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ABSTRACT 

A novel approach compared to traditional grid expansion 

consists of using flexibility from demand-response 

resources to manage anticipated congestions. However, 

such an approach presents challenges as it requires both 

technical and economic considerations. This paper 

proposes and analyses two market-based strategies 

applied to detached houses for day-ahead congestion 

management. The strategies are implemented in an 

Ancillary Service Toolbox environment developed in 

previous work, and is applied to a real use case on 

Gotland, Sweden. The first strategy involves using a 

dynamic network tariff while the second uses spot price 

optimization. Simulations are performed for seasonal 

worst-case congestion scenarios while satisfying comfort 

and economic constraints of the DR participants. 

Results show that while congestions are managed with a 

feasible number of participants, their savings are 

negligible for both strategies. The savings are 0.2-

4.6 EUR/participant for the dynamic network tariff 

compared to 0-2.2 EUR/participant for the spot price 

optimization strategy. Moreover, results show that using 

a dynamic network tariff strategy implies a DSO cost in 

the range of 200-10200 EUR. 

I. INTRODUCTION 

The share of renewable energy in the electricity 

production is increasing and situations with a high 

penetration of intermittent renewables in distribution 

networks become more frequent.  In the future this may 

require investments from Distribution System Operators 

(DSOs) to reinforce the grid in order to host the 

additional renewable capacity. The reinforcement may 

lead to an inefficient utilization of the grid, as renewable 

energy sources rarely produce at maximum installed 

capacity. Therefore, alternative methods to traditional 

network expansion such as congestion management 

might prove less costly and provide the possibility for 

network investment deferral. This study focuses on 

demonstrating the feasibility of using an Ancillary 

Service (AS) Toolbox concept for congestion 

management on an island facing power export challenges 

to an overlaying grid due to high local penetration of 

renewable energy sources. The toolbox uses primarily 

Demand-Response (DR) from space heating and 

domestic hot water consumption of detached houses to 

balance power during worst-case congestion scenarios. 

Congestions are managed by shifting space heating and 

domestic hot water loads to congestion hours while 

satisfying comfort constraints. The challenge arises 

during situations where high market prices concur with 

congestion events, leading to weak economic incentives 

for DR participation. The particular focus of this study is 

to propose and analyse market-based strategies for DR 

participation in the AS toolbox setting.  
 

The island of Gotland in Sweden is chosen as a case 
study. Gotland can host up to 195 MW of rated wind 
power capacity. Above this limit the power transmission 
capacity of the HVDC cables connecting the island to the 
mainland is at risk of getting exceeded. Such a situation 
would endanger a safe and reliable operation of the 
power system.  

II. BACKGROUND  

II.1. AS toolbox concept 

The AS toolbox concept was first introduced in paper [1] 
where its technical feasibility for the Gotland use-case 
was demonstrated. In brief, the AS toolbox consists of 
day- and hour-ahead DR provided by consumption 
flexibility from detached houses, a Battery Energy 
Storage System (BESS) handling forecasting errors from 
renewables and a curtailment scheme. The AS toolbox 
concept is illustrated in Fig. 1. The congestion problem 
was formulated as a linear optimization problem related 
to the scheduling of DR consumption: 
 

Maximize  The sum of DR consumption from 

space heating and domestic hot water 

for all DR participants during hours of 

expected congestions 
 

Subject to  Transmission capacity constraint 

Load shifting balance constraint 

Space heating constraints 

Domestic hot water constraints 
 

The study was performed on four seasonal worst-case 

congestion scenarios concluding that at most 1600 day-

ahead and 700 hour-ahead DR participants were 

sufficient to balance 5 MW wind power beyond the 

maximum hosting capacity on Gotland. Congestions were 

managed while satisfying participant comfort levels for 

indoor and hot water temperatures. One of the main 

limitations of the study was that it did not investigate how 

shifting loads impacts the electricity cost of the DR 

participant. 

In this study we delimit ourselves to day-ahead 

scheduling of DR which accounts for most of the 

variation in consumption experienced by DR participants 
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Figure 1. A conceptual overview of the AS toolbox describing 

the sequence of operation for congestion management. In steps 

2 and 4, the number of DR participants is increased stepwise 

until the optimization problem is solved. [1] 

II.2. The Swedish electricity bill 

To understand how to develop market-based strategies 

for DR participants, it is necessary to know which parts 

of the electricity bill can be influenced. The average 

electricity bill composition for a household with electric 

heating in Sweden is presented in Fig. 2. 

 
Figure 2. Average electricity bill composition (variable price 

contract) in July 2014 for a household with electric heating in 

Sweden. [2] 
 

Since the 1st of July 2009, the Swedish electricity 

customers must be billed every month according to their 

actual consumption. [3]. The DSO reads the smart meter 

automatically every month and then sends the value to 

the customer’s electricity retailer. Moreover, since the 1st 

of October 2012, the Swedish electricity customers can 

access their hourly consumption values without any extra 

charge. However, this applies only if the customer has a 

contract with a retailer which specifies that the electricity 

consumption is measured per hour. This measure allowed 

the introduction of new variable electricity contracts 

based on the hourly consumption and spot price. It gives 

the customer more flexibility and more possibilities to 

reduce its electricity bill by avoiding consuming when the 

spot price is high. 

II.3. Related work 

Depending on the scale of the project and the goals to 

reach, several ways of incentivizing the households to 

take part in DR have been proposed in the literature. 

Norra Djurgårdsstaden [4] is a new sustainable area in 

Stockholm, Sweden. One of the project objectives is to 

shift a part of the household loads to off-peak hours. Two 

tests are planned in order to analyze the consumption of 

households receiving a combination of a price signal and 

a CO2 signal. The first proposed test is based on a 

varying electricity tariff in which the electricity cost 

component corresponds to the hourly spot price for the 

following day. The second test is not based on a tariff but 

on a signal varying according to the CO2 emissions in 

Sweden. The tests have started but no conclusions are 

available yet. [5] 

Study [6] investigates the impact of DR on the spot price 

in case of large scale DR participation. There are three 

scenarios with 10000, 100000 or 700000 participating 

households. The study considers an electricity tariff based 

on the spot price. It assesses the impact of the DR on the 

spot price and proposes a new market model including 

the DR in the spot price formation. 

Finally, the ADDRESS project [7] also tackles the issue 

of incentivizing the DR participants. It recommends a 

“payment for monitored energy (decreased or increased)” 

[7]. Other strategies are proposed such as remuneration 

according to the number of hours when the smart 

appliances are connected to prevent overriding of DR or 

the introduction of a flexibility bonus when the DR is 

planned on the short term. 

To conclude, market-based strategies for DR 

participation depend on the goals to reach. In the previous 

examples, the goal was to shift the loads to off-peak 

hours and a remuneration including a variable part 

proportional to the spot price is therefore recommended. 

However such remuneration would not be efficient if DR 

is intended for local congestion management. In the 

Gotland case study, hours of high wind power generation 

call for congestion management which do not necessarily 

correspond to hours of low spot prices. 

III. MARKET-BASED STRATEGIES 

Two market-based strategies were implemented as 

economic constraints in the AS toolbox setting and 

compared to a situation without DR. From the electricity 

bill composition (Fig. 2), one can see that an important 

part correspond to taxes and cannot be impacted. The 

hourly spot price cannot be modified, however 

consumption can be optimized according to hourly prices. 

Finally, the network tariff part corresponds to the DSO 

revenue. The network tariff is in general set to a fixed 

rate but can be modified under certain circumstances to 

help support the network. These two alternatives have 

been explored through the following strategies. 
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Strategy A: dynamic network tariff 

Since DR scheduling is performed day-ahead and that the 

spot prices are also available on day-ahead, it is possible 

to offer the DR participants a dynamic network tariff: this 

tariff is calculated for each hour of the following day in 

order to compensate for the potential rise in the electricity 

bill induced by DR during the hour.  

A reduced tariff cost would in this way be equivalent to a 

compensation paid by the DSO to the DR participant 

during the hours when DR induces an electricity cost 

increase. The optimization problem described in Section 

II.1. is first solved, and the hourly compensation per DR 

participant is later calculated in order to compensate for 

the potential cost increase according to Equation 1: 

𝑪(𝒕) = (𝑷𝒉𝒆𝒂𝒕(𝒕) + 𝑷𝒃𝒐𝒊𝒍(𝒕) − 𝑷𝒉𝒆𝒂𝒕,𝒓𝒆𝒇(𝒕) − 𝑷𝒃𝒐𝒊𝒍,𝒓𝒆𝒇(𝒕)) ∗ 𝝀(𝒕)  (𝟏) 

The hourly compensation 𝐶(𝑡) is equal to the 

consumption variation due to DR multiplied by the 

hourly spot price. Variables 𝑃ℎ𝑒𝑎𝑡,𝑟𝑒𝑓(𝑡) and 𝑃𝑏𝑜𝑖𝑙,𝑟𝑒𝑓(𝑡) 

denote the reference consumption of appliances without 

DR. 𝜆(𝑡) denotes the hourly spot price. During the hours 

when the electricity cost is reduced thanks to DR, the cost 

reduction is considered as savings for the DR participant. 

In this study, we assume that the DR participant has an 

hourly spot price contract. Yet this strategy can be used 

with any type of electricity contract. However, the DSO 

cost and DR participant savings would be different. 

Strategy B: spot price optimization 

Strategy B requires DR participants to have an hourly 

spot price contract. The cost constraint defined in 

Equation 2 is integrated in the optimization problem 

described in Section II.1. 

∑(𝑷𝒉𝒆𝒂𝒕(𝒕) + 𝑷𝒃𝒐𝒊𝒍(𝒕)) ∗ 𝝀(𝒕)

𝟐𝟒

𝒕=𝟏

≤ ∑ (𝑷𝒉𝒆𝒂𝒕,𝒓𝒆𝒇(𝒕) + 𝑷𝒃𝒐𝒊𝒍,𝒓𝒆𝒇(𝒕)) ∗ 𝝀(𝒕)    (𝟐)

𝟐𝟒

𝒕=𝟏

  

The cost constraint ensures that the daily electricity cost 

with DR is equal or lower than without DR. This allows 

to optimize the steering of appliances in order to solve the 

energy export problem while avoiding any cost increase 

for the DR participant. 

Therefore the model will tend to increase the 

consumption during the hours of energy export problem 

and to decrease it during the hours when the spot price is 

high. The main advantage of this strategy is that when 

congestions are managed, no additional costs are required 

from the DSO. This strategy also induces in some cases 

savings for the DR participants. 

IV. SIMULATION SETUP 

The study is performed on the four seasonal worst-case 

congestion scenarios selected in [1]. 

The simulations have been carried out with the real 

hourly spot prices corresponding to the different 

scenarios. In addition, a high and low variation spot price 

profile were analysed to assess its influence on the 

results.  These two spot price profiles are highlighted in 

Fig. 3. 
 

 
Figure 3. Hourly spot price data for the SE03 zone during the 

year 2012 [8]. The two spot price profiles selected for the 

sensitivity analysis are highlighted. 

V. RESULTS AND ANALYSIS  

Strategy A: dynamic network tariff 

Required number of DR participants 

Table 1 presents a summary of the number of required 

day-ahead DR participants for the seasonal scenarios 

simulated. The reader is referred to paper [1] for detailed 

information about the dynamics of the optimization 

problem.  
 

 Number of required DR participants 

Scenario Spring Summer Autumn Winter 

Day 1 1000 800 900 700 

Day 2 900 700 900 1100 

Day 3 1600 800 800 1400 

Table 1. Required number of DR participants per day and 

seasonal scenario with strategy A to manage worst-case 

congestion events.  
 

The results show that the largest number of day-ahead 

DR participants is required during the third day of the 

spring scenario, i.e., 1600 participants. The number of 

required DR participants does not dependent on the spot 

price profile since the DR scheduling is performed 

without cost constraint in the optimization problem. 
 

Costs for the DSO and savings for the DR participant 

Fig. 4 presents the results for the hourly electricity cost 

increase or decrease for the DR participant compared to a 

situation without DR. A positive value corresponds to a 

cost increase to be compensated by the DSO. The 

electricity cost increases during hours when the 

consumption with DR is greater than it would have been 

without DR. A negative value corresponds to a cost 

decrease, considered as savings for the DR participant. 
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Figure 4. Hourly cost increase/decrease for the DR participant 

for various spot price profiles (winter scenario). The cost 

increases are compensated by the DSO.  
 

It can be noted in Fig. 4 that the hours of energy export 

problem correspond to hours when the compensation paid 

by the DSO is high. The reason is that the AS toolbox 

aims at maximizing the consumption during these hours 

in order to solve the energy export problem. It can also be 

seen that the spot price has a considerable impact on the 

cost increase or decrease: the mean hourly compensation 

is about 10 times higher with high variation spot prices 

than with low variation spot prices. Tables 2 and 3 show 

the total compensation and savings for the different 

scenarios and confirm this observation.  
 

 
Total compensation paid by the DSO to the 

DR participants (EUR) 

 
Low spot Real spot High spot 

Spring 862 3186 10225 

Summer 200 210 1376 

Autumn 410 1225 4183 

Winter 525 1869 3843 

Table 2. Total compensation paid by the DSO per seasonal 

scenario and spot price profile (for 3 consecutive days).   
 

 
Total savings per DR participant (EUR) 

 
Low spot Real spot High spot 

Spring 0.5228 1.8742 4.5602 

Summer 0.2444 0.2607 2.2988 

Autumn 0.4453 1.5069 4.2933 

Winter 0.3825 1.4771 3.8343 

Table 3. Total savings per DR participant, seasonal scenario 

and spot price profile (for 3 consecutive days). 
 

One should note that the total savings for the DR 

participants are not equal to the compensation paid by the 

DSO. This is due to the fact that the spot price is varying 

hourly and shifting a load can therefore modify its cost. 

The results show that the highest compensation, reaching 

about 10200 EUR, occurs during the spring scenario for a 

high variation spot price profile. 

Strategy B: optimization with the spot price 

Required number of DR participants 

Table 4 presents a summary of the number of required 

day-ahead DR participants for the seasonal scenarios 

simulated. It corresponds to the highest number of 

required DR participants among the three days of each 

scenario. 
 

 
Max number of required DR participants 

 
Low spot Real spot High spot 

Spring 2600 Unsolvable Unsolvable 

Summer 800 800 800 

Autumn 900 900 1000 

Winter 1400 1400 1400 

Table 4. Max required number of DR participants per seasonal 

scenario and spot price profile with strategy B to manage worst-

case congestion events.   
 

First it is noted that adding a cost constraint (Eq. 2) in the 

optimization problem barely increases the number of 

required DR participants for the summer, autumn and 

winter scenarios. Changing of spot price profile also has a 

rather limited impact on the number of required DR 

participants. The only increase, of 100 additional DR 

participants, is observed for the winter scenario combined 

with a high variation spot price profile. 

However, the addition of the cost constraint makes the 

problem unsolvable for the spring scenario. It means that 

it is not possible to simultaneously solve the energy 

export problem and reduce the cost of the participants. 

This is due to the characteristics of the congestion profile 

and the limited flexibility of the appliances for that 

particular scenario. The DSO will have to compensate the 

DR participant in this case. There is an exception in case 

of low variation spot price profile: the problem is 

solvable but it requires 2600 DR participants which is 

very high compared to the other scenarios. In this 

configuration it may be more beneficial for the DSO to 

further compensate than to increase the size of the DR 

pool. 
 

Savings for the DR participant 

The savings for the DR participant are summarized in 

Table 5. 
 

 
Total savings per DR participant (EUR) 

 
Low spot Real spot High spot 

Spring 0.0002 - - 

Summer 0.0006 0.0058 0.8989 

Autumn 0.0057 0.1553 1.2121 

Winter 0.0126 0.1530 2.1680 

Table 5. Total savings per DR participant, seasonal scenario 

and spot price profile (3-days simulation). 

 

For all scenarios and spot price profiles, the savings are 

below 2.2 EUR which is extremely low. The cost 
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constraint in the optimization problem does however 

ensure that DR participants are not being penalized.  

VI. DISCUSSION  

Interpretation of use case results 

It is important to note that the use case results should be 

interpreted as results from worst case conditions. The 

results on required number of DR participants ranged 

from 800 to 1600 day-ahead participants for both 

strategies. We can therefore conclude that the 

introduction of market-based constraints does not 

significantly influence the number of required DR 

participants. There is one exception, the spring scenario, 

which cannot be solved with strategy B.  

Moreover, whatever the strategy chosen, the savings 

made by the DR participant are extremely low and do not 

constitute a real incentive to take part in DR. However, 

both strategies allow the introduction of DR without any 

cost rise for the detached houses participating. 

The main advantage of the dynamic network tariff 

strategy is that it works with any type of electricity 

contract. The use case chosen in this study involves an 

hourly spot price contract but this is not a requirement. It 

was shown that the total compensation paid by the DSO 

is very dependent on the spot price profile. 

On the other hand, strategy B requires the DR participant 

to have an hourly spot price contract. The main advantage 

of strategy B is that it is almost always possible to 

manage the congestion problem without any additional 

costs for the DSO. 

Use case limitations 

The use case has inherent limitations that the reader 

should be aware of. The AS toolbox and seasonal worst 

case scenarios limitations are detailed in [1]. Moreover, 

the wind power production prognosis errors are not taken 

into account in the analysis. These could lead to 

additional costs for the DSO in case wind curtailment is 

required to compensate for wind power production being 

higher than expected.  

VII. CONCLUSIONS 

In this paper market-based strategies for DR participation 

of detached houses were proposed, integrated in an AS 

toolbox and analysed. The first strategy consisted of a 

dynamic network tariff for which the rate is reduced 

during hours of increased electricity cost induced by load 

shifting. The second strategy optimized the DR 

scheduling in order to manage congestion problems while 

reducing the daily electricity bill of the DR participant by 

harnessing hourly variations in spot price.  Both 

approaches were simulated for a real use case facing 

energy export problems due to high penetration of local 

wind power. The simulation results demonstrated the 

feasibility of an AS toolbox including economic 

constraints. Seasonal variations mostly due to different 

production and consumption patterns were observed, as 

well as variations induced by different spot price profiles. 

The simulations showed that the DSO will pay a total 

compensation of at most 10225 EUR with strategy A for 

the use-case. Strategy B is at no cost for the DSO but 

may present some limitations for day-ahead congestion 

management. Both strategies applied to the use-case 

presented negligible savings for the DR participants (0-5 

EUR/participant). However, end-user savings will 

increase if DR is required more frequently during the 

year. For the use-case, congestion events are unlikely, but 

other type of ancillary services such as voltage regulation 

could potentially generate more savings for end-users.  

In future work, the market-based strategies will be 

evaluated for other types of ancillary services. A 

sensitivity analysis will be carried out to assess the 

impact of production prognosis errors on the results. 

Finally, a cost benefit analysis will be conducted on the 

AS toolbox approach versus traditional grid expansion. 
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