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Abstract—Transmission blockage caused by structural 
defects of small hydropower distribution network and 
insufficient regulation flexibility, which has a certain 
coupling relationship in time series, is the main reason for 
water abandonment. Based on the characteristics of 
time-sharing multiplexing of energy storage system (ESS), 
utilizing the coupling relationship of water abandonment 
events and rationally configuring ESS can solve the 
problems of small hydropower transmission congestion 
and lack of regulatory flexibility. The causes of insuffi-
cient flexibility and transmission blockage resulting in 
water abandonment, and the coupling relationship with 
ESS are analyzed. A source-grid-storage collaborative 
planning model for small hydropower distribution net-
work is established. The upper-level objective is to max-
imize on-site consumption of small hydropower and the 
profits of regional small hydropower investors. The low-
er-level objective is to minimize average voltage offset, the 
input of VAR compensation system (VCS) and the num-
ber of transformer tap changer operation. The YALMIP 
solver is used to solve the optimization problems. Taking 
the 90 MW small hydropower unit in a certain area as an 
example, collaborative planning and operation analysis is 
conducted. The results prove that the proposed method 
can improve the on-site consumption of small hydropower, 
increase the income of regional small hydropower inves-
tors, and can also increase the voltage quality of the dis-
tribution network. 

Index Terms—Small hydropower, energy storage, 
transmission congestion, water abandonment, on-site 
consumption, collaborative planning. 
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Ⅰ.   INTRODUCTION 

n recent years, with the promotion of the national 

“carbon peaking and carbon neutrality” strategic goal, 
small hydropower, as a clean, safe, and efficient re-
newable energy source, has received renewed attention 

[1]. However, most small hydropower stations are lo-
cated in remote mountainous areas and runoff-based 

power generation [2]. The randomness of incoming 
water can easily cause voltage quality fluctuations, and 
the uncertainty has strong seasonal operating charac-

teristics [3]. These significant defects seriously restrict 
the on-site consumption capacity of small hydropower, 
causing problems with the safe and stable operation of 

the distribution network, and resulting in some water 
abandonment incidents. This also prevents small hy-

dropower developers from maximizing the economic 
benefits. Energy storage system (ESS) can effectively 
achieve mutual coordination of hydropower, network 

and ESS [4], thus providing an effective method to 
solve the above problems. 

Some scholars have conducted relevant researches on 

the joint planning of hydropower, distributed genera-
tions (DGs), and ESS. Reference [5] proposes a “bidi-
rectional electricity price compensation” policy to in-

centivize hydropower to participate in the consumption 
of distributed wind power generation, while bundling 

ESS on the wind power side to improve the wind power 
game bidding ability. The results show that the policy 
can effectively improve the revenue of the hydropow-

er-wind power joint system. Reference [6] proposes a 
complementary hydro-wind-PV-ESS scheduling 
scheme. The scheme can meet the stability of trans-

mission power, and fully leverage the flexibility of 
hydropower and ESS, and effectively reduce the waste 

of electricity in the joint system. Reference [7] estab-
lishes a hydro-PV-gas-thermal-ESS joint optimization 
scheduling model based on chance constrained objec-

tive programming. The results show that the proposed 
coordinated scheduling model can improve the absorp-
tion capacity of renewable energy sources and the 

economic benefits of the system. Reference [8] estab-
lishes a new type of joint power generation planning 

I 
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model for power systems under the dual carbon target, 

considering the collaborative optimization operation of 
source-grid-load-storage. Various power generation 

technologies, ESS, and other practical situations are 
comprehensively considered, and the lowest system 
investment and total operating costs are achieved. In [9], 

a two-stage stochastic programming model is estab-
lished for optimal scheduling of hydropower, wind 
power, and pumped storage energy, using power load as 

a uncertain parameter for uncertainty modeling. Simu-
lation shows that the proposed model has a certain im-

provement effect on system economy and environment. 
Based on the long-term planning of hydropower, com-
bined with the characteristics of wind power, PV and 

pumped-storage, reference [10] proposes a medium to 
long-term optimization operation strategy for inde-
pendent regional power grids in the dry season. The 

research results can effectively improve the efficiency 
of hydropower generation and avoid the risk of running 

out of water in hydropower stations during the dry 
season. In [11], a new unified scheduling planning is 
proposed for cascaded pumped storage power units. The 

results show that the proposed unified scheduling 
planning model can improve the economic benefits of 
the power system. Reference [12] unifies planning and 

integration of pumping stations between traditional 
cascade hydropower stations to form a hybrid pumped 
storage system, which increases the flexibility of hy-

dropower generation, promotes the potential of renew-
able energy into the grid, and improves the economic 

benefits and energy efficiency of the system. Reference 
[13] studies the complementary characteristics of dif-
ferent power sources and proposes evaluation indicators 

for complementary energy systems of small hydro-
power-wind power, PV, and ESS. It takes into account 
the optimal capacity configuration of the ESS and im-

proves the flexibility of the entire system. Reference [14] 
utilizes the regulation ability of pumped storage power 

stations to smooth fluctuations in the power generation 
of distributed energy sources such as small hydropower. 
A capacity optimization model is established for hybrid 

power generation systems such as basin water storage 
with the goal of economic optimization under mul-
ti-constraint conditions, which improves the economic 

benefits of hydropower-ESS system operation. 
The above researches generally only consider single 

factors such as economy or flexibility in the overall 
system planning. However, there is no unified coordi-
nation that takes into account the economy and opera-
tional performance of the hydropower-ESS joint system. 
This paper comprehensively considers hydropow-
er-ESS planning from the perspective of 
source-grid-storage coordination, in order to improve 
the on-site consumption capacity of small hydropower 
and the economic, safe and efficient operation of the 
distribution network. The reasons for insufficient oper-

ating flexibility and transmission congestion of the 
small hydropower distribution network are analyzed, 
and a small hydropower-grid-storage collaborative 
planning and operation model is established. This model 
not only considers the investment benefits of hydro-
power business, but also takes into account operational 
indicators such as voltage quality of the distribution 
network. It achieves the maximum utilization of hy-
dropower resources and the effective utilization of dis-
tribution network resources. In response to the obvious 
seasonal characteristics of small hydropower, the 
YALMIP solver is used to solve the model, and the 
economy of the small hydropower distribution network 
after configuring energy storage is researched, as well 
as the impact of energy storage on different operating 
parameters of the power grid. The proposed strategy 
effectively improves the consumption rate of small 
hydropower and the economy of the small hydropower 
distribution network, while reducing water abandon-
ment caused by insufficient peak shaving capacity and 
transmission line congestion. It can further reduce the 
annual average voltage offset and the number of trans-
former tap changer operations of the small hydropower 
distribution network. 

Ⅱ.   ANALYSIS OF THE COUPLING RELATIONSHIP OF 

WATER ABANDONMENT EVENTS 

A. Analysis of the Causes of Water Abandonment due to 
Insufficient Peak Regulation 

The acceptance capacity of the power system for 
small hydropower is determined by the peak shaving 
depth of the flexible power supply [15], [16]. Due to the 

randomness and volatility of run-off small hydropower 
generation, when small hydropower is connected to the 

power grid and exceeds the system’s acceptance ca-
pacity, there will be water abandonment caused by in-
sufficient peak regulation [17], expressed as: 

net R net R

aw1

net R

, ( ) , ( )   , ( ) , ( )
, ( )

0                           ,  ( ) , ( )

P i t P i t P i t P i t
P i t

P i t P i t


 


≥

＜
    (1) 

where aw1, ( )P i t is water abandonment power due to 

insufficient peak shaving capacity at time t  (24 hours 

in total) during the scheduling day i ; net , ( )P i t  is the 

power transmitted from the small hydropower distribu-
tion network to the large grid after on-site load con-
sumption at time t during the scheduling day i ; and 

R , ( )P i t  is the acceptable hydropower of the system at 

time t  during the scheduling day i . 

The expression for net , ( )P i t  is given as: 

net sh load loss, ( ) , ( ) , ( ) , ( )P i t P i t P i t P i t            (2) 

where sh , ( )P i t is the active power generated by the small 

hydropower; load , ( )P i t is the on-site load consumption; 

and loss , ( )P i t is the total network loss of the small hydro-

power distribution network system. 
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B. Analysis of the Causes of Water Abandonment due to 

Power Transmission Blockage 

With the large-scale integration of renewable energy 

sources such as small hydropower into the grid, due to 
the time lag in power grid construction, when the power 
of small hydropower exceeds the transmission capacity 

of the lines, the power of the transmission lines will 
exceed the limit, resulting in transmission congestion 
and water abandonment [18]. The expression of the 

water abandonment power is given as: 

net M net M
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net M
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P i t P P i t P
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P i t P


 


≥

＜
         (3) 

where aw2 , ( )P i t  is the water abandonment power due to 

transmission blockage at time t during the scheduling 

day i ; while MP is the maximum transmission capacity 

of the power grid transmission lines. 

C. The Temporal Coupling Relationship Between Water 
Abandonment due to Insufficient Peak Regulation and 

Water Abandonment due to Power Transmission 
Blockage 

The expressions in the previous two sections are used 

to calculate the water abandonments due to insufficient 
peak regulation and power transmission blockage in the 
same time sequence, while the two are coupled to obtain 

the total water abandonment. The expression for the 
total water abandonment is given as: 

 AW aw1 aw2, ( ) max , ( ); , ( )P i t P i t P i t             (4) 

where AW , ( )P i t  is the total water abandonment at time 

t  during the scheduling day i . 

 min M R netmin ; , ( ); , ( )P P P i t P i t                (5)  
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When the maximum capacity of the transmission line 

MP  is less than the transmission line power net , ( )P i t  and 

the upper limit of system peak shaving R , ( )P i t , the 

abandoned water is greater than zero. Adding ESS can 

absorb power to ensure that the transmission power of 
the transmission lines will not exceed the limit and 
prevent transmission congestion. 

When the upper limit of system peak shaving R , ( )P i t  

is less than the transmission line power net , ( )P i t  and the 

maximum capacity of the transmission line MP , the 

abandoned water is greater than zero. Adding ESS can 
again absorb power to ensure that the system does not 
suffer from insufficient peak regulation. 

When the transmission line power net , ( )P i t is less 

than the upper limit of system peak shaving R , ( )P i t  and 

the maximum capacity of the transmission line MP , it 

indicates the transmission line power may not have 
reached the upper limit. At this time, the configured 
ESS can generate power, but the transmission line 
power after ESS configuration should not exceed 

 M Rmin ; , ( )P P i t . 

Ⅲ.   ANALYSIS OF THE IMPACT OF ESS CONFIGURATION 

ON THE SOURCE SIDE AND NETWORK SIDE 

A. The Impact of Energy Storage Configuration on 
Small Hydropower Units 

Since most small hydropower stations are runoff type, 
their power generation capacity is naturally constrained 
by the amount of incoming water. During dry season, 
the power generation will drop sharply, while during 
rainy season, there will be a large amount of water 
abandonment [19]. The addition of energy storage de-
vices can improve the on-site consumption capacity of 
small hydropower on the source side, and effectively 
reduce water abandonment during rainy season. This 
will maximize the utilization of water resources while 
also reduce transmission congestion caused by trans-
mission line power exceeding limits. At the same time, 
because the ESS can play the role of peak shaving and 
valley filling, it not only increases the flexibility of the 
system, but also indirectly reduces the peak value of the 
net load, which can effectively reduce the peak shaving 
pressure of the power system [20]. 

B. The Impact of Energy Storage Configuration on 

Transmission Network 

In the initial planning stage of the power grid, the 
matching relationship between the output power and the 
external power capacity of the small hydropower station 
should be fully considered [21], [22]. If the installed 
capacity of small hydropower is used as the basis for 
planning the transmission capacity of the external 
connecting transmission lines, then when the output of 
small hydropower is small during the dry season, a large 
amount of transmission capacity will be unutilized, 
resulting in a waste of investment. However, if the 
planning boundary of the small hydropower grid con-
nection point is reduced and the selected value is inap-
propriate, there will be a potential risk of transmission 
congestion in the transmission lines. By configuring an 
appropriate ESS in the small hydropower area, the hy-
dropower that exceeds the transmission capacity can be 
stored when the incoming water volume is large, and 
released when the incoming water volume is small. This 
can effectively reduce the probability of transmission 
blockage and improve utilization rate of external 
transmission lines. By configuring energy storage, the 
dependence of external transmission power on small 
hydropower power can be reduced. 

Ⅳ.   SOURCE-NETWORK-STORAGE COLLABORATIVE 

PLANNING MODEL 

On the basis of the above analysis on the impact of 
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energy storage configuration on the planning of the 

power supply side and the power grid side, the energy 
storage output is adjusted on the power supply side to 

supplement and support the power grid and the con-
necting lines. On the power grid side, the node voltage 
distribution is adjusted by adjusting the tap of the 

on-load voltage regulating transformer and inputting 
VAR compensation system (VCS). A 
source-grid-storage collaborative planning model con-

sidering the coupling relationship of water abandon-
ment events is constructed, and the upper-level 

long-term planning and the lower-level dynamic plan-
ning are realized through a two-layer model. The upper 
level takes the planning goals for maximizing the 

on-site consumption of small hydropower and the prof-
its of regional small hydropower investors, and the 
control variables are the capacity and output power of 

the ESS. For the lower-level, it aims to minimize the 
average voltage offset of each node within 24 hours of 

the day, and the control variables are the on-load volt-
age regulating transformer tap and the VCS configured 
on the grid side. 

A. Upper-level Model Planning 

The upper-level model planning includes two objec-
tives: 

1) Maximizing on-site consumption of small hydro-
power, i.e.: 

 load ESS

1

sh

1

max

T
t t

t

T
t

t

P P

I

P











                         (7) 

where T is total period of one day, which is 24; load

tP  is 

the load consumed locally at time t ; ESS

tP  is the power 

absorbed by the energy storage device at time t ; and 

sh

tP  is the power generated by the small hydropower at 

time t . 

2) Maximizing revenues for regional small hydro-
power investors, i.e.: 

p pmax  A B                                (8) 

where  is the annual operating profit of small hydro-

power investment; pA is the annual operating income; 

and pB  is the annual cycle investment cost. 

The annual operating income and annual cycle in-
vestment cost can be expressed as: 

p g

1

tN

t

t

A P I


                                   (9) 

p e tB B B                                    (10) 

where tN is the period of operation of the small hy-

dropower; gP is the on-grid electricity price of the small 

hydropower; tI is the total on-grid electricity consump-

tion in year t ; eB is the installation and maintenance 

cost of the energy storage devices; and tB  is the cost of 

water resource utilization in year t . 

B. Lower-level Model Planning 

The lower-level formulates the specific operation 
plan of the source-network-storage collaborative system 

for each period according to the following rules: 
1) The output of the small hydropower is given pri-

ority to meet local load demand and to maximize on-site 
consumption. Any surplus power will be allocated to 
charge the ESS, whereas if the ESS is full, the surplus 

power is transmitted to the power grid through the 
transmission lines. 

2) When the hydropower output (e.g., during dry 

season) is insufficient to meet the power demand of the 
local load, power will be transmitted from the main grid 

to supplement the load demand gap and charge the ESS 
when the price of electricity is at the valley. In other 
non-electricity price valleys, priority is given to the ESS 

to supply power to the load, and if there is still a load 
shortage, power is purchased from the main grid. 

Because voltage offset is an important indicator for 

the safe and stable operation of the system, based on the 
upper-level economic model, the lower-level model is 
built as a model with the goal of minimizing the average 

voltage offset of each node in the distribution network, 
i.e.: 

,ta N

1

1 1 N

1 1
min

24

tT J
j j

t j j

U U
F U

J U 

 
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 
 

          (11) 

where T  is the total period of one day, and in this paper 

one day is divided into 24 periods; J  is the total num-

ber of nodes in the distribution network system; , ta

t

jU  is 

the actual voltage amplitude of the jth node after ad-

justment by the transformer action at time t ; and 
NjU  

is the rated operating voltage amplitude of the jth node. 

C. Constraint Conditions 

1) Constraint on power flow: 

 

 

1

1

cos sin

cos sin

J

j j k jk jk jk jk

j

J

j j k jk jk jk jk

j

P V V G B

Q V V G B

 
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
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





          (12) 

where jP  and 
jQ  are the active power and reactive 

power injected at node j , respectively; jV  and kV  are 

the voltage at nodes j  and k , respectively; jkG is the 

conductance between nodes j and k ; jkB is the sus-

ceptance between nodes j and k ; and jk is the voltage 
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phase angle difference between nodes j  and k . 

2) Constraint on the number of transformer tap ac-

tions: 
When the reactive power of the distribution network 

is sufficient, the node voltage of the system can be ad-
justed by adjusting the tap of the transformer. Due to 
factors such as transformer manufacturing, when the tap 

of the transformer is adjusted, the number of actions per 
day should be strictly controlled within the limit, and 
the number of actions also should be reduced if possible. 

The minimum number of actions of the transformer tap 
is expressed as: 

,min ,maxtj tj tjT T T≤ ≤                         (13) 

where 
tjT  is the number of actions of the transformer tap 

at node j in one day; while 
,mintjT and 

,maxtjT are the 

minimum and maximum numbers of actions in one day. 
3) Constraint on VCS: 

In order to ensure the voltage quality of the small 
hydropower distribution network system, on the prem-

ise of ensuring safe and stable operation of the system, 
the economic operation level should also be taken into 
consideration, and the capacity of VCS should be 

minimized. 

min maxQ Q Q  ≤ ≤                    (14)  

where minQ and maxQ are the minimum and maximum 

values of the switching capacity of the VCS, respec-

tively. 
4) Constraint on node voltage: 

,min ,max

t t t

j j jU U U≤ ≤                     (15) 

where t

jU is the actual voltage amplitude of the jth node 

at time t ; while 
,maxjU  and 

,minjU  are the maximum 

and minimum values of the actual operating voltage 
amplitude of the jth node, respectively. 

5) Constraint on small hydropower output: 

sh,min sh sh,max

sh,min sh sh,max

t t t

t t t

P P P

Q Q Q





≤ ≤

≤ ≤
                    (16) 

where 
sh,min

tP  and 
sh,max

tP  are the minimum and maxi-

mum active power of the small hydropower at time t , 

respectively; while sh,min

tQ  and sh,max

tQ  are the minimum 

and maximum reactive power of the small hydropower 

at time t , respectively. 

6) Constraint on power balance: 

   sh AW load loss ESS NET

1 1

T T
t t t t t t

t t

P P P P P P
 

        (17) 

where sh

tP is the power generated by the small hydro-

power at time t ; AW

tP is the water abandonment power 

of the small hydropower at time t ; load

tP  is the load 

consumed locally at time t ; loss

tP is the total network 

loss of the system at time t ; ESS

tP  is the power absorbed 

by the ESS at time t ; and NET

tP  is the power transmitted 

to the large power grid after the small hydropower dis-
tribution network maximizing on-site consumption at 

time t . 

7) Constraints on maximum transmission capacity 

and peak shaving upper limit: 

 NET M Rmin ; , ( )tP P P i t≤                     (18) 

8) Constraint on state of charge (SOC) of ESS: 

min max

t t tSOC SOC SOC≤ ≤                 (19) 

where tSOC  is the SOC of ESS at time t ; min

tSOC  and 

max

tSOC are the respective minimum and maximum 

allowable SOC of ESS. 
9) Constraint on capacity balance of ESS: 

start endE E                                 (20) 

where startE  is the initial remaining capacity of ESS; and 

endE  is the final remaining capacity of ESS. 

10) Constraint on upper and lower limits of ESS ca-

pacity: 

N0 tE E≤ ≤                              (21) 

where tE is the remaining capacity of ESS at time t ; 

and NE is the rated capacity of ESS. 

11) Constraint on upper and lower limits of ESS 

power: 

N0 tP P≤ ≤                              (22) 

where tP  is the charging and discharging power of ESS 

at time t ; and NP  is the rated power of ESS. 

12) Constraint on charging and discharging effi-

ciency of ESS: 

C1

C2

N

D1
D2

N

t

t

t
t

P t
P

E

P t
P

E





 
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


 



                              (23) 

where C1

tP is the charging power of the small hydro-

power to ESS at time t ; C2

tP  is the actual charging 

power of ESS at time t ;  is the charging and dis-

charging efficiency of ESS; D1

tP is the discharge power 

of ESS at time t ; and D2

tP  is the actual discharge power 

of ESS at time t . 

D. The Impact of Energy Storage Configuration on 

Transmission Network 

First, the known quantities are input to the model, 
including the original output curve of the small hydro-
power, typical load curve, parameters of the energy 
storage equipment and network parameters. Then, the 
unknown quantities that will be solved by the two-level 
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optimization model and the upper and lower levels 
constraint conditions are set. Subsequently, the objec-
tive functions of the upper and lower levels are respec-
tively defined and the KKT conditions of the low-
er-level optimization are added as constraints to the 
upper-level optimization. The two-level optimization 
problem is then transformed into a single level optimi-
zation problem [23]. Finally, the YALMIP solver is 
used to solve and obtain the optimal solution of the 
two-level optimization problem. The specific solution 
process is shown as Fig. 1. 

 
Fig. 1.  Flow chart of model solving. 

Ⅴ.   EXAMPLE ANALYSIS 

A. Example Parameters 

The network topology diagram of the small hydro-
power distribution network is shown in Fig. 2. In the 
system, the upper limit of the total transmission capacity 
of the dedicated 10 kV transmission lines is 36 MW, and 
the total installed capacity of the small hydropower 
group is 90 MW. The ESS, VCS and load are all set on 
the 10 kV side. During simulation analysis, the base 
power of the system is 100 MVA, the base voltage is 10 
kV, and the maximum number of transformer tap ac-
tions is limited to 8 times per day. 

 
Fig. 2.  Network topology diagram. 

According to the actual annual operation of small 

hydropower, this paper sets April to October as the 

rainy season, and the remaining months as the dry sea-

son. The daily output curve of the rainy season, the daily 

output curve of the dry season and the typical daily load 

curve are shown as Fig. 3. 

 
Fig. 3.  Small hydro and load data. 

The energy storage device is based in the lithium iron 
phosphate battery that has been widely used. Its pa-
rameters are shown in Table Ⅰ. According to the data in 
Table I, the operating life of lithium iron phosphate 
battery is around 8.2 years [24]. 

TABLE Ⅰ 

KNOWN PARAMETERS OF ESS 

Parameters Value 

 C %  0.97 

 D %  0.97 

PC (¥/kW) 1500 

EC (¥/kWh) 3000 

MC (¥/kWh) 0.05 

Cycle life / time (100% DOD)  3000 

B. Configuration of Energy Storage and its Impact on 
Economy 

In view of the seasonal characteristics of small hy-
dropower, this paper mainly analyzes the impact of ESS 
on the system operation conditions during rainy season 
and dry season. Four operating conditions are studied, 
including: with ESS in rainy season, without ESS in 
rainy season, with ESS in dry season and without ESS in 
dry season. Finally, based on the annual system opera-
tion status, ESS is configured with the goal of maxim-
izing the annual revenue of the small hydropower op-
erators and minimizing the voltage offset of the distri-
bution network. 

Due to the addition of ESS, the consumption rate of 
the small hydropower is improved. Considering the cost 
of ESS and the benefits brought by configuring ESS, the 
YALMIP solver is used to determine the rated capacity 
and rated power of ESS. At the same time, the annual 
revenue of the regional small hydropower investors is 
calculated, and the results are shown in Table II. It can 
be seen that after adding ESS, the annual revenue in-
creased from the original 22.34×106 ¥ to 23.00×106 ¥, 
an increase of 2.97%. 

TABLE Ⅱ 

ESS PARAMETERS AND ANNUAL REVENUE OF REGIONAL SMALL 

HYDROPOWER INVESTORS OBTAINED BY OPTIMIZATION SOLUTION 

Parameters Value 

Rated capacity of ESS (MWh) 131.8651 

Rated power of ESS (MW) 25.5263 

Without ESS (¥) 22.34×106 

With ESS (¥) 23.00×106 
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C. The Impact of ESS Configuration on Small Hydro-

power Consumption Rate and Water Abandonment 

The water abandonment and actual output of the 
small hydropower during the rainy season are shown in 
Fig. 4. After ESS is configured during the rainy season, 
the water abandonment of the small hydropower is 
significantly reduced. Due to economic considerations, 
the small hydropower cannot achieve full generation 
even with ESS during rainy season, but its utilization 
rate increases significantly. The consumption rates of 
the small hydropower during the rainy season are shown 
in Fig. 5, indicating significant improvement after con-
figuring ESS when compared to that without ESS. 

 

 
Fig. 4.  Actual output of small hydropower during rainy season. 

 
Fig. 5.  Consumption rate of small hydropower during rainy season. 

The output and consumption rate of the small hy-
dropower during the dry season are shown in Figs. 6 and 
7. When there is no ESS configuration in the dry season, 
the actual output and consumption rate of the small 
hydropower depends on the constraints of load and 
transmission line. Even during the dry season, the 
consumption rate cannot reach 100%. After configuring 
ESS, the small hydropower can achieve full generation 
during dry season, ensuring a 100% consumption rate. 

 

 
Fig. 6.  Actual power output of small hydropower during dry season. 

 
Fig. 7.  Consumption rate of small hydropower during dry season. 

D. The Impact of ESS Configuration on Net Load Power 

The load power distribution during the rainy season is 
shown in Fig. 8. It can be seen that the net load (the 
power supplied from main grid to the load) is not 0 even 
when there is no energy storage configuration during the 
rainy season, which cannot effectively meet the on-site 
consumption of the small hydropower. After adding ESS, 
the load is completely powered by the small hydropower 
units, which effectively utilizes the space-time translation 
characteristics of energy storage to solve the problem of 
on-site consumption of the small hydropower. 

 

 
Fig. 8.  Load power distribution during rainy season. 

The situation during the dry season is more complex. 
ESS not only needs to solve the problem of on-site con-

sumption of the small hydropower, but also needs to 
adjust the net load curve. For smaller voltage offset, the 
net load curve should be as smooth as possible. The load 

power distribution during the dry season is shown in Fig. 
9. As seen, when there is no energy storage configuration, 
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the net load curve fluctuates sharply, and the net load 

proportion is relatively large (small hydropower supply 
proportion is small). In order to ensure safe and stable 

operation of the system during peak power consumption 
periods, some loads have to be cut off. After adding ESS, 
the net load curve becomes relatively smooth, the on-site 

consumption of the small hydropower is increased, and 
the load can be fully satisfied. 

 

 
Fig. 9.  Load power distribution during dry season. 

E. The Impact of ESS Configuration on the Transmis-
sion Power of Transmission Lines 

When analyzing the impact of ESS configuration on 
the transmission power of the transmission lines, positive 
values represents power being transmitted from the small 
hydropower to grid, and negative values represents 
power being supplied from the grid to load (net load). 

The transmission line power during the rainy season 
is shown in Fig. 10. As seen, without the addition of 
ESS, due to the randomness of the water during the 
rainy season and the fluctuation of the load, the trans-
mission line power fluctuates significantly. After add-
ing ESS, the transmission line power does not fluctuate 
and is always maintained at the maximum transmission 
capacity of the transmission lines, thus fully utilizing 
the power output of the small hydropower and im-
proving the its on-site consumption ability. 

 
Fig. 10.  Transmission line power during rainy season. 

The transmission line power during the dry season is 
shown in Fig. 11. As seen, without the addition of ESS, 
the transmission line power fluctuates significantly. 

During 1218 h, the load is at a low period while the 
output of the small hydropower is at its maximum. At 
this time, the power flows from the small hydropower 
unit side to the grid side through the transmission lines, 
thus increasing the power on the grid significantly. 

During the period 1821 h, there is load peak and low 
output from the small hydropower. At this time, power 
flows from the grid side to the load at the small hy-
dropower distribution network side through the trans-
mission lines, i.e., the net load power is significantly 
increased. 

 
Fig. 11.  Transmission line power during dry season. 

After adding ESS, the transmission line power curve 
becomes much smoother. Through the adjustment of 
power distribution by ESS, the power fluctuation of the 
transmission lines is reduced, thereby improving the 
node voltage quality of the distribution network. 

F. Capacity Allocation of ESS 

The capacity allocation of ESS during the rainy sea-
son is shown in Fig. 12. It can be seen that during the 
rainy season, the ESS is mainly used to adjust the active 
output of the small hydropower units and the grid power. 
This not only improves the on-site consumption rate of 
the small hydropower, but also makes the transmission 
line power smoother, thereby improving voltage offset. 

 
Fig. 12.  Capacity allocation of ESS during rainy season. 

The capacity allocation of ESS during the dry season 
is shown in Fig. 13. It can be seen that during the dry 
season, the ESS is used to adjust the active output of the 
small hydropower and power on the grid, as well as used 
to adjust the power distribution of load power supply, 
i.e., the net load curve. It not only improves the on-site 
consumption rate of the small hydropower, but also 
makes the transmission line power smoother to improve 
the voltage offset. It also fully meets the load demand to 
ensure that there is no load cutoff. 
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Fig. 13.  Capacity allocation of ESS during dry season. 

G. The Impact of ESS Configuration on Voltage Offset 

Table Ⅲ shows the maximum and minimum reactive 
power input, maximum daily action time of transformer 
tap in a year and the annual average voltage offset under 
four different configurations of ESS and VCS. The rated 
capacity of ESS is 131.87 MWh, and the rated power is 
25.53 MW. VCS1 has a large capacity with 11 Mvar 
inductor and 4 Mvar capacitor, whereas VCS2 has a 
small capacity of 7 Mvar inductor. L represent inductor 
and C represents capacitor in Table Ⅲ. 

It can be seen from Table Ⅲ that when the 
large-capacity VCS1 is configured and ESS is added, 
the annual average voltage offset is reduced from 5.24% 
(without ESS) to 3.09%. The voltage offset with ESS is 
reduced by 41.03% compared to that without ESS. 
When the small-capacity VCS2 is configured and ESS 
is added, the annual average voltage offset is reduced 
from 7.42% (without ESS) to 4.29%. The voltage offset 
with ESS is reduced by 42.18% compared to that 
without ESS. It can be seen that the configuration of 
ESS improves the voltage quality.  

Reducing the action time of transformer tap can ex-
tend its service life, thereby improving the economy of 
the entire system. Table Ⅲ shows that the maximum 
daily action time of the transformer tap in a year is sig-
nificantly reduced due to the addition of ESS. At the 
same time, sufficient capacity of VCS also can reduce 
the action time of transformer tap. 

TABLE Ⅲ 
REACTIVE POWER INPUT, TRANSFORMER ACTION TIME AND 

VOLTAGE OFFSET UNDER DIFFERENT ESS CONFIGURATION AND 

VCS CAPACITY 

Working condition 

Configuration of system 

With 

ESS  

VCS1 

W-O 

ESS  

VCS1 

With 

ESS  

VCS2 

W-O 

ESS  

VCS2 

Rainy season 

max (Mvar)Q   
11/L 11/L 7/L 7/L 

Rainy season 

min (Mvar)Q  
8.85/L 3.71/L 5.61/L 0.50/L 

Dry season 

max (Mvar)Q  
7/L 11/L 7/L 7/L 

Dry season 

min (Mvar)Q  
4/C 4/C 0 0 

Action time of trans-

former tap  
2 6 5 8 

Annual average voltage 

offset (%) 
3.09 5.24 4.29 7.42 

The voltage fluctuation curve when configuring the 
large capacity VCS1 is shown in Fig. 14. It can be seen 
that during the rainy season, the voltage is high because 
the transmission line power is always at its maximum 
capacity. After configuring ESS, the voltage fluctuation 
of the system is reduced. During the dry season, con-
figuring ESS has a significant effect on the optimization 
of voltage fluctuation. Overall, the voltage quality is 
optimized and meets the requirements. 

 
Fig. 14.  Voltage fluctuation curve with VCS1. 

Figure 15 shows the voltage fluctuation curve when 
the small capacity VCS2 is configured. It can be seen 
that the voltage quality of the system with ESS meets 
the requirements, but the voltage quality of the system 
without ESS does not comply. 

 
Fig. 15.  Voltage fluctuation curve with VCS2. 

In summary, for the system with ESS, configuring a 

VCS with larger capacity can obtain better voltage 
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quality, but even a small VCS can help to make the 

voltage quality meet the requirements while reducing 
costs. Better voltage quality or lower cost of VCS can be 

selected according to actual needs of the project. 

Ⅵ.   CONCLUSION 

This paper analyzes the reasons for small hydropower 
transmission congestion and insufficient regulation 
flexibility. It comprehensively considers the impact of 
the configuration of ESS on small hydropower distri-
bution networks, and establishes a source-grid-storage 
collaborative planning and operation model for the 
small hydropower distribution network. It takes into 
account the revenue of small hydropower investors and 
the safe and stable operation of small hydropower dis-
tribution networks. A simulation analysis is conducted 
using a small hydropower group in a certain region as an 
example. The economics of ESS configuration is stud-
ied. The focus is on analyzing the impact of the con-
figuration of ESS on the consumption rate and water 
abandonment of small hydropower, transmission line 
power and node voltage of distribution networks, etc. 
The results show that the proposed method can effec-
tively improve the on-site consumption capacity of 
small hydropower and voltage quality. And at the same 
time, it also improves the safe operation level and 
economy of the distribution network. 
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