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Abstract - The increase of wind power in the power grid 

system is becoming more noticeable. This is somewhat 

due to climate change and the need for more energy. As 

wind power is considered a green renewable energy 

resource and its one of the cheapest ways of generating 

power during operation, it has become more of a 

favorable energy resource. Although, there are certain 

benefits of using wind power instead of the alternatives, 

wind power brings other factors to the power system 

that must be considered.  

      The power grid system operator strives to always 

sustain the balance between the load and the supply in 

the power grid system. The more wind power that is 

integrated the more dependent on a resilient power 

grid system we become. This is due to the fact that wind 

power is an unreliable energy resource, as it is always 

changing, and unlike other methods of generating 

power it lacks the control mechanisms and cannot be 

regulated. The more wind power integrated to the 

power system the more of a challenge sustaining the 

balance becomes. If large amounts of wind power were 

integrated to the power grid system, a distinct drop in 

wind power could correspond to a shortage. Therefore, 

it is necessary to construct a power system which is 

reliable and can at any time withstand definite changes 

in load and supply, if large amount of wind power is to 

be integrated. We define flexibility as the ability of the 

power system to always be able to compensate for the 

changes in load and supply, to sustain balance within 

the power system.  

In this bachelor thesis, the flexibility of a two-area 

power system is investigated by using a mathematic 

optimization model. The author will also be looking 

into the impact of carbon policy instruments, such as 

carbon tax and carbon cap, on the power system 

together with enhancements to increase the flexibility 

of the power system.  

 
I. NOMENCLATURE  

 

Indices 

t - Time-periods 

n - Power system areas 

u - Generator 

m - Transmission line 

 

Parameters 

 

𝑙𝑖 - Demand at node n [MW] 

G - Generator size [MW] 

𝑅𝑖
𝐷 - Ramp rate down (MW/min) 

𝑅𝑖
𝑈 - Ramp rate up (MW/min) 

𝑐𝑖 - Variable cost [€/MWh] 

𝐾𝑙  - Transmission line capacity [MW] 

𝑒𝑔 - CO2 emissions [ton/MWh] 

𝐻𝑙𝑖  - PTDF matrix 

𝐺𝑛 - Generator location 

F - Flow direction 

𝑊𝑖 -Wind power production in the initial state  

𝑊𝑖(𝑐) - Wind power production in the final state 

𝑒𝑐 - CO2 emission tax [€/Wh]     

f - Fictitious cost for undelivered load 

r - Interest rate 

p - Probability of change 

e - total carbon emission (with transmission limit)  

S - Carbon limit (decrease by percentage of Tot)  

𝜂𝑝 - Efficiency of water pump 

𝜂𝑔 - Efficiency of water generator 

Qi,max - Size of the water reservoir 

Qi,0 - Amount of water (MW equivalent) 

in reservoir before initial state 

 

Variables 

 

𝑓𝑖 - Initial flow 

𝑓𝑖(𝑐) - Final flow 

𝑓𝑖𝑡(𝑐) - Transition flow 

𝑐𝑖 - Initial dispatch cost 

𝑐𝑖 - Final dispatch cost 

𝑐𝑖 - Transition dispatch cost 

𝑐𝑡 - Total dispatch cost    

𝑔𝑖 - Initial equilibrium dispatch [MW] 

𝑔𝑖(𝑐) - Final equilibrium dispatch [MW] 

𝑔𝑖𝑡(𝑐) - Transition dispatch [MW] 

𝑈𝑖 - Initial undelivered load [MW] 

𝑈𝑖(𝑐) - Final undelivered load [MW] 

𝑈𝑖𝑡(𝑐) - Transition undelivered load [MW] 

𝑂𝑖  - Initial over delivery 

𝑂𝑖(𝑐) - Final over delivery 

𝑂𝑖𝑡(𝑐) - Transition overdelivery 

𝑒𝑖 - CO2 emissions initial state 

𝑒𝑖(𝑐) - CO2 emissions final state 

𝑒𝑖𝑡(𝑐) - Transition CO2 emissions 

e - Total CO2 emissions [ton/MWh] 

𝑝𝑔𝑖  - Initial electricity generation of pump storage 

         plant  

𝑝𝑝𝑖  - Initial electricity consumption of pump 

         storage plant 

𝑝𝑔′𝑖  - Final electricity generation of pump storage 

           plant 

𝑝𝑝′𝑖  - Final electricity consumption of pump  

           storage plant 

𝑝𝑔^𝑖 - Transition electricity generation of pump 

          storage plant 

𝑝𝑝^𝑖 - Transition electricity consumption of pump  

             storage plant 
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𝑄𝑖  - Initial amount of water (MW equivalent) in the  

        reservoir 

𝑄′𝑖𝑡  - Final amount of water (MW equivalent) in the  

       reservoir 

𝑄^𝑖𝑡 - Transition amount of water (MW equivalent) 

       in the reservoir 

 
II. INTRODUCTION 

 
Wind power is arguably the fastest growing supplier 

of power today. In Sweden, the power generated 

from wind was around 11.5 TWh, year 2014, and it 

is estimated to increase to around 20 TWh, year 2020 

[1]. According to the Global Wind Energy Council 

there was 433 GW wind power installed in the end 

of 2015 and an estimation of 500 GW to be installed 

around the world [2]. It is due to several reasons; it 

is an environmental friendly energy resource and it 

is an economically beneficial energy resource to 

invest in. The wind power is growing and it is likely 

that its contribution of energy will increase even 

more in the future.  

 

The issue with wind power is that it is an unreliable 

energy resource as it is depending on the wind which 

is always changing. The wind fluctuates and it is 

almost impossible to predict the exact amount of 

power that the wind power plants will put out on the 

power grid. This can cause imbalances within the 

power grid system. The power grid system seeks to 

maintain the balance between the consumption and 

the production to keep the frequency constant on the 

net, in Sweden the frequency is set to be 50Hz [3].  

      With the technology, we possess today, we 

cannot regulate the wind power production 

effectively which puts pressure on the rest of the 

power system. If there is a great amount of wind 

power lost or gained at one moment, the rest of the 

system must compensate for the missing or gained 

power. This means that the other generators in the 

power system must be able to increase or decrease 

their production at any given time for the system to 

remain in balance. We define flexibility as the ability 

of the power system to always be able to sustain the 

balance between load and supply.  

 

It is essential for us to decrease our carbon emissions 

to prevent climate change from happening, if we 

want to keep living the way we do today. The 

European Union suggests that the emissions of 

green-house gases need to be cut by at least 50% by 

the year of 2050 [4]. The carbon emissions must 

decrease in all the sectors. To decrease the carbon 

emissions in the power system, it is possible to 

replace the carbon polluting units with wind power 

as wind power does not emit any green-house gases 

during operation.  

      Another way of decreasing the carbon emissions 

of a system is to use carbon policy instruments, such 

as carbon tax and carbon cap. Carbon tax simply 

adds an extra cost for the carbon polluting units to 

produce power and by so making those units less 

attractive to be used. Carbon cap sets a maximum 

limit of carbon emissions on the system which 

cannot be exceeded. This is used to force the actors 

in the system to decrease their carbon emissions in a 

more direct way than when using a carbon tax.  

      The main aim of the project is to simulate and 

optimize the cost of electricity of an electric power 

grid, with different types of power plants, and 

investigate the flexibility of the electric power grid 

in the context of large scale wind power integration. 

The secondary aim, is to investigate the sensitivity of 

the power system by the usage of carbon policy 

instruments as well as looking into improvements of 

flexibility.  

 
I. MATHEMATICAL MODEL 

 
The mathematical model is divided into three states; 

the initial steady-state equilibrium, the transition 

state, and the final steady-state equilibrium. The 

transition state is where the transition from the initial 

steady-state equilibrium to the new steady-state 

equilibrium, final steady-state equilibrium, occurs. 

We are interested in minimizing the cost for all of 

these three states and thereby imitate a purely liberal 

market. This means that the system chooses to 

generate power from the cheapest unit to the most 

expensive. We refer to this as the merit-order [5]. 

 

Let DC(s) be the dispatch cost for the power system 

per period in state s. We label the new steady-state 

as s’ which is reached after transition period. The 

dispatch cost incurring in the final steady-state we 

say is DC(s’). In the transition state, from s to s’, the 

system will go through a number of different states 

which each one is associated with a dispatch cost. 

We assume that the transition takes at most T time-

periods. We define the present value of the additional 

cost before the transition from state s to s’ as 

𝐴𝐶(𝑠 → 𝑠′). [6] 

 

𝐴𝐶(𝑠 → 𝑠′) = ∑
𝐷𝐶(𝑠𝑡)−𝐷𝐶(𝑠′)

(1+𝑟)𝑡

𝑇

𝑡=1
                    …(1) 

 

After the change in the power system St is defined as 

the new state in time-period t. In each time-period, 

with the probability (1-p) of that there is no change 

in the system, the power system incurs the dispatch 

cost DC(s) and returns to the same state as before. 

The system operator is to minimize the sum of the 

initial dispatch cost plus the expected dispatch cost 

of adjusting to the new steady-state equilibrium if the 

probability of a change in the system is non-zero, this 

is shown in the following equation. [6] 

 

(1 − 𝑝)𝐷𝐶(𝑠) +  𝑝𝐴𝐶(𝑠 → 𝑠′)                        …(2)  
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The task for the system operator is to solve the 

following; where the expected dispatch cost is to be 

minimized with the set limits. 

 

𝑚𝑖𝑛
𝑔𝑖,𝑔𝑖𝑡(𝑐),𝑔𝑖𝑡(𝑐)

  (1 − 𝑝) ∑ 𝑐𝑖𝑔𝑖

𝑖

+ ∑ 𝑝
𝑐𝑖𝑔𝑖𝑡(𝑐)

(1 + 𝑟)𝑡

𝑖

+
1

(1 + 𝑟)𝑇𝑟
 ∑ 𝑝𝑐𝑖𝑔𝑖(𝑐)

𝑇

𝑡=1

 

                       …(3) 

Subject to: 

 

a) the production constraints: 

 

0 ≤ 𝑔𝑖  ≤ 𝐺  , ∀𝑖 

0 ≤ 𝑔𝑖(𝑐) ≤ 𝐺   , ∀𝑖 
0 ≤ 𝑔𝑖(𝑐) ≤  𝐺 , ∀𝑖, ∀𝑡 

                                                                          …(4) 

 

b) the energy balance constraints: 

 

∑(𝑔𝑖 + 𝑈𝑖 − 𝑂𝑖) = 

𝑁

𝑖=1

∑ 𝑙𝑖

𝑁

𝑖=1

 

∑(𝑔𝑖(𝑐) + 𝑈𝑖(𝑐) − 𝑂𝑖(𝑐)) = 

𝑁

𝑖=1

∑ 𝑙𝑖

𝑁

𝑖=1

 

∑(𝑔𝑖𝑡(𝑐) +  𝑈𝑖𝑡(𝑐) − 𝑂𝑖𝑡(𝑐)) = 

𝑁

𝑖=1

∑ 𝑙𝑖   , ∀𝑡 

𝑁

𝑖=1

 

                                                                          …(5) 

c) the network flow constraints: 

 

∑ 𝐻𝑙𝑖(𝑔𝑖  + 𝑈𝑖 − 𝑂𝑖 − 𝑙𝑖) ≤ 𝐾𝑙   , ∀𝑙

𝑁−1

𝑖=1

 

∑ 𝐻𝑙𝑖(𝑔𝑖(𝑐) + 𝑈𝑖(𝑐) − 𝑂𝑖(𝑐) − 𝑙𝑖(𝑐)) ≤ 𝐾𝑙  ,

𝑁−1

𝑖=1

∀𝑙 

∑ 𝐻𝑙𝑖(𝑔𝑖𝑡(𝑐) +  𝑈𝑖𝑡(𝑐) − 𝑂𝑖𝑡(𝑐) − 𝑙𝑖𝑡(𝑐))

𝑁−1

𝑖=1

≤ 𝐾𝑙   , ∀𝑙, ∀𝑡 

                                                                         …(6) 

d) the ramp rate constraint 

 

−𝑅𝑖
𝐷∆𝑡 ≤ 𝑔𝑖𝑡(𝑐) − 𝑔𝑖,𝑡−1(𝑐) ≤ 𝑅𝑖

𝑈∆𝑡, ∀𝑙, ∀𝑡  

𝑅𝑖
𝐷 =  𝑅𝑖

𝑈 

 

(where 𝑔𝑖0(𝑐) =  𝑔𝑖 and ∆𝑡 is the time between 

consecutive dispatch intervals) 

                                                                          …(7) 

 

e) the Carbon cap constraint 

 

𝑒 = 𝑒𝑖 + 𝑒𝑖(𝑐) +  ∑ 𝑒𝑖𝑡(𝑐)

𝑁

𝑖=1

 

𝑒𝑑 ≤ 𝑒 ∗ 𝑆 
                      …(8) 

 

f) Storage 

 

𝑄𝑖 =  𝑄𝑖,0 + 𝑝𝑝𝑖𝜂𝑝 −
𝑝𝑔𝑖

𝜂𝑔

 

𝑄𝑖𝑡
^ =  𝑄𝑖 + 𝑝𝑝^𝑖𝜂𝑝 −

𝑝𝑔^𝑖

𝜂𝑔

 

𝑄𝑖𝑡
′ =  𝑄𝑖𝑡

^ +  𝑝𝑝′𝑖𝜂𝑝 −
𝑝𝑔′𝑖

𝜂𝑔

 

0 ≤ 𝑄𝑖 ≤ 𝑄𝑖,𝑚𝑎𝑥 

0 ≤ 𝑄^
𝑖𝑡

≤ 𝑄𝑖,𝑚𝑎𝑥 

0 ≤ 𝑄′
𝑖𝑡 ≤ 𝑄𝑖,𝑚𝑎𝑥                                                                                                                          

                                                                          …(9) 

 

g) The energy balance storage constraints: 

 

∑(𝑔𝑖 + 𝑈𝑖 − 𝑂𝑖 − 𝑝𝑝𝑖 + 𝑝𝑔𝑖) = 

𝑁

𝑖=1

∑ 𝑙𝑖

𝑁

𝑖=1

 

∑(𝑔𝑖(𝑐) + 𝑈𝑖(𝑐) − 𝑂𝑖(𝑐) − 𝑝𝑝′𝑖 + 𝑝𝑔′𝑖) = 

𝑁

𝑖=1

∑ 𝑙𝑖

𝑁

𝑖=1

 

∑(𝑔𝑖𝑡(𝑐) + 𝑈𝑖𝑡(𝑐) − 𝑂𝑖𝑡(𝑐) − 𝑝𝑝^𝑖 + 𝑝𝑔^𝑖)

𝑁

𝑖=1

= ∑ 𝑙𝑖 , ∀𝑡

𝑁

𝑖=1

 

 

                    …(10) 

 

a) The network flow storage constraints 

 

∑ 𝐻𝑙𝑖(𝑔𝑖  + 𝑈𝑖 − 𝑂𝑖 − 𝑙𝑖 − 𝑝𝑝𝑖 + 𝑝𝑔𝑖) ≤ 𝐾𝑙   , ∀𝑙

𝑁−1

𝑖=1

 

∑ 𝐻𝑙𝑖(𝑔𝑖(𝑐) + 𝑈𝑖(𝑐) − 𝑂𝑖(𝑐) − 𝑙𝑖(𝑐) − 𝑝𝑝′𝑖

𝑁−1

𝑖=1

+ 𝑝𝑔′𝑖) ≤ 𝐾𝑙  , ∀𝑙 
 

∑ 𝐻𝑙𝑖(𝑔𝑖𝑡(𝑐) + 𝑈𝑖𝑡(𝑐) − 𝑂𝑖𝑡(𝑐) − 𝑙𝑖𝑡(𝑐) − 𝑝𝑝^𝑖

𝑁−1

𝑖=1

+ 𝑝𝑔^𝑖) ≤ 𝐾𝑙   , ∀𝑙, ∀𝑡 

 

                    …(11) 

 
Table 1, Equation table for investigated cases 

 Initial 

Carbon 

Tax 

Carbon 

Cap 

No transmission 

limit 3, 4, 5, 7   
Transmission 

limit 

3, 4, 5, 6, 

7 

3, 4, 5, 6, 

7 

3, 4, 5, 6, 

7, 8 

Demand 

Response 

3, 4, 5, 6, 

7 

3, 4, 5, 6, 

7 

3, 4, 5, 6, 

7, 8 

Storage 

3, 4, 7, 9, 

10, 11 

3, 4, 7, 9, 

10, 11 

3, 4, 7, 8, 

9, 10, 11 



M3. POWER SYSTEM FLEXIBILITY 

 
II. CASE STUDY 

 
The system is designed as a “two-area” system 

where there are several types of power plants in each 

area. The two areas will be referred to as Mainland 

and Island. The total demand of power for the system 

is set at 1900 MW which is divided over the two 

areas. 1300 MW is set as the demand in the Mainland 

and 600 MW is set as the demand in the Island. There 

is a transmission line between the two areas with a 

set capacity of 100 MW. The total installed 

capacities in the Mainland and the Island are 1610 

MW and 415 MW respectively. In the Island, we 

integrate large scale wind power and we investigate 

the flexibility of the power system by looking at 

whether the system can compensate for the changes 

in wind power or not[7]. 

 

 

Figure 1, represents the “Two-area” system which 

we investigate the flexibility in. Both the Mainland 

and the Island have a generation output and a 

demand for power. 

 

 
Figure 1: The two-node power system 

 

 

In Table 2, the data for the different types of power 

plants used in the model. The Gn was calculated for 

the Gas, Coal, Distilate, Waste and Hydro power 

plants by multiplying the fuel cost for each power 

plant with its heat rate and adding the O&M cost and 

then converting to € [1][8].The eg for each power 

plant was calculated by multiplying the carbon 

emission factor for each power plant with its heat 

rate. The variable cost for the nuclear power plant 

was calculated by multiplying the variable cost with 

the €/$ ratio [9][10]. The carbon emissions, eg and 

the carbon tax, ec used in the investigation are 

displayed but the tax does not apply to the Distilate 

and the Waste power plants [11][12]. 

 

 

 

 

 

 

 

Table 2. The data of generation in the system 

  Gas Coal Distilate Waste  Hydro Nuclear 

G 200 560 124 126 215 800 

𝐺𝑛 Island Mainland Mainland Mainland Island Mainland 

𝑐𝑖 41,65 26,43 39,65 6,88 1 11,5 

𝑅𝑖
𝑈 15 8 20 30 150 1,684 

𝑒𝑔 0,505 0,865 0,527 1,237 0 0 

𝑒𝑐 23,321 38,868 0 0 0 0 

 
III. FLEXIBILITY ASSESSMENT OF THE 

CURRENT POWER SYSTEM 
 

In this part, the flexibility of the current power 

system is evaluated where there is no transmission 

limit considered. We are interested in how flexible 

the current power system is when there is nothing 

that restricts it but the capacity of the different power 

plants and their respective ramp rates. The wind 

power integrated is set as a percentage of the total the 

demand of the power grid system. The wind power 

change is set as a decrease of the initial wind 

integrated by a percentage. 

 

The table 3, displays the flexibility results for the 

current power system where the transmission limit is 

not considered. The different scenarios investigated 

in will be referred to as S1 to S24 throughout this 

study. The scenarios that are inflexible are shown in 

bold and will be shown in bold throughout this study. 

 

Table 3, Assessment of current flexibility 

 Decrease in wind power [%] 

Wind power 
of total 

demand [%] 20 30 40 60 

10 S1 S2 S3 S4 

20 S5 S6 S7 S8 

30 S9 S10 S11 S12 

40 S13 S14 S15 S16 

50 S17 S18 S19 S20 

60 S21 S22 S23 S24 

 

The change in wind power is set as a decrease as the 

same results was acquired when the change was set 

as an increase in wind power. This is due to that the 

ramp rates of the power plants for the increase and 

the decrease in production are set the same. 

 
a. Impact of Transmission Limit 

 
In this part, we investigate how the transmission 

limit, of 100MW, between the Mainland and the 

Island affects the flexibility of the system. Table 4, 

shows the flexibility results of the power system 

where the transmission limit is considered.  
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Table 4: Transmission limit flexibility 

 Decrease in wind power [%] 

Wind power 
of total 

demand [%] 20 30 40 60 

10 S1 S2 S3 S4 

20 S5 S6 S7 S8 

30 S9 S10 S11 S12 

40 S13 S14 S15 S16 

50 S17 S18 S19 S20 

60 S21 S22 S23 S24 

 

Comparing table 4 to table 3 we observe that the 

transmission line limit between the two-areas affects 

the flexibility in three scenarios as they shift from 

flexible to inflexible. 

     In scenario S4, there is a capacity problem. The 

power plants in the Island are producing at next to 

full capacity and when the wind power drops with 

60% of its initial state. The power plants cannot 

increase their production enough to compensate for 

the drop, due to their capacity limit and the 

transmission constraint and this results in an 

undelivered load of 9 MW.  

      In scenarios S13 and S17, there is an allocation 

problem. There is an overproduction of power in the 

initial state and the system is unable to distribute all 

the power. The 20% decrease in the wind generation 

causes 60 MW and 250 MW of undelivered load, in 

S13 and S17, due to lack of ramping capacity. We 

observe that if the market operator dispatches more 

production resources than the total net-demand, the 

power system can be operated without any flexibility 

problem. This makes storage an option to deal with 

the flexibility problem.  

 

Figure 2, illustrates the generation of each type of 

power plant from the initial equilibrium state to the 

final equilibrium state for scenario S10 in the system 

with the transmission limit considered. The number 

of transient states was set as 45, T = 45 to be 

consistent throughout the investigation as some 

scenarios took more than others to find the new 

steady-state equilibrium The figure shows that the 

generation is moved from Coal in the initial state to 

the Waste in the final state. It also shows that the 

Gas, Distilate and Nuclear power plants compensate 

for the change in wind power until the new 

equilibrium state is reached. 

 

 
Figure 2, Generation S10, Transmission limit system 

 

b. Impact of Carbon Tax 

 
In this part, we investigate how a carbon tax would 

affect the power grid system in flexibility, carbon 

emissions and total operational cost, where the 

transmission limit is considered. It interesting to see 

how carbon policy instruments affect the flexibility 

of the system. 

      The carbon tax applied is different for each type 

of power plant. The tax depends on the type of fuel 

that is used to generate the power and whether the 

power plant is used for heating or not. Therefore, the 

carbon tax differs between the Gas and the Coal 

power plants. The Distilate and the Waste power 

plants are assumed to be used for heating and 

therefore the carbon tax is not applied to them [8]. 

We assume there are no carbon emissions from the 

hydro and then nuclear power plants. 

      We observe that the carbon tax did not have an 

impact on the flexibility of the power system. It only 

increases the total operational cost. This is because 

the carbon tax increases the marginal costs of the 

carbon pollution power plants which then changes 

the merit-order of the carbon pollution units. 

 

Figure 3, Illustrates the generation of each type of 

power plant from the initial equilibrium state to the 

final equilibrium state for scenario S10 in the initial 

system with transmission limit and with the carbon 

tax applied. 

 

 
Figure 3, Generation S10, Transmission limit system 

with tax 
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Through comparing Figure 2 and Figure 3, we 

observe that there is a definite change in where the 

production of power is generated. The power 

production is moved from Coal to Gas and Distilate. 

There was next to no generation in the Distilate 

power plant before the carbon tax was applied, but 

with the carbon tax it is almost the same as the Waste 

power plant. 

The expected dispatch cost in scenario S10 

increased from €28065.398 to €42999.412 due to the 

carbon tax. On the other hand, the carbon tax reduces 

the carbon emissions by about 15%. It is interesting 

to see that the cost for decreasing the carbon 

emissions by 15% would incur an extra 53% cost in 

this scenario.  

 

c. Impact of Carbon Cap 

 
Carbon Cap is another method to reduce the carbon 

emissions. Carbon Cap means that the total carbon 

emissions should be lower than a set limit. We 

investigate the impact of Carbon Cap on the 

flexibility of the power system [13][14]. 

      The Carbon Cap puts a requirement on the 

system of how much the carbon emissions are to be 

decreased. For the system to be able to meet the set 

requirement, the power production must be moved 

from one type of power plant to another. This puts 

pressure on the power system as more “green” 

energy is needed. The issue become whether the 

power system still can supply the load with this 

requirement. 

 

We assume a that the total carbon emissions in all 

the scenarios are to be reduced by 20%. Therefore, 

we set the carbon cap at 80% of the total carbon 

emissions in all the scenarios. Table 5, shows the 

scenarios with the carbon cap of 80% applied to the 

power system.  

 

Table 5: Transmission limit, Carbon Cap 80 %  

 Decrease in wind power [%] 

Wind power 
of total 

demand [%] 20 30 40 60 

10 S1 S2 S3 S4 

20 S5 S6 S7 S8 

30 S9 S10 S11 S12 

40 S13 S14 S15 S16 

50 S17 S18 S19 S20 

60 S21 S22 S23 S24 

 

We observe that, when comparing table 5 with table 

4, the introduction of the carbon cap to the system 

for reducing the total carbon emissions by 20% 

affected the flexibility in three scenarios. Scenarios 

S1, S2 and S3, all three became inflexible when the 

carbon cap was applied. This is because the carbon 

polluting units cannot increase their production in 

order to cover the drop in the wind power production 

without the power system exceeding the carbon cap. 

 
IV. ENHANCEMENTS OF FLEXIBILITY 

 
In this part, we analyze the flexibility of the power 

system and discuss the methods to improve the 

power system flexibility. We investigate two ways to 

enhance the flexibility: (1) Demand response and (2) 

Storage. 

 
a. Demand Response  

 

Demand response changes the power consumption to 

make it easier for the power system to balance the 

demand with the supply. There are certain limits like 

capacity and ramp rate but by decreasing the demand 

some power plants or generators may be used to 

adjust to the changes in the system instead of being 

used at their full capacity. This will make the system 

more likely to be able match the demand with the 

supply more efficiently and to adjust to the changes 

in the wind power production [14]. 

      We model the demand response by introducing 

two fictitious generators at each area. The capacity 

of each generator is set as 5% of the demand at the 

location. The fictitious generators located in the 

Mainland has a marginal cost of 70 €/MWh and 100 

€/MWh. The fictitious generators in the Island have 

a marginal cost of 90 €/MWh and 120 €/MWh.  

 

Table 6: Demand Response flexibility table 

 Decrease in wind power [%] 

Wind power 
of total 

demand [%] 20 30 40 60 

10 S1 S2 S3 S4 

20 S5 S6 S7 S8 

30 S9 S10 S11 S12 

40 S13 S14 S15 S16 

50 S17 S18 S19 S20 

60 S21 S22 S23 S24 

 

Table 6 shows that the demand response improves 

the power system flexibility. The power system in 4 

scenarios, which are reported inflexible in Table 4, 

becomes flexible due to introduction of the demand 

response. We observe that demand response makes 

the power system flexible until 30% wind power 

integration independent from the decrease in the 

wind power production and the carbon policy. In 

other words, in our numerical results shows that until 

30% wind integration, the power system is flexible 

whether a carbon tax or a carbon cap is applied. 

When the Demand Response is applied to the 

Scenario 2, all the cases from 10 % to 30 % wind 

power of total demand become flexible as the table 

above illustrates. The same occurs when the Demand 

Response is applied to the Scenario 3 and Scenario 
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4. This means that the Demand Response would 

make the system flexible for all these cases where 

30% of the power comes from wind power.  

 
b. Storage 

 
To enhance the flexibility of the power system we 

are interested in investigating the usage of storage. 

Storing energy is a favorable method to deal with 

flexibility issues as it can for example be used as an 

extra generation unit to help compensate for drops of 

power in the system. Although, it is possible to store 

energy in batteries it is not applicable in the power 

system. It would be hard to store energy to the extent 

that would benefit the power system. It would also 

mean that very large batteries would be needed 

which are probably very expensive to produce. This 

makes water storage a greater option to store energy.  

      The concept is to use the power from the power 

grid and pump up water into reservoirs and then use 

the water to generate power out to the power grid. 

The idea is to buy power from the grid when the price 

is low to store water in the reservoirs and to sell the 

power when the price is high. In this way, the owner 

of the pump storage unit can make profit and the 

system operator has a fast and clean resource at his 

disposal to keep the balance in the system [15]. 

We assume that the efficiency of the water pump is 

0.9. and the efficiency of the generator is 0,8. The 

marginal cost of pup-storage unit is set to 0 €/MWh. 

The capacity of the reservoir is set to 60 MW water 

equivalent.  

 

Table 7, shows the results when the Storage was 

applied to the current system with the transmission 

limit and the carbon tax. Comparing this table to 4 

scenarios S8, S11, S13, S14 and S15 became 

flexible.  

 

Table 7: Transmission Limit Storage Flexibility 

 Decrease in wind power [%] 

Wind power 
of total 

demand [%] 20 30 40 60 

10 S1 S2 S3 S4 

20 S5 S6 S7 S8 

30 S9 S10 S11 S12 

40 S13 S14 S15 S16 

50 S17 S18 S19 S20 

60 S21 S22 S23 S24 

 

Table 8 shows the results when Storage is applied the 

carbon cap. We observe that when table 5 and 8 are 

compared we see that the scenarios S11, S13, S14 

and S15 changed from inflexible to flexible. The 

scenario S10, we see that the operational cost did not 

change very much when the storage unit was applied. 

The cost changed from €29300.558 to €28212.941. 

This suggests that in general the storage does not 

decrease the operational cost a whole lot but it 

benefits the flexibility of the power system. 

 

Table 8; Carbon Cap Storage Flexibility Table 

 Decrease in wind power [%] 

Wind power 
of total 

demand [%] 20 30 40 60 

10 S1 S2 S3 S4 

20 S5 S6 S7 S8 

30 S9 S10 S11 S12 

40 S13 S14 S15 S16 

50 S17 S18 S19 S20 

60 S21 S22 S23 S24 

 

When comparing table 7 and 8 we see that the 

scenarios S1, S2, S3 and S8 all change from flexible 

to inflexible which is because of the carbon cap. This 

may indicate that the carbon cap is not an efficient 

carbon policy instrument to use when only 10% of 

the power is generated from wind power. 

 
V. CONCLUSION 

 
The results of the impact of the transmission limit 

between the two areas indicate that an allocation 

problem and a capacity problem can occur 

depending on the transmission limit. This makes 

investing in a transmission line an option to increase 

the flexibility of the system. It also makes it 

interesting to further look into the flexibility of the 

power system on a local level depending on whether 

the area can supply its load by itself or not. The 

carbon tax did not affect the flexibility of the power 

system like the carbon cap did but it was more 

expensive and it did not have as much of an impact 

on the carbon emissions of the power system as the 

carbon cap. Although, the carbon tax can be used 

without having an impact on the flexibility of the 

power system, the carbon cap makes for a greater 

option to decrease the carbon emissions when there 

is more wind power integrated to the system. 
The demand response and the storage 

enhancement tools both had a positive impact on the 

flexibility of the power system. Arguably, the 

demand response makes the system more reliable 

than the storage due to that the demand response was 

able to withstand more distinct changes in its initial 

wind power production than the storage was. The 

demand response gives this power system the option 

to have 30% of power be produced by wind power. 

The storage is a favorable option to increase the 

flexibility of the power system if it is known that 

there won’t be any extreme drops of wind power. 
If the power system is to continue to expand the 

wind power sector it is necessary to increase the 

flexibility of the power system as the results have 

indicated. Further studies in the field of flexibility in 

the power system is needed if wind power is to 
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potentially replace the alternative energy resources 

in the future.  
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