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ABSTRACT 
The rapidly increasing penetration of distributed 

generation (DG) such as photovoltaic (PV) has brought 
various impacts on distribution network (DN), such as 
voltage rise and power decline. Considering that, the 
hosting capacity evaluation of PV in DN is essential to 
provide useful references for PV development. 
Meanwhile, the mobile energy storage system (MESS) 
has proven to have the potential of improving the HC 
for its ability to provide various grid support services. 
This paper proposes a multi-scenario-based model to 
evaluate the hosting capacity of distribuited considering 
the impacts of MESS. In the proposed model, the transit 
features of MESS are considered. Besides, the scenarios 
are generated according to the uncertainties associated 
with solar irradiance and load demand. The effective-
ness of the proposed method is demonstrated using a 
modified IEEE 33-bus distribution system.  
Keywords: Distributed PV generation, mobile energy 
storage system, distribution network, hosting capacity, 
multi-scenario analysis, uncertainty. 

NONMENCLATURE 

Abbreviations 

HC 
PV 
DG 
DN 
MESS 

Hosting Capacity  
Photovoltaic Generation 
Distributed Generation 
Distribution Network 
Mobile Energy Storage System 

Symbols 

N 
S 
L 
W 
C 

Total scenario number generated  
PV capacity accommodated on DN 
Set of load demand scenarios 
Set of solar irradiance scenarios 
System operation cost 

1. INTRODUCTION
Renewable energy is considered a promising

solution to environmental pollution and energy crisis[1], 
which is usually accommodated on the DN. On the 
other hand, high penetration DG brings various impacts 
on DN planning and operation[2-4], including voltage rise, 
reverse power flow, loss increase, power quality 
decline, etc. In order to ensure the DN operation safety 
with high penetration of DG, many methods have been 
presented to evaluate the HC of a DN[5], which is 
defined as the total DG capacity that can be accom-
modated on a DN without violating severe operational 
constraints[6]. A maximum DG hosting capacity 
evaluation method considering the uncertain context of 
DG power outputs and load demands is proposed in [7]. 
Based on multi-scenario system operation simulation, 
reference [8] proposed a probabilistic method for 
determining grid-accommodable wind power capacity.  

Nowadays, MESS has been exploited for providing 
load shifting, voltage regulation and other services to 
DN[8], which can reduce the operational risk of DN with 
high penetration DG[9]. Different from stationary ESS, it 
can change its position in the power system through the 
transportation network, as shown in Figure 1, which has 
better flexibility. Reference [10] proposed a two-stage 
optimization model for MESS to enhance DN resilience. 
A rolling integrated service restoration strategy to 
minimize the total system cost by coordinating the 
scheduling of MESS fleets is proposed in [11]. However, 
there are not many studies on the impact analysis of 
MESS on hosting capacity of distributed PV.  

In this paper, a multi-scenario-based PV hosting 
capacity evaluation model while considering the 
impacts of MESS is proposed. A MESS operation strate-
gy that aims to minimize the cost of the DN operation is 
also studied in the section of system operation 
simulation. Finally, a modified IEEE 33-bus distribution 
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system with PV generations and MESSs is used to 
demonstrate the effectiveness of the proposed model. 

Power system

transportation network

Substation

PV generation

EV charger

Power load

MESS station

MESS

Fig. 1. Interaction between transportation network and 
power system 

2. A MULTI-SCENARIO BASED FRAMEWORK TO
DETERMINE THE PV HOSTING CAPACITY

2.1 PV Curtailment Ratio and Penetration Ratio 

Before evaluating PV hosting capacity, in (1) and (2) 
the PV curtailment ratio, which is determined by both 
the system load and the PV power output, and the PV 
penetration ratio are defined, which describes the level 
of utilization of PV, respectively. 
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where CQ  represents the actual PV generation 

electricity imported to the DN, which is determined by 

the scenario ( ),n nL W and PV capacity S. max
CQ

represents the maximum electricity that can be 
imported to the DN without considering any operation 
constraints, which is the function of the solar irradiance 

Wn and the PV capacity S. totalQ is the total electricity 

demand during the system operation in a scenario. 
It should be noted that the evaluation of PV hosting 

capacity by the method proposed in this paper is 
premised on a given PV curtailment ratio max , which is 

defined as maxS , and the value of maxS is positively 
related to the specified max . 

2.2 The PV hosting capacity based on multi-scenario 
simulation 

The whole PV hosting capacity evaluation 
framework is presented in Fig. 2. First, the load demand 
scenario set L and solar irradiance scenario W are 
established. Therefore, the system operation scenario 

used in this paper can be represented by a pair of (Ln, 
Wn). Second, In the evaluation of each scenario, the PV 
capacity S is grad-ually increased until it reaches Smax, 
which also indicates that the evaluation of a scenario is 
completed. Then the system operation simulation 
model is run with the new system scenario until all the 
scenarios are considered. Finally, the relationship 
between PV capacity S and PV curtailment ratio   is 
obtained, then the HC of the DN can also be calculated. 
Specifically, for each system simulation, the evaluation 
of HC is run on a half-hour basis on a day basis, where 
load demand and solar irra-diance have little correlation 
for half-hour evaluations. 

The error analysis of Monte Carlo method is also 
considered. The Monte Carlo indicator like (3) can be 
used as the stop requirement.  

With a confidence level of 1−β and error tolerance 
ε, the amount of sampling Nmax should be no less than 
N, which is shown in (4).  
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where maxS is defined as the PV capacity under the 
given max , ̂  is the estimated standard deviation of 

simulation error, λβ is the two–tailed 1−β quantile of the 
standard normal distribution. 

 Solar irradiance 

scenarios W

 Load demand 
scenarios L

 Select scenario (Wn ,Ln )

Distribution system 
operation simulation

No

Calculate the HC in this 
operation scenario 

Output the result

n>Nmax or Ɛ<Ɛstop

 Select PV capacity S

Yes

  S =S +Δs  n =n +1

  S < Smax

No

Yes

Fig. 2. Framework of the HC evaluation method. 
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3. SYSTEM OPERATION SIMULATION MODEL
A system operation simulation model is studied in

this section to evaluate the PV capacity that can be 
accommodated by DN and analyze the impact of MESS 
on HC in one scenario, which can be divided into 2 
subsystems[12]: 

1) the MESS operation model that states the MESS
operating states and constraints. 

2) the system power flow model that relates to the
MESS power output and positions. 

3.1 MESS operation model 

The MESS operation model includes two parts, the 
transit model and the power model. 

The transit model mainly describes the MESS com-
mute time between two stations and the transit logic of 
MESS, For a set of stations NS, the distance between 

stations is described by the matrix NS NSD R  , element 
,mnd m n NS  represents the distance between station 

m and station n. and mn is the commute time (in 

samples) from station m to station n that depends on 

mnd , and an assumption is =mn nm  . 

The Boolean matrix NS TZ R   and 1TX R  are 
also defined to describe the transit logic of MESS, 
respectively, where each element ,m tz equals one if 

MESS exists at station m at sample time t, and tx  is the 

stationary location variable, which equals one if the 
MESS moves at sample time t. 

Base on the transit model, the MESS power model 

are shown as follows[13]： 

, , ,
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where max
MESSS is the MESS converter rated apparent 

power, max
MESSq  represents the reactive power upper 

limits for MESS. (19) states that the MESS truck can only 
be at MESSn  stations at any sample t. (20) describes the 

transmission logic of MESS from station m to station n. 

(23) describes the MESS energy state over time, MESS
tE is 

the MESS energy at sample t in MW·h, rate
MESSE

represents the MESS rated energy. ch and dh

represent the efficiency of charging and discharging, 
respectively. 

3.2 Power flow model of distribution network 

Considering the fact that power DN typically 
features radial topology, the complex power flow at 
each node is described by the DistFlow equations, these 
linearized power flow equations has been widely used 
in DN analysis[14]. The linearized DistFlow model that 
ignores network losses are represented as follows. 

1, , 1,i t i t i tP P p+ += − (16) 

1, , 1,i t i t i tQ Q q+ += − (17) 

, , , , , , , ,,L G S L G S
i t i t i t i t i t i t i t i tp p p p q q q q= − − = − − (18) 

( ) 2
1, , , , 1,i t i t i i t i i t tV V R P X Q V+ = − + (19) 

where Pi,t and Qi,t are the active and reactive power 
flow from node i to node i+1 at sample time t, respect-
tively. ,i tp and ,i tq are the active and reactive power

demand at node i, respectively, which are determined 
by the load demand (superscripted L), PV generator 
output (superscripted G) and MESS power output 
(superscripted S) at node i. Vi represents the voltages at 
node i, Ri and Xi are resistance and reactance of the 
branch from node i to node i+1, respectively. 

The constraints considered here include over-
voltage and feeder ampacity. 

min , maxi i t iV V V  (20) 

, max0 i t iP P  (21) 

3.3 System optimal operation model with MESS 

The mathematical formulation of the system 
optimal operation in one scenario can be formulated as 
follows. 

The objective function is to minimize DN operation 
cost C, which includes the cost of PV curtailment, the 
cost of buying electricity and the cost of MESS 
operation. 

min cur MESS sub
MESS subC PC Q C C  =  +  +  

(22) 
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( ) ( ), , ,max
100

MESS sh dh
s t t s t s tc D FC x CP p p


=   +   + (24)

where MESS  and sub are the weighting factors of

the MESS operation cost and imported electricity cost, 
curQ is the total curtailment of electricity generated by 

PV, t is the duration of one simulation time period in 
h, NG and NS are the sets of PV generators and MESS
stations, respectively. PC and EP are the penalty 
factor of curtailment and electricity price, respectively. 
(12) describes the cost of MESS, it includes truck
operation cost, which is modeled as the worst case, and
ES degradation cost, which is the function of charging

( ,
ch
s tp ) and discharging ( ,

dh
s tp ) decision variables at time t 

for station s,  and CP are the technology-specific 

degradation slope parameter[15] and Charge/discharge 
cost factor, respectively. 

The constraints of the problem include the MESS 
operation constraints shown in (5)-(15) and DN 
operation limits shown in (20)-(21). 

4. CASE STUDY

4.1 Modified IEEE 33-bus test system 

In the section of case study, the modified IEEE-33 
distribution network, the diagram of which is shown in 
Fig.3, is applied as the test system. 6 PV generators, 
whose parameters are shown in TABLE I, and 4 MESS 
stations, between which the distance matrix has been 
modeled, are added to the DN. And the parameters of 
the MESS are shown in TABLE II. 

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18

19 20 22

23 24 25 26 27 28 29 30 31 32 33

MESS PVStation

1 2

3

4

21

Fig.3. Diagram of the modified distribution network 

It should be noted that the parameters of the 
simulation model are taken from MATPOWER6.0, and 
other parameters are shown in TABLE III. Evaluation is 
running for the day 7:00-17:00, we analyzed the daily 
power load data and solar energy data in a certain place 
in China and normalized it to get the proportion of the 
load on each bus and the solar for each area at different 
sample time period. The electricity price EP in a day is 
considered as a constant value. 

TABLE I. Parameters of PV generators 
Number Location Capacity Power factor 

1 3 23%·S 1 
2 9 23%·S 0.9 
3 14 19%·S 0.9 
4 19 12%·S 0.9 
5 26 23%·S 1 

TABLE II. Parameters of MESS 
Type Value Type Value 

nMESS 1 max
MESSE 1 MW·h 

ηch 0.75 min
MESSE 0.2 MW·h 

ηdh 1.33 rate
MESSE 0.8 MW·h 

max
chp 0.5MW 0

MESSE 0.5 MW·h 

max
dhp 0.5MW max

MESSq 0.075MW 

TABLE III. Basic Parameters of the model 
Type Value Type Value 

EP 800$/ MW·h Nmax 100 
CP 1000$/ MW·h ε 0.05 
PC 100$/ MW·h T 21 
FC 10$/km △t 0.5h 
λMESS 1 Smax 2.5MW 
λsub 0.1 △S 0.125MW 

The proposed MILP problem is solved in cplex12.10. 
We use MATLAB R2018a to formulate the desired 
model which is then linked with cplex solver. The result 
will be shown and discussed in section 4.2. 

4.2 Results and discussion 

Fig.4 shows the relationship between the PV 
capacity S and the PV curtailment ratio  . It can be 

seen that, for the DN with MESS, there is 0%S = 1.20MW 
and the corresponding expected PV penetration   is 

29.93%. To analyze the impact of MESS in improving the 
operation status of DN, the comparison of the 
evaluation result without MESS is also shown in Fig.4. 
And the operation cost of DN using MESS (C1=16562$) 
has also been shown to be lower than that without 
MESS (C2=17626$). 

Fig.4. HC evaluation result and comparison 

The optimal operation strategy of MESS is 
illustrated in Fig.5. Fig.5(a) shows the load and PV curve 
for each area in one simulation scenario, it can be seen 
that the load trends in different areas are different, 
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which provides a movement direction for the MESS. The 
mov-ement trajectory and power output of the MESS in 
this scenario are shown in Fig.5(b) and 5(c), 
respectively. Fig.5(d) compares the PV curtailment of 
the DN with and without MESS in this scenario, finally.  

(a) load curve and solar curve

(b)MESS positions

(c)MESS power output

(d) comparison of PV curtailments
Fig.5. simulation result for one certain scenario 

As can be seen in Fig.5, in the early morning the 
output of PV generation is rare, and the MESS acts as a 
generator to generate electricity at this time. When the 

solar irradiance is strong at noon and the PV generation 
output is high, the MESS acts as a load to absorb excess 
PV power generation to avoid PV curtailment.  

The contribution of MESS to improve the PV hosting 
capacity can be proved obviously. According to Fig. 5(d), 
in the case of not using MESS, there is a serious 
problem of PV curtailment on PV 3 at noon. In the case 
of using MESS, the MESS moves to station 2 that is close 
to PV 3 at noon and acts as a load. The results show that 
the problem of PV curtailment on PV 3 has been 
effectively solved, which also proves the effectiveness 
of the MESS optimization operation strategy proposed 
in this paper. 

5. CONCLUSIONS
This paper proposes an evaluation method for PV

hosting capacity of a certain DN while the connected 
position of PVs in the DN has been determined before 
evaluation, the analysis of MESS on PV hosting capacity 
is also studied. The optimal operation strategy of MESS, 
which aims to minimize the operation cost of DN, is 
studied in the section of system simulation. Multi-
scenario analysis is also applied in this method to deal 
with the uncertainty of system load demand and solar 
irradiance. A case study on a modified IEEE-33 
distribution system with daily data of PVs and loads is 
used to validate the results. The proposed method 
effectively describes the relationship between PV 
hosting capacity and PV curtailment. The optimal 
operation strategy of MESS has also been verified to be 
effective, the HC evaluation result of a DN with MESS is 
higher than that without MESS, and the system 
operation cost is also reduced when using MESS. 

REFERENCE 
[1] Y. M. Atwa, E. F. El-Saadany, M. M. A. Salama, and R.
Seethapathy. Optimal renewable resources mix for dis-
tribution system energy loss minimization. IEEE Trans.
Power Syst, vol. 25, no. 1, pp. 360–370, Feb. 2010.
[2] A. Kharrazi, V. Sreeram, Y. Mishra, Assessment tech-
niques of the impact of grid-tied rooftop photovoltaic
generation on the power quality of low voltage distri-
bution network - A review, Renewable and Sustainable
Energy Reviews, Volume 120, 2020,109643
[3] Y. Liu, J. Bebic, B. Kroposki, J. de Bedout, and W. Ren,
Distribution system voltage performance analysis for
high-penetration PV. in Proc. IEEE Energy 2030 Conf,
Nov. 2008, pp. 1–8.
[4] K L Butler-Purry and M Marotti, Impact of distrib-
uted generators on protective devices in radial distrib-
ution systems. In Transmission and Distribution Confere-

7
:0

0

7
:3

0

8
:0

0

8
:3

0

9
:0

0

9
:3

0

1
0

:0
0

1
0

:3
0

1
1

:0
0

1
1

:3
0

1
2

:0
0

1
2

:3
0

1
3

:0
0

1
3

:3
0

1
4

:0
0

1
4

:3
0

1
5

:0
0

1
5

:3
0

1
6

:0
0

1
6

:3
0

1
7

:0
0

1

2

3

4

5

6

P
V

 n
u

m
b

er

Time

0.000

0.09000

0.1800

0.2700

0.3600

0.4500

PV curtailment /MW

7
:0

0

7
:3

0

8
:0

0

8
:3

0

9
:0

0

9
:3

0

1
0

:0
0

1
0

:3
0

1
1

:0
0

1
1

:3
0

1
2

:0
0

1
2

:3
0

1
3

:0
0

1
3

:3
0

1
4

:0
0

1
4

:3
0

1
5

:0
0

1
5

:3
0

1
6

:0
0

1
6

:3
0

1
7

:0
0

1

2

3

4

5

6

P
V

 n
u

m
b

er

Time



6 

nce and Exhibition, 2005/2006 IEEE PES, 2006, pp. 87-
88. 
[5] Sherif M. Ismael, Shady H.E. Abdel Aleem, Almoataz
Y. Abdelaziz, Ahmed F. Zobaa, State-of-the-art of
hosting capacity in modern power systems with distri-
buted generation, Renewable Energy, Volume 130,
2019, Pages 1002-1020,
[6] F. Ding and B. Mather, On Distributed PV Hosting
Capacity Estimation, Sensitivity Study, and Improve-
ment, in IEEE Transactions on Sustainable Energy, vol. 8,
no. 3, pp. 1010-1020, July 2017.
[7] S. Wang, S. Chen, L. Ge and L. Wu, Distributed
Generation Hosting Capacity Evaluation for Distribution
Systems Considering the Robust Optimal Operation of
OLTC and SVC. in IEEE Transactions on Sustainable
Energy, vol. 7, no. 3, pp. 1111-1123, July 2016.
[8] Q. Xu et al. A Probabilistic Method for Determining
Grid-Accommodable Wind Power Capacity Based on
Multiscenario System Operation Simulation. in IEEE
Transactions on Smart Grid, vol. 7, no. 1, pp. 400-409,
Jan. 2016.
[9] X. Jiang, J. Chen, W. Zhang, Q. Wu, Y. Zhang and J.
Liu, Two-step Optimal Allocation of Stationary and
Mobile Energy Storage Systems in Resilient Distribution
Networks, in Journal of Modern Power Systems and
Clean Energy, vol. 9, no. 4, pp. 788-799, July 2021.
[10] J. Kim and Y. Dvorkin. Enhancing Distribution
System Resilience With Mobile Energy Storage and
Microgrids. in IEEE Transactions on Smart Grid, vol. 10,
no. 5, pp. 4996-5006, Sept. 2019.
[11] S. Yao, P. Wang, X. Liu, H. Zhang and T. Zhao.
Rolling Optimization of Mobile Energy Storage Fleets for
Resilient Service Restoration. in IEEE Transactions on
Smart Grid, vol. 11, no. 2, pp. 1030-1043, March 2020.
[12] H. H. Abdeltawab and Y. A. I. Mohamed. Mobile
Energy Storage Scheduling and Operation in Active
Distribution Systems. in IEEE Transactions on Industrial
Electronics, vol. 64, no. 9, pp. 6828-6840, Sept. 2017.
conclude SUN Weiqing, LIU Wei, ZHANG Jie.
Collaborative Optimization for Dynamic Reconfiguration
of Distribu-tion Network and Mobile Energy Storage in
Background of High Proportion of Renewable Energy.
Automation of Electric Power Systems, 2021,45(19):80-
90.
[14] S. Tan, J. -X. Xu and S. K. Panda, Optimization of
Distribution Network Incorporating Distributed Gener-
ators: An Integrated Approach, in IEEE Transactions on
Power Systems, vol. 28, no. 3, pp. 2421-2432, Aug.
2013.
[15] S. Lei, C. Chen, H. Zhou and Y. Hou. Routing and
Scheduling of Mobile Power Sources for Distribution

System Resilience Enhancement. in IEEE Transactions on 
Smart Grid, vol. 10, no. 5, pp. 5650-5662, Sept. 2019. 


