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Abstract 
The European power sector is facing significant challenges related to investments in grid infrastructure 

and generation capacity. The continued deployment of intermittent renewables also puts pressure on 

current grid conditions. Smart grids is seen as a cost-efficient way to overcome these challenges through 

a more efficient use of current capacity. Demand response is a corner-stone in smart grid development,  

and is implemented to introduce flexibility on the demand side. Most demand response programs have 

used dynamic pricing to incentivize consumers to shift consumption from peak to off-peak hours. In 

Stockholm Royal Seaport, where a sustainable energy system is envisioned, it has been proposed that 

dynamic pricing should be complemented with an indicator depicting carbon intensity of purchased 

electricity. This indicator is based on average emissions, which is one of two fundamental perspectives 

on assessing environmental impacts of electricity consumption.   

The aim of this study was to evaluate whether the approach used to quantify carbon intensity in 

Stockholm Royal Seaport is appropriate in the context of demand response. To achieve this, a literature 

review has been conducted regarding potential benefits of demand response, power system dynamics 

and carbon dioxide allocation methods. A quantitative analysis has also been conducted, where the 

signal proposed for Stockholm Royal Seaport has been modeled under different timeframes. The results 

show that the CO2-signal in Stockholm Royal Seaport is constructed in such a way that it is largely 

affected by hydro generation, which in turn makes it correlate negatively with price. As a result, the CO2-

signal would counteract many of the predicted long-term benefits of demand response. Furthermore it 

seems unlikely that the signal would result in significant short-term emission reductions, since hydro 

generally is used to balance supply and demand in the Swedish and Nordic systems.   

Based on the literature review, it was concluded that marginal emissions would be a more appropriate 

environmental indicator than average emissions. However, it remains a difficulty to construct a day-

ahead control signal based on this perspective because of system complexity and lack of data. Historical 

marginal carbon intensity was nevertheless modeled in this study using a linear regression model. The 

results indicate that price itself might be a sufficient indicator of marginal emissions.  

Finally, a model for a signal based on prognoses of intermittent renewable generation is proposed, 

where the rationale is that consumers should decrease consumption during hours of low renewable 

generation. This signal was modeled using data on renewable generation from Denmark since 

corresponding data in Sweden is not yet available. Results show that it would be possible to construct a 

rather accurate control signal in this way. There are also reasons to believe that demand response based 

on this type of signal would result in long-term environmental benefits.  

Keywords: Smart grids, demand response, price and CO2-signals, Stockholm Royal Seaport, average 

emissions, marginal emissions, carbon intensity.  
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Sammanfattning 
Den europeiska energisektorn står inför stora utmaningar, bland annat i form av investeringsbehov i 

nätinfrastruktur och produktionskapacitet för att säkra framtida leveranssäkerhet. Den fortsatta 

utbyggnaden av intermittent förnybar kraftproduktion ställer också nya krav på nätet och på aktörernas 

flexibilitet. Smarta nät ses som ett kostnadseffektivt sätt för att övervinna dessa utmaningar genom en 

mer effektiv användning av nuvarande kapacitet. En viktig del i detta är efterfrågerespons, som syftar till 

att minska belastningen på nätet under höglasttimmar genom att i högre grad än tidigare involvera 

konsumenten. De flesta initiativ inom efterfrågerespons har använt dynamisk prissättning för att 

uppmuntra konsumenter att flytta konsumtion från höglast- till låglasttimmar. I Norra Djurgårdsstaden, 

där visionen är att bygga ett hållbart och mer flexibelt energisystem, har det föreslagits att dynamisk 

prissättning bör kompletteras med en indikator som visar den inköpta elens koldioxidintensitet. Denna 

indikator är baserad på medelel, vilket är ett av två fundamentala sätt att miljövärdera el.  

Syftet med denna studie var att utvärdera om den metod som används för att kvantifiera 

koldioxidintensiteten i Norra Djurgårdsstaden är lämplig i samband med efterfrågerespons. För att 

uppnå detta har en litteraturstudie genomförts gällande potentiella fördelar med efterfrågerespons, hur 

kraftsystemet fungerar samt olika metoder för att miljövärdera el. En kvantitativ analys har också 

genomförts, där CO2-signalen i Norra Djurgårdsstaden har modellerats utifrån olika tidsperspektiv. 

Resultaten visar att CO2-signalen i Norra Djurgårdsstaden är konstruerad på ett sådant sätt att den till 

stor del påverkas av vattenkraftens produktionsvariationer, vilket i sin tur gör att signalen generellt rör 

sig i motsatt riktning mot prissignalen. Resultatet av detta är att CO2-signalen motverkar många av de 

långsiktiga fördelarna med efterfrågestyrning. Dessutom ter det sig osannolikt att signalen skulle leda till 

signifikanta utsläppsminskningar på kort sikt, eftersom lasten i Sverige främst balanseras av variationer i 

vattenkraft.  

Utifrån litteraturstudien kan man dra slutsatsen att marginalelens koldioxidintensitet skulle vara en 

lämpligare miljöindikator än genomsnittliga utsläpp i samband med efterfrågestyrning. Det är dock svårt 

att i praktiken konstruera en styrsignal baserat på detta perspektiv på grund av systemets komplexitet 

och brist på data. Historiska marginella utsläpp modellerades emellertid med hjälp av linjär regression. 

Resultaten från detta indikerade att priset kan vara en tillräcklig indikator även för variationerna i 

koldioxidintensitet utifrån ett marginalperspektiv.  

Slutligen föreslås en modell för en signal baserad på dagenföreprognoser om intermittent förnybar 

produktion, där budskapet skulle vara att användaren minskar sin konsumtion under timmar med låg 

förnybar produktion. Denna signal modellerades med hjälp av uppgifter om förnybar produktion från 

Danmark eftersom motsvarande uppgifter om Svensk produktion inte finns tillgängliga ännu. Resultaten 

visar att det skulle vara möjligt att konstruera en relativt träffsäker styrsignal på detta sätt. Det finns 

också skäl att tro att efterfrågerespons baserat på denna typ av signal skulle leda till miljömässiga 

fördelar på längre sikt.  

Nyckelord: Smarta nät, efterfrågestyrning, laststyrning, Norra Djurgårdsstaden, medelel, marginalel, 

koldioxidintensitet.
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Nomenclature 

Equation 1  

P Dynamic price signal (SEK/kWh) 

Sp Spot price (SEK/kWh) 

Et Electricity tax (SEK/kWh) 

Gc Green certificates (SEK/kWh) 

Rf Electricity retail fee (SEK/kWh) 

Nt Network tariff (SEK/kWh) 

VAT Value Added Tax (%) 

Equation 2  

CI  

 
Carbon intensity of consumed electricity in Sweden  (gCO2e/kWh) 

PVX,SE The volume produces by a certain technology X in Sweden (kWh) 

PVSE  

 
Total production volume in Sweden  (kWh) 

EFX The emission factor for technology X (gCO2e/kWh) 

EVSE The total export volume from Sweden (kWh) 

IVN→SE Import volume from country N to Sweden (kWh) 

 
EFN Average emission factor for country N production mix (gCO2e/kWh) 

IVSE Total import volume to Sweden (kWh) 

CVSE Total consumption volume in Sweden (kWh)   

Equation 3  

E Total emissions of the Nordic system (kgCO2e/h) 
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β Estimated marginal carbon intensity of the Nordic system (kgCO2e/MWh)  
 

C Total power consumption of the Nordic system (MWh/h) 

a Regression constant or intercept (kgCO2e/h) 

e Standard error of regression model (kgCO2e/h) 

Equation 4  

LW Load factor of Danish wind output (%) 

W Day ahead prognosis for Danish wind output (MWh/h) 
 

WI Installed Danish wind capacity (MW) 
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1 Introduction  
The European power sector is facing a number of significant challenges (Commission of the European 

Communities, 2006). In 2007 European leaders decided on the so-called 20-20-20 targets. These targets 

state that by 2020, emissions of greenhouse gases (GHG) should be reduced by 20 % compared to 1990 

levels, the share of renewable energy should be increased to 20 %, and energy efficiency measures 

should lead to an overall decrease in energy use by 20 % (Europeiska rådet, 2007). Related challenges 

that are mentioned by the Commission of the European Communities (2006) is the substantial need for 

new investments in transmission and generation infrastructure, and a closer integration of internal 

power markets. Other challenges are results of an increased share of intermittent renewables in the 

power mix, which will force system operators and producers to adapt to new grid conditions 

(CEN/CENELEC/ETSI, 2011).  

1.1 Smart Grids and Demand Response 

The concept of Smart Grids is seen as a cost-efficient solution to the above-mentioned challenges 

(Energimarknadsinspektionen, 2010). There is no general consensus on how smart grids should be 

defined, but a definition that is often used is the following one from the EU Commission Task Force for 

Smart Grids (2010): ʺSmart Grid is an electricity network that can cost‐efficiently integrate the behavior 

and actions of all users connected to it – generators, consumers and those that do both – in order to 

ensure economically efficient, sustainable power systems with low losses and high levels of quality and 

security of supply and safetyʺ.  

The idea of Demand Response is one of the fundamentals of smart grid implementation. Demand 

response (DR) also lacks a general definition, but can be defined as "electricity usage by end-use 

customers from their normal consumption patterns in response to changes in the price of electricity over 

time" by Albadi & El-Saadany (2008), or as "the incentive payments designed to induce lower electricity 

use at times of high wholesale market prices or when system reliability is jeopardized" by the 

International Energy Agency (2003).  

The main stakeholders in demand response are transmission system operators (TSOs), Distribution 

system operators (DSOs), Producers, Retailers, consumers and the government (Darby & McKenna, 

2012) For DSOs, DR represents a cost-effective solution for avoiding grid congestions and deffering 

investments in distribution capacity. Higher customer satisfaction can also be expected as a result of 

fewer blackouts and a higher level of transparency regarding costs (Triplett, 2013). Moreover, DSOs can 

use demand response to balance distributed renewable generation to further increase local network 

reliabilty (Triplett, 2013).  

The development of smart grids and demand response can also be seen as part of governments’ 

environmental policy in order to influence energy consuming behaviour. In general, policy interventions 

use information, feedback, financial and/or social motives to influence the behaviour of consumers 

(Stern, 2011). Most efficient however, are interventions that combine all of the above, using both 

financial and nonfinancial features (Stern, 2011). Demand response could represent one such 
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intervention, but studies show that consumers remain largely unaware of the potential benefits of 

demand response programs (Darby & McKenna, 2012).  

In developed countries, small and middle-sized enterprises and residential consumers account for up to 

50 % of electricity consumption (IAEDSM, 2010). If a share of this consumption could be reduced or 

shifted from peak to off peak hours, significant economic and environmental benefits could be realized. 

In order to fully utilize the potential of wind and other renewables in the power mix, demand response 

could be used to modify demand depending on renewable availability. Moreover, the implementation of 

electric vehicles increases the need for demand response as the intermittent charging of these vehicles 

can lead to grid congestions (CEN/CENELEC/ETSI, 2011).  

Demand response meets these challenges by aiming towards an optimization of grid efficiency (Albadi & 

El-Saadany, 2008; CEN/CENELEC/ETSI, 2011). By shifting, reducing and increasing electricity demand 

during certain time periods, a more efficient use of current capacity is achieved. This relies on a higher 

degree of involvement from customers, which is to be achieved through different types of incentive 

programs (Albadi & El-Saadany, 2008).  

1.2 Environmental indicators in demand response: The case of the Stockholm Royal 

Seaport 

The Stockholm Royal Seaport Urban Smart Grid is a pilot project and a research platform that aims to 

evaluate certain aspects of smart grid and demand response implementation in Stockholm, Sweden 

(Samordningsrådet för smarta elnät, n.d.). In particular, the project aims to develop business models and 

technology that results in meeting the challenges listed above, as well as reducing environmental impact 

in terms of CO2-emissions. Stockholm Royal Seaport (SRS, Norra Djurgårdsstaden in Swedish) is an urban 

development project where 12 000 new apartments and 35 000 new workplaces will be constructed.  

The construction of the first apartments began in 2011 and the neighborhood is said to be fully 

developed in 2030 (Samordningsrådet för smarta elnät, n.d.). The SRS Urban Smart Grid is a joint 

initiative between a number of actors including Fortum, Electrolux, ABB, The Royal Institute of 

Technology (KTH), Ericsson and a number of construction companies (SRS, 2012).  

In general, demand response programs have used financial incentives such as dynamic pricing that 

reflects grid and production conditions, but other forms of incentives have also been discussed (Gyamfi, 

et al., 2013; Kristinsdóttir, et al., 2013). For example Gyamfi, et al., (2013) have shown that some fraction 

of the population would be more inclined to respond to environmental indicators such as carbon dioxide 

emissions, or to social indicators such as the risk of blackouts or congestions. Furthermore, Darby & 

McKenna (2008) shows that customer participation represents a significant challenge in demand 

response programs where dynamic pricing alone is used.  

In SRS it has been proposed that an environmental indicator based on average carbon intensity of 

purchased electricity in Sweden should be included along with dynamic pricing. There are mainly two 

reasons for this. First, an environmental indicator could provide an extra incentive for customers to 

participate. Second, the indicator could contribute to carbon dioxide emission reductions by helping 

customers to shift consumption from hours when carbon intensive generation is used, to hours when 
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renewable generation is used. This indicator, or signal, is based on average carbon intensity in Sweden, 

and was developed by Stoll et. al., (2014).  

In previous studies, it has been shown that this signal often corresponds negatively with price (Song, 

2013). The reasons for, and implications of this has however not been studied in great detail. 

Furthermore, there have been discussions within the context of SRS regarding other types of 

environmental signals, such as carbon intensity based on marginal emissions or signals depicting 

renewable generation. In this study, it is evaluated whether the CO2-signal proposed for SRS is an 

appropriate control signal for demand response in Sweden. Other types of environment-related signals 

are also examined, such as carbon intensity based on a marginal approach. The expected result is a 

description of likely implications of using of these types of signals in demand response applications.  

1.3 Aim 

The aim of this study is to evaluate implications of including carbon intensity as a control signal in 

demand response functions in Sweden. In addition to this, other possible ways to include environmental 

information in demand response functions are studied.  

The study will answer the following research questions: 

1. What are the main drivers of the carbon intensity signal proposed for Stockholm Royal Seaport?  

2. Is average carbon intensity appropriate as a control signal for demand response and what are 

the implications of using such a signal?  

3. Is marginal carbon intensity appropriate as a control signal for demand response and what are 

the implications of using such a signal?  

4. Could a signal be constructed based on renewable generation and what are the implications of 

using such a signal?  

1.4 Delimitations 

This study does not aim to determine which indicators or which type of information is most efficient in 

terms of making customers change their consumption habits. When the implications of using a certain 

signal are examined, it is simply assumed that a large number of customers would act rationally on the 

information provided to them. Furthermore, this study does not aim to estimate potential emission 

reductions or bill savings as a result of implementing the control signals proposed for SRS, as this has 

been done previously by Song (2013) and Ibrahim & Skillbäck (2012). 
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1.5 Overarching approach 

Figure 1 represents an illustration of the overarching approach used to fulfill the aim of this study.  

 

Figure 1. Illustration of the overarching approach used to fulfill the aim of the study. 

First, a literature review was conducted regarding demand response, the Nordic power system and 

approaches for environmental assessment of electricity consumption. Second, a quantitative analysis 

was performed where different indicators were modeled under different timeframes.   

In terms of demand response, it was important to gain an understanding of the concept and what the 

expected benefits are, in order to analyze the possible impacts of including an environmental indicator. 

The literature used mainly consisted of published papers and central keywords included residential 

demand response, price-based demand response, and demand response benefits.  

It was also critical to understand the dynamics of both how electricity is priced and how electricity is 

generated in the Nordic countries, in order to later be able to examine carbon dioxide emissions in the 

context of demand response. The literature used here consisted both of academic papers as well as 

popular science articles and information collected from websites of relevant organizations. Central 

keywords for this part of the literature review included marginal electricity, electricity pricing and 

electricity price drivers. Finally, approaches environmental assessment of electricity consumption were 
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studied and the views of different authors were examined. In particular, the difference between average 

and marginal emissions was studied, using mainly academic papers as a basis for the analysis. Central 

keywords included marginal emissions, average emissions and quantifying emissions.  

Based on the literature review on environmental assessment of electricity consumption, two approaches 

were identified for further quantitative analysis; temporally explicit average emissions and temporally 

explicit marginal emissions. Average emissions were modeled using the framework developed by Stoll et. 

al., (2014), which is further described in section 5.1.1. Historical marginal emissions were modeled using 

a framework developed by Zivin et. al., (2013), which is further described in section 5.1.2. In combination 

with results from the literature review, the results of this modeling were then used to answer the first 

three research questions of this study.  

Based on results from the literature review on the benefits of demand response and on the 

characteristics of the Nordic power system, a third approach for calculating an indicator was developed. 

The indicator is based on intermittent renewable generation, and the methodology used is further 

described in section 5.1.3. The quantitative analysis of this indicator, combined with the qualitative 

results from the literature review, was then used to answer the fourth and final research question of this 

study.  

1.6 Disposition   

The report is divided into eight chapters. In the first chapter, the subject of the study was introduced and 

the aim of the study was outlined. In chapter two the concept of demand response and related benefits 

are described further.  

In chapter three, both market and physical aspects of the Nordic power system are described, including 

how electricity is priced and the characteristics of different technologies within the power mix. In 

chapter four, a framework on quantifying carbon emissions is presented and different approaches are 

explained.  

In chapter five, the quantitative analysis is described, including the modeling of average and marginal 

emissions from power consumption. In chapter six, the results of these calculations are presented, and in 

chapter seven the results are discussed and analyzed in the context of the four research questions. 

Finally, in chapter eight, the discussion is summarized into a number of conclusions in order to answer 

the research questions and the aim of the study. 
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2 Demand response 
In this chapter the concept of demand response and related benefits are described further. The chapter 

concludes with a description of the current control signals proposed for SRS.   

Supply and demand of electricity must always be in balance, and the aim of demand response is to 

provide a cost-efficient solution to this by reducing demand during peak hours (Albadi & El-Saadany, 

2008). In principal, there are two ways to achieve this. Either consumption is reduced during peak hours 

without affecting consumption during other hours, or consumption is shifted from peak to off-peak 

hours, see Figure 2. The main advantage of the second approach is that it doesn't necessarily reduce 

comfort for the consumer. Regardless of approach used however, there need to be an incentive for the 

consumer to initiate the shift or reduction (Albadi & El-Saadany, 2008). 

 

Figure 2. Example of residential load curve change due to demand response. Source: Song (2013) 

2.1 Financial or market related benefits of demand response programs 

The financial or market related benefits of based demand response are related to the challenges 

described in chapter 1 and can largely be divided into four main categories, see Table 1. 

Table 1. Financial or market related benefits of demand response programs. Source: Albadi & El-Saadany (2008) 

Participant Market-wide Reliability Market performance 

- Incentive payments - Price reduction - Reduced outages - Reduced market power 

- Bill savings - Capacity increase - Customer participation - Options to customers 

 - Avoided 
infrastructure costs 

- Diversified resources - Reduced price volatility 

 

0

10

20

30

40

50

60

70

80

90

100

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24

kW
 

Hour 

Example of residential load curve (LC) change as a result of 
demand response (DR)  

LC without DR LC with shift LC with reduction



 7  
 

For the participant, DR programs can result in payments or bill savings as was mentioned above. In terms 

of market wide benefits these include general price reductions, an increase in available load capacity, 

and avoided infrastructure costs, as the system is utilized in a more efficient way (U.S. Department of 

Energy, 2006).  

Benefits related to reliability include reduced risks of power outages, which benefit both participants and 

the grid operator (Goel, et al., 2006). The system could also become less reliant on specific resources, 

such as critical transmission links or generation capacity (Goel, et al., 2006). Finally, the general 

performance of the market could be increased when consumers receive the power to affect the system 

in a more transparent way (Spees & Lave, 2007). In turn, this could result in a reduction of the market 

power of large actors, and more options for the consumer (Caves, et al., 2000). It is also expected that 

DR programs will have a reducing impact on price volatility as the load curve gets flattened (Albadi & El-

Saadany, 2008).  

2.2 Environmental benefits of demand response programs 

Even though they may be more difficult to quantify, price-based DR programs are expected to result in 

environmental benefits as well (U.S. Department of Energy, 2006). These potential benefits can generally 

be divided into two categories; long-term and short-term benefits, see Table 2.  

Table 2. Potential environmental benefits of demand response programs. 

Long-term benefits Short-term benefits 

- Reduced land use - Emission reductions 

- Reduced use of natural resources  

- Improved air and water quality  

- Facilitating introduction of renewables  

 

Most commonly discussed are environmental benefits related to avoided construction of new generation 

or transmission capacity. Avoided construction results in better land utilization and a reduction in natural 

resources used (U.S. Department of Energy, 2006). Furthermore, local disturbances and emissions 

related to the construction are avoided, which in turn leads to better air and water quality (U.S. 

Department of Energy, 2006). Another long-term benefit of DR programs is that they may facilitate the 

introduction of renewable generation, such as wind and solar. Since these technologies are intermittent, 

they add variability and uncertainty to the power system (Milligan & Kirby, 2010). When renewable 

capacity is installed, conventional capacity is displaced, which in turn reduces the amount of generation 

available to provide response to sudden changes in renewable output (Söder, 2013). DR is seen as a way 

to fill this gap, by reducing demand when renewable output is falling and vice versa (Milligan & Kirby, 

2010). This, combined with energy efficiency measures due to higher customer awareness, is expected to 

generate significant environmental benefits (Sweco, 2012). 

In terms of short-term benefits, these include the possibility of emission reductions where CO2-emissions 

are of particular interest. If demand response results in reduced overall demand, reductions in CO2-

emissions are likely to follow (Stoll, et al., 2013). Shifting demand in time could also lead to emission 
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reductions, if the generation avoided during a peak hour is more carbon intensive than the generation 

added during an off-peak hour (Stoll, et al., 2013). According to Sweco (2012) however, this is rarely the 

case in Sweden since we have the ability to balance peak demand with hydropower.  

2.3 Demand response in the Stockholm Royal Seaport 

In SRS, the actors involved have opted for a so called Real Time Pricing (RTP) model, i.e. a hourly day-

ahead price signal based on spot price, combined with different network tariffs that correspond to 

potential congestions. For more information about this pricing model, see Appendix A. As it is currently 

constructed, the signal consists of two variables and four constants, and is based on the following model:  

     (              )  (  
   

   
)    (1) 

In equation 1, P is the price communicated to the consumer; Sp is the spot price; Et is the electricity tax; 

Gc is the cost of green certificates; Rf is the retail fee and Nt is the network tariff. The price signal's short-

term variability mainly comes from the spot price. Seasonal and hour dependent network tariffs are then 

added to provide relatively high prices during peak hours, and relatively low prices during off peak hours. 

An example of how the price signal based on equation 1 would look like for the customer on a given day 

is seen in Figure 3. 

 

Figure 3. Dynamic hourly price signal proposed for Stockholm Royal Seaport.  

As was mentioned in the previous chapter, a control signal based on average carbon intensity of 

purchased electricity in Sweden is included as well. This signal is constructed using the following model 

developed by (Stoll, et al., 2013): 
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In equation 2, CI is the carbon intensity of a given hour; PV is the production volume of a given 

technology; IV is the import volume; EV is the export volume; CV is the consumption volume and EF is 

the emission factor of a given technology. An example of how the CO2-signal based on equation 2 would 

look like for the customer on a given day can be seen in Figure 4. 

 

Figure 4. Dynamic hourly CO2e-signal proposed for Stockholm Royal Seaport.  

The two dynamic signals are delivered as 24-hour forecasts to the residents using a display inside the 

apartment, and can be used to plan and shift electricity use during the coming day. In the future, the aim 

is that certain appliances within the apartment, such as dishwashers and washing machines, will receive 

these signals directly and act on them based on predefined settings by the customer. 

2.4 Chapter summary 

In this chapter, we have learned that demand response programs are expected to result in a number of 

system-wide market and environmental benefits. The latter are mainly related to long-term impacts such 

as deferring infrastructure construction and facilitating the deployment of intermittent renewable 

generation such as wind and solar. In terms of emission reductions as a result of load shifting, this 

depends on dynamics of the power system in question, which is further explored in the coming chapter.  
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3 The Nordic power system 
In this chapter, the characteristics of the Nordic power system are explained in order to gain an 

understanding of the drivers affecting the environmental impacts of power consumption.  

3.1 Market aspects 

In 1996, the Swedish power market was deregulated and competition was introduced on the generation 

and retail market, whereas the distribution market remained as a regulated monopoly 

(Energimyndigheten, 2006). Four years later the Nordic market became fully integrated, and since then 

power can be traded freely between Sweden, Norway, Denmark and Finland. In 2012 and 2013 

respectively, Lithuania and Latvia joined the exchange as well (Nord Pool Spot, 2014a).   

The Nordic power market can be divided into two temporal perspectives, spot and after spot. On the 

common Nordic power exchange, Nord Pool Spot, producers and retailers place bids to secure sales and 

purchases one day ahead (Energimyndigheten, 2006). After spot is what takes place on the regulating 

markets and on the intra-day market Elbas, where participants can trade power until one hour before 

physical delivery (Svensk Energi, n.d.). The system spot price and planned production volume is 

determined through a two-sided auction as the intersection between the supply curve, which is an 

aggregation of all supply bids from producers, and the demand curve, which is an aggregation of all 

demand bids from retailers, see Figure 5. 

 

Figure 5. Determination of system spot price and turnover at Nord Pool Spot. Source:  Nord Pool Spot (n.d.) 

3.1.1 Marginal pricing of electricity 

As on any liberalized market, the price of electricity is determined by supply and demand. In terms of 

supply, the total cost of generation can be described as the sum of fixed and variable costs. For a power 

plant, fixed costs include investment, wages, depreciation and other costs that are not related to the 

power output (Turcik, et al., 2012). Conversely, variable costs are costs directly related to the output, 

such as the price of fuel and emission allowances (Turcik, et al., 2012). Furthermore, the marginal cost, 

i.e. the cost of producing one more unit, theoretically determines when it is profitable to operate the 
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plant (Energimyndigheten, 2006). For this reason, it is the marginal cost that determines the merit order 

of plants within the system, which in turns forms the actual supply curve, see Figure 6. 

 

 

Figure 6. Supply and demand on the Nordic electricity market. Source: Energimyndigheten (2006) 

In Figure 6, sources for electricity generation are ordered on the x-axis, according to their generation 

costs on the y-axis. Wind power has almost no marginal cost, and is thus ordered first. Hydro has very 

low marginal costs as well, along with industrial CHP and nuclear. After nuclear comes district heating 

CHP, with moderate marginal costs, coal-condense with high marginal costs and finally oil-condense and 

gas turbines.  

It is generally assumed that demand for electricity is relatively inelastic compared to other products 

(Serati, et al., 2008). This means that demand responds weakly to changes in price, which results in a 

steep demand curve as seen above.  The intersection between demand and supply determines the 

market price. In other words, the system spot price theoretically corresponds to the generation cost of 

the most expensive plant that is needed to meet demand (Energimyndigheten, 2006). Since demand and 

generation capacity varies over time, so does the spot price, see Figure 7. 
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Figure 7. Spot price variations during first week of January 2012. Source: Nord Pool Spot (2014a) 

Peak prices normally occur during early mornings and in the afternoons, which can be seen in the graph 

above. In a long-term perspective (months/years) there are numerous factors that affect spot price 

development. These include weather aspects such as precipitation and wind strength, commodity 

aspects such as emission allowance and fuel prices, and technical aspects such as grid congestions and 

installed capacity development (Energimyndigheten, 2006).  

In a short-term perspective however (hours/days), spot price is mainly influenced by demand, which 

varies periodically over time (Serati, et al., 2008). Factors that can cause sudden changes in price include 

extreme temperatures, social events, grid congestions and faulty generators (Serati, et al., 2008). Finally, 

the availability of wind and solar generation can have a reducing effect on short-term price development 

if installed capacity is significant (ICIS, 2009).   

3.1.2 Emission allowances 

One factor that may have a significant impact on price levels and on the merit order itself is the price of 

emission allowances, which are traded under the EU emission trading system. The system works on a 

“cap and trade” principle, where a limit is set on total emissions from power utilities and other industries 

included in the system (European Commission, 2014). When the system was introduced in 2005, one 

expectation was that the operating costs of coal and other carbon intensive technologies would increase 

significantly. In principal, this would change the merit order in such a way that it would reflect carbon 

intensity of generation. However, because of low demand due to the European recession, the price of 

emission allowances have dropped well below the 25 €/ton level needed to make such an impact (Reed, 

2014). 

In February of 2014, European officials agreed on a plan to reduce the surplus of emission allowances 

within the system in order to spur prices (Reed, 2014). However, it is still expected that the market will 

be oversupplied well into the 2020s, see Figure 8 (Thomson Reuters Point Carbon, 2013). In turn, this 

makes it likely that the current merit order will remain intact in the near future.  
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Figure 8. Predicted price development of emission allowances under the EU emission trading system. Source: Thomson 
Reuters Point Carbon (2013) 

3.1.3 Pricing of hydro power 

The merit order seen in Figure 6 represents a simplification of the real system in a number of ways, one 

of which is the role of hydro power (ECON, 2002). Even though the operating costs of hydro are low, the 

real marginal cost of hydro is determined by the alternative value of the water stored in reservoirs. A 

unit of hydropower will only be produced today if the producer doesn’t expect to sell the power at a 

higher price in the future, and this expected price is what is known as the water value (Söder, 2013). The 

water value is determined by the operating costs of other technologies that operate on the margin in the 

future, and the possibility of storing water, which in turn is determined by capacity of reservoirs and 

expected precipitation (Söder, 2013).  

The result of this pricing mechanism is that hydropower is used to balance supply and demand during 

peak hours (Söder, 2013). From a system perspective, this mechanism is positive since high prices make 

it profitable to run expensive fossil-intense generation (Söder, 2013). If hydropower is used during these 

hours instead, it can replace condensing power somewhere in the system, hence reducing both CO2-

emissions and system costs. 

3.2 Physical aspects 

The electrical power system in Sweden is connected to both the Nordic and the European power 

systems. Hence, a change in consumption or generation in Sweden affects generation in other countries 

as well (Levihn, 2014). Sweden shares direct grid connections with Norway, Finland, Denmark, Germany 

and Poland. Sweden exchanges power mainly with the other Nordic countries however, which is why the 

Nordic system is of particular interest. In the Nordic system, electricity generation and installed capacity 
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is dominated by hydro, nuclear power and CHP, which is complemented mainly by wind and condensing 

power, see Table 3. 

Table 3.  Total output and installed capacity in the Nordic countries in 2011, 2012, and 2013. Source: Fortum (2014) 

Technology Generation [TWh] Installed capacity [MW] 

 2011 2012 2013 2011 2012 2013 

Coal 17 9 16 4340 4340 3718 

Gas 4 2 2 3836 3836 3675 

Oil 0 0 0 3573 3017 2393 

Nuclear 80 83 86 12113 12242 12242 

Hydro 200 236 202 45969 45969 45969 

Wind Offshore 3 3 3 856 889 1106 

Wind Onshore 15 16 20 6020 7164 9141 

CHP Biomass 33 30 29 8406 8784 9103 

CHP Coal 12 11 11 3070 3070 3070 

CHP Gas 15 12 14 4100 4010 4010 

CHP Oil 0,2 0,2 0,2 59 59 59 

 

Because of the inherent characteristics of these technologies, they can be divided into two categories; 

Base capacity and Load following capacity. 

3.2.1 Base capacity 

Base (or must-run) capacity are technologies whose output are dependent on other factors than 

demand. In the Nordic system, nuclear, CHP and wind acts as base capacity, see Figure 9. Nuclear 

capacity is available in Finland and Sweden and its output is determined by reactor capacity, the amount 

of fuel charged and security restrictions (Dotzauer, 2010). CHP is available in Sweden, Finland and 

Denmark. In Finland, a large share of CHP generation is industrial, meaning that the output depends on 

industrial activity rather than demand. District heating CHP is dependent on the demand for heat rather 

than electricity, and adapting output to short-term variations in demand is expensive (ECON, 2002).  

The largest installed capacity of wind can be found in Denmark, although capacity is expected to increase 

in Sweden as well (Naturvårdsverket, 2013). Wind power output is affected neither by short-term 

changes in price nor by demand. Instead, the output is dependent on weather factors such as wind 

strength and direction. Since electricity can’t be stored in large scale, wind power has to be used when it 

is available (Andersen, et al., 2006). Consequently, wind power also acts as a form of base capacity in the 

system, even if it lacks the predictability and stability of nuclear and CHP (ECON, 2002).  
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Figure 9. Base capacity output in the Nordic system (2012-01-01). Source: Svenska Kraftnät (2014) 

3.2.2 Load following capacity 

Load following (or price dependent) capacity are technologies whose output is related to variations in 

demand and price. In the Nordic system, condensing power, gas turbines  and hydropower acts as load 

following capacity. Hydro capacity is available in Sweden, Norway and Finland, and is generally used to 

balance demand and supply (Söder, 2013). For this reason, hydro output is very sensitive to changes in 

demand (and thus price), see Figure 10. 

 

Figure 10. Hydro output in the Nordic system (2012-01-01). Source: Svenska Kraftnät (2014) 
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The hydropower system is dimensioned according to power demand, not energy demand. This means 

that the installed capacity is greater than what is needed to consume all available water during one year 

(ECON, 2002). The flexibility of the hydro system as regulating power depends on the level of water 

reservoirs, which varies over time due to seasonal effects (Söder, 2013). 

Condensing power is available in Denmark, Finland and Sweden. In Denmark, where the majority of 

Nordic condensing capacity is available, plants are mainly coal-fired and some can produce both 

electricity and district heat where the heat demand sets a minimum output during winters (ECON, 2002). 

However, compared to CHP, the main output of these plants is electricity and extra heat can be cooled 

off in cooling towers (ECON, 2002). Hence, the output of these plants can be changed due to changes in 

power demand and price. 

The most expensive technology in the Nordic system, in terms of marginal cost, is the gas turbine (ECON, 

2002). Gas turbines are very flexible and can answer to rapid changes in demand. They are mainly used 

as reserve power during short-term shortages. When longer periods of peak demand occur, oil and 

diesel power is used instead (ECON, 2002).  

3.2.3 National generation and exchange 

When studying each national production mix, it becomes clear how heterogeneous generation is in the 

Nordic system, see Figure 11. 

 

Figure 11. National output in the Nordic system in 2013. Source Fortum (2014) 
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plants (Ministry of Petroleum and Energy, 2007). Danish power production mainly consists of wind 

turbines, condensing coal plants and CHP (energinet.dk, 2013). Condensing power (mainly coal) still 

represents a significant share of annual generation, but it's share is decreasing due to the increasing 

installed capacity of wind power (energinet.dk, 2013).  

In Finland, production is mainly made up of hydro, nuclear and CHP power plants. There is also a fairly 

large share of condensing power in the Finnish power mix and fossil fuels constitute 28 % of the total 

primary energy added in power generation (Statistics Finland, 2013). Finally, Swedish production is 

largely dominated by equal parts nuclear and hydropower. The final 10 % consists mainly of wind and 

CHP, as well as a minor share of condensing power such as oil, diesel and gas turbines (Svenska Kraftnät, 

2014).  

Changes in Swedish electricity imports and exports affects generation in our neighboring countries 

(Levihn, 2014). Reduced exports result in increased generation in other countries, while increased 

exports result in the opposite. The relatively low variable costs of hydro and nuclear represents a 

competitive advantage for Sweden and Norway over other countries (Levihn, 2014). However, each 

nations role as a net importer or exporter varies throughout the year, see Figure 12.  

 

Figure 12. National net power exchange by Nordic country per month in 2013. Source: Nord Pool Spot (2014a) 

3.3 Chapter summary 

In the first section of this chapter, we saw how electricity is priced and learned about both short and 

long-term price drivers. In particular, we could see how the merit order of plants affect price 

development and how the pricing of hydro is different from other technologies. In the second section, 

we could see how power is generated in the Nordic countries and why the output of some technologies 

-2000000

-1500000

-1000000

-500000

0

500000

1000000

1500000

2000000

Im
p

o
rt

s 
[M

W
h

] 

National net power exchange mer month by Nordic country in 
2013 

NO net exchange

SE net exchange

FI net exchange

DK net exchange



 18  
 

are affected by demand, while others are not. In particular, it seems that hydro and condensing power is 

used to meet short-term demand variations in the Nordic system, while other technologies are more 

stable or are affected by other factors than demand.  
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4 Environmental impact of electricity consumption 
In this chapter, a framework on approaches for quantifying emissions related to power consumption and 

generation is presented.  

4.1 Theoretical framework 

In Sweden, there exists no general recommendation regarding how electricity should be environmentally 

assessed, and different principles are being used (Energimyndigheten, 2008). A common denominator 

among most approaches is that Carbon Intensity (CI), i.e. gCO2e/kWh, is used to quantify emissions. The 

way the CI is calculated differs however, and results can vary greatly depending on the general approach 

used, the level of system complexity included, and the system boundary applied.  

Since it is practically and theoretically impossible to trace electricity to its originating power plant, the 

issue of allocation becomes a subjective decision (Yang, 2013). There is no "correct" method, and there is 

no way to verify or evaluate the results physically. However, each approach is more or less appropriate in 

different applications. In his literature review of previous emission allocation studies, Yang (2013) 

presents a framework that can be used to classify different approaches, see Figure 13. 

 

 

Figure 13. Framework for emission allocation methods. Source: Yang (2013) 

As can be seen in the figure above, there are three dimensions to the framework. These are: Analysis 

timeframe, temporal resolution and Average vs. Marginal. 
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In terms of temporal resolution, the simplest way is to use an aggregate annual value, as complexity is 

being reduced significantly. Conversely, this approach leads to losses in information, as the temporal 

variability of supply and demand is ignored (Yang, 2013). The analysis timeframe is basically a question of 

whether the assessment is focused on the past or on the future, i.e. retrospective of prospective. The 

retrospective approach uses historical data on demand and generation to quantify emissions, whereas 

prospective studies predicts likely emissions based on assumptions about future demand patterns and 

supply mix (Yang, 2013).  

In the context of demand response, an indicator is needed one day ahead in order to be useful for the 

consumer. Furthermore, the signal would need to be temporally explicit, in order to provide an incentive 

to shift hourly consumption. Based on these requirements and the framework above, one can deduce 

that two approaches could be used for demand response; prospective temporally explicit average 

emissions, and prospective temporally explicit marginal emissions.  

4.2 Average vs. Marginal Emissions 

The choice between average and marginal emissions is fundamental and has been debated lively, in 

particular in Sweden where results can differ in the order of hundreds depending on perspective (Gode, 

et al., 2009). Historically, this choice has often been based on the political purpose of the quantification. 

For example, average emissions have been chosen when one wants to promote the use of electricity in 

favor of other energy carriers (Gode, et al., 2009). From a purely scientific standpoint however, the 

decision should be made based on what type of question the study aims to answer. If the goal is to 

measure the impacts of certain actions, a marginal approach is appropriate (Yang, 2013). Conversely, an 

average approach is warranted when the aim is to quantify total emissions from an activity or distribute 

responsibility for emissions among actors (Gode, et al., 2009).  

4.2.1 Average emissions  

Average emissions are widely used for determining environmental benefits of both supply and demand 

side measures, as well as for purposes of bookkeeping emissions over time. The reason for this is that 

the method is relatively simple to apply in practice, as data in the required format often is publically 

available (Dotzauer, 2010; Sköldberg, et al., 2006). Calculating average emission factors (AEFs) involves 

the use of statistics to determine the average emissions per kWh based on each plant's relative 

contribution to the total generation mix for a given time period (Ekvall, et al., 2001).  

The AEF varies significantly depending on the choice of spatial boundary (Dotzauer, 2010). This can be 

illustrated by comparing aggregate annual AEFs, which are calculated by simply adding all emissions from 

a certain system and dividing by total power consumption or production. Depending on source used, the 

annual AEF for Sweden is approximately 10 gCO2/kWh, whereas the Nordic and European annual AEFs 

amount to around 60 and 415 gCO2/kWh respectively (Eurostat, 2007). Temporally explicit average 

emissions differ from the above in that one takes into account when in time both consumption and 

generation takes place (Yang, 2013). 

When using AEFs for consequential purposes, e.g. when evaluating changes in demand or supply, one 

implicitly assumes that all supply is affected equally (Sköldberg, et al., 2006). This is part of the main 
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critique against using average emissions for consequential purposes, and it is also part of the reason why 

the marginal approach was developed.  

4.2.2 Marginal emissions 

According to Levihn (2014), the marginal perspective is dominant in academic research on energy system 

impacts.  As was stated previously, applying marginal emission factors (MEFs) is warranted when 

evaluating impacts on the system, a view shared by Gode et. al. (2009) and Dotzauer (2010). In general, 

the MEF is derived by identifying the marginal plant or technology for a certain time period based on the 

merit order of plants; see Figure 6 in section 3.1.1.  

Marginal impacts consist of two parts: the operating margin and the building margin 

(Energimyndigheten, 2008; Gode, et al., 2009). The operating margin is the change in production that 

can be related to a specific change in demand, whereas the build margin corresponds to future 

investments related to systematic changes in demand or supply (Energimyndigheten, 2008). In other 

words, the operating margin corresponds to short-term impacts, whereas the building margin 

corresponds to long-term impacts.  

Short-term impacts 

When a short-term change in demand occurs, it is generally balanced by a corresponding change in 

hydro generation (Söder, 2013). However, since reservoir levels and precipitation limit the capacity of 

hydro over a longer time period, a change in generation at one time must be compensated for at a later 

stage. For example, if hydro generation is increased to meet increased demand today, this reduction in 

future hydro capacity will have to be met by another technology, which in general will be coal 

condensing power as it is the cheapest unconstrained technology in the system (Dotzauer, 2010; ECON, 

2002; Sköldberg, et al., 2006). For this reason, the general view is that coal-condensing power represents 

the short-term margin, both from a Nordic and a Swedish perspective (Gode, et al., 2009). Moreover, the 

short-term margin is assumed to be unaffected by whether Sweden is a net-importer or net-exporter 

(Energimyndigheten, 2008).  

Long-term impacts 

Examples of long-term system impacts are the introduction of electric cars or district heating capacity. 

Determining the long-term margin, is a much more complex process than determining the short-term 

margin alone (Sköldberg, et al., 2006). A common assumption is that gas powered CHP will become 

marginal in the future, but this will depend on the price of natural gas compared to other fuels, as well as 

the price of emission allowances (Energimyndigheten, 2008). New and more efficient coal-fired plants 

could also become the main marginal technology in the future, or biomass fired CHP plants if the price of 

emission allowances increases to a sufficient level (Energimyndigheten, 2008). Because of this 

uncertainty, it is difficult to point out clear marginal effects of long-term impacts (Energimyndigheten, 

2008). 
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4.2.3 Alternative view on marginal emissions 

Another way of thinking about marginal emissions is to simply study the empirical relationship between 

total system emissions and consumption using historical data. The main benefit of this approach is that 

complexity regarding transmission bottlenecks, merit order and plant availability can be avoided since 

this information is available implicitly within the data.  Studies that have applied this approach include 

Hadland (2009), Hawkes (2010), Siler-Evans et. al. (2012) and Zivin., et. al. (2013).  

A common denominator among these is that a linear relationship between consumption and emissions is 

assumed, and that linear regression is used to determine MEFs for different time periods in the past. For 

example, Zivin, et al. (2013) have developed a regression approach for calculating MEFs for three 

different areas within the US power system. This results in a consumption based marginal intensity that 

incorporates emissions regardless of where in the system generation takes place.  

An important point of discussion in regard to these types of models is whether hydro and other 

constrained technologies should be included, since they generally can't be regarded as marginal. Hawkes 

(2010) argues that there may be reason to exclude hydro if it represents a large share of total system 

generation. Moreover, hydro can't be defined as marginal since it generally is used to its maximum over 

a longer time period (Dotzauer, 2010).  

4.3 Chapter summary 

Based on the framework developed by Yang (2013), one can deduce that two approaches could be used 

for demand response purposes; prospective temporally explicit average emissions, and prospective 

temporally explicit marginal emissions. In terms of average emissions, the general view seems to be that 

they mainly should be used when bookkeeping emissions. Conversely, marginal emissions should be 

used in consequential analysis, i.e. when system impacts are evaluated. Moreover, marginal impacts can 

be divided into two temporal categories; short-term and long-term impacts. Among researchers, it 

seems that the general consensus is that a condensing plant represent the short-term (or operating) 

margin in the Nordic countries. The long-term margin seems to be more uncertain and could consist of 

several technologies. However, in terms of demand response, the short-term margin is of more interest 

since that is what a control signal would measure.  
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5 Quantitative analysis 
The quantitative analysis consists of three parts. First the current CO2e-signal proposed for SRS is 

analyzed and its relationship with price is examined. Secondly, marginal emission factors for the Nordic 

system are calculated using a linear regression model. Thirdly, an alternative signal based on intermittent 

generation is modeled. 

5.1.1 Modeling of average carbon intensity 

Based on the theoretical framework presented above, the CO2e-signal proposed for SRS can be framed 

as a temporally explicit average emissions signal. The model used to calculate this signal was presented 

in section 2.2 and is based on the framework developed by Stoll, et al., (2013). In order to model this 

signal, statistics for Sweden was collected from Svenska Kraftnät's website, where hourly and monthly 

generation and consumption data is available (Svenska Kraftnät, 2014). Data on monthly imports and 

exports were also collected from SVK, whereas hourly values were collected from Nord pool spot (Nord 

Pool Spot, 2014b). 

First, monthly values were calculated based on data on generation per month and monthly average 

prices for the period of 2009 to 2013. Hourly values were then calculated based on data for 2012 and 

2013. Emission factors for each technology in the data set were collected from the same source used by 

Kristinsdóttir, et. al., (2013), except the factors for coal and oil, see Table 4. 

Table 4. Emission factors for power generation technologies.  

Technology gCO2e/kWh Geographical 
relevance 

Source Comments 

Wind 15,1 EU Värmeforsk (2012)  

Hydro 5,7 EU Värmeforsk (2012)  

Nuclear 4,3 EU Värmeforsk (2012)  

Gas/Diesel 627 SE Värmeforsk (2012)  

CHP 273,3 SE Värmeforsk (2012)  

Coal 1001 Global IPCC (2012) Used for marginal 
intensity 

Oil 840 Global IPCC (2012) Used for marginal 
intensity 

Solar PV 30 SE Värmeforsk (2012)  

Unspecified 328,5 EU Värmeforsk (2012)  

 
It is important to point out that these emission factors are based on life cycle analysis calculations, which 
include emissions throughout the lifecycle of the generation technology. For imported electricity, annual 
national averages were used since information on the origin of imported electricity is unavailable (Stoll, 
et al., 2013). These emission factors can be seen in Table 5. 
 

Table 5. Annual national average emission factors for Swedish imports. Source: IEA (2011) 

Country Emission factor 
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[gCO2e/kWh] 

Germany 430 

Norway 17 

Denmark 303 

Finland 205 

Poland 273,3 

 

In order to compare the CO2e-signal with price, the dynamic price signal was modeled as well using spot 

price as a proxy. There are two reasons for why only the spot price were used for comparison and not 

the full dynamic pricing signal presented in section 2.3. One reason is that the spot price represents the 

main variability of the signal. Secondly, one can assume that many different models will be tested by 

utilities in the future. However, since research shows that a RTP-model is the most efficient one, it is 

reasonable to assume that these will be dependent on spot price (Bloustein, 2005). The inclusion of 

network tariffs is however uncertain and can be done in several ways. Hence, in order to generalize the 

analysis, a pure RTP-model is used to model the price signal. Hourly Swedish spot prices were collected 

from Nord Pool Spot (2014b) and monthly averages were calculated based on these values.  

In order to examine how the two signals are affected by the general system dynamics and seasonal 

aspects, two different weeks in 2012 were chosen for further analysis. These are the first week of 

January and the first week of July, i.e. Week 1 and Week 27. For these two weeks, the two signals, as 

well as generation, consumption and imports/exports, were plotted.  

5.1.2 Modeling of marginal carbon intensity 

Based on the theoretical framework presented in chapter 4, an alternative to average emissions would 

be to construct a signal based on temporally explicit marginal intensity. As was described previously 

however, hourly marginal intensity is determined by the emission factor of the condensing plant that is 

replacing hydro generation in the future. As was described in chapter 4 however, hourly marginal 

intensity is determined by the emission factor of the condensing plant which is replacing hydro 

generation in the future. To construct such a signal accurately, one would have to have access to the 

marginal cost and emission factors of all condensing plants within the Nordic system. If that was the 

case, one could then determine the price setting plant at a given hour based on the spot price, and from 

there determine an emission factor. Unfortunately, it doesn’t seem that this data is readily available and 

previous studies have shown that a Dannish or Finnish coal condensing plant is marginal during most 

situations (Sköldberg, et al., 2006; Gode, et al., 2009). Consequently, it is likely that such a signal would 

be relatively constant, which in turn would provide little usefulness in the context of demand response. 

It is possible however, to empirically calculate marginal intensity based on historical data. In their study, 

Zivin, et al. (2013) used linear regression to determine marginal intensity empirically for the US power 

system. As far as the author knows, no similar attempt has been made for the Nordic system, which 

makes it an interesting approach to try out.  
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Linear regression is a statistical model based on the method of least squares and is used to estimate the 

relationship between different variables. In its simplest form, regression tests the relationship between 

one dependent (or observed) variable and one independent variable. In this study, consumption 

represent the dependent variable and emissions represent the independent variable. The general 

approach used is to estimate total system emissions based on changes in total consumption. A separate 

model will be used for each hour of the day, in order to determine how the marginal intensity on 

average is varying. The following model is used for this estimation:  

                      (3) 

Where E is total emissions in the Nordic system, β is the estimated marginal intensity and C is total 

power consumption, during a given hour. Two important coefficients are associated with linear 

regression, the Pearson correlation coefficient (R) and the coefficient of determination (R2). R indicates 

the strength and direction of a linear relationship between two variables, while R2 indicates how well the 

data points fit the statistical model. For our purposes here, one can view the R2-value as an indicator of 

how strong the linear relationship is between consumption and emissions.  

As was stated previously, it has been debated whether hydro should be included in these types of 

models. The main reason for this is that hydro cannot be marginal since its generation capacity is 

constrained. Furthermore, hydro is different from other technologies since generation can be shifted I 

time. For these reasons, marginal intensity was also estimated here excluding hydro generation and 

related emissions. This also provided a way to explicitly study the impact of hydro on carbon intensity in 

the Nordic system. In order to do this however, one is forced to assume that all hydro generation is 

consumed within the Nordic countries. In reality, this may not be true in all situations and it is unlikely 

the case during the summer when internal demand is low. However, in order to reduce the complexity of 

the model, this was deemed a reasonable approximation.  

Data on hourly generation by technology and consumption in Sweden, Norway, Denmark and Finland for 

the years 2009 - 2013 were collected from four different sources. Statistics for Norway was collected 

from Stattnett's website (Stattnet, 2014). In this data, generation per technology was not available and 

hence an assumption had to be made regarding which technology the data was representing. Luckily, 99 

% of Norwegian generation is based on hydropower, and for this reason it was deemed reasonable to 

disregard other technologies and assume that the data represented hydro alone. 

In the case of Finland and Denmark, hourly statistics were not available publically. Instead, data had to 

be collected using tools available internally at Fortum. In its role as producer and distributor, Fortum has 

access to the databases of Fingrid and Energinet.dk, the Finnish and Danish TSOs. It was therefore 

possible to get extracts from these databases in the format required. Finally data for Sweden were 

collected from SVK as previously described. In terms of emission factors used to calculate total emissions 

per hour, the same factors were used as when modeling average intensity, see Table 4 above.  

5.1.3 Modeling of alternative signal based on intermittent generation 

An alternative type of signal that has been discussed within the context of SRS is a signal based on 

intermittent renewable generation, in particular wind and solar (Linnarsson, 2014). As was described in 
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section 2.2, one of the main environmental benefits of demand response is to facilitate the deployment 

of renewable capacity (Sweco, 2012). Furthermore, it was described in section 3.2.1 that electricity 

cannot be stored in large scale, which means that power produced from these technologies has to be 

consumed when it is available (Andersen, et al., 2006).  

The argument for a signal based on intermittent renewable generation is therefore that consumers 

should consume less when intermittent generation is unavailable in order to offset other, more carbon 

intensive generation. Furthermore, we could see in section 3.1.1 that marginal pricing is applied on the 

electricity market. If we as consumers could contribute to higher prices during hours of high renewable 

generation, this should improve the profitability of these technologies. In turn, this could have a positive 

effect on the willingness to invest in new renewable capacity. 

One way of constructing a signal based on intermittent renewable generation would be to visualize the 

hourly share of wind and solar, either in relation to installed capacity (i.e. the load factor) or in relation 

to total generation. The problem with the latter however, is that total generation is a function of total 

demand. In other words, value of the signal would decrease when demand is increasing regardless of 

renewable output.  

For this reason, a signal based on the first approach is modeled here. In order to do this, one would have 

to have access to a renewable output prognosis one day ahead. This information is not yet available in 

Sweden, but discussions are ongoing and it can be expected that it will be in the near future (Sämfors, 

2014). In the meantime, one can study the Danish system, where data on wind output is available one 

day ahead. Since installed solar capacity is insignificant so far compared to wind, we can approximate 

this to be the total renewable output in Denmark. However, it is reasonable to assume that when solar 

capacity and output increases there will be more data available, making it possible to include it in the 

signal as well. Another reason for studying the Danish system is that it in some ways represents a future 

scenario for Sweden, since installed wind capacity is expected to increase here as well. For example, it is 

reasonable to assume that wind output will have a larger impact on Swedish prices in the future.   

The signal is modeled based on the following formula:  

         
  

  
      (4) 

where LW is the wind load factor, W is the day ahead prognosis for wind output, and WI is the installed 

wind capacity. Wind hour prognosis data for the coming day becomes available at 17:00 on Nord Pool's 

website (Nord Pool Spot, 2014b). According to Nord Pool however, data will be available even earlier 

during the day in the near future (Foyn, 2014). In terms of installed capacity, annual data can be 

collected from a number of sources. For this analysis, data from Fortum's own database has been used, 

which was previously presented in section 3.2.  
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6 Results 
In this chapter, the results of the calculations described above are presented.  

6.1 Modeling of average carbon intensity 

In this section the relationship between the two signals currently proposed for SRS is examined. First, the 

long-term relationship is examined based on monthly values. Secondly the short-term relationship is 

explored using hourly values. Finally, system behavior in two different weeks in 2012 is examined more 

closely.   

6.1.1 Long-term relationship 

In Figure 14, the CO2-signal according to equation 2 has been calculated as an average for each month of 

the year, during a 5 year period.  

 

Figure 14. Monthly average CO2-intensity and spot price 

As can be seen in this graph, the monthly averages correlate fairly well. In particular, large increases in 

spot price correlate well with increases in carbon intensity during the winters of 09/10 and 10/11. In 

terms of statistical correlation, R amounts to 0,8, indicating a strong positive relationship between 

carbon intensity and price based on monthly averages. This positive relationship can be explained by the 

fact that prices generally are higher during winter months than summer months due to the difference in 

demand. As the CO2-signal is constructed, a larger share of CHP during winter would have a positive 

effect on average carbon intensity. This is probably why the two signals seem to correlate so well in this 

timeframe.  
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6.1.2 Short-term relationship 

By studying hourly values instead, we can determine the relationship between the two signals in a short-

term perspective. In Figure 15 average hourly values have been plotted based on data from 2012 and 

2013.  

 

Figure 15. Hourly average CO2-intensity and spot price 

As we can see in the graph above, the relationship between the two signals is opposite in a short-term 

perspective. On average, carbon intensity seems to increase during the late night followed by a sharp 

decrease in the morning. It then remains low during the day before increasing again at the end of day. 

The familiar price peaks of early morning and afternoon correspond almost perfectly with the observed 

lows in carbon intensity.  

Another way of studying the signals is as functions of system load. In Figure 16, average spot price and 

carbon intensity have been plotted against system load based on data from 2012 and 2013.   
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Figure 16. CO2-intensity and spot price as a function of system load 

As can be seen in the graph spot price seems to grow exponentially with system load. Carbon intensity 

however, is initially decreasing with load, but starts to increase at 15 GW. A local peak can be seen at 17 

GW followed by a reduction when load increases. Finally, carbon intensity starts to increase yet again at 

system peak load, i.e. between 22 and 25 GW. 

In terms of the hourly correlation between spot price and carbon intensity, this has been calculated for 

each month of 2012 and 2013 based on hourly values. The result of this calculation can be seen in Figure 

17.  

 

Figure 17. Correlation between CO2-intensity and spot price 
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It seems that the statistical correlation is negative during large parts of the year. A positive correlation 

can be observed in February 2012, and in April 2013, although this correlation is rather weak. The 

strongest negative correlation during 2012 can be observed in November, amounting to - 0,65. In 2013, 

the strongest negative correlation occurred in September, amounting to - 0,71.  

In order to examine how the two signals are affected by the overall dynamics of the system, two weeks 

were chosen as time frames of further study. These are the first and the 27th week of 2012. These 

specific weeks were chosen because they would illustrate potential seasonal differences in the behavior 

of the signals. First, results for Week 1 is presented.  

WEEK 1  

In Figure 18, Figure 19  and Figure 20 it can be seen how the system behaved during week 1 in 2012.  

 

Figure 18. Generation and consumption in Sweden (Week 1, 2012) 
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Figure 19. CO2-intensity and spot price (Week 1, 2012) 

As can be seen in Figure 18, system load is varying according to its usual pattern, closely followed by 

output in hydro. Nuclear remains stable throughout the week along with CHP. It can also be observed 

that total generation exceeds consumption during the entire week. When comparing Figure 18 with 

Figure 19, we can see that spot price correlates well with system demand. Carbon intensity however, 

varies in an opposite direction, remaining low during the daytime followed by significant increases during 

nighttime. 

 

Figure 20. Imports to Sweden (Week 1, 2012) 
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Figure 21. Exports from Sweden (Week 1, 2012) 

In Figure 20, it can be observed that Sweden imports significant amounts of Norwegian generation 

during daytime, and Danish generation during nighttime. Furthermore, imports from Germany seem to 

follow the same pattern as Danish imports.  In terms of exports, Sweden seems to continuously export 

large quantities to Finland while exports to other countries differs between night and day, see Figure 21. 

Exports to Norway seem to occur mainly during the nights, while exports to Denmark, Germany and 

Poland occurs during daytime. Next the results for Week 27 are presented.   
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WEEK 27 

In the same way as above, Figure 22, Figure 23 and Figure 24 describes the system during Week 27 in 

2012.  

 

Figure 22. Generation and consumption in Sweden (Week 27, 2012) 

 

Figure 23. CO2-intensity and spot price (Week 27, 2012) 
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related to system load. The only real difference between Week  1 and Week 27 seems to be that the 

general level of system load and generation is lower in Week 27, which is expected because of the 

seasonal difference. In terms of carbon intensity and spot price, the price yet again correlates positively 

with system load, while carbon intensity varies in an opposite direction, see Figure 23. When comparing 

Week 1 and Week 27, one can observe that the variation in carbon intensity is less apparent in Week 27, 

lacking the same type of increases during nighttime. One clear rise in carbon intensity can be observed 

on Monday at midday however.  

 

Figure 24. Imports to Sweden (Week 27, 2012) 

 

Figure 25. Exports from Sweden (Week 27, 2012) 
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When studying Swedish imports during the same week, it can be observed that Sweden almost 

exclusively imported power from Norway, see Figure 24. The only exception to this is during the Monday 

when approximately 500 MW was imported from Germany. This also corresponds well with the 

observed rise in carbon intensity seen before in Figure 23. In terms of exports, Sweden seems to export 

large quantities continuously to both Denmark and Finland, although exports to Finland are higher 

during daytime, see Figure 25. Exports to Germany and Poland follows an irregular pattern and exports 

to Norway are almost insignificant in comparison to other countries.   

6.2 Marginal carbon intensity in the Nordic system 

As was described in the previous chapter, marginal carbon intensity factors were calculated for the 

Nordic system using linear regression. To examine the impact of hydro generation on the results, 

calculations were made both including and excluding hydro.  

6.2.1 Marginal intensity based on total generation 

Based on equation 3, marginal intensity factors were calculated for each hour of the day based on hourly 

generation and consumption data from 2009 - 2013. The result of this calculation can be seen in Figure 

26 below.  

 

Figure 26. Marginal intensity based on total generation 

As can be seen in the graph above, the correlation between the marginal carbon intensity and  spot price 

seem to be negative, i.e. intensity is reduced when prices are high. When comparing these results with 

the average carbon intensity factor previously calculated for the Swedish system, the similarities are 

striking.  
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6.2.2 Marginal intensity excluding hydro 

To study the impact of hydro generation on carbon intensity, marginal emission factors were calculated 

when hydro was excluded. The result of this calculation based on the total data set can be seen in Figure 

27. 

 

Figure 27. Marginal intensity excluding hydro 

As can be seen in the graph above, marginal carbon intensity modeled in this way and spot price seem to 

correlate well. In particular, the morning and afternoon peaks in price coincide with peaks in carbon 

intensity. However, it can also be observed that carbon intensity only varies between 335 and 360 

kgCO2e/MWh, which is a rather small variation compared to the variation in price.  In Table 6 the 

estimated marginal intensity factors along with coefficients of determination for each model have been 

listed.  

Table 6. Estimated marginal intensity factors and coefficients of determination for each model. 

 Total generation Excluding hydro 

Hour Carbon 
Intensity 

[kgCO2e/MWh] 

R2 Carbon 
Intensity 

[kgCO2e/MWh] 

R2 

1 211 0,76 335 0,69 

2 212 0,77 335 0,70 

3 212 0,79 334 0,70 

4 208 0,80 333 0,70 

5 205 0,81 336 0,71 

6 202 0,81 342 0,71 

7 190 0,78 350 0,70 

8 177 0,76 355 0,70 
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9 178 0,75 355 0,70 

10 183 0,73 354 0,69 

11 185 0,71 353 0,68 

12 187 0,69 352 0,67 

13 190 0,69 352 0,66 

14 191 0,69 352 0,66 

15 191 0,70 351 0,66 

16 186 0,71 352 0,67 

17 181 0,72 355 0,68 

18 179 0,73 360 0,70 

19 181 0,73 360 0,70 

20 183 0,72 355 0,70 

21 184 0,70 347 0,69 

22 189 0,70 340 0,68 

23 196 0,69 338 0,67 

24 206 0,72 336 0,69 

 

In general, there seems to be a linear relationship between changes in power consumption and changes 

in carbon dioxide emissions. All R2-values for the hourly models indicate a moderate linear relationship. 

Moreover one can observe that the hourly intensity values are higher for the models where hydro is 

excluded, which is expected due to the relatively low emission factor used for hydro generation.   

6.3 Modeling of signal based on intermittent renewable generation 

Based on what was discussed in the previous chapter, a signal based on the load factor of wind in 

Denmark has been modeled. An example of how this signal would look like can be seen Figure 28. 
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Figure 28. Wind load factor signal (1
st

 week of 2013) 

If this would be used by a customer, the rational decision would be to shift consumption from hours of 

low wind generation to hours of high generation. It seems that the signal provides sufficient variability 

between hours to make the shift meaningful from the customers point of view.  

In order for the signal to be useful, the wind prognosis would have to be relatively accurate. For this 

reason the correlation between the hourly prognosis data and actual generation was calculated based on 

data for 2012 and 2013, see Table 7. 

Table 7. Correlation between Danish wind prognosis and generation 

 DK1 DK2 

2013 0,96 0,95 

2012 0,96 0,95 

 

As can be seen above, the correlation seems to be very strong during both years, indicating that in terms 

of variation, the prognoses are rather accurate. Another way to study this is to plot the hourly difference 

between prognosis and actual generation in a histogram. This has been done based on data for 2013, see 

Figure 29. 
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Figure 29. Difference between wind prognosis and generation in Denmark. Source: Nord Pool Spot (2014a) 

As can be seen in the graph above, the "prognosis error" or difference is highly varying over the course 

of the year, ranging from -1646 to above 2536 MW. However, errors of this magnitude are rare and the 

highest frequency can be observed around 26 MW. Moreover, these differences should be observed in 

relation to the total installed capacity of wind power in Denmark during 2013, which was approximately 

4 700 MW according to the data provided by Fortum (2014).  

Another interesting question is whether any relationship between spot price and wind output is present. 

To determine this, correlation between spot price and wind output was calculated based on hourly 

values for each month during 2012 and 2013, see Figure 30 and Table 8. 
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Figure 30. Correlation between wind output and spot price 

Table 8. Correlation between wind output and spot price 

Month 2013 2012 

Jan -0,5 -0,3 

Feb -0,4 -0,5 

Mar -0,6 -0,4 

Apr -0,4 -0,5 

May -0,2 -0,2 

Jun -0,1 -0,3 

Jul -0,3 -0,3 

Aug -0,4 -0,3 

Sep -0,5 -0,4 

Oct -0,6 -0,3 

Nov -0,5 -0,5 

Dec -0,6 -0,4 

 

As can be seen above, it seems that the correlation remains negative during all months, indicating a 

moderate negative relationship between spot price and wind output. During the summer months, the 

correlation seem to weaken somewhat. The strongest values can be observed during March and October 

in 2013.   
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7 Discussion 
In this chapter the results above are discussed within the context of what was presented in chapter 2, 3 

and 4, in order to answer the research questions of the study.  

7.1 What are the main drivers of the carbon intensity signal proposed for SRS? 

In this study, average carbon intensity has been modeled using the algorithm developed Stoll et al. 

(2014). First, monthly averages were calculated and plotted together with spot price. As could be seen in 

Figure 14, the two signals seem to correlate positively in this time frame. This can be explained by the 

fact that on average the carbon intensity of the Swedish system is higher during winters, due to a larger 

share of CHP and higher levels of imports. Similarly, prices are on average higher during the winter 

because of increased demand due to lower temperatures. For these reasons, it is not surprising that a 

relatively high correlation between price and carbon intensity can be observed.  

When studying the short-term correlation of these signals in terms of hourly values, another pattern 

emerges. In Figure 15, we could see that on average, hourly spot price and carbon intensity is almost 

perfectly negatively correlated. Furthermore, we could see in Figure 16 that on average, carbon intensity 

does not increase with system load except during extreme situations when the overall system load 

exceeds 22 GW. Based on these results, it would seem that average carbon intensity is largely influenced 

by the output of hydropower. As was described in chapter 2, hydro is priced based on the water value of 

stored water, which in turn depends on expected price levels in the future (ECON, 2002). Since water can 

be stored, producers can choose if they want to produce now or later, and since the market is 

deregulated, producers try to optimize hydro generation, i.e. sell power at high prices (Söder, 2013).  

Hydro is associated with low carbon emissions, and when the share of hydro in the total mix increases, 

the overall carbon intensity of the system is reduced. As was shown in chapter 3, CHP and nuclear 

remains stable in a short time perspective, and hence it is mainly hydro that is varying.  In terms of wind 

and solar, these are also associated with very low emission factors. However, because of the sheer 

amount of hydropower in the power mix, the effects of other renewables on the total carbon intensity 

are not visible. The result of this is that carbon intensity is reduced when hydro is increased, which is the 

same as when prices are increased, and it is this opposite relationship that we see in these graphs.   

In order to study carbon intensity and price in a more specific way than averages, two weeks were 

chosen as time frames of further examination. In week 1, we could see that carbon intensity was largely 

impacted by imports from Denmark, which gave rise to significant increases in carbon intensity during 

nighttime. During daytime however, carbon intensity decreased due to a higher share of hydro as per the 

reasoning above. The same general behavior could be seen in week 27, although carbon intensity 

remained much more stable due to insignificant import levels during nighttime.  

In conclusion, it would seem that average carbon intensity as per the model proposed for SRS is largely 

affected by two things in a short-term perspective: hydro output and imports from countries where 

generation is carbon intensive. The relationship between price and carbon intensity is generally 

opposite, i.e. carbon intensity is decreasing with increasing prices. This is mainly due to the balancing 

role of hydropower in the Swedish system, which reduces carbon intensity when prices are high.  
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7.2 Is average carbon intensity appropriate as a control signal for demand response and 

what are the implications of using such a signal?  

As was described in Chapter 4, average emissions should be used when bookkeeping emissions (Gode, et 

al., 2009). However, the approach is not appropriate when evaluating a change in consumption or 

generation (Gode, et al., 2009; Levihn, 2014). Demand response aims to shift and/or reduce 

consumption based on incentives to the customer (Albadi & El-Saadany, 2008). From this perspective 

alone, one could argue that average emissions may not be appropriate as a control signal, since demand 

response per definition involves changed consumption patterns. As was stated before, the implicit 

assumption when using average emissions for consequential purposes is that all generation is affected 

equally (Sköldberg, et al., 2006). But as has been shown in chapter 3, this is not an accurate view of the 

power system. Based on this reasoning, one could argue that a marginal perspective would be more 

appropriate as a control signal for demand response. 

When a consumer in the Nordic countries makes a short-term consumption change, the output of base 

capacity such as nuclear, CHP, and wind will generally not be affected. Technologies that are likely to be 

affected are load following capacity such as hydro, condensing power and gas turbines. Out of these, 

hydro is most likely to respond in a short-term perspective (ECON, 2002). But as was described in chapter 

4, hydro is used to its maximum over a longer time period (Dotzauer, 2010). This means that the total 

hydro generation is fixed from a demand side perspective, and instead depends on precipitation and 

reservoir levels (Söder, 2013). Even if consumers shift consumption to hours when hydro output is high, 

it won't have any significant effect on the total amount of emissions. As was discussed above however, 

the average emissions signal seems to indicate that the opposite is the case.  

A consumer's willingness to act on demand response signals will depend on how well they are 

communicated and understood (Darby & McKenna, 2012). A signal based on average emissions may not 

be difficult to understand in theory, but the behavior by the signal seen in chapter 6 may prove harder to 

explain. From a consumer perspective, the rational choice is to reduce consumption when carbon 

intensity is high and vice versa. As has been shown in chapter 6, this would on average result in higher 

prices for the consumer, as non-carbon intense hours correspond with high prices. This would be 

defensible if one could show that emissions are being reduced by this behavior, but is this really the 

case? According to Sweco (2012) and Söder (2013) hydro is the main technology used to balance 

demand in Sweden. Based on this, it seems unlikely that shifting consumption in time will result in 

significant short-term emission reductions. Instead, the result would generally be that hydro generation 

is shifted in time.  

Another implication of using average emissions as a control signal is that in general, the benefits of 

demand response programs compiled by Albadi & El-Saadany (2008) in section 2.1.1, would not be 

achieved. In fact, one could argue that the signal would be counterproductive in achieving most of these 

benefits. For example, price based demand response programs are predicted to reduce the average 

system price and decrease price variations (Albadi & El-Saadany, 2008). This is due to the fact that 

consumers would decrease consumption during peak hours and vice versa. As was mentioned above, the 

rational behavior according to an average emissions signal is the opposite. This means that the use of 

such a signal could lead to increased price variations and an increased average price level instead. Other 
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negative effects would be increased strains on current grid infrastructure, and in turn a higher risk for 

blackouts.  

Similarly, the signal would generally not contribute to the long-term environmental benefits listed in 

section 2.1.2. These benefits are predicted to be achieved when the overall variance in load is reduced 

(Albadi & El-Saadany, 2008).  However, it seems that the average carbon intensity signal instead would 

contribute to amplified variance, as consumers are being incentivized to increase consumption during 

hours of high system load. The signal could nonetheless be interesting from a scientific standpoint in 

order to determine how consumers prioritize between economic and environmental factors, which is 

made possible by the very fact that the two signals contradict each other. 

To conclude this section, it would seem that average carbon intensity might not be the most appropriate 

approach for a demand response signal. This is mainly due to the fact that demand response by 

definition aims to change consumption patterns, which is a consequential issue. Furthermore, the signal 

would counteract the predicted system benefits of demand response and lead to higher system price 

variance. It is also unlikely that behavioral changes according to the signal would result in significant 

emission reductions, since demand is balanced by hydro in the Swedish system. 

7.3 Is marginal carbon intensity appropriate as a control signal for demand response and 

what are the implications of using such a signal?  

As was described in Chapter 4, temporally explicit marginal emissions could be an alternative way of 

constructing a demand response function. As was also explained, there are two ways one can view 

marginal emissions. One is the economic margin based on the merit order of plants according to 

marginal cost (Gode, et al., 2009). The other is the empirical approach where one simply studies the 

change in emissions from a system related to a change in consumption (Hawkes, 2010). As was described 

in chapter 4, it is generally assumed that the economic margin in the Swedish system is a coal-

condensing power plant in a short-term perspective (Sköldberg, et al., 2006; ECON, 2002; Gode, et al., 

2009). Both hydro and condensing power will be used to meet short-term variations in demand in 

practice (ECON, 2002). However, the carbon intensity of the added (or removed) kWh is still given by the 

condensing plant, as it´s marginal cost is equal to the water value of hydro (ECON, 2002). In this 

perspective, marginal carbon intensity should remain relatively constant in most situations, except when 

prices are extremely high. 

In those cases, oil-condensing power plants or gas turbines would become marginal since they are above 

coal in the merit order (Svensk Energi, n.d.). However, a signal based on this would yet again send a 

rather strange incentive to the consumer, since gas and oil are associated with lower emissions than coal 

(IPCC, 2012). For example, if a consumer would act on this type of signal, the rational choice would be to 

increase consumption when prices are high in order to make gas or oil marginal instead of coal. With 

increasing prices on emission allowances, coal could switch places with oil and gas in the merit order, 

which would make the signal more reasonable. However, such a signal would then be a direct reflection 

of price, which in turn would make the signal completely redundant.  

In this study, the empirical approach was modeled in order to study if and how marginal emissions have 

varied intra-day historically. The result of this modeling showed that when all generation is included, the 
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marginal intensity seemed to vary in the same way as the signal based on average emissions (see Figure 

26). When hydro was excluded another pattern emerged. Then we could see that on average, marginal 

intensity seemed to vary in a similar way compared to price, although much less in terms of amplitude 

(see Figure 27). The small variations observed may be explained by the fact that carbon intensive 

generation, such as Danish and Finnish coal condensing plants, also increase their output slightly during 

hours of high demand (ECON, 2002).  

Whether excluding hydro is a valid approach or not can be questioned and these results should be seen 

as indicative only. One could argue that we may ignore hydro in marginal assessments since its capacity 

is constrained and since it is associated with very low emissions (Hawkes, 2010). However, this argument 

could be applied to other technologies as well, such as nuclear and intermittent renewables. 

Furthermore, this approach cannot be used to construct a day ahead control signal for demand 

response, as it required large amounts of historical data and only produced historical hourly averages. 

However, they indicated that on average, price might by itself be a sufficient indicator in terms of 

marginal carbon intensity. 

A final, but yet important, aspect is whether a signal based on marginal emissions would be understood 

by consumers. Marginal electricity is a complex concept and understanding it requires knowledge about 

how electricity is priced and the characteristics of different technologies in the system. For this reason, it 

may prove difficult for consumers to adapt and act on a control signal based on marginal emissions. To 

conclude, it seems that a signal based on marginal emissions generally would not provide sufficient 

variability since coal-condensing power represents the margin in most situations. When demand is 

sufficiently high to make gas and oil marginal, such a signal would lead consumers to believe that 

increasing consumption during peak hours is positive, which yet again counteracts the expected benefits 

of demand response. The empirical approach furthermore showed that when ignoring the role of hydro 

in the Nordic system, price itself might be a sufficient indicator of carbon intensity. However, it remains 

difficult to construct a signal that quantifies these variations one day ahead.  

7.4 Could a signal be constructed based on renewable generation and what are the 

implications of using such a signal?  

Based on the reasoning and results above, we have so far concluded that average emissions may not be 

appropriate as a control signal for demand response in Sweden. Marginal emissions could have provided 

an alternative, but as has been discussed the lack of data makes this approach problematic as well. An 

alternative altogether to carbon emissions is to use intermittent generation as an indicator, and such as 

signal was also modeled in this study using the case of wind energy in Denmark as an example.  

As was seen in Figure 28, it seems that such a signal would provide enough variability to make it 

meaningful for the consumer to shift consumption in time. It also seems that wind prognosis data in 

Denmark are accurate enough to indicate how wind output will vary during the coming day. Based on 

discussions with SVK and Nord Pool Spot, it also became clear that corresponding data would become 

available for Sweden in the near future (Sämfors, 2014; Foyn, 2014).   

The rationale of this type of signal is to shift consumption from hours of low renewable output, to hours 

of high renewable output. This may be positive from an environmental standpoint, as it is reasonable to 
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assume that other, more carbon intensive generation is being offset somewhere in the system by this 

behavior. Furthermore, this could contribute to increased prices during hours of high renewable 

generation, which in turn could improve the business case for new renewable capacity. According to 

Sweco (2012), facilitating the introduction of renewable capacity represents the most significant 

predicted environmental benefit of demand response. Furthermore, it is reasonable to assume that this 

type of signal would be relatively simple to understand from a customer's perspective.  

However, this type of signal cannot be used to bookkeep carbon emission reductions or provide 

feedback after the fact. If the aim is to have a signal that can both fulfill this purpose, and be used as a 

control signal, another approach has to be found. As has been shown in this study, it is uncertain 

whether shifting consumption in time results in significant emission reductions in the Swedish and 

Nordic systems, although results may be different if another system border is chosen. An overall 

reduction in consumption however, is more likely to result in emission reductions (Stoll, et al., 2013). If 

one wants to bookkeep these reductions there are number of rather simple approaches available, such 

as annual average carbon intensity based on the Nordic or European power mix. A marginal approach 

could also be used, where one assumes that coal-condensing power represents the annual margin.  

In terms of the correlation between this signal and price, we could see from Figure 30 that the 

correlation in general is negative. This was rather expected since the marginal cost of intermittent 

renewables is very low, which is why they come first in the merit order of plants (see Figure 6). When 

more wind and solar output is available, this should have a reducing effect on system price (ICIS, 2009). 

However, we can only expect this effect to be observable with sufficient intermittent capacity installed, 

which is the case in Denmark. In Sweden, installed intermittent capacity is still small compared to other 

technologies but in the future this is expected to change (Naturvårdsverket, 2013). It is therefore 

reasonable to assume that this effect will become significant also in Sweden at some point. If price and 

the output of renewable energy are negatively correlated however, one might question the need for 

another signal, since the price-signal implicitly would reflect the output of renewables as well.  

To conclude this section, it seems that it would be possible to construct a rather accurate day-ahead 

signal based on intermittent generation. It is reasonable to assume that such a signal could result in 

environmental benefits if consumers shift consumption from hours of low renewable output to hours of 

high renewable output. However, the signal cannot be used to provide feedback on consumption or to 

bookkeep emission reductions.  
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8 Conclusions  
In this study, the aim was to evaluate whether carbon intensity is appropriate as a control signal for 

demand response in Sweden. This has been achieved using a combination of qualitative and quantitative 

methods. The conclusions are divided according to the four research questions presented in section 1.3. 

What are the main drivers of the carbon intensity signal proposed for Stockholm Royal 
Seaport? 
The main drivers of the carbon intensity signal seem to be the output of hydro and imports. In general, 

the signal correlates negatively with price due to the role of hydro as regulating power in the Swedish 

system. Hydro is associated with low emissions, resulting in a lower system carbon intensity when hydro 

generation is high, which in turn corresponds to hours with high prices.  

Is average carbon intensity appropriate as a control signal for demand response and what 
are the implications of using such a signal? 
It would seem that average carbon intensity might not be the most appropriate approach for a demand 

response signal, which is mainly due to the fact that demand response by definition results in changed 

consumption patterns. Because of its opposite relationship with price, a signal based on average 

emissions would be counterproductive in achieving many of the expected benefits of demand response, 

such as reduced price volatility and the deployment of renewables.  

Is marginal carbon intensity appropriate as a control signal for demand response and what 
are the implications of using such a signal? 
Marginal carbon intensity would be a more appropriate alternative, as it more accurately would describe 

the impact of a certain consumption change. However, such a signal is complex to construct in practice 

and would provide limited variability since coal-condensing power represents the margin in most 

situations. Furthermore, the result of the quantitative analysis indicates that price itself might be a 

sufficient indicator for the variation in marginal intensity.     

Can a signal be constructed based on intermittent renewable generation and what are the 
implications of using such a signal? 
It seems that it would be possible to construct a rather accurate day-ahead signal based on intermittent 

generation and a model for doing so has been proposed in this study. It is reasonable to assume that a 

signal like this could result in environmental benefits if consumers consume less during hours of low 

renewable output. However, this type of signal cannot be used as feedback or as a model for 

bookkeeping emissions over time.  

8.1 Future research 

In this study, a model for a control signal based on intermittent renewable generation was proposed. The 

main reason for using such a signal is to facilitate the deployment of renewable capacity by improving 

the business case for producers of renewable power. The signal modeled here was based on data from 

Denmark, but it was also described that corresponding data for Sweden would be available in the near 

future. When this data becomes available, the accuracy of the prognoses should be evaluated. 

Furthermore, it would be interesting to model the effect on price levels if a large number of consumers 

were to shift consumption according to the signal.    
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10 Appendix A 
According to Albadi & El-Saadany (2008) demand response programs can be classified into two overall 

categories: Incentive-based programs (IBP) or Price-based programs (PBP), see Table 9. 

Table 9. Classifications of demand response programs. Source: Albadi & El-Saadany (2008) 

Incentive-based programs (IBP) Price-based programs (PBP) 

Classical - Time of Use 

- Direct Control - Critical Peak Pricing 

- Interruptible/Curtailable Programs - Extreme Day CPP 

Market-based - Extreme Day Pricing 

- Demand Bidding - Real Time Pricing 

- Emergency DR  

- Capacity Market  

- Ancillary services market  

 

Incentive-based programs involve a financial incentive in the form of participation payments or 

payments related to the performance of the customer (Albadi & El-Saadany, 2008). Direct control 

involves the utility's ability to remotely turn off certain appliances, whereas Interruptible programs ask 

participants to reduce consumption to a certain predefined level (Albadi & El-Saadany, 2008). Market 

based programs include Emergency DR and Capacity market programs, and involves customers that can 

commit to load reductions when system emergencies and congestions arise (U.S. Department of Energy, 

2006). These types of models already exist in Sweden and Finland, where TSOs can procure regulation 

power in the form of reduced load from large industries (Torriti, et al., 2010).  

PBP are based on the incentive of price difference between peak and off peak hours and hence requires 

dynamic pricing in some form. Time of Use (TOU) programs incorporate a simple form of dynamic pricing 

where price differs as a step function between peak and off peak hours (Albadi & El-Saadany, 2008). 

Critical Peak Pricing involves a significantly higher-than-normal price during certain hours of the year, e.g. 

when cold spikes occur (Jazayeri, et al., 2005). Conversely, Extreme Day Pricing incorporates a high price 

during all 24 hours of the extreme day (Charles River Associates, 2005). Finally, Real Time Pricing involves 

a completely dynamic price as a function of the real cost of generation on the market, and is seen as the 

most efficient type of DR program (Bloustein, 2005).  

In SRS, the actors involved have opted for a RTP approach using a fully dynamic day-ahead hourly price 

signal, combined with a TOU model for varying network tariffs. The dynamic price signal proposed for 

SRS is divided into six price components, see Table 10. 

Table 10. Price components of dynamic pricing signal in SRS. Source: Song (2014) 

Term Price component November - 
March, 
weekday 08:00 

November - 
March other 
time 

April - 
October 
08:00 - 

April - 
October, other 
time 
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- 20:00 22:00 

Sp Spot price [SEK/kWh] Variable 

Et Energy tax [SEK/kWh] 0,29 

Gc Green certificates [SEK/kWh] 0,032 

Rf Retail fee [SEK/kWh] 0,1 

Nt Network tariff [SEK/kWh] 0,9 0,3 0,49 0,24 

VAT Value Added Tax [%] 25% 

 

 

 

 

 

 

 


