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Background 

 
In our Future Energy Scenarios (FES) document, all 

scenarios have an increase in distributed storage
1
 in 

future as shown in Fig. 1 [1]. Storage could either 

inject electricity into or absorb electricity from the 

electricity network. It is a highly effective source of 

flexibility which can provide fast frequency control, 

manage network constraints and maximise the value 

of intermittent sources. 

Electric vehicle (EV) batteries can be treated as a form 

of storage in electricity network, while their behaviour 

would be different, as they are not always connected 

to the electricity network. The time and magnitude of 

its demand is driven by human behaviour, or market/

system signals if smart charging is applied. Figure 2 

shows the increasing trend of EVs in future, where the 

majority adopt smart charging [1]. 

The benefit of storage increases when more and more 

intermittent renewable generation is connected. Most 

storage is likely to be installed on the distribution 

network, co-located with distributed generation like 

solar and wind. EVs are key to the decarbonization of 

transportation and they will be mostly charged on the 

distribution network. The ESO has limited observability 

and controllability of distributed storage and EVs. 

Therefore we are planning to improve our forecast 

capability. 

The high penetration of storage and EVs will impact 

how ESO operates the system. One typical example is 

the herding behaviour, for example when large 

numbers of storage and EVs charge or discharge at 

the same time. This report analyses how the 

behaviour of storage and EVs would impact system 

operability.  

Executive Summary 

 
There is an increasing trend of storage and electric vehicles on the electricity 

network. The high penetration of these devices would alter the demand seen by 

ESO control centre and impact the system operability. With appropriate market 

and framework design, storage and electric vehicles will be able to support 

electricity system operation and be enablers to the decarbonization transition. 

1 {ĜȡȺȉĜbɔȺ±| ȡȺƶȉ"ô± ȉ±í±ȉȡ Ⱥƶ ȺĊ± ȡȺƶȉ"ô± lƶƖƖ±lȺ±| Ⱥƶ ȺĊ± |ĜȡȺȉĜbɔȺĜƶƖ Ɩ±ȺʞƶȉŦ˱ ̂ȠȺƶȉ"ô±̃ ɔȡ±| ĜƖ ȺĊĜȡ ȉ±ǺƶȉȺ "ŴŴ ȉ±í±ȉ Ⱥƶ |istributed storage.  

Figure 2: Inertia Trend to 2030 

Fig. 2 Net peak electricity demand from EVs Fig. 1 Capacity of storage in distribution networks 
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Behaviour of Storage 
and EVs 

Storage 

The demand behaviour of storage is complicated; for 

any two identical storage installations, there are 

several ways they might respond to a number of 

different requirements or drivers, thus their impact on 

the electricity system and how it is operated may be 

quite different. Our work with the Carbon Trust 

identified 12 use cases for storage as shown in 

Appendix A [2]. Storage could behave towards 

providing grid service, maximizing revenues/reducing 

costs, or supporting renewable generation/EVs.   

 

Electric vehicles 

Without smart charging, EV demand is driven by 

usage of cars and time when chargers are connected. 

In a typical day, there are two periods where you 

would expect there to be a peak requirement to re-

charge EV batteries; a smaller peak following morning 

commute when people charge at work and a second 

larger peak after the evening commute when people 

charge at home. Figure 3 shows a historic weekday 

EV re-charge demand profile with no smart charging 

[1]. 

 

 

 

Smart charging 

Smart charging refers to charging units which have 

the ability of shifting the charging time following either 

internal or external signals [1]. Similar to storage, EVs 

have the flexibility to alter their demand by adjusting 

the time of charge and charging power level. Smart 

charging can be used to both storage and EVs.  

A simple example is delaying charging from when they 

are first plugged in at 18:00 to around 01:00. At 18:00 

system demand is high with high price of electricity, 

while at 01:00 the demand will be lower with a lower 

electricity price. In this way, an EV altering its charging 

pattern can save money, reduce carbon impact and 

be beneficial to the system. While low carbon intensity 

generation, like wind and solar, in a region does not 

always sit at low national demand periods; more 

sophisticated smart charging with two-way 

communication ability can shift the demand to 

maximize the utilization of low carbon intensity 

generation by considering both national and regional 

information. 

FES forecasts that the majority of EV consumers 

would adopt smart charging in all the four FES 

scenarios in 2050 as shown in Fig.4 [1]. Figure 5 

shows an example of demand profiles of an 

uncontrolled EV and a smart charging EV which 

responds to market price. 

 

Vehicle to grid (V2G) is similar to smart charging but 

takes it one step farther. It can export the energy 

stored in the vehicle battery to the system to support 

system operation or sell the energy for revenue.  

Á Demand behaviour of storage is complicated and 

uncertain. 

Á EV demand is affected by the usage of the car and 

the way of charging. 

Á Smart charging would be used by some storage 

and EVs to increase revenue or reduce costs. 

Fig. 5 Uncontrolled and smart charging EVs demand profiles 

Fig. 3 EV re-charge demand in a typical day 

Fig. 4 EV consumer participation levels for smart charging in 

2050  
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Operability Impact/ 
Opportunities 

ESO has limited visibility of storage and EVs 

connected to the distribution network, but sees the 

transmission network demand, i.e. the net of the gross 

demand (from home and industry), generation and 

storage on the distribution network. As the amount of 

storage and EVs increases, the  demand seen by 

ESO control centre would look very different. This 

demand change would impact how we operate the 

system. In order to analyse the impact of storage and 

EVs on system operability, we compared the 

transmission network demand in the following cases in 

Table 1. 

 

In this assessment, EV demand profiles come from 

the EV charging innovation project [4], and they 

contain both uncontrolled charging and smart 

charging. The ôEV_onlyô case only considers the 

impact of EVs assuming there is no storage used. 

 In ôClose-to-realityô case, the storage behaviour is 

defined by the storage modelling tool
2
. As FES 

scenario information was used to define the parameter 

values in the modelling tool, this case is supposed to 

be close-to-reality. The storage modelling tool has 

limits; the storage behaviour is not always aligned with 

the changes of market and system through the whole 

year. For example, storage, designed to provide 

service to the ESO, might discharge to provide Firm 

Frequency Response (FFR) earlier or later than when 

FFR is required. Thus, ôClose-to-realityô could be 

treated as a case where the market is not well aligned, 

or there is delayed response of storage.  

In óEconomic idealizationô case where storage is an 

optimized participant in the wholesale market, BID3 

tool is used to dispatch storage and generators in an 

economic manner. Groups of storage would respond 

to a market signal in the same way, leading to herding 

behaviour; óEconomic idealizationô is a case where 

herding of storage is modelled. 

The behaviour of storage and EV is complicated and 

uncertain, so none of the cases in Table 1 would 

perfectly reflect the future scenario, but they help us to 

understand future impacts. This assessment analysed 

the impact of storage and EVs in terms of variations of 

transmission demand peak/minimum and ramp rate 

changes. 

Demand peak 

Demand peak is the point in a day where the 

maximum demand is seen. Fig. 6 shows the density 

distribution of the daily demand peak change 

compared to the óBaseô case in 2025 and 2030. The 

Case Details  

Base 
Assume no storage and no EVs are used in 

the future network.  

EV_only 
Assume only EVs are used and no storage is 

used in the future network.  

Close-to-

reality 

̂°ʗͪƶƖŴʲ̃ ͙ ȡȺƶȉ"ô± b±Ċ"ʘĜƶɔȉ Ĝȡ |±íĜƖ±| bʲ 

the storage tool 2 based on FES scenarios [2]  

Economic 

idealization 

̂°ʗͪƶƖŴʲ̃ ͙ ȡȺƶȉ"ô± b±Ċ"ʘĜƶɔȉ Ĝȡ |±íĜƖ±| 

based on BID3 economic dispatch
3
. 

Table 1 Study cases in this assessment 

2This storage tool was developed in an innovation project with the Carbon Trust to model the storage demand behaviour [2].  
3BID3 is an economic dispatch model used by National Grid ESO. Details are provided in the Network Options Assessment [3].  

Á Storage and EVs with smart charging are enablers 

to decarbonization by shifting demand towards low 

carbon intensity periods. 

Á  Storage and EVs could alter demand peak and 

minimum, impacting demand forecasting.  

Á Storage and EVs could increase demand ramp rate, 

requiring faster frequency response and more dy-

namic reactive power support. 

Á Markets need to be well designed so that storage 

and EVs could support system operation whilst 

maximizing profits.  

Fig. 6 Demand peak changes in 2025 and 2030 

Size of Change (GW) 

Size of Change (GW) 
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Storage is expected to be charging during low 

demand  and low carbon intensity periods when prices 

of energy are cheaper. The demand minimum 

increases in the majority time when storage is used as 

shown in Fig. 7. This will support the system 

operation. For example, a storage co-located with 

solar would mainly be charging when the solar 

generation is high, which is a period of low demand 

and low carbon intensity. 

From 2025 to 2030, the ranges of variations of 

demand peak/minimum increase in all the cases in 

Fig. 6 and Fig. 7. This shows as more storage and 

EVs are connected, the variations would increase. 

Demand peak and minimum are critical to demand 

forecasting. The increased variability of demand peak/

minimum could affect the accuracy of demand 

forecasting, which could incur additional cost to 

operate the system. ESO is planning to include 

storage and EVs in our demand forecasting 

development strategy to improve the accuracy. 

Ramp rate 

Ramp rate refers to how fast demand changes. The 

system impact of large ramp rates is that they can 

lead to an imbalance of both active and reactive 

power. In active power the ESO needs to have 

enough response and reserve in place to ensure 

these swings in power can be managed without any 

frequency disturbances. For reactive power enough 

dynamic voltage support are required to ensure that 

any swings in reactive power can be compensated.  

Figure 8 shows the box plot of the transmission 

demand ramp rate in 2025 and 2030 for all the cases. 

The horizontal line in the middle of the rectangle 

details of a density plot is illustrated in Appendix B.  

In óEV_onlyô case, the demand peak is always 

increased as only the charging mode of EVs is 

considered; EVs are always seen as demand. If óV2Gô 

is considered, the results could be different.  

In óClose-to-realityô and óEconomic idealizationô, 

storage could either charge or discharge so the 

demand peak could either increase or decrease in the 

cases with storage included. Storage will typically be 

exporting power to the system at peak time when 

electricity price is high and will help operability during 

these hours. While the high volume of demand from 

EVs make the demand peak increase in the majority 

of 2025, and always increase in 2030.  

In óEconomic idealizationô case, the demand peak 

varies in the widest range as a large amount of 

storage behaves simultaneously following market 

changes -  herding behaviour. While the peak reduces 

more times compared to other cases, this illustrates 

how storage with appropriate control could potentially 

help to reduce the demand peak. 

Demand Minimum 

Minimum demand is the point in the day where the 

lowest demand is seen. As shown in Fig. 7, in 

óEV_onlyô case, the increase of demand minimum is 

higher than that of demand peak in Fig. 6, because 

EVs with smart charging are more likely to be charging 

in periods of low system demand, low carbon intensity 

and low energy cost. 

Fig. 8 Box plot of transmission demand ramp rate Fig. 7 Demand minimum changes in 2025 and 2030 

Size of Change (GW) 

Size of Change (GW) 


