 (own) —0.0047 (own) —0.0073 (own) 

 0.0453 (cross) 0.0487 (cross) 0.076 (cross) 

The Netherlands —0.0021 (own) —0.002 (own) —0.0028 (own) 

 0.0022 (cross) 0.0021 (cross) 0.003 (cross) 

Norway —0.0096 (own) —0.0108 (own) —0.0113 (own) 

 0.0012 (cross) 0.0013 (cross) 0.0014 (cross) 

Sweden —0.0089 (own) —0.0095 (own) —0.0103 (own) 

 0.0011 (cross) 0.0013 (cross) 0.0014 (cross) 

The United Kingdom —0.0078 (own) —0.0078 (own) —0.0091 (own) 

 0.0012 (cross) 0.0012 (cross) 0.0014 (cross) 

Notes: According to APX, the peak hours are 8:00am—20:00pm. 

 

As shown in Table 7, the magnitudes of hourly elasticities during peak hours are ranging 

from 0.0006 to 0.08. These results are relatively low, compared to the elasticities presented in 

the literature review. Notably, the above results (around –0.002) in the Netherlands are similar 

to the real-time elasticity of –0.0014 in Lijesen (2007). In addition, in the United Kingdom, 

Denmark, Norway, Sweden and Finland, the own elasticities during peak hours are higher 

than the cross elasticities. By contrast, in the Netherlands and Germany, the own elasticities 

during peak hours are lower than the cross elasticities. 

 

5.1 Country results 

We estimate the hourly potentials of price-based DR in Denmark, Finland, Germany, the 

Netherlands, Norway, Sweden and the United Kingdom, using spot price data in 2014, the 

calculated price elasticities, and the price-based model. In particular, in Figure 3, these 

potentials are divided by their sectoral peak loads for comparison. As shown in Figure 3, in 

the industrial sector, the large share of hourly potentials in Denmark, the Netherlands, Norway, 

Sweden and the United Kingdom are around 0.02%—0.05% in the morning. In Germany, this 
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figure is recorded by over 0.1% at night, while in Finland it is 0.1% in the morning. 

In the tertiary sector, the large shares of the hourly potentials in Finland, Germany, the 

Netherlands, Norway, Sweden and the United Kingdom are around 0.01%—0.07% at 

14:00—18:00. This duration corresponds to the peak business hours in the tertiary sector. 

Among these large shares, the largest share reaches to 0.07% in the United Kingdom in the 

evening. By contrast, the large share of the hourly potential in Finland is nearly 0.07% at 

night time.  

In the residential sector, there are two peak durations for the large shares of the hourly 

potentials in all examined countries. The peak durations in Denmark, Finland, Norway and 

Sweden range from 5:00 in the morning to 18:00—19:00 in the evening, with the shares at 

0.02%—0.06%. The two peak durations correspond to the peak hours in the households 

during working days. In addition, although the peak durations are the same in Germany, the 

Netherlands and the United Kingdom, the large shares of their hourly potentials are below 

0.06% in the morning. On the contrary, the large share amounts to 0.13% in Finland in the 

morning.   

As noted, the magnitudes of the hourly potentials in the residential sector are higher than 

those in industrial and tertiary sectors. This finding is the same as that of Beenstock, Goldin 

and Nabot (1999). As explained by them, residential customers are more responsive to 

time-varying price signals than are industrial customers. Furthermore, compared to Figure 1, 

the similar shape between the price changes and the changes in the shares of the hourly 

potentials is found in the industrial sector rather than the tertiary and residential sectors. One 

explanation is that the industrial sector allows both load shifting and shedding in 24 hours and 

observes the full price changes. However, load shifting and shedding are not 24 hours 

available in tertiary and residential sectors. 
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Figure 3: Share of the average hourly potential of price-based DR in peak loads by country in 

2014 

 

In short, compared to the peak loads, the hourly potentials of price-based DR in Denmark, 

Finland, Germany, the Netherlands, Norway, Sweden and the United Kingdom are relatively 

small. In addition, the dynamics of the hourly potentials in the industrial sector is in line with 

the changes in spot prices, while the hourly potential in the residential sector is higher than 

those in tertiary and industrial sector. These findings suggest that the changes in spot prices 

and price elasticities play important roles in determining the hourly potential of price-based 

DR. 

 

5.2 Aggregated results 

Figure 4 presents the results of all examined European countries at the aggregated level. 

As presented, in 2014, the maximum aggregated hourly potentials of price-based DR in all 

examined European countries added up to nearly 12MW
6
 in the morning. This potential 

                                                        
6
 The magnitudes of the potentials are calculated based on the selected load profiles of load retailers. 
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accounts for 0.6% of peak loads. More specifically, in the industrial sector, the maximum 

aggregated hourly potential is around 5.6MW, while in the tertiary sector it is 1.6MW, and in 

the residential sector it is 5.2MW. Accordingly, the industrial share of maximum aggregated 

hourly potential in the peak loads is around 0.28%, followed by 0.08% in the tertiary sector, 

and 0.26% in the residential sector. The dynamics of the aggregated hourly potentials are 

similar to those in the country results. The relatively small hourly potential of price-based DR 

is observed at the aggregated level. Notably, the large proportion of the potentials of 

price-based DR arises at early morning and late night. 

 

Figure 4: Average aggregated hourly potentials of price-based DR in all examined countries 

for working days in 2014 

 

The share of the hourly potential of price-based DR is distributed unevenly over different 

sectors, countries and appliances. The residential share in country’s average hourly potential 

ranges from 68% in the Netherlands to 93% in Denmark, whereas the tertiary share varies 

from 5% in Germany to 25% in the Netherlands, and the industrial share from 0.5% in 

Denmark to 13% in the United Kingdom (in Figure 5). Indeed, the residential sector 

dominates more than two thirds of the overall potential in all examined countries. The tertiary 

sector in the Netherlands and the industrial sector in the United Kingdom gain the relatively 

large shares. Moreover, the large share of the potential in the industrial sector is found in the 

appliances of cooling in food manufacturing (40%) and air liquefaction (25%), while in the 

tertiary sector, 48% of the potential is contributed by pumps in water supply, and 11% by 
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commercial air conditioning and cooling, and commercial heating (in Figure 6). In the 

residential sector, most of the potential (99%) is centered in the cold appliances.  

 

Figure 5: Sectoral shares in the average hourly potential of price-based DR  

 

Figure 6: Appliance shares in the average sectoral potential of price-based DR  

Notes: cm: cement mills, mp: mechanical wood production, rp: recycling paper processing, 

pm: paper machines, cc: calcium carbide production, al: air liquefaction, cf: cooling in food 

manufacturing, vp: ventilation process, cv: commercial ventilation, ca: commercial air 

conditioning and cooling, ch: commercial heating, ps: pumps in water supply, cold: cold 

appliances, wet: wet appliances. 

 

Figures 7 illustrates the average hourly potentials of six representative appliances (air 

liquefaction, cooling in food manufacturing, commercial air conditioning and cooling, 

commercial heating, pumps in water supply and cold appliances) in February, May and 
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August. These months stand for winter, spring and summer
7
. Therefore, Figure 7 indicates the 

impacts of seasonal changes and outside temperatures on the hourly potentials. As illustrated, 

the hourly potentials of all selected appliances display a similar pattern. The maximum hourly 

potential of cold appliances changes from 0.1MW at night time in February, 0.2MW at 

morning time in May to 0.3MW at both morning and night time in August. Except for the 

cold appliances, the maximum potential in February is found at 0.14MW in the commercial 

heating at morning time, while in May is 0.3MW in the pumps in water supply at morning 

time, and in August 0.25MW in the air conditioning and cooling in the afternoon. Differences 

between seasons are primarily associated with the fraction of commercial air conditioning and 

cooling, and commercial heating. Furthermore, the potential of air liquefaction is less volatile 

than that of other appliances, implying that it is less affected by seasons and outside 

temperatures. In contrast, the potentials of commercial air conditioning and cooling, and 

commercial heating are high in summer and winter, suggesting that they are significantly 

influenced by outside temperatures and seasons. Compared to the potential in May, the 

relatively high potentials of commercial air conditioning and cooling, and commercial heating 

are observed at business hours in August and February.  

 

  

                                                        
7
 The price data in February, May and August are examined to calculate the relevant hourly potentials. 

Due to the similar load changes in spring and autumn, there is no analysis for the hourly potential in 

autumn. 
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Figure 7: Average hourly potential of price-based DR by appliances in February, May and 

August, 2014 

Notes: al: air liquefaction, cf: cooling in food manufacturing, ca: commercial air conditioning, 

ch: commercial heating, ps: pumps in water supply, cold: cold appliances. 

 

Table 8 demonstrates the sensitivity of the results to 10% increases in price elasticities, 

volatility of spot prices and installed capacities. Panels A and B of Table 8 shows that a 10% 

increase in price elasticities and volatility of spot prices results in a rise in the potentials of 

price-based DR with a range of 10%—20%. Panel C of Table 8 shows that changes in 

installed capacity have small impacts on the potentials of price-based DR, namely an increase 

up to 0.09%. Accordingly, in Table 8, after an increase in price elasticities, volatility of spot 

prices and installed capacities, the cost of a retailer is not significantly affected. The 

sensitivity analysis indicates that the potential of price-based DR significantly depends on 

price elasticities and price changes, while the potential is robust to the assumption of installed 

capacity. Similarly, the cost of a retailer is robust to price elasticities, volatility of spot prices 
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Table 8: Sensitivity analysis of changes in price elasticities, volatility of spot prices and 

installed capacities 

Panel A: 10% increase in price elasticities 

Country Daily potential of price-based DR 

(MW) 

Change 

(%) 

Daily 

cost  

Change 

(%) 

Denmark 4 20.79 €2.8×10
6
 —0.06 

Finland 6 15.16 €5.0×10
6
 —0.01 

Germany 38 8.41 €2.8×10
7
 —0.02 

The Netherlands 5 24.78 €4.0×10
6
 —0.01 

Norway 6 15.79 €9.5×10
6
 —0.03 

Sweden 9 6.34 €9.1×10
6
 —0.04 

The United 

Kingdom 

37 15.93 €1.1×10
7
 —0.04 

Panel B: 10% increase in volatility of spot prices 

Country Daily potential of price-based DR 

(MW) 

Change 

(%) 

Daily 

cost  

Change 

(%) 

Denmark 4 20.79 €2.8×10
6
 —0.06 

Finland 6 15.16 €5.0×10
6
 —0.01 

Germany 38 8.41 €2.8×10
7
 —0.02 

The Netherlands 5 24.78 €4.0×10
6
 —0.01 

Norway 6 15.79 €9.5×10
6
 —0.03 

Sweden 9 6.34 €9.1×10
6
 —0.04 

The United 

Kingdom 

37 15.93 €1.1×10
7
 —0.04 

Panel C: 10% increase in installed capacities 

Country Daily potential of price-based DR 

(MW) 

Change 

(%) 

Daily 

cost  

Change 

(%) 

Denmark 3 0.02 €2.8×10
6
 —0.09 

Finland 5 0.03 €5.0×10
6
 —0.02 

Germany 35 0.03 €2.8×10
7
 —0.04 

The Netherlands 4 0.02 €4.0×10
6
 —0.03 

Norway 5 0.09 €9.5×10
6
 —0.01 

Sweden 8 0.07 €9.1×10
6
 —0.02 

The United 

Kingdom 

32 0.06 €1.1×10
7
 —0.07 

Notes: The results of potentials are the aggregated daily potentials under the assumption 

changes. 
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Table 9: Comparison of results between price-based and load-based models 

Country Potential of price-based 

model (MWh) 

Potential of load-based model 

(MWh) 

Change 

(%) 

Denmark 3.1 3.3 6.5 

Finland 5.2 4.9 —6.8 

Germany 35.4 37.2 5.1 

The Netherlands 4.1 4.3 4.9 

Norway 5.2 5.6 7.7 

Sweden 8.1 7.7 —4.9 

The United 

Kingdom 

32.4 31.5 —2.8 

Notes: The potential of load based model is calculated by multiplying the representative 

retailers’ loads (shown in Figure 2) by the available percentage of price-based DR in loads 

(shown in Figure 3). 

 

In summary, the overall hourly potential for all examined countries is relatively small. 

The large residential, tertiary and industrial shares in the hourly potentials are observed in 

Denmark, the Netherlands and the United Kingdom. In contrast to most appliances, the hourly 

potentials in commercial air conditioning and cooling, and commercial heating are 

significantly affected by outside temperatures and seasons. 

 

6. Conclusions 

This study estimates the hourly potential of price-based DR for the residential users in a 

number of European countries. As estimated, the maximum aggregated hourly potential of 

price-based DR in all examined European countries in 2014 represents 0.6% of peak loads at 

morning time. In the industrial sector, the share of maximum hourly potential in the peak 

loads is contributed by 0.28%, 0.08% in the tertiary sector, and 0.26% in the residential sector. 

The potentials of price-based DR in the residential sector are not significantly higher than 

those in other sectors. These results are lower than the DR potentials in all European countries 

by Gils (2014) and the potential of price-based DR in the U.S. by Cappers, Goldman and 

Kathan (2010) accounting for 6% of peak loads. As noted, Gils (2014) calculates both 

price-based and incentive-based DR using load-based models. Possible reasons are the low 

traded volumes, the relatively low price elasticities and the small price changes in the 

wholesale market. 
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This relatively small potential of price-based DR is aligned with the relatively small 

available percentage of price-based DR in total DR, the small price elasticities and the small 

price changes in the wholesale market. Firstly, as surveyed by Cappers, Goldman and Kathan 

(2010), in 2008 the percentage of US customers enrolled in existing incentive-based DR in 

total DR reached 93%. The price-based DR alone is not capable of providing large load 

adjustment. Secondly, in this study, the magnitudes of hourly elasticities are in the range of 

0.0006 to 0.08. The small hourly price elasticities are closely related to the potentials of 

price-based DR. As argued by Lijesen (2007), the small hourly elasticities lie in the low 

traded volumes in the wholesale market. Large users have contracted a fixed amount of 

electricity (approximately 85%) before the transactions in the wholesale market. Thirdly, the 

price spikes in the wholesale market are too small to generate sufficient incentives for 

curtailing loads. As shown in Figure 1, for the examined countries, the small spot price spikes 

are observed from 0.05 to 0.3. 

In addition, the estimation results show that the large share of the hourly potential is 

characterized by the cooling in food manufacturing in the industrial sector, the pumps in water 

supply in the tertiary sector, and the cold appliances in the residential sector. The potentials in 

both commercial air conditioning and cooling, and commercial heating are significantly 

influenced by seasons and outside temperatures. 

From this study follows a number of  policy implications for balancing electricity and 

reducing costs of end-users. Compared to peak loads, the estimated relatively low hourly 

potential suggests that the price-based DR alone has a limited effect on balancing electricity 

in case of increasing supply of intermittent renewable energy sources. Evidence from the 

aggregated and country results show that rises in price elasticities and volatility of spot prices 

can increase the potential of price-based DR, reduce its peak loads and then reduce the costs 

of end-users. However, as suggested by Lijesen (2007), low hourly price elasticities imply 

that government policies to foster DR may be not effective because customers may not be 

willing to react to spot prices at all. In addition, policies of load management should primarily 

focus on the appliances of cooling in food manufacturing, pumps in water supply and fridges 

which account for large potential of price-based DR. 
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Finally, it should be  noted that the relatively small results of price elasticities and 

hourly potentials of price-based DR are conditional on the assumption that they are subject to 

the price changes in the spot market. These price changes are influenced by different 

aggregated behaviors of all market participants (for example, fuel prices, network congestion 

and price speculation). Thus, the magnitudes of estimated results of price elasticities and 

potentials are related to those aggregated behaviors. 
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Appendix: 

 

A.1. Abbreviations 

 

APX Dutch Power Spot Exchange Market 

CPP Critical Peak Pricing 

DE        Germany 

DK Denmark 

DR Demand Response 

EPEX European Power Exchange 

FI Finland 

ISO Independent System Operator 

MWh Megawatt-hour 

NL Netherlands 

NO Norway 

RTP Real Time Pricing 

SE Sweden 

TOU Time of Use 

UK United Kingdom 

 

A.2. Installed capacity 

The installed capacity for processes and appliances in the industrial sector is estimated by 

the method in Gils (2014) and relevant data from existing literature (listed in Table 2). The 

method in Gils (2014) is as follows: 

I7KPLQRRST,7 =
67 ∗ 7̂

P_S�

�̀aJb ∗ �1 − cbSd7P7aK,7� 

where I7KPLQRRST,7 is the installed capacity, 67 is the production capacity of each appliance, 

7̂
P_S�

 is the specific electricity loads of each appliance, �̀aJb is the total number of hours 

of the year and cbSd7P7aK,7 is the rate of revision outages. 
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A. 3. Price elasticities 

The price elasticity is defined as the demand sensitivity with respect to the price: 

ε�i, j� = P�j�
d�i�

∂d�i�
∂P�j� 

ε�i, j� ≥ 0, if	i ≠ j 
ε�i, j� ≤ 0, if	i = j 

where ε�i, j�  is the price elasticity (own elasticity is negative ε�i, j� ≤ 0  while cross 

elasticity is positive ε�i, j� ≥ 0). P�j�, d�i� are the initial price and load at time j, and 

P�j�, d�i� is the price and load at time j.   

If data regarding the loads of consumers in each sector is available in specific country, 

the price elasticities can be calculated using the method in Kirschen et al.(2000).  

Kirschen et al. (2000) assume that if a consumer under inelastic demand is charged with 

a high price for a product, there is no reduction in consumer’s responsive consumption. Thus, 

over 24 hours, the following relation holds (Kirschen et al. 2000): 

9ε�i, j� ≤ 0
)*

'+�
 

And the above equation subject to the constraint that: 

∂d�i� = d�i�9ε�i, j�
)*

'+�

∂P�j�
P�j�  

With the above function and constraint, the 24-hour price elasticities can be derived. 
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