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Abstract 

 

This study surveyed the impacts of the expanding Real-Time Price (RTP) scheme on 

residential electricity consumption when households shift from fixed price to hourly 

spot prices. A unique and detailed data of electricity consumption had been used. The 

data are based on working days of winter and summer for Swedish detached houses 

from 2005 to 2008. Solar power is valuable energy with low emission, which can be 

achieved by installing solar panels on the household’s roof. Also, it reduces the system 

cost and provides quick access to energy for customers. The preliminary photovoltaic 

production evaluated through HARMONIE Numerical Weather Prediction data. Four 

types of households are analyzed based on various patterns of prices, elasticities, and 

the share of households in RTP program with and without solar panels.  

The results of this study demonstrate that putting more residential customers on RTP 

contracts will shift load, decrease electricity demand, total capacity, and increase 

economic welfare. The simulations show that the social welfare gained from 

increasing the share of customers on RTP are notable. Also, the estimated cost saving 

indicates that the effect of shifting from a flat rate to RTP is positive. Furthermore, the 

effect of small-scale solar production on electricity consumption is considered. The 

combination of RTP with solar energy would lead to a significant decrease in 

electricity consumption during off-peak periods in winter and both peak and off-peak 

load in summer. 
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1  INTRODUCTION  

Nowadays, energy efficiency towards changing electricity consumption patterns 

(Demand Response) is an important and debated issue all over the world. An increase in 

the efficiency and modification of the consumption patterns through “Dynamic” or 

“Real-Time” price (RTP) programs is the significant result of balance between supply 

and demand. 

It is expected that customers play an important role in future energy systems by 

moderating their electricity demand based on price signals. This promotes developed 

infrastructure, efficient usage of production and functioning of the electricity markets. 

Recently, spacious studies on the implementation of real time pricing (RTP) have been 

conducted in order to reduce the peak capacity and restrictions of load shifting. In 

addition, price demand flexibility would enable society to gain advantages from 

renewable energy generation, removing the transmission lines congestion, increasing 

security, and improving market liquidity. 

One of the substantial relevant concerns is the growth of energy consumption 

encountered in current communities. The energy problems are unavoidable due to the 

steady growth of population, the improvement of societies, and technological explosions 

which endeavor to achieve more and the best quality of everything. In the European 

Union, 40 percent of the total energy consumption is only related to the residential sector 

and it is continuously expanding. In Finland (2009) the total usage of electricity in the 

residential sector reached 81 TWh. Residential energy consumption in Finland is 

lighting, heating, and other appliances which are using electricity. The principal reason 

is the growth of the number of households in Finland, and another reason is the higher 

income and the increment of the society’s purchasing power. The variety of appliances 

and electronic equipment has changed the lifestyle and increased electricity 

consumption as well. Therefore, for anticipating demand and production, transmission 

and distribution of electricity and policy analysis, it is important to estimate the 

responsiveness of household energy demand to energy price.  

For more than 15 years Finnish electricity markets have been integrated into the Nordic 

power market (Nord Pool) where the power exchange takes place on the basis of intra-

day price changes. Therefore, the true price or electricity consumption cost alters hourly. 

Many researchers have used the electricity price volatilities hourly in order to realize the 
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real opportunity cost, behavior and responsiveness of demand. In recent years, the 

improvement of new technology in the electricity sector (Smart Meter) has enabled the 

market to measure electricity consumption on an hourly basis. The foremost RTP 

contract had been established in USA and Europe (1990) in a large industrial sector by 

some electricity producers. Recently, cutting-edge technology in electricity has 

amplified RTP implementation on a large scale.  

The increase of CO2 is one of the controversial subjects in the world because of the 

explosion in energy consumption and other environmental concerns. In Finland, energy 

is a critical subject to almost all aspects of the social, economic and potential policies. 

Recently, the demand for electricity was provided for by hydropower, wind power, and 

solar, which are renewable energy sources with low CO2 emissions. Deploying clean 

energy and exerting RTP programs are key challenges for energy saving in peak load 

time and decreasing greenhouse emissions. Therefore, it is clear that installing solar 

panels on the rooves of houses would influence the daily load curves.  

The purpose of this master’s thesis is to look at the impact of expanding the RTP scheme 

on residential electricity consumption when households switch from flat rates prices to 

prices that alter hourly based on different assumptions. Also, depending on the time, 

energy generated by solar panels would have variable advantages on load. Therefore, 

this study aims to determine: 

- How much does demand response change the consumption of the household in 

different scenarios? 

- Does small-scale solar production affect the consumption of households which 

have RTP contracts?  

In order to achieve the objectives, we used hourly consumption data from Swedish 

households (Vesterberg & Krishnamurty 2016) and solar production data was acquired 

from HARMONIE Numerical Weather Prediction (NWP) data. Also, our demand 

function is inspired by Borenstein (2005) and Borenstein and Holland (2005), who 

surveyed the effect of RTP on cost saving. Moreover, different scenarios are 

implemented. Firstly, four types of households are considered (i.e. Non-electric heating 

and low income, non- electric heating and high income, electric heating and low income, 

electric heating and high income). Secondly, various elasticities during peak and off-

peak load times are assumed. Thirdly, the fluctuations of price are taken into account. 

Finally, the effects of installing solar panels are examined. Evaluations provide an 

intuition as to whether changes in price, price elasticities and time of energy generation 
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by solar panels impact the electricity usage patterns. The results of this study could be 

important for reforming the electricity price policy in the residential sector. 

The structure of this thesis as follows: Section 2 provides an overview of Smart Grids 

(SG), Demand Side Management (DSM) and discusses the Real-Time Pricing program. 

Solar energy is presented in section 3. Background of Real-Time Pricing is discussed in 

section 4. Section 5 contains Mälardlen project data and methodology. Section 6 

presents results by analyzing the effect of Real-Time Price on residential consumption. 

Section 7 provides conclusions. 
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2      SMART GRIDS  

Nowadays, the power industries not only encounter continuous increasing energy 

demand (electricity consumption), but they must also minimize their negative 

environmental impacts. Also, the customers are expected to enjoy security and reliability 

in electricity supply and distribution (Rahimi & Ipakchi 2010). One of the controversial 

issues in the electricity market is how to persuade the end-user to participate in demand 

flexibility through response to changing markets and price signals. In addition, 

consumers are prosumers which produce and consume more of their own electricity 

production. Demand side management (DSM) plays a significant role in developing grid 

flexibility. Distributed power generation reduces CO2 emission and global warming by 

the correctly positioned grid and using renewable energies such as wind and solar. Smart 

grids are a solution to these challenges. Smart grids are high level of technology and the 

newest electricity networks in world of modernized distribution networks and an entry 

into the digital century. “Smartness” employ better technologies to control and run 

electricity grids as well improving energy efficiency. 

Hitherto, as a multidimensional aspect smart grids have no unique definition. Smart grids 

imply a network that uses bilateral digital technologies to transmit the energy from 

supplier to customers and control consumers’ appliances, reduce costs, and increase 

reliability and transparency. Also, the main concentration of smart grids is changing the 

structure of old fashion grids to the new conceptual system. 

 

2.1     Smart Grids Definition 

The implication of a Smart Grid (SG) is indicative of a network which effectively 

improves the traditional networks gradually in the future. According to various 

viewpoints, the SG has many concepts with numerous specifications which sometimes 

are not equal. Nowadays, there is not a universal and unique description of the SG 

concept. Smart grids can be defined as distribution and transmission networks, however 

most of the implications are just related to distribution networks. Hence, the concept of 

SG is a multidimensional and complex subject. The definition of Smart Grids from the 

European Technology Platform’s perspective is: 
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“electricity network that can intelligently integrate the actions of all the users 

connected to generators, consumers and those that do both, in order to efficiently 

deliver sustainable economic and secure electricity supply” (Smart Grids 

(2011):69).   

Furthermore, the definition of SG from the viewpoint of Sarvaranta & ERGEG (2010: 

8) is: 

 “A distributions network that is able to satisfy all the future needs of every party. 

A network, which features like effectiveness, controllability, reliability and 

flexibility are improved by using automation, information and communication 

technologies. A network, that the enables consumers to actively participate in the 

operation of the electricity market via two-way communication. Smart Grid has 

high capability to handle the power of the increasing amount of distributed 

generation (DG) produces by renewable energy sources in the future and it is able 

to attach new energy storages to the grid. A Smart Grid offers new services to the 

customers and handles the increasing complexity of the network in an efficient 

way. A future network has healing nature and fault ride through features among 

Distributed Generation (DG) production in order to handle fault situations in an 

efficient way so that a more secure, sustainable and competitive use of the 

distribution network can be achieved. Smart Grid is an enabler for future’s 

integrated, flexible and efficient electricity market.”   

 

 

2.1.1 Principle Characteristics of Smart Grids  

• Smart Grids enable consumers and prosumers to be more smart and shift or 

decrease electricity consumption in response to time-variable electricity prices. 

They persuade customers to control their consumption or shift consumption from 

peak load time to off peak and make a balance between supply and demand.  

• Boost reliability and transferring information from the central system to the 

participant and vice versa. These capabilities result in the peak demand 

management and control services. 

• Consistency between production and storage results more efficient and 

environmental friendly energy production. In addition, smart grids facilitate 

consumers to sell the surplus of their energy production (solar panels or wind 

power) for a given price. In fact, it can be a platform for novel and modern 

business (OECD 2012).  

• Smart grids are able to provide an opportunity to access efficient and flexible 

markets and help systems to avoid inefficient situation and production loss. 

These aims could be observed by deploying electric vehicles, green productions, 

decreasing congestion in transmission, and reducing fossil fuel usage. 
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• Smart grids include different types of generators such as base load power plants, 

peak load power plants, Combined Heat and Power (CHP) and generally 

distributed energy resources.  

• Remote troubleshooting of equipment would extend equipment durability and 

avoid outages (Technology Roadmap 2011). 

Smart grid concepts and their connections are illustrated in Figure 1. 

  

                        Figure 1. Smart grid concepts (Adopted from EPRI 2010: 2). 

 

2.1.2 Smart Grids in the European Union and Finland 

In 2009, the Smart Grid was established by the EU Commission Task Force in order to 

modify policies and scenarios about the financial activities of grids. They have 

emphasized the smart metering installation across EU. The results of research conducted 

by Maroš Šefčovič (2015) claimed that smart grids in European countries would have 

analogous impressions on the economy of the EU, similar to Shale Gas in the United 

States (EPRS 2015). The main economic effects are:  

- Autonomous energy expansion 

- Decreasing energy imports  

- Increasing energy savings for reducing consumers’ bills 
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The European Union Commission offered the Energy Union package in order to increase 

consumers’ profits through developing the renewable energy in generation systems, 

transparency of information, RTP, using high-tech, and creating “green jobs”. The EU 

Commission as a decision-maker has an important role to achieve the 2030 goals: 

improvement in the electric networks (energy efficiency 27%), share of renewable 

resources in the energy sector (27%), and decreasing CO2 emissions (EPRS (2015)).  

The Finnish government founded the CLEEN Ltd in 2008 as a non-profit organization 

with 44 stakeholders. The ambitious target is to focus on development and creating new 

solutions. The CLEEN approach contains energy, environment, new technology and 

innovation. It has collaboration with industry, universities and research institutes to 

ameliorate service products and competitive advanced technology. As a huge 

collaboration, they are expected to increase awareness, knowledge and international 

cooperation with the best skillful individuals. Programs in Smart Grids and Energy 

Markets are one of ongoing projects at the CLEEN. Recently, scientists have been 

working on a global solution to make environmental infrastructure and smart grid goals 

in Finland consistent with each other (CLEEN 2011). Table 1 explains the process of 

the smart grid and energy market in Finland from 1970 to 2014. 

 

Table 1. Finnish smart grid and energy market evolution 

Period Process 

1970-79 New Generation, Maximize load shifts for operation 

1980-89 Execution of remote control, CHP 

1990-99 
New rules in energy market, use of remote control loads in order to optimize energy 

market, opening retail market 

2000-07 Trading energy on hourly basis, market development 

2008-09 New legislation for trade-off information and dimension  

2010-12 
Smart meter (SM) installation, RTP, Implementation Demand Response (DR) in 

energy market 

2013 Finalization of SM 

2014 Develop the concepts from technology based systems to market model  

Source: SGEM. (2013) 
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2.1.3 Advantages of Smart Grids 

The future of electricity networks has become a critical issue among European 

policymakers. They must be able to design legislation and policy which lead to the 

development of smart grid solutions. Therefore, policymakers are in charge of 

examining the specifications of “smartness” and methodology which results in the 

evaluation of network “smartness”. On the other hand, they must persuade stakeholders 

to invest in Smart Grids, because the right investment will improve beneficiaries’ 

interest and different layers of SG (ERGEG 2010 & EG3 2011). The benefits of Smart 

Grids include: 

- Sustainability: It is accessible through reducing the carbon emissions which is 

the main objective of European energy. The generation structure and energy 

market position have a vital role in the amount of emissions. Energy efficiency 

is one of the goals to achieve sustainability by decreasing energy requirements 

that could affect the amount of greenhouse gas emissions. Smart solutions will 

help minimize demands for costly extra capacity in generation and distribution 

sectors by shifting power consumption from peak load hours to off-peak load 

hours and reducing the risks related to distribution technologies (ERGEC 2010 

& EG3 2011). 

- The convenient size of the distribution system to meet future demand: Installing 

the appropriate lines, wires, as well as a controllable operation of the network, 

would influence the capacity of the distribution network. Also, boosting the 

renewable energy sources result in an increase in the level of energy production 

by distributed energy resources (DERs). Therefore, the position of customers in 

the system shall be comprehended technically for customer support and 

operation security and safety. 

- Users’ accessibility to a unified grid: different kinds of customers have access to 

a grid with equal possibilities and in a reasonable way at the same time, 

regardless of their geographical location (ERGEG 2010).  

- Reliability: a reliable grid distributes electricity based on consumer requirements 

and users’ desires. Reliability will be acquired by decreasing customers’ costs 

caused by outages during peak load time, reducing jeopardy in power quality, 

and eliminating rolling blackouts  
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- Economics: It will be achieved by fair charges, avoiding electricity prices jack 

up, reducing customers’ bills, initiating job opportunities, and increasing gross 

domestic production (GDP).  

- Improved efficiency and level of services: These include minimizing operational 

and functional costs (e.g. transmission and effective consumption management), 

in general, cost-effectiveness. Implementation of DR in a large scale enhances 

the network efficiency. (Hamilton & Miller 2010). 

- Awareness and participation of customers: Increasing customers’ awareness 

about energy usage by general transparency and technical information. 

Smart grids encounter several challenges in DSM and demand response 

accomplishment. Their potential provides a suitable ground for increasing flexibility in 

the power system (Grid), self-healing, and social benefits. DSM is an integral part of the 

Smart Grid that represents a demand flexibility which uses communication and control 

technology to shift electricity usage across hours of the day while delivering end-user 

services at the same or better quality but cheaper (Murthy, Pradhan, Khaprade & Shereef 

2011). 

2.2 Demand Side Management   

In 1980, the Electric Power Research Institute (EPRI) recommended DSM as a global 

term which aims to coordinate the consumption level of electricity (load management), 

timing, efficiency improvement and energy saving. Gellings (1985) claimed that 

executing, planning and monitoring of DSM’s acts alter the time and value of electricity 

consumption. The consequences of DSM include decreasing demands of electricity 

during peak times and incrementing normal consumption, cost-effectiveness results, and 

system reliability (Barakat & Chamberlin 1993). Additionally, it is able to support the 

market in the short-term, future demands, reliability, cost mitigation and CO2 emissions. 

DSM shows that the concepts and objectives of DSM and DR are closely connected to 

each other. The benefits of DSM include: 

• Reduced customer bills  

• Decreased dependency on new power plants, transmission and distribution 

networks 

• Improved economic growth 
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• Job creation through modern technologies and innovations 

• Surge in competitiveness among different firms 

• Reduced greenhouse emissions 

• Increased self-sufficiency and energy security 

• Reduced electricity price fluctuations during peak load time 

Customers are able to save energy and adjust their consumption patterns by using the 

SM. This device helps consumers and prosumers to control their consumption through 

transferring their peak load time to off peak load. SM as an important instrument, and as 

“the backbone of the future decarbonized power system” of SG (European Commission 

2011) is able to deliver information from end-users to system operator and vise-versa by 

measuring the consumer’s energy consumption and providing additional information for 

utility company/system operators (Zheng, Geo & Lin, 2013). Figure 2 displays the 

benefits of DSM for different beneficiaries and market power places. 

 

Figure 2. Market places and load control of demand side management (Honkapuro et al. 2015). 

 

2.2.1 Demand Response  

In the past, the main decision makers in the electricity market were electricity generation 

and transmission companies, market regulation boards, and the legislators of the power 

industry. All subscribers did not acquire any benefits in the electricity market. Therefore, 

the power industry considered consumers as passive components that must be serviced 
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by them and also based on traditional structure electricity industry, subscribers were 

interested in receiving electricity at fixed prices regardless of market fluctuations. 

(Palensky 2011). This perception caused some problems, such as unpredictable 

increasing prices during the peak demand and the heavy load of lines. Moreover, the 

absence of consumers in the market and the lack of price sensitivity at the time of peak 

demand in many markets led to the collapse of the market and the spread of outages 

(Centolella 2010). 

Restructuring of the energy industry and improved efficient technologies or new 

procedures illustrate DR as an appropriate instrument in order to decrease or change 

consumption and enable increasing the participation of subscribers for optimal 

management network and system efficiency. DR is not able to measure energy efficiency 

directly, it displays systems to manage the electric energy of demand in adopting with 

the energy production, transmission and distribution constraints.  

DR is one of the key factors and a powerful way in smart grids for resolving power 

production problems to achieve higher efficiency and secure the level of load curves. 

The benefits and goals of DR programs are increasing energy efficiency (reducing CO2 

emissions), expanding the electricity market, preventing market collapse, balancing 

power system management, avoiding electricity price fluctuation in the social-economic 

sector, lower electricity cost, and more energy saving due to the existence of a more 

reliable energy supply in the user energy sector. These programs provide appropriate 

conditions such as creating financial incentives, changing a part of demand when the 

generation cost is high to less expensive times.  

Demand response dates back to 1934 when Detroit Edison switched off the water heaters 

in the peak load time (Hastings 1980). In the United States, in 1970, DR was raised 

based on the fact that there was a rise in the price of power sources and an increase in 

electricity consumption (e.g. increasing air conditioner demand during summer and 

electric heaters during cold winters). In 1980, this fact brought scientists’ attention to 

reducing the high cost of the system during peak load, developing energy efficiency and 

managing the demand-side (Cappers, Goldman & Kathan 2009). Developing more 

efficient systems can play the main role in tackling obstacles such as the considerable 

size of demand (see e.g. Kopsakangas-Savolainen & Svento 2012a. 2012b & Joskow 

2012).  

There are several definitions related to DR which are interpreted by the Federal Energy 

Regulatory Commission in US (FERC 2012: 21) as follows: 
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"Changes in electric usage by end-use customers from their normal consumption 

patterns in response to changes in the price of electricity over time, or to incentive 

payments designed to induce lower electricity use at times of high wholesale 

market prices or when system reliability is jeopardized". 

DR has been introduced by the European Commission (2013:3) that utilizes similar 

meaning: 

“Voluntary changes by end-consumers of their usual electricity use patterns in 

response to market signals (such as time-variable electricity prices or incentive 

payments) or following the acceptance of consumers' bids (on their own or through 

aggregation) to sell in organized energy electricity markets their will to change 

their demand for electricity at a given point in time.”   

The Energy Department in the US and other stakeholders in the energy industry finds 

out that presence of active consumers in demand flexibility is an effective key 

specification of system operation in smart grids (Lipski 2011). The aforementioned 

statements referred to financial motivation that encourages consumers to change their 

electricity consumption patterns or behaviors. Smart grids enable to propound a wide 

range of benefits on the electricity system by contemplating the objectives, approaches, 

designs, and the employment of new technologies in order to achieve developed and 

efficient markets (DOE report (2006), ADRAMS report (2006), Conchado & Liares 

2012). The principal advantages of these functions are as follows:  

- Bill Saving: Demand Response focuses on incentive payments and persuades 

customers to reduce their bills by modifying their consumption patterns in 

response to electricity expenses.  

- Market performance: Demand Response cuts-off the utilization of market power 

“Monopoly Power” by generating opportunities in electricity markets.  

- Improved choice: There are multifarious opinions for customers to manage their 

electricity costs. 

- Developed distributed generation: Adding the integration of large scale 

intermittent renewable energy sources (solar, wind, geothermal) into the 

electricity supply to the challenge of ensuring the traditional generation sources 

are safe, efficient and clean.  Energy storage systems are a crucial technology 

which increase the integration of renewable resources into the electric power 

grid. In addition, it will cause decreasing fossil fuel dependency which leads to 

an increase in sales competition. The European Council has concurred to decline 

greenhouse emissions, decreasing energy usage (20%) and providing energy by 

renewable resources (20%) (European Commission 2013). By applying 

integrated intermittent generation, the system will acquire the environmental 
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goals; for example, Madaeni and Sioshansi (2013) demonstrate the impact of DR 

on wind integration costs. 

- Increased awareness: energy consumption will decrease by improving general 

and technical information. 

In Finland, the Ministry of Economic affairs and Employment suggested a working 

group for the implementation of DR and SMs in 20071. In its final report (2014) it 

contemplated the size of hourly electricity consumption and hourly electricity balance 

as vital prerequisites for the implementation of DR and hourly transmission through new 

technologies to small electricity users and market development. In addition, it has been 

argued that the proportion of the retail price should include system price to reflect the 

effect of DR in the system. Demand response is able to balance the power market and 

reserve extra system capacity for peak load time. The minimum size of the load is 

classified in Table 2.  

Table 2. Effects of demand response in Finland 

Minimum Size Activated Time Market Place 

 Need for reserve 2015 

0.1 MW 3sec. 
Frequency, Operation reserve, 

Controlled normal 

1 MW 

5min. (50%) and 30min.  (100%)when 

f=49.9 Hz 
Frequency, operation reserve, controlled 

disturbance 
and/or 

30min. when f=49.7 Hz 

5min. when f=49.5 Hz 

10 MW Immediately when f=49.5 Hz 
Frequency, operation reserve, controlled 

disturbance 

5 MW 15min. Balancing energy market 

10MW 15min. Disturbance reserve quickly 

 Need for reserve 2020 

100-200 MW 5sec. Make up with wind power 

300MW 30sec. 
Frequency, operation reserve, controlled 

disturbance 

150MW 30min. 
Frequency, Operation reserve, 

Controlled normal 

1300MW 15min. Disturbance reserve quickly 

Source: The contents of these tables are implemented from Fingrid case 2015 & 2020 

                                                 
1 Formerly (before 2008) known as Ministry of Traded industry.  
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In this market participants are encountered with some limitations, for example, small 

scale electricity production is not able to participate in the market, although the 

aggregation of these small electricity producers can suggest the electricity supply to the 

market.  

 

 2.2.2 Smart Meters  

According to common rule No. 2009/72/EC of the European Union, the member states 

had inferred that the roll-out of smart meter (SM) had a positive effect on energy demand 

(3 September 2012). One of the aims of the European Commission Energy (by 2020) is 

to equip at least 80% of consumers with SMs which will lead to reducing annual 

residential electricity consumption and emissions more than 9% in the EU (European 

Commission 2014a). SMs as an advanced electronic system are expected to set up the 

connection between the general network and home networks for transmitting and 

receiving data from electronic communication. It measures energy consumption and 

obtains more information in order to encourage households to reduce their energy 

consumption. They can see their energy costs can be seen themselves through the SM 

system which allows them to moderate their electricity usage based on market price 

fluctuations (Yamazaki and Hahn 2009).  

By directive 2012/27/EU, SM defines as: 

“an electronic system that can measure energy consumption, providing more 

information than a conventional meter, and can transmit and receive data using a 

form of electronic communication”. (Directive 2012/27/EU :2) 

 

Installing advanced SM as the new technology can manage data related to electricity 

costs hourly (real-time) and gives consumers more information about their own usage. 

By using SMs, customers are able to save energy and adjust their consumption pattern 

through price signals and by participating in demand flexibility activities (ERGEG 

2010). Figure 3 illustrates the SM application in Europe from 2008 to 2014 (Löf 2009).  
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Figure 3. Number of smart meters in Europe 2008-2014 (Löf 2009). 

   

The first SM in the Finnish residential sector was installed at the end of 1990. Finland 

was a forerunner in installing SM for households. The result shows that the benefits of 

smart metering rollouts are greater than its investment costs. In 2009, the Finnish 

government determined a new regulation which stipulated that 80% of consumers install 

SM before of 2014 (Energy Authority 2014). Järventausta (2015) has claimed that most 

of the electric heating in villa type houses (approximately 1800 MW) is controlled by 

SMs (based on questionnaire in 2014).  

2.2.3 Demand Response Programs 

Most residential customers, including 99 percent of US consumers, buy electricity at 

fixed tariffs. The inefficiency of time-insensitive rates (flat tariffs) has effectuated the 

customers who could not response to market changes and price signals (Borenstein 

2013). Accessibility to demand flexibility would increase customer awareness of energy 

usage and they would buy electricity when the price and operation costs are less in peak 

time (Spees & Lave 2008). Demand response categories are displayed in Figure 4. 

Generally, there are two approaches to comply with DR in a market. They are time based 

and/or incentive based programs (IBP). These two factors would motivate consumers to 

pay based on time variable prices that reflect the electricity cost in different times. DR 

encourages the subscribers to control their consumption or shift their peak load time to 

a decrease their energy bill. DR could be complemented by innovative tariffs such as 

RTP and TOU (U.S. Department of Energy 2006). This system can make incentives for 
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consumers and government from two sides: energy saving and beneficial aspects. (U.S. 

Department of Energy 2006). 

 

Figure 4. Demand response programs classification (Albadi & Saadany 2008). 

 

Time Base Programs (retail energy pricing): Consumers’ choice to moderate or shift 

their consumption during 24 hours. Time of Use (TOU), Real-Time Pricing (RTP), 

Extreme Day CPP (ED-CPP), Extreme Day Pricing (EDP) and Critical Peak Pricing 

(CPP) are examples of time base programs. 

TOU: Each day divides into different blocks and each block has a specific price rate so 

that during peak load time the price is more than during off-peak load time. 

CCP: This program focuses on the peak load time and makes the price during 

contingencies higher than at other periods of time. 

ED-CPP: It is similar to CPP, but a day is divided into peak load time and off peak load 

time. Peak load time has higher price rate, but other times of a day include a flat rate.  

EDP: It is similar to CPP but a day is not divided to peak load time and off peak load 

time. It means that all hours in a day would have the high price of electricity. 

RTP: By changing system prices based on the day-ahead market, customers would 

change their consumption hourly.  
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Incentive Base Programs (IBP): Rely on the response of subscribers to incentive paid 

for encouraging consumers to reduce their electricity demand by the electricity financial 

attraction, such as a discount or bill credit in peak load times. IBP includes two 

classifications: Classic and Market programs, of which classic programs contain Direct 

load control (DLC), Interruptible/curtail service (I/C) and Market programs 

encompasses Emergency DR program (EDRP), Capacity market program (CMP), 

Demand bidding (also known as Buy back), and Ancillary services market program 

(A/S). 

DLC: Participant appliances such as air conditioners and water heaters become silent at 

short notice remotely by utilities in order to decline reliability problems. Residential 

consumers are interested in taking part in the programs.   

I/C: In this program, customers receive some financial incentive such as a rate discount 

if they decrease their load during peak load times, otherwise they would face penalties 

based on the terms and conditions of the programs. 

Demand bidding /Buy back: Large scale customers will bid the electricity curtailment 

during peak load time in order to increase the reliability of the system. If this proposal 

is accepted by the market, they bond to decrease their consumption, otherwise they 

would encounter penalties.  

Emergency DR: Customers will gain financial incentives for decreasing electricity 

consumption during emergency times. 

Capacity Market: Customers are committed to decrease their electricity consumption 

whenever the utility asks for the curtailment and in return, they will gain financial 

incentives. 

Ancillary Services Market: The customers will provide price propose in the spot market 

as the operating reserve. Therefore, they will gain spot price whenever their capacity 

curtailment has called by the utility.  

 

2.2.4 Real-Time Price  

From mid-1990, Nordic energy markets obtained deregulation and liberty. The market 

structure of Finland and the rest of Europe that governed electricity markets was based 

on natural monopolies which led to high prices, entry regulations and residential 

customers as small customers confronted by inaccessibility to price changes. Therefore, 

they set the price at a fixed level for each month and all hours of the day. This fact had 
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led to a decrease in small customers for shifting their consumption from peak load (when 

the price is high) to off-peak (when the price is lower). Holland and Mansur (2008) 

believe that electricity market must use fossil fuel which will build up environmental 

hazard and the greenhouse gasses due to fluctuation in demand.  In addition, in peak 

load time we will require to install more capacity by high operating cost, construction 

cost and high retail prices due to higher demand (Allcott 2011). 

Nowadays, the liberalization of the electricity sector (free competition) has resulted in 

an increase in transparency of market information to access specific customers, changes 

market, and RTP. Allcott (2011) believes that RTP program as a striking instrument 

enables achieving proper information that can be effective in the price elasticity. In 

addition, electricity as a necessary commodity cannot be stored, so the demand and 

production should balance together in real-time. There are various definitions for RTP, 

which is described as a competitive instrument for utilities, prepares the efficient flexible 

price for their customers in order to control loads, maximizes profitability, and decreases 

power generation costs. RTP technique would improve competitiveness, maintenance 

and the quantity of their consumers. RTP programs have several goals, such as 

- Recognizing the consumer’s target by market 

- Designing efficient prices for each type of their consumers which would not 

inadvertently lead to losses   

- Achieving appropriate responses from RTP applications by customers 

The consequences of RTP implementation would result in energy saving, consumption 

decline, decrease the fluctuation of load, and CO2 emissions. Therefore, it is expected 

that customers play an important role in the future of energy systems by moderating their 

electricity demand based on price signals in order to promote developed infrastructure, 

efficient usage of production, and operating the electricity markets. Evaluations provide 

some intuition as to whether changes in price influence the electricity usage patterns, 

and also realize the impact of RTP on energy consumption.  

According to Finnish Energy Authority (2014), 90% of households are equipped with 

SM. Some of the residential customers have received contract offers based on Nord Pool 

Spot2  by retail suppliers (e.g. Fortum 2015 & Vattenfall 2015). Unfortunately, there is 

a lack of statistical information about the popularity of these kinds of contracts among 

customers (ACER and CEER 2014).   

                                                 
2 Nord Pool Spot is a RTP program. 
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2.2.5 Real-Time Price Elasticity 

The hourly price elasticity in the electricity sector shows the changes of electricity 

consumption subjected to electricity price volatilities (Bornsterin 2005). From an 

economical point of view, price elasticity can be an indicator which shows the 

intelligence of customers. RTP elasticity is appropriate to supplement with regard to 

deduction unreliability and improving demand flexibility. By using RTP elasticity of 

electricity we will acquire important information about price changes (Lijesen 2006). At 

present, the system encounters an imbalance in the energy market due to large 

fluctuations between demand and supply; RTP elasticity helps to mitigate this risk in the 

system. Additionally, the other noteworthy trait of price elasticity is helping the policy 

makers to provide enough incentive for customers and shift electricity consumption from 

peak load time. However, household behavior under RTP is vague. Allcott and Navigant 

(2011) have shown that the amount of reaction to the price fluctuations is not remarkable 

and that the electricity consumption shift in the short-term between different periods of 

time lacks strong backing. 
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3 SOLAR ENERGY 

Nowadays, people use energy almost in every aspect of their lives, such as production, 

transportation. Societies around the world are strongly dependent on using energy 

systems. However, this dependency does not have a negative effect per se. Nevertheless, 

most of the energy is provided by fossil fuels which lead to critical and catastrophic 

environment problems such as climate change, greenhouses and pollutions. Ammenberg 

(2012) believed that, due to global warming and increasing usage of fossil fuel, is 

essential increasing utilization of renewable energy sources such as solar and the wind. 

Sun as an inexhaustible and ubiquitous source is able to convert sunshine to electricity 

directly with cost-effectiveness and low CO2 emissions. Solar energy is a safe and useful 

source of energy for all societies throughout the world. The International Energy Agency 

(2011) has said that the expansion of solar generation in diverse areas such as 

commercial, industrial and residential has benefits. It will increase the advantages of 

consumers, improve sustainability, and reduce pollution and price volatility of electricity 

against fossil fuels.  

The PV power technologies have expanded over time and the world seeks to adapt to its 

growing trend. The global PV production has improved from 36996 MW in 2011 to 

72000 MW in 2016. Figure 5 displays the growing trend of PV production around the 

world (IEA PVPS 2015). 

 

 

Figure 5. Global PV production (IEA 2016). 
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Additionally, the International Energy Agency (IEA) Energy Technology Perspectives 

believed that the PV technologies play an important role in world’s energy production. 

Based on BLUE Map scenario by IEA (2008), the share of solar power from total 

electricity production will be about 11% (4500 TWh per year) by 2050, which will lead 

to attaining the goals of environmental road maps. This road map exposes the rapid 

growth of the different market segment shares (residential, utility and commercial) in 

solar power around the world (in OECD countries and Asia). Table 3 shows the 

evolution of global electricity generation in various end-use sectors (Technology 

Roadmap Solar PV energy & IEA 2010).  

 

Table 3. Global annual photovoltaic power generation (TWh)                                                             

Sector 2010 2020 2030 2040 2050 

Residential 23 153 581 1244 1794 

Utility 8 81 368 910 1498 

Commercial 4 32 144 353 585 

Total 35 266 1093 2507 3877 

Source: Technology Roadmap Solar PV energy, IEA 2010 

 

The share of PV power market in Finland is trivial. Therefore, very few residential 

customers (several hundred) have installed PV systems across the country (Toivonen, 

2015). Furthermore, many commercial sectors (12), such as Kaleva’s Printing House 

in Oulu have installed PV systems with 420 KWp capacity which is able to support 

10% of its electricity consumption annually (Klemettilä 2015). In Finland, the lagged 

expansion of PV systems is related to the implications of policies of renewable energy 

projects. However, recently the Ministry of Employment and Economy (2015) has 

persuaded different organizations (commercial, companies) to use solar systems by 

creating added value for participants (grants, subsidies).  
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4         REAL-TIME PRICE BACKGROUND 

4.1 Finland in the Nordic Power Market 

The Nordic power market as a deregulated and international electricity market was 

established in Norway in 1991. Members of the Nordic electricity market are of 

Norway, Sweden, Denmark, Finland and Estonia3. In Oslo Nord Pool, these countries 

perform the common electricity exchange, where the market sharers are able to sell 

and buy electricity. 

The striking characteristic of the Nordic power market is its opening of the market to 

competition and deregulation. This means that the common electricity market 

persuades the firms to produce and sell at any time and in any quantities between these 

countries in order to increase their profits and efficiency.   

From 2002, the Nordic exchange has been devolved to the Transmission System 

Operator (TSO) as Nord Pool Spot, which determines the price (or sets the price, bid) 

based on day-ahead, intraday and hourly markets. In 2009, over 70 percent of the 

electricity consumption was swapped in Nord Pool (Kopsakangas Savolainen & 

Svento 2012). 

The Finnish electricity market was opened to competition in 1995 on the basis of the 

Electricity Market Act 386/1995 which entitles households to choose their electricity 

supplier. The government’s goal was to improve the electricity market and secure the 

generation, transmission and distribution systems. Specifically, preparing the Finnish 

electricity market for merging to the Nordic and European markets created the need to 

remove market competition obstacles and reduce regulations. There are currently 75 

Finnish electricity retailers. Small scale consumers such as households have 

permission to sell energy to the market (Ministry of Economic Affairs and 

Employment).   

 

4.2 Real-Time Price Schemes 

Almost all of the residential sector in Finland pays for electricity based on a flat rate 

because electricity retailers offer floating prices which are computed by spot price 

                                                 
3 Estonia joined Nordic electricity market in 2010. 
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averages that may alter monthly or fixed prices for a long time. This means that 

households confront the same price during all hours of the day (Lundgren & Pålsson, 

2010).  

Some electricity companies in Europe and the USA (1990) offered RTP contracts to 

large scale customers. Nowadays, using advanced SMs has led to wide usage of RTP 

electricity contracts. Borenstein (2005) and Borenstein and Holland (2005) have 

surveyed the effect of increasing the share of residential RTP in the long-run, which 

results in a 3-11 percent surge in consumer surplus “welfare gains”, a decrease in 

capacity investment, and efficiency improvement. Furthermore, some experimental 

studies by Swedish Elforsk Market Design and other suppliers in the south of Sweden 

indicate that households respond to price spikes (RTP) programs in the short-run 

(Lindskoug 2006). Recently, based on hourly consumption of households (US program 

report in 2003), Allcott (2011) claimed that households had elastic prices and saved 

energy during peak load, while their average consumption did not enhance during off 

peak times.  

Prüggler (2013), Vesterberg (2014) and Valtonen (2015) have computed the benefits 

of RTP when consumers decrease electricity consumption in response to time-variable 

electricity prices. From Prüggler’s point of view (2013), consumers are able to save 

110 euro annually by shifting from high price to low price, if consumers shift 50 

percent of their consumptions. Vesterberg (2014) concluded that the daily cost saving 

would be around 2-5 percent if the consumers shift their consumption seven hours 

ahead. Moreover, changing the type of contract (from fixed to RTP) will reallocate 

load. This will lead to price reductions, cost capacity and more customer benefit. 

Valtonen (2015) estimated the cost saving to be only 2.5 euro per year if electricity 

consumption for heating was managed hourly. 

 

4.3 Price Elasticities  

Historically, improving the residential electricity consumption by price elasticities has 

been a controversial subject among developed and developing countries. RTP elasticity 

of electricity is an important instrument in DR, and consists of valuable information on 

consumption of customers to the price changes. This study focuses on DR for the 

residential sector based on real-time elasticity (a day-ahead market).  
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RTP elasticity is defined as the own price elasticity of demand which is estimated time 

based on. However, there are few empirical studies on hourly and daily price elasticity, 

and the size of RTP data are not nota bene in the residential sector or just industrial 

sector uses of RTP programs (Kopsakangas Savolainen & Svento 2012). The price 

responsiveness of household demand helps us to consider and predict the impacts of 

price changes and the pattern of residential electricity consumption. 

 

Table 4. Price elasticity in residential sector 

Source Price elasticity Period Country 

Beenstock, M. (1999) 
Short-run: - 0.124 Quarterly Israel 

(Households) Long-run: - 0.579 (1973-1994) 

Al. Faris, A.R.F., (2002) 

Short-run: - 0.04, - 0.18 Annually 

GCC* 

Long-run: - 0.82, - 3.39 (1970-1997) 

Holtedahl, P & Loutz, F.J. (2004) 
Short-run: - 0.15 Annually Taiwan 

(Households) Long-run: - 0.16 (1955-1996) 

Boonekamp, P.G.M., (2007) Long-run: - 0.09, - 0.13 

Annually Netherlands 

(Households) (1990-2000) 

Filippini, M & Pachuari, S. 

(2002) 
Short-run: - 0.16, - 0.39 

Monthly India 

(Households) (1993-1994) 

Brännlund, R., Ghalwash T., & 

Nordström, J. (in press) 
Short-run: - 0.24 

Quarterly Sweden 

(Households) (1980-1997) 

*The Gulf Cooperation Council Countries 

 

Prevalent studies relating to price elasticity of demand are focused on quarterly, 

monthly, yearly and seasonal data. Furthermore, Aigner (1994), Filippini (1995) and 

Patrick and Wolack (1997) have conducted research on TOU and RTP elasticities 

accordingly. They take into account elasticity changes between -0.01 and -0.10, which 

is rather small but still is a significant incentive to demand changes in peak loads time. 

Also, they believe that applying higher elasticity market would lead to lower 

consumption. In addition, many studies such as those by Andersson (1997), Brännluned 

(2007), and Damsgaard (2003) have estimated the price elasticities at between – 0.13 to 

-1.35, but the result of using estimated elasticities on RTP programs is not investigated. 

Responding to price changes should be different within customers because of electricity 

usage diversity and intraday purchasing. Studies which attempt to compute monthly/ 
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quarterly/ annually price elasticities are listed in Table 4, while Table 5 summarizes 

estimated TOU price elasticities in different studies. 

 

Table 5. Price elasticity based on TOU pricing 

Source Price elasticity Country 

Mountain & Lawson (1992) 
Peak: - 0.002, - 0.138 Ontario, 

Canada Off-peak: - 0.003, -0.036 

Aigner, Newman & Tishler (1994) 
Peak: - 0.054, - 0.158 

Israel 

Off-peak: - 0.013, - 0.049 

Filippini, M. (1995) 
Peak: - 1.25, - 1.41 

Swiss 
Off-peak: - 2.30, - 2.57 

Ham, Mountain & Luke Chan (1997) 
Peak: - 0.069, - 0.091 

Ontario Hydro 
Off-peak: - 0.038, - 0.050 

Boisver, Cappers, Neenan & Scott (2004) Peak: - 0.05, - 0.0675 Oklahoma 
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5        DATA AND RESEARCH METHOD 

 

5.1 Mälardalen project data 

 

The data in this study was acquired from the project4 commissioned by Swedish Energy 

Agency from 2005-2008 with 15-480 interval days for different households. Figure 6 

shows the monthly distribution of observation and the number of days which households 

had been metered.  

 
 

Figure 6. Left panel: Monthly household metering. Right panel: Total metered days  

(image credits Vesterberg & Krishnamurthy 2016). 

                                                

The target of this project was to improve the energy efficiency and energy conservation. 

The data applied in this analysis is a compendium, and for more details, the reader can 

refer to the report of the Energy Agency which was provided by Zimmerman (2009). 

Statics Sweden5has metered 389 households’ appliances in ten minute intervals by 

installing SM on all equipment where 200 of the household were villas and 189 were 

flats (Zimmermann 2009). At least 46 devices for each household were measured at a 

time. These appliances were stoves, microwaves. in “kitchen”, “heating”, “lighting” and 

“residual” (TV, laptop, etc.). Most of the households were in the Mälardalen district and 

25 households were in the South and North of Sweden. Generally, it seems that the 

narrow geography of the sample will decrease the experimental validity of the results. 

All households have similar behavior patterns, which are homogenous. 

                                                 
4 A metering household electricity consumption project.  
5 A Swedish Government Agency which provides official statistics. 
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Furthermore, according to metering data we have obtained some characteristics of the 

household, such as income, age and number of residents, the type of heating system, the 

year of building, the year of renovation and the size of the house. Also, we take into 

account two types of heating systems: mixed and electric. Mixed electric heating is 

recognized as non-electric heating Also, the estimation of the price elasticities is 

impracticable due to lack of price data at the household-level.  

In this research, we consider four types of household (Non-electric heating and low 

income, non-electric heating and high income, electric heating and low income, electric 

heating and high income) in which their electricity usage is surveyed based on average 

hours. First, we compute the hourly consumption6 and then we calculate the average 

electricity consumption in the form of hourly, monthly and type of households. This 

means that we obtain the average electricity usage for 24 hours and we sort them by 

monthly income level and heating systems (electric and non-electric heating). The size 

of metered households changes in different months, it appears as though the 

consumption patterns in February differ considerably from those in June. Due to usage, 

there is more heating (low temperature) and lighting (daylight) load in the winter. 

Patterns of electricity usage during the peak load and off-peak load time are different. 

During peak load time ((7 to 9) AM, (16 to 20) PM in February and (6 to 7) AM, (17 to 

22) PM in June) load patterns are substantially more than off-peak hours (during day 

activities and after midnight) because households are using more appliances and 

consuming more electricity at home (cooking dinner.).  

The preliminary PV production for Mälardalen is evaluated through the HARMONIE 

Numerical Weather Prediction (NWP) data using Bengtsson’s model (2017). 

HARMONIE as a physical model depicts the interaction between the atmosphere and 

the surface in order to stimulate numerical forecast as an output from common weather 

conditions. This output encompasses the required parameters in order to obtain the real 

electricity production data from PV systems.   

The average PV production during the hourly time was collected from successive 

forecasts by NWP, initialized daily at UTC-06:00. The forecast is between +16 and +39 

hours from horizontal (from UTC-22:00 in a day to UTC-21:00 a next day). The 

prerequisites of PV production are displayed in the Table 6.  

 

                                                 
6 Ten minute intervals. 
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Table 6. Specifications of photovoltaic production 

Parameters Value 

Latitude 59.625 deg 

Longitude 16.760 deg 

PV panels  10 with 250Wp (Totally 2.5 kWp panel) 

Slope 30 deg from horizontal 

Technology Poly-Si 

Integration Level Semi integrated 

Orientation Southward 

Source: Krishnamurthy, et al. in prep. 

5.2 Model 

We are looking to analyze what would happen to electricity consumption pattern if 

households as small electricity customers shift to RTP schemes under different 

scenarios. We consider different types of households, which are listed in Table 7. 

Moreover, we survey the effect of small-scale solar production on electricity 

consumption for all types of households both in winter and summer. The households are 

able to pay real-time electricity prices through RTP contracts. Furthermore, it is assumed 

that all households are responding to price changes homogenously. The goal of the 

model is to analyze the results of an increase the share of household with RTP which 

would lead to the amelioration of efficiency. In this model, we contemplate electricity 

as a good at different times of a day and the best solution to reflect the price of this good 

is the system price from the Nord Pool Spot market. The average hourly prices which 

are used in this study is presented in table 11 in appendix 1.    

Table 7. Types of households 

Type Electric heating Income Number of households 

1 No Low 12 

2 No High 13 

3 Yes Low 9 

4 Yes High 14 

Making assumptions is necessary in demand electricity function in order to consider how 

customers respond to price signals. The assumptions in demand patterns are assigned by 

household appliances as internal factors, temperature (heating) and daylight (light) as 

external factors. Therefore, the critical points are the household’s preferences, their 
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immediate responses, and the adjustment of their consumption to price changes. Small 

fluctuations in price result in small demand deviation. The precise volume of these 

deviations is calculated using the price elasticity. In contrast with Borenstein and 

Holland (2005) and Kopsangas and Sevento (2012) used the fixed daily price elasticity 

assumption; we used daily variable price elasticities by taking into account peak and off 

peak load time.  

In the first stage, using Swedish data for detached houses (see section 4), we investigated 

the effects of RTP on load profiles under several price patterns and elasticity 

assumptions. Additionally, we studied the effects of different fractions of RTP (0.333, 

0.666 & 0.999) applied to Borenstein and Holland’s (2005) simulations. Different 

scenarios for each type of households in this study are:  

- Fixed price with fixed elasticity (baseline) 

- 0.333 of customers are on RTP and volatility of elasticity (RTP-1) 

- 0.666 of customers are on RTP and volatility of elasticity (RTP-2) 

- 0.999 of customers are on RTP and volatility of elasticity (RTP-3) 

- Baseline plus energy solar power 

- RTP-1 plus energy solar power 

- RTP-2 plus energy solar power 

- RTP-3 plus energy solar power 

We used the double-log function which has been employed in many studies. The demand 

model in this thesis resembles Borenstein and Holland’s (2005), who define the hourly 

demand function for small electricity consumers (households) and have the form of: 

 

 
𝑄𝑡(�̅�𝑡) = 𝐴𝑡�̅�𝑡

𝜀                            𝑓𝑖𝑥𝑒𝑑 𝑝𝑟𝑖𝑐𝑒  

 𝑄𝑡(𝑝𝑡) = 𝐴𝑡𝑝𝑡
𝜀                         𝑅𝑇𝑃 

(1) 

Where      𝐴𝑡 : Intercept,  

     �̅�𝑡 : Fixed price, 

   𝑝𝑡: Hourly price (spot price), 

   ε: Price elasticity, 

   t: hour (1,2, 3,…,24), 

               𝑄𝑡(�̅�𝑡) : The average of electricity demand of household on Fixed Price and 

               𝑄𝑡(𝑝𝑡) : The Average of electricity demand of household on RTP. 
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In this model, the just price would alter if the household moves to RTP, which means 

that 𝑝𝑡 should be replaced by �̅�𝑡. 

Based on Borenstein (2005:.96), A is defined as: 

“Given an elasticity for a certain hour, and the assumption of a constant-elasticity 

functional form, demand is fully specified by A, the scale parameter. A is 

determined by any one price/quantity point on the demand curve, which I refer to 

as the demand “anchor point” for the hour. I assume that at a given constant price 

(discussed next), the anchor quantity demanded takes on a distribution equal to the 

actual distribution of quantities demanded from a certain electricity control region. 

The constant price used to specify the anchor points is chosen to be the price that 

would allow producers to break even if it were charged as a flat retail price to all 

customers. This is not the actual flat rate (or time-of-use rate) that was charged to 

customers during the observed period from which the demand distribution data are 

taken. The difference, however, will not substantially change the results for two 

reasons. First, at the low elasticities I consider in the simulations, a change of 10%-

20% in the base flat rate that I assume (which is the magnitude of the potential 

difference between the rate assumed and the actual flat rate in use) will change 

quantity demanded very little. Second, and more important, the overall level of 

base demand is just a scale factor in the simulations. The value of using an actual 

distribution comes from accurately representing the shape of the distribution; that 

changes negligibly with the assumption made about the level of the flat retail rate.” 

 

 

For simplicity, the total demand in hour t could be defined as follows: 

 
𝑙𝑛𝑄𝑡 = 𝑙𝑛𝐴𝑡 + 𝜀𝑡𝑙𝑛𝑝𝑡 (2) 

For the second stage, we assume that the price elasticity (ε) is a non-zero given the 

quantity of electricity demand of household (Qt). We compute At from the given Qt, the 

constant pt, and elasticity in the pattern of the baseline, so the 𝐴𝑡 can be estimated as 

follows: 

 
𝐴𝑡 =

𝑄𝑡

𝑝𝑡
𝜀 (3) 

Then we take into account At as a fixed variable and register that according to different 

types of household groups. We estimate At separately for each type of heating system. 

Then we set the ε and p based on time-varying as hourly function.  

This research focuses on hourly weekdays during winter (December to February) and 

summer (June) for detached houses, which are applied to principle energy policy in the 

household sector. In villas, 65 percent of total demand is related to electric heating and 

10% of total demand accounts for lighting during winter months (Vesterberg & 

Krishnamurthy 2016). Patrick and Wolak (2009) claimed that the households are not 

able to respond to price signals quickly and make optimal decisions about electricity 



38  

consumption in the short-run. Therefore, we are required to prepare some key 

assumptions in the short-term: 

• No storage capacity 

• Fixed timetable for working days 

• No response to RTP technologically 

• Restrictions on shifting load hours because of not being home or in during nights 

when the consumption is low 

To reduce system costs and provide quick access to energy in the household sector, solar 

power is valuable energy which can be achieved by installing solar panels. Additionally, 

the grid will face lower demand. Therefore, the new demand can be calculated as: 

 
�̂�𝑡 = 𝑄𝑡 − 𝑆𝑡 (4) 

Where      𝑆𝑡: Supply of electricity by solar panel, 

       𝑄𝑡:  The average of electricity demand of household and 

       �̂�𝑡:  The electricity demand from the grid. 

An important aspect of the solar power supply is the time pattern during peak time. The 

first aspect, electricity cannot be stored and households are not able to supply excess 

power to the grid. Therefore, during winter because of the short day length, most PV 

production happens during work hours and a small amount of energy will be supplied 

during the rest of the day. We describe this scenario of price and elasticity which has 

been applied in our data, and also briefly describe solar production data. In this study, 

we consider different types of price and its elasticity patterns:  

- Fixed elasticity over a day ε= -0.025 

- High elasticity during off peak load time and low elasticity during the peak load 

time, εOP = -0.1 & εP= -0.025. 

- Averaged fixed price monthly, 0.35 SEK for winter and 0.47 SEK for summer. 

- Average spot price from 2006 to 2008, which was obtained from the Nord Pool. 

- PV production data is based on HARMONIE Numerical Weather Prediction 

(NWP) data in 2016.  
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6     RESULTS 

In this section, we appraised the assumptions detailed in section 4 based on working 

days of winter (December to February) and summer (June) during 2006-2008 for 

detached houses. The load profiles are estimated for different household groups on the 

basis of prices variety and elasticities. These simulations show a real image of the 

household consumption pattern when they participate in demand flexibility through 

response to market changes and price signal directly. We consider four types of 

households based on various patterns of price, elasticities, and the proportions of 

residential using RTP (section 5) and table 8. 

Table 8. Implemented scenarios in this study 

Fraction of Customers Elasticity Price (SEK/Kwh) PV Production 

 Off-peak Peak Winter Summer  

Baseline -0.025 -0.025 0.35 0.47 No 

0.333 (RTP-1) -0.1 -0.025 Variable Variable No 

0.666 (RTP-2) -0.1 -0.025 Variable Variable No 

0.999 (RTP-3) -0.1 -0.025 Variable Variable No 

Baseline -0.025 -0.025 0.35 0.47 Yes 

0.333 (RTP-1) -0.1 -0.025 variable Variable Yes 

0.666 (RTP-2) -0.1 -0.025 variable Variable Yes 

0.999 (RTP-3) -0.1 -0.025 variable Variable Yes 

In figures 7-10 we present the effects of the RTP program on the actions and behavior 

of customers under different scenarios in February and June. Then, in figures 12-15 we 

survey the influence of RTP accounting solar power system effects in residential 

consumption pattern in winter and summer (February and June).  

6.1 Impacts of Increasing fraction of RTP Residential 

Firstly, we consider the effects of the RTP scheme (RTP-1, RTP-2, RTP-3) on the 

behavior and actions of residential customers based on different scenarios: price 

volatility and elasticities, and fraction of customers on RTP for two seasons (winter and 

summer). Figures 7 and 8 display our simulation results for February. Figures 9 and 10 

display our simulation results for June. The price elasticity is -0.025 in peak load and      
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-0.1 in off-peak load time for four types of detached houses in both winter and summer 

cases. The blue dotted lines describe all customers who are paying a flat rate. The next 

lines (green dashed, purple long dash and red dot dash) present the total hourly energy 

consumed when a certain fraction of customers is on RTP, taking into account volatility 

of price and elasticities in peak and off peak times. According to our results, increasing 

the fraction of customers on RTP in both February and June will shift load, decrease 

total capacity, reduce electricity demand and increase consumer surplus in response to 

time variable electricity price elasticities in off-peak load time. However, these changes 

are small. High price elasticity during peak load time can help the system consumption 

management by shifting or declining electricity consumption. In the other hand, 

residential consumers modify their daily consumption as an alternative to shifting loads 

caused by elasticity patterns. Additionally, there are two other significant facts: a) the 

lack of significant price differences between peak load and off-peak load time leads the 

household to not decrease demand during peak load time; b) The low price elasticity 

might decrease households’ motivation to increase consumption during off-peak load 

time.  

The residential households on flat-rate have greater demand in the peak load time, so the 

retailers are compelled to pay more attention to price changes during peak load times. 

Putting additional households on RTP schemes leads to decreases in time peak, increase 

prices in off-peak time, and reduced peak loads and investments. However, in winter 

when we increase the proportion of customers on RTP, our results show that the 

reduction in total load is not significant, which is in contrast with the results of Allcott 

(2011). Finally, our findings indicate that the RTP scheme increases conservation of 

energy resources and leads to increased response to price signals and load shifts. 
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Figure 7. Winter time electric consumption for household type 1 (left panel) and household type 2 

(right panel). 

  

Figure 8. Winter time electric consumption for household type 3 (left panel) and household type 4 

(right panel). 
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Figure 9. Summer time electric consumption for household type 1 (left panel) and household type 2 

(right panel). 

 

 

 

 

Figure 10. Summer time electric consumption for household type 3 (left panel) and household type 4 

(right panel). 
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6.2 Cost Saving as a Consequence of Implementing RTP   

Based on the obtained load profiles, we compute cost saving as a consequence of shifting 

to the real-time pricing. The cost saving factor plays an important role in policy 

makers’/consumers’ understandings to make optimal decisions. We consider the spot 

price based on working days from December-February for winter and only June for 

summer, which are applicable for all demand sectors. Also, there are two price peaks 

per day 5-7AM and 16-21PM in winter and 6-8AM and 17-22PM in summer, in off-

peak time (i.e. early morning and late night) the demand is low which leads to a rather 

low system price.  

The hourly cost Ct for all consumers are defined as: 

 

𝐶𝑡 = ∑ 𝑄(𝑝𝑡). 𝑝𝑡

24

ℎ=1

 (5) 

Tables 9 and 10 illustrate the daily cost saving for different fractions of households on 

RTP programs among four types of detached houses during average working days in 

winter and summer.  

Table 9. Daily cost saving per household in winter 

Household type* Daily average cost saving in winter (in SEK) 

 RTP-1 RTP-2 RTP-3 

1 0.50 0.64 1.24 

2 0.42 0.73 1.04 

3 0.52 0.88 1.25 

4 0.96 1.65 2.34 

*Details in table 7    

 

Table 10. Daily cost saving per household in summer 

Household type* Daily average cost saving in summer (in SEK) 

 RTP-1 RTP-2 RTP-3 

1 0.98 1.19 1.39 

2 1.24 1.52 1.80 

3 1.00 1.22 1.43 

4 1.86 2.28 2.70 

*Details in table 7    
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It is shown that the cost saving is more when 99 percent of customers participate in RTP 

schemes and modify their electricity consumption to hourly prices. Also, the houses with 

low electricity consumption have larger cost saving than the others. 

6.3 Photovoltaic Power Production Simulation  

In this part, we present a preliminary data set containing the estimated PV production 

for Mälardalen, 2016, February (winter) and June (summer).  Power is based on a 

southward 2.5 kWp C-Si PV system with a 30-degree slope (from horizontal). This 

estimation has been affected by the HARMONIE weather forecast data, so it is not real 

production data, but instead it represents realistically estimated production based on the 

weather forecast for 16-39 hours ahead. Figure 11 illustrates our simulation results 

regarding total hourly PV production in winter and summer. 

  

Figure 11. Hourly photovoltaic production in winter (left panel) and summer (right panel). 

6.4 Impact of Solar Panels 

In recent decades, most of the discussions in the energy sector have been in the context 

of renewable energy such as solar, wind. The role of the solar power plant has been 

emphasized in the electricity generation system because the decentralized renewable 

energy technologies have a critical role in smart grids. This technology will help 

households to decrease their dependency on centralized electricity production.  

As a next step, we examine each type of detached house on the basis of the RTP program 

along with the PV production system. The figures below show noticeable changes in 
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households’ welfare when using solar power, particularly in summer (June). Figures 12 

and 13 indicate the effect of RTP and solar power on electricity consumption of non-

electric heating and low-income, non-electric heating and high-income, electric heating 

and low-income and electric heating and high-income detached houses in winter. 

Figures 14 and 15 display the effect of RTP and solar power on the electricity 

consumption of four types of detached houses in summer. 

Our simulation results show that in winter the production increases from 7AM to 16 PM, 

which leads to a remarkable reduction in demand during off-peak load time. Therefore, 

production is small and is enough to cover one third of demand during winter (December 

to February). The combination of RTP with solar energy leads to a significant electricity 

consumption decrease during off-peak.  In summer, the production enhances from 3AM 

to 20 PM, which is predictably longer and is almost able to cover demand during peak 

and off-peak load times. The electricity production by solar cells is adequate to cover all 

electricity needs between 8 and 16. Hence, we will have over supply during this period 

of time.  
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Figure 12. Winter time combination of RTP with solar energy for type 1 (left panel) and type 2  

(right panel). 

 

 

 

 

Figure 13. Winter time combination of RTP with solar energy for type 3 (left panel) and type 4  

(right panel). 
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Figure 14. Summer time combination of RTP with solar energy for type 1 (left panel) and  

type 2 (right panel). 

 

 

 

 

Figure 15. Summer time combination of RTP with solar energy for type 3 (left panel) and  

type 4 (right panel) 
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7    CONCLUSIONS 

An important milestone in the liberalisation of the electricity market was the creation of 

a competitive electricity market within the Nordic countries to increase market 

efficiency. However, there was evidence which showed that the electricity market was 

not adequately competitive. In fact, the fixed average price had a significant share of 

total contracts which works as an obstacle. Nowadays, due to environmental and 

financial problems, most of the countries learn to employ Smart Grids and renewable 

energy for increasing reliability, optimum welfare and saving costs. In order to achieve 

these goals, the RTP program is a necessary instrument which would shift load from 

peak to off-peak time, and decrease consumption and prices during peak time. Recently, 

there is a new technology (Smart Meters) which is able to measure hourly electricity 

consumption and adjust the consumption patterns.   

In this study, our simulation of the RTP model is inspired by Bornestein (2005) and 

Borenstein and Holland (2005). We have focused on the impact of enhancing the fraction 

of customers on RTP which would eventuate in increased market efficiency. Different 

factors would influence these enhancements as follows: 

- Proportion of customers on RTP 

- Elasticity patterns in peak and off peak load time 

- Solar panels production periodicity 

Our simulation results show that putting additional residential customers on RTP would 

shift load, decrease electricity demand, reduce the total capacity of the grid, and ramp 

the consumer surplus by households’ responsiveness to price signals in both February 

and June, although these changes are not significant. By acceptance of households on 

RTP, the equilibrium load will be diminished. Also, the cost saving indicates that the 

effect of shifting from flat-rate to RTP is positive, and also shows that social welfare 

would be greater with more elasticity for consumers who switch to RTP.  

As a matter of fact, at the present time a large number of consumers are risk averse and 

prefer to choose the flat-rate electricity contract for a long time rather than paying 

electricity based on fluctuating prices. In other words, switching from fixed price to RTP 

exposes high price risk to consumers. For hedging of this risk, we should encourage 

customers by creating added value for participating, help them to take part in demand 

flexibility activities (Demand Response), and offer them TOU programs. 
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The RTP literature shows that RTP would shift load and/or decrease the total 

consumption. However, consumption reduction is not significant in the implemented 

scenarios. We should change our assumptions or find alternative ways to achieve the 

previous result. We should consider the scenario in which the price elasticity in peak 

load is more than off-peak load time. This would help to manage consumption patterns 

through re-allocation or decreasing electricity usage in peak load time. High peak price 

elasticity would increase households’ incentive to modify their consumption patterns. It 

would persuade consumers to shift their demand from peak to off-peak based on higher 

peak elasticity, which leads to enhancement of their income. Another way is an increase 

in peak prices, because there is no significant price difference between peak load and 

off-peak load time.  

In addition, Vesterberg (2016) in Sweden proved that income elasticity affects the level 

of electricity consumption. He found that households with high income consume 

electricity more than low income households. We can use the income elasticity in our 

model in order to smooth the load curve. 

Based on our solar energy production simulation results in winter and summer, we have 

to consider more months to justify the effect of solar cells in the course of a year. 

Because in Finland we have some days with more than 12 hours of sunlight, for example, 

from June to August in summer, it would lead to a decrease in the influence of RTP on 

total load in summer, but households provide their demand off-grid for about 8 hours 

during the day.  
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APPENDIX 1 

The below table shows the hourly spot price was acquired from Nord Pool Market. 

Table 11. The average hourly of energy price in winter and summer  

Hour 

Spot price from 

Dec-Feb 

(Öre/kWh) 

Spot price from 

Dec-Feb 

(SEK/kWh) 

Spot price in Jun 

(Öre/kWh) 

Spot price in Jun 

(SEK/kWh) 

1 31.7 0.37 37.43 0.37 

2 30.7 0.30 35.03 0.35 

3 29.8 0.29 32.41 0.32 

4 29.4 0.29 30.06 0.30 

5 30 0.30 29.16 0.29 

6 31.8 0.31 31.30 0.31 

7 32.6 0.33 35.58 0.36 

8 35.6 0.36 40.65 0.41 

9 37.1 0.37 44.24 0.44 

10 36.5 0.37 46.45 0.46 

11 36.4 0.36 48.17 0.48 

12 36 0.36 49.20 0.49 

13 35.4 0.35 47.59 0.48 

14 34.8 0.35 46.66 0.47 

15 34.8 0.35 45.38 0.45 

16 35.8 0.36 43.71 0.44 

17 37.1 0.37 42.10 0.42 

18 39.2 0.39 41.82 0.42 

19 37.7 0.38 41.22 0.41 

20 35.5 0.36 40.51 0.41 

21 34.1 0.34 39.34 0.39 

22 33.7 0.34 39.37 0.39 

23 32.9 0.33 40.78 0.41 

24 31.6 0.32 38.44 0.39 

 

 


