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6. Results of the EVs charging demand  
     In this case study, the future EVs demand in Copenhagen 
may vary from 15 to 300 EVs per day for each charging 
station. As shown in Table 2 the minimum power required 
from the grid depends on the EVs daily demand and EV 
market penetration. To analyse the EV demand two scenarios 
have been considered: uncontrolled charging demand and 
storage charging demand. In all scenarios chargers of 150kW 
in DC are considered. The 150kW charging profiles are 
obtained considering the performed tests in our laboratory 
[24] with 50kW chargers in DC as shown in Fig. 1. In 
addition, based on the performed tests, the 150kW charging 
profile will follow the same trend of the 50kW charger as 
described in equation (1). In order to generate the 150kW-
DCFCSs load, demand simulations are carried out by using 
MATLAB/Simulink for the given mean and standard 
deviation functions (7), (8). The distribution functions of 
those random variables can be obtained from the equations 
calculated in Sections 3 and 4.  

6.1. Results for uncontrolled charging demand 
    This scenario considers the EVs daily demand from 15 to 
150 EVs in Nordhavn-Copenhagen area as shown in Table 2, 
and different charging configurations can be utilised to 
support the EVs demand. As shown in Table 2 the minimum 
grid power required to support EVs demand varies according 
to EVs demand. In all scenarios chargers of 150kW are 
considered. Fig. 7 shows the results from five DCFCSs, 
where all the input parameters are assumed to follow the 
stochastic demand model calculated in Sections 3 and 4. The 
DCFCSs load profile is one of the most critical parameters 
obtained from the stochastic model. It shows daily pulsating 
load profiles of the EVs charging demand on the grid side 
according to (9), (11). The case study under consideration 
considers 50 % EV market penetration. Fig. 8 shows five 
DCFCSs of 150kW supplied by two transformers of 500kVA. 
EVs demand varies during the congested workday, normal 
day, Saturday and Sunday. According to Table 2, in this 
scenario, 150EVs and 140EVs are supplied by two 
transformers during the congested workday and the normal 
workday. For this grid configuration, high investment costs 
are required to reinforce the grid with an additional 
transformer, especially when the EVs demand will increase 
over the years. Therefore, as showed in Fig.8, in addition to 
the initial investment, which includes one MV transformer 
and two or three DCFCSs of 150kW over the next 10 years, 
an additional MV transformer will be required to support the 
growing number of EVs. The new MV transformer requires a 
new investment cost which includes new LV and MV 
dedicated lines, switchboards and the installation costs [28]. 

 
 
 

 
Fig. 8. DCFCSs load demand: a) congested workday 

150EVs, b) workday 140EVs, c) Saturday 90EVs, d) Sunday 
80EVs 

 
In the next section, a CBA can be implemented in function 
EV demand. 

6.2. Results storage charging demand for PS 
and FNR 

     In this section, a simulation-based approach is used to 
underline the performance of the proposed methodology. For 
this purpose the following assumptions are considered. Frist, 
the BES and DCFCSs belong to the same private stakeholder 
called electric vehicle supply equipment operators (EVSEO), 
which is also responsible for grid upgrade. In this case the 
private stakeholder can be the DSOs or a private owner of the 
DCFCSs such as the aggregators. Second, the PS is a local 
grid service provided by EVSEO and it will be performed to 
manage the EV demand during the congestion hours in order 
to avoid the grid reinforcement costs. Third, the FNR is a 
service provided to TSOs, and it is implemented in order to 
compensate the investment costs of the BES. In order to 
validate the proposed methodology, a case study is carried out 
considering EV demand of 140 EVs as shown in Fig. 8. The 
BES size is subjected according to EV demand in order to 
provide PS as calculated in the equation (15) and FNR in (18). 
In addition, the size of the AC/DC converter and the BES size 
consider the grid constrains, i.e., the transformer capacity as 
well as the DCFCSs power demand calculated in Section 3. 



 
 

Fig. 9 shows the grid configuration considering 150 EVs 
charged per day and the BES operation after 1-day simulation. 
 

 
 

 
Fig. 9. DCFCSs load during with 140 EVs: a) EVs demand 
and BES in kWh, b) required grid power, c) BES charging 

and discharging process for PS and FNR, d) BES SoC 
during the EVs demand 

 
According to Fig. 9 the EV charging demand during a normal 
workday is shown. The peak load is in the morning (between 
06:00 and 10:00) and in the afternoon (between 16:00 and 
19:00) as demonstrated in Section 3. The BES during peak 
hours provides PS to support the local grid. Moreover, 
between 12:00 and 16:00 the BES is used to restore the SoC 
of the battery and in order to be ready to provide peak shaving 
during the second peak of the day from16:00 to 19.00. In 
addition, as shown in Fig. 9 the BES is able to provide FNR 
during the period from 20:00 to 05:00 of the next day. During 
this period of time, the BES is charged or discharged 
according to the measured frequency signal. Instead, periods 
from 05:00 to 06:00 and from 19:00 to 20:00 are used to 
restore the battery SoC in order to ensure PS during the 
daytime. The introduction of the BES helps the DCFCSs to 
avoid the grid reinforcement costs when the EVs peak 
demand exceeds the grid capacity. As shown in Table 2 
shows EVs daily demand from 15 to 90 EVs where the grid 
reinforcement is not required. Instead, from 100 to 150 EVs 
grid reinforcement is required to support the demand. 
Alternatively, as shown in Table 3 the storage charging 

demand can avoid the grid upgrade by using different BESs 
as grid reinforcement. 
 

Table 3. storage charging strategy 
Number 
EVs per 

day 

Grid 
power 
[kW] 

Power 
DCFCSs 

[kW] 

Overload 
grid 
[%] 

Overload 
time 
[h] 

BES 
[kWh] 

Eb 
15 500 150 0 0 0 
20 500 150 0 0 0 
60 500 300 0 0 0 
90 500 450 0 0 0 
100 500 600 20 1.04 18.2 
110 500 600 20 1.27 23.5 
120 500 600 20 2.13 28.17 
130 500 600 20 3.18 31.12 
140 500 750 50 5.15 437 
150 500 750 50 7.44 586 

 
In addition, the equations (15) and (18) are implemented to 
maximise the profitability of the BES versus its investment 
costs by providing PS during the day and FNR during the 
night. A CBA is carried out in the next section to evaluate the 
financial performance of the BES as life-cycle costs versus 
the revenue provided by the TSO for FNR.by considering 
EVs daily demand from 15 to 150EVs. 

7. Cost-benefit analysis methodology 
     This section two cases of grid reinforcement are 
considered. A CBA approach is presented to determine the 
profitability of the DCFCSs investment within power systems 
considering different EVs charged per day. The first method, 
Case A uses the BESs as stationary application during the 
congestion hours to support the increasing EV demand over 
the years as shown in Table 4 and Section 5. In this case, the 
BES operates as PS in parallel with the grid and provides 
FNR during the night when the EVs demand is low. The 
second method, Case B adopts grid reinforcement by using a 
new MV transformer to sustain the increasing EV demand 
over the years as shown in Table 4 and Section 4. 
 

Table 4.CBA of the Case A and B 
Number of  

EVs per 
day 

Number of 
DCFCSs 
150kW 

Case A 
grid power 

[kVA] 

Case B 
grid power 

[kVA] 
15 1 500 500 
20 1 500 500 
60 2 500 500 
90 3 500 500 
100 4 500+BES 1000 
110 4 500+BES 1000 
120 4 500+BES 1000 
130 4 500+BES 1000 
140 5 500+BES 1000 
150 5 500+BES 1000 

 
In both cases at the beginning, a grid reinforcement in MV 
grid is required with a transformer of 500kVA as shown in 
Table 4. Since the EVs demand will increase during the years 
[6], extra chargers are required to sustain the EVs demand. 
As shown in Table 4, 500kVA is the minimum grid power 
required to support the EVs demand from 15 to 90 EVs. 
Instead, if the EVs demand increases over the years from 100 
to 150 EVs per day, new chargers in DC, as well as a new 
transformer of 500kVA, must be installed. The main 
objective of the CBA is to evaluate the economic 
performance of Case A versus Case B. In particular, the 
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