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Table 1 
Energy system scenarios for Finland in 2030; installed capacities, net transfer capacities, and electricity and heat demands.  

Scenario Electricity 
demand 
[TWh] 

District 
heating 
demand 
[TWh] 

Heat-
only 
boiler 
[MJ/s] 

Wind 
power 
[MW] 

PV 
[MW] 

Hydro 
power 
[MW] 

Nuclear 
power 
[MW] 

Industrial 
backpressure 
[MW] 

District heating CHP 
 

Other 
thermal 
power 
[MW] 

District 
heating 
thermal 
storage 
[GWh] 

Net 
transfer 
capacities 
[MW] 

         CHP 
mode 
[MW] 

Cond. mode 
[MW] 

Thermal 
[MJ/s] 

   

EC2016 92 31 13700 3000 10 3026a 4560 2567 3966 3300b 6559 565 17c 5800 
HIGH 
NUCLEAR -d - - - - - 6160 - - - - - -  

HIGH 
NUCLEAR/ 
HIGH VRE 

- - - 3690 - - 6160 - - - - - -  

Scenario Description 
EC2016 Scenario assumptions corresponds to the assumptions in presented in the Finnish National Energy and Climate Strategy of 2016 [9]. Nuclear power capacity is projected increase by 

the units currently under construction or planning, which include Olkiluoto 3 (1600 MW) reactor and Hanhikivi 1 (1200 MW) reactor. Loviisa 1 (498 MW) reactor and Loviisa 
2 (500 MW) reactor are assumed to be decommissioned by the end of 2030. The annual wind power generation of about 7 TWh (7.6% of the total gross consumption) for 2030 is 
assumed. 

EC2016/ 
LIMITED 
EXCHANGE 

The same operating stock of technologies as in EC2016. In LIMITED EXCHANGE scenario, the electricity transmission opportunities to the external market are limited to the 
critical balancing situations only where the electricity demand exceeds the available electricity generation capacity or the electricity generation from inflexible sources exceeds the 
electricity demand. 

EC2016/ 
DEMAND 
PROGNOSIS 

The same operating stock of technologies as in EC2016. In DEMAND PROGNOSIS scenario, demand response is modelled with electricity demand prognosis time-series. Thus, the 
scenario describes the effect of short-term forecast errors of electricity demand in the day-ahead market. 

HIGH 
NUCLEAR 

The same operating stock of technologies as in EC2016, but additions to the nuclear power capacity as presented in the Finnish Energy and Climate Strategy of 2013 [7]. The HIGH 
NUCLEAR scenario includes the construction of three new nuclear power units Olkiluoto 3, Hanhikivi 1 and Olkiluoto 4 (1600 MW). 

HIGH 
NUCLEAR/ 
HIGH VRE 

The same operating stock of technologies as in HIGH NUCLEAR, but additions to the wind power capacity as presented in the Finnish Energy and Climate Strategy of 2013 [7]. 
The annual wind power generation of about 9 TWh (9.8% of the total gross consumption) for 2030 is assumed. 

HIGH 
NUCLEAR/ 
HIGH VRE/ 
LIMITED 
EXCHANGE 

The same operating stock of technologies as in HIGH NUCLEAR/HIGH VRE. In LIMITED EXCHANGE scenario, the electricity transmission opportunities to the external market 
are limited to the aforementioned critical balancing situations only. 

a Installed capacity of hydro power includes both run-off-river hydro and hydro power witch storage capacities. 
b Installed capacity of district heating CHP in condensing mode is estimated from historical data [54].  
c Heat conversion units are assumed to be able to optimise thermal storage capacity to cover the heat load for a maximum of seven days [56]. 
d Empty cell in the table depicts no change in installed capacity compared to the Energy and Climate Strategy of 2016 scenario (EC2016).  



3 Results and discussion 

3.1 The effect of demand response on the energy system operation and 
required power plant ramping 

The effect of demand response on the energy system operation, i.e. change in production of different 
technologies and electricity exchange, is determined by the magnitude and temporal placement of the 
demand response occurrence. Due to the necessity of demand-supply balance in the energy system, 
the ramping occurrences in the supply-side follow the direction of the demand response occurrences. 
Therefore, higher frequency of production ramp-down occurrences can be observed during the peak7  
demand hours when the frequency of demand reduction occurrences is higher. On the contrary, higher 
frequency of production ramp-up occurrences can be observed during the off-peak 1 hours when 
shifted demand is recovered. 
Moreover, in the energy-only8 power market, the electricity supply curve is constructed based on the 
merit-order principle, according to which supply offers are arranged depending on their short-term 
marginal cost of production [63]. In this context, the slope of the supply curve describes the operating 
stock of electricity generating technologies that are dispatched in the merit order to meet the residual 
demand. Therefore, the affected electricity generation unit on the slope of the supply curve is the one 
committed with the highest short-term marginal cost of production during the hour of demand 
reduction/recovery occurrence. Moreover, the affected unit(s) can comprise several electricity 
generation technologies depending on the slope of the supply curve and the magnitude of the demand 
response occurrence [64]. 
The effect of demand response on the energy system operation in Finland in 2030 in the simulated 
scenarios is summarised in Table 2. In all scenarios, the utilisation of demand response has the most 
significant impact on the thermal power production and electricity exchange. The effect of residual 
demand uncertainty is highlighted in EC2016/DEMAND PROGNOSIS. The results presented in 
Table 2 (and Table A. 1 Appendix A) show that the changes in production of different technologies 
and electricity exchange due to demand response are generally lower when the residual demand 
uncertainty is taken into account. This is because the differences between forecasted and measured 
electricity demand lead to less optimal utilisation of demand-side resource capacity. 
As presented in Table 3, thermal power production and electricity imports decrease during the peak 
hours when demand is reduced. This illustrates that demand reduction during the peak hours (i) 
substitutes the peak production capacity and (ii) leads to reduced need for cross-border balancing by 
electricity imports. Furthermore, the magnitude of thermal power and import ramping occurrences 
can experience significant temporal variation during the day. This is illustrated in Fig. 3. Notably, 
largest reductions in electricity imports can be observed during the months from January to April 
when the residual demand is generally higher during the year. Conversely, an increase in electricity 
exports can be observed during the peak hours. This is due to the balancing of hourly district heating 
demand and supply. In some cases, the electricity price on the external market is high enough that the 
CHP heat conversion can still be more profitable than meeting the heat demand by using a heat-only 
boiler. Thus, the district heating CHP unit is kept online to meet the district heating demand and the 
excess electricity production is exported to the external market. Higher share of inflexible baseload 
capacity in HIGH NUCLEAR (and HIGH NUCLEAR/HIGH VRE) increases significantly the 
number of excess production hours, as presented in Table A. 2 (Appendix A). This result could be 
interpreted as a negative effect that the utilisation of demand response can have on the system 
efficiency. However, this result is affected by the consequences that exported electricity has on the 
external market (Nord Pool power market). For instance, the overall effect of demand response on 

                                                 
7 In the Nord Pool power market, the off-peak and peak hours are defined as follows: off-peak 1 from midnight (00:00) 
to 8 a.m. (8:00), peak from 8 a.m. (8:00) to 8 p.m. (20:00) and off-peak 2 from 8 p.m. (20:00) to midnight (24:00) [62]. 
8 Energy-only market is a type of market design where producers are remunerated for their energy but not their available 
capacity or reliability services. 



the system efficiency could be net-positive in the case where exported excess electricity production 
from a district heating CHP plant can avoid the start-up or ramp-up of a thermal power unit in the 
external market. 
Hydro power production does not change in annual terms. However, the hydro producers attempt to 
maximise their profits by allocating more production to the off-peak 1 hours where the shifted demand 
is recovered. This is illustrated in Table 3.  Furthermore, demand recovery during the off-peak 1 hours 
leads to higher utilisation of excess production in the internal market, and thus a decrease in electricity 
exports can be observed. On the contrary, electricity imports increase during the off-peak 1 hours. 
This is due to lower short-term marginal cost of production on the external market (Nord Pool power 
market), which makes importing electricity from the external market more profitable. The effect of 
the composition of operating stock of technologies on the electricity exchange is highlighted in HIGH 
NUCLEAR (and HIGH NUCLEAR/HIGH VRE).  

Table 2 
Summary of the changes in annual production of different technologies and electricity exchange due 
to demand response in Finland in 2030 in different scenarios. Annual results are presented as mean, 
minimum and maximum values of the 100 simulations. 

    

Change in annual production of 
different technologies and electricity 

exchange due to demand response 
[GWh] 

    MEAN MIN MAX 
EC2016 Thermal power -552 -648 -473 

 District heating CHP -4 -16 11 

 Import 362 245 439 

 Export -194 -241 -150 
EC2016/LIMITED EXCHANGE Thermal power 103 20 169 

 District heating CHP -2 -44 58 

 Critical import -140 -188 -87 

 Critical export -39 -61 -19 
EC2016/DEMAND PROGNOSIS Thermal power -549 -645 -469 

 District heating CHP -3 -14 11 

 Import 359 253 437 

 Export -194 -246 -148 
HIGH NUCLEAR Thermal power -98 -129 -73 

 District heating CHP 57 -2 131 

 Import -144 -217 -58 

 Export -184 -269 -104 
HIGH NUCLEAR/HIGH VRE Thermal power -74 -104 -36 

 District heating CHP 9 -66 99 

 Import -144 -219 -85 

 Export -210 -313 -87 
HIGH NUCLEAR/HIGH VRE/LIMITED EXCHANGE Thermal power -15 -57 30 

 District heating CHP -629 -766 -525 

 Critical import -29 -50 -10 
  Critical export -485 -580 -394 

 
  



Higher share of baseload nuclear power (and wind power) capacity lowers the short-term marginal 
cost of production in the internal market (Finnish power market)9. This leads to significantly reduced 
need for cross-border balancing by electricity imports. Therefore, the change in electricity imports 
due to demand response is also lower in the aforementioned scenarios. The reader should note that 
the external electricity market is described as one node in the EnergyPLAN model, which has the 
properties of net transmission capacity, system price and price elasticity parameter. Thus, electricity 
flows between different bidding areas that are induced by the possible area price differences are not 
captured realistically by the model. Moreover, in the future, higher integration of VRE electricity 
generation into the Nordic market area, and further integration of Nordic market area to Western 
European market, may have a considerable impact on the annual average system price [65] and price 
differences between bidding areas and hourly price volatility [48]. For instance, in the future scenarios 
there could be more hours of excess VRE electricity generation in the Nordic market since wind 
power generation can coincide over large areas [66]. This is not captured in the Nord Pool electricity 
price data used in the modelling. Therefore, the effect of utilising demand response on the electricity 
exchange could be even higher. In this case, a market participant  that utilises demand response could 
take even more advantage of the excess VRE generation from its neighbouring countries in terms of 
cheaper electricity imports. This can reduce the operating hours of thermal power even further to 
what was observed in the simulated scenarios. Consequently, this can reduce the supply-side 
flexibility in the long-term since the profitability of thermal power is reduced [18], which can affect 
the future investments decisions. 

Table 3 
Seasonal and diurnal change in production of different technologies and electricity exchange due to 
demand response in Finland in 2030 in EC2016 scenario. Averaged annual results of 100 simulations 
are divided between seasons and time of the day: Off-peak 1 hours (1:00 to 8:00), Peak hours (9:00 
to 20:00) and Off-peak 2 hours (21:00 to 24:00). 

    
Change in production of different technologies and 

electricity exchange due to demand response [GWh] 
Jan. to Apr.   Off-peak 1 Peak Off-peak 2 

 Thermal power 44 -72 -9 

 District heating CHP 17 -15 -2 

 Hydro power 157 -113 -34 

 Import 431 -407 -59 
  Export -78 15 2 
May to Aug.   Off-peak 1 Peak Off-peak 2 

 Thermal power -1 -135 0 

 District heating CHP 48 -48 -4 

 Hydro power 12 -165 -16 

 Import 384 -141 -19 
  Export -79 -8 3 
Sept. to Dec.   Off-peak 1 Peak Off-peak 2 

 Thermal power -3 -353 -25 

 District heating CHP 20 -19 -1 

 Hydro power 249 -68 -22 

 Import 504 -283 -47 
  Export -61 13 0 

                                                 
9 In HIGH NUCLEAR (HIGH NUCLEAR/HIGH VRE), increasing nuclear power (and wind power) capacity result in 
right-shift of the slope of the supply curve. This is due to lower short-term marginal cost of nuclear power (and wind 
power) production. Consequently, the demand curve intersects the supply curve at a lower short-term marginal cost 
production. 



 
Fig. 3. Histogram of thermal power and import ramping occurrences during the off-peak 1 and peak 
hours in Finland in 2030 in EC2016 scenario. The off-peak 1 hours from 1:00 to 8:00 and peak hours 
from 9:00 to 20:00 are depicted by different colours. Only ramping occurrences during peak demand 
hours from 10:00 to 12:00 and 18:00 to 20:00 are visible in the histogram. Relative frequency and 
average magnitude of a ramping occurrence are displayed next to the corresponding hour in the 
legend. Relative frequency depicts the amount of non-zero ramping occurrences in relation to the 
total amount of the occurrences in the 100 simulation runs. 

3.2 The effect of demand response on the capacity scarcity and surplus 
hours 

The effect of demand response on the scarcity and surplus hours10 is highlighted in the scenarios 
EC2016/LIMITED EXCHANGE and HIGH NUCLEAR/HIGH VRE/LIMITED EXCHANGE. As 
presented in Table A. 1 and Table A. 3 (Appendix A), demand reduction during the peak hours 
reduces significantly the number of capacity scarcity hours (critical import). Notably, largest 
reductions in critical electricity imports can be observed during the months from September to April 
when the residual demand is generally higher during the year. Conversely, demand recovery during 
the off-peak 1 hours reduces the number of capacity surplus hours (critical export). Utilisation of 
demand response can therefore reduce the need for wind power curtailment11 during the hours when 
transmission capacity is limited. This effect becomes more significant when the share of inflexible 
baseload capacity increases, as highlighted in HIGH NUCLEAR/HIGH VRE/LIMITED 
EXCHANGE. Surplus hours occur mostly during the months from May to August when the residual 
demand is generally lower. 

                                                 
10 Scarcity and surplus hours describe the situations where the electricity demand exceeds the available electricity 
generation capacity, and vice versa, where electricity generation from inflexible sources exceeds the electricity demand.  
11 Curtailment is a method of regulating substantial amounts of VRE production in power systems.  



3.3 The effect of demand response on the demand profile 
The utilisation of demand response in Finland in 2030 in the simulated scenarios is summarised in 
Table 4. The utilisation of demand response has a similar pattern in all simulated scenarios. This is 
because the residual demand variation did not change significantly between the simulated scenarios. 
Furthermore, the available demand-side resource capacity was not fully employed in any of the 
simulated scenarios. 
As illustrated in Table 4, the utilisation of demand response can have significant seasonal variation. 
This is mostly driven by the higher variation in outside temperature, and consequently higher 
variation in residual demand during the months from September to April. Furthermore, the 
availability of demand-side resource capacity is also higher during the months from September to 
April, as presented in Fig. 1. This is because the electricity demand of demand-side resource 
applications is also for the most part strongly dependent on the outside temperature and/or time of the 
day. This leads to higher utilisation of available demand-side resource capacity during the months 
from September to April. This situation is reversed during the months from May to August. Thus, the 
utilisation of demand response and the magnitude of demand reduction/recovery occurrences are 
significantly lower during the months from May to August. 

Table 4 
Seasonal and diurnal changes in demand response utilisation in Finland in 2030 in different scenarios. 
Averaged annual results of 100 simulations are divided between seasons and time of the day: Off-
peak 1 hours (1:00 to 8:00), Peak hours (9:00 to 20:00) and Off-peak 2 hours (21:00 to 24:00). 
    Demand reduction [GWh] Demand recovery [GWh] 
Jan. to Apr.   Off-peak 1 Peak Off-peak 2 Off-peak 1 Peak Off-peak 2 

 EC2016 -57 -651 -107 784 30 1 

 EC2016/DEMAND PROGNOSIS -61 -569 -111 697 43 1 

 HIGH NUCLEAR -57 -652 -108 786 30 1 

 HIGH NUCLEAR/HIGH VRE -58 -574 -163 732 62 1 
May to Aug. Off-peak 1 Peak Off-peak 2 Off-peak 1 Peak Off-peak 2 

 EC2016 -49 -489 -44 572 9 1 

 EC2016/DEMAND PROGNOSIS -46 -489 -40 565 9 0 

 HIGH NUCLEAR -49 -488 -44 571 9 1 

 HIGH NUCLEAR/HIGH VRE -38 -449 -73 541 17 3 
Sept. to Dec. Off-peak 1 Peak Off-peak 2 Off-peak 1 Peak Off-peak 2 

 EC2016 -61 -755 -97 893 19 1 

 EC2016/DEMAND PROGNOSIS -51 -739 -110 877 23 1 

 HIGH NUCLEAR -63 -760 -95 897 20 1 
  HIGH NUCLEAR/HIGH VRE -60 -730 -134 881 41 1 

 
As presented in Table 4, demand is reduced during the peak hours when the residual demand is 
generally higher, and vice versa, shifted demand is recovered during the off-peak 1 hours when the 
residual demand is generally lower in Finland. The temporal variation in demand response 
occurrences during the day is illustrated in Fig. 4. Notable is that the simulated demand 
reduction/recovery occurrences are not always symmetrically distributed and the occurrences can 
have large variation in magnitude depending on the hour. The utilisation of available demand-side 
resource capacity is significantly lower during the off-peak 2 hours. This results from the technical 
limitations caused by the characteristics of demand-side resource applications. Heating loads are 
described as shiftable demand that can only be advanced. In Fig. 4, this effect can be observed as 
skewness in the distribution of demand response occurrences, especially during the off-peak 2 hours. 
Furthermore, this illustrates the sensitivity that the characteristics of demand-side resource 
applications have on its effectiveness to mitigate variability in the system during the day. 



As illustrated in Fig. 4, demand recovery during the off-peak 1 hours can be high in magnitude when 
the residual demand variation during the day is high. This can lead to a formation of new demand 
peaks during the day, as illustrated in Fig. 5. This is in accordance with the findings presented in [18], 
[29]. The formation of new demand peaks during the day can be expected when the demand-side 
flexibility option is shiftable demand and the consumers are a homogenous12 group. The magnitude 
of new demand peaks was slightly higher in the scenarios HIGH NUCLEAR/HIGH VRE and 
EC2016/DEMAND PROGNOSIS. In HIGH NUCLEAR/HIGH VRE, this is a result of higher 
residual demand variation during the day induced by increased wind power capacity. In 
EC2016/DEMAND PROGNOSIS, this is a result of over shifting demand during the day caused by 
the differences between forecasted and measured electricity demand. Furthermore, the utilisation of 
demand response reduced the highest peak demand during the simulated year in all simulated 
scenarios.  However, an increase in the highest peak demand during the year can be observed in some 
demand response scenarios13. 
 

 
Fig. 4. Histogram of demand response occurrences during the off-peak 1, peak and off-peak 2 hours 
in Finland in 2030 in EC2016 scenario. The off-peak 1, peak and off-peak 2 hours are depicted by 
different colours. Only demand response occurrences during the peak hours from 10:00 to 12:00 and 
18:00 to 20:00 are visible in the histogram. Relative frequency and average magnitude of a demand 
response occurrence are displayed next to the corresponding hour in the legend. Relative frequency 
depicts the amount of non-zero demand response occurrences in relation to the total amount of the 
occurrences in the 100 simulation runs. 

3.4 The effect of shifting time interval on the utilisation of demand 
response 

When the demand-side flexibility option is shiftable demand, as opposed to load shedding14, the 
commitment of demand-side resource capacity is also constrained by its shifting time interval. As 
illustrated in Fig. 4, the duration between the demand response occurrences where the shiftable 
demand is reduced and recovered can be long. Space heating and hot water storage are characterised 
with longer maximum duration for the shifting time interval, up to 12 hours, due to the physical 
storage capacities and/or the thermal capacity of building structures. This enables preheating in earlier 
time of the day where demand reduced during the peak hours and recovered during the off-peak 1 
hours. 
In reality, the shifting time interval could be more constrained when the end-users individual 
preferences (e.g. loss of comfort) are taken into account. The effect of shifting time interval on the 
utilisation of demand-side resource capacity is simulated in EC2016 scenario. This effect is quantified 
by gradually decreasing the shifting time interval of space heating and hot water storage. As presented 
in Table 5, the annual utilisation of demand-side resource capacity decreases when the shifting time 
                                                 
12 In this case, a large group of consumers whose response to the electricity spot price is identical and have similar patterns 
of demand reduction/recovery. 
13 Demand response scenarios depict the different temporal outcomes for wind power generation. 
14 Load reduction/shedding is a demand-side flexibility option where demand is purely reducible that does not need to be 
recovered. 






















