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ABSTRACT
The growth in penetration of photovoltaic generation units (PVs) has brought new power 
management ideas, which achieve more profitable operation, to Power Producer-Suppliers (PPSs). 
The expected profit for the PPSs will improve if they appropriately operate their controllable 
generators and sell the generated electricity to contracted customers and Power Exchanges 
together with the output of Megawatt-Solar Power Plants (MSPPs). Moreover, we can expect that 
the profitable cooperation between the PPSs and the MSPPs decreases difficulties in the supply-
demand balancing operation for the main power grids. However, it is necessary that the PPSs treat 
the uncertainty in output prediction of PVs carefully. This is because there is a risk for them to pay 
a heavy imbalance penalty. This paper presents a problem framework and its solution to make the 
optimal power management plan for the PPSs in consideration with the electricity procurement 
from the MSPPs. The validity of the authors’ proposal is verified through numerical simulations and 
discussions of their results.

1. Introduction

The government of Japan has set a fundamental target 
of installing photovoltaic generation units (PVs) to 28 
GW by 2020 and 53 GW by 2030. In addition, owing to 
the introduction of Feed-in Tariff (FIT) system in July 
2012,[1] both domestic and non-domestic PVs have been 
attracting significant attention, and the resulting PV pen-
etration is revolutionizing the electrical power industry. If 
the PVs installation keeps growing steadily, it will become 
more difficult for the power grid operation to maintain 
the power supply and demand balance. This is because 
imprecise prediction of the PV outputs increases the 
uncertainty in demand prediction. Therefore, the Japanese 
power utilities are now under pressure to overhaul the 
power grid operation, especially in the supply-demand 
balancing operation.

On the other hand, from a viewpoint of Power 
Producer-Suppliers (PPSs),[2] who can produce and pur-
chase electricity, and then sell them to contracted cus-
tomers and Electric Power Exchanges (PEXs), the growth 
in PV penetration gives opportunities to promote their 

profitable power management.[3–5] If the PPSs appro-
priately operate their controllable generators (CGs) and 
sell the generated electricity together with the purchased 
electricity from owners of Megawatt-Solar Power Plant 
(MSPP), they will gain a profit supported by the FIT sys-
tem.[6] However, the PPSs have a risk of purchasing very 
expensive electricity from the main power grids when they 
cannot procure sufficient electricity by using their CGs 
and the MSPPs only. Hence, in order to maximize the 
profit from electricity trading, the PPSs have to deal with 
the uncertain PV output prediction carefully, which, in 
turn, eases difficulties in supply-demand balancing oper-
ation of the main power grids.

In this paper, the authors present a problem framework 
and its solution to make a power management plan for the 
PPSs in consideration with the electricity procurement 
from the MSPPs. The aim of this research is to design a 
profitable and stable power management which provides 
not only the better selling profit to the PPSs and the MSPP 
owners, but also the reduction in operational difficulties 
for the main power grids. With a view to maximizing the 
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a heavy imbalance penalty. Under the circumstances, it 
is important for the PPS to make an appropriate power 
management plan (the optimal set of the CG outputs, the 
procuring electricity from the MSPPs and the selling elec-
tricity to the PEX) considering the uncertainty in output 
prediction of PVs.

2.2. Problem formulation

The power generation planning is to determine on/off 
states of the CGs and their outputs in order to maximize 
the total expected profit for the PPS under several con-
straints. Moreover, it is necessary to calculate the optimal 
amounts of the procuring electricity from the MSPP own-
ers and the selling electricity to the PEX. That is to say, the 
target problem has the four optimization variables. For the 
purpose of simplifying the target problem, the authors set 
the following three assumptions:

Assumption 1:
the electrical power demand of contracted customers 

is exactly given,
Assumption 2:
the predicted PV outputs and their historical data are 

given,
Assumption 3:
the electricity price is notified to the PEX in advance.
Under these assumptions, the objective function can 

be expressed as

 

 

where T is the end time of target period; NG is the highest 
CG number; pMAX

t  is the total capacity of MSPPs; pt is the 
total procurable electricity from the MSPPs assumed by 
the PPS; p

′

t is the total requesting electricity from the PPS 
to the MSPPs; p∗t  is the total output of MSPPs, which is 
unknown at the time of making the generation plan; f

(
p∗t
)
 

is the probability density function of PV output; xt is the 
notified selling electricity from the PPS to the PEX; ui,t is 
the state of CG i, which is an element of vector ut and also 
an element of vector u; gi,t is the output of CGs, which is 
an element of vector g t and also an element of vector g.

In Equation (1), each of the right-handed terms is 
defined as

F
(
p, x, u, g

)

=

T∑
t=1

pMAX
t

∫
0

{
Receiptt

(
xt
)
− Paymentt

(
pt
)
− Costt

(
ut , g t

)

(1)−Penaltyt
(
pt , xt

)}
⋅ f
(
p∗t
)
dp∗t ,

(2)

{
If p∗t ≤ p�t then pt = p∗t
If p

�

t < p∗t then pt = p
�

t

,

expected profit of the PPSs, the proposed solution deter-
mines the optimal set of the CG outputs, the procuring 
electricity from the MSPP owners, and the selling electric-
ity to the PEXs. In the solution procedure, the profit max-
imization is achieved by considering electricity price in 
the PEXs, operational costs of the CGs and uncertainty in 
the output prediction of PVs. The validity of the authors’ 
proposal is verified through numerical simulations and 
discussions of their results.

2. Problem definition

2.1. Outline of target problem

This paper treats a profitable cooperation between PPSs 
and MSPP owners considering the imprecise output pre-
diction of PVs. There can be two different models: (1) the 
PPSs produce electricity using their CGs and purchase 
electricity from the MSPP owners, and (2) the PPSs has 
both CGs and MSPPs. The difference in these models is 
whether there is the trade between the PPSs and the MSPP 
owners or not, and thus the PPS-model 1 is more difficult 
than the PPS-model 2. In this paper, the PPS-model 1 is 
mainly discussed.

In Figure 1, the PPS produces electricity by its CGs 
and procures electricity from the MSPP owners, and then 
sells them to the contracted customers and the PEX. Since 
there is necessity to notify the amount of selling electricity 
to the PEX in advance, the PPS has to predict electricity 
that can be purchased from the MSPP owners. However, 
PV is one of the most unstable generation units affected 
by the weather condition, and thus, by the time of notifi-
cation, only inaccurately predicted PV outputs are avail-
able. In addition, if the PPS cannot procure the notified 
amount of electricity, the shortage must be compensated 
by purchasing electricity from the main power grids with 

Contracted customers

PEX*3

Main power gridsMSPPs*2

PPS in model 1

SurplusShortage

*1 CG: Controllable Generator
*2 MSPP: Megawatt-Solar Power plant : Purchase: Sell

PPS in model 2

*3 PEX: Power Exchange

Power flow

CG*1 CG CG

Figure 1. PPS models.
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where DPt is the selling price to the contracted customers; 
Dt is the sum of the contracted demand; XPt is the selling 
price to the PEX; MSPt is the purchasing price from the 
MSPP owners; SCi is the startup cost of CGs; VIOt is the 
imbalance penalty; GS is the subsidy from the government 
(subtracting avoidable cost from FIT); GMAX

i  and GMIN
i  are 

the maximum and the minimum CGs output; Ai, Bi and 
Ci are the fuel cost coefficients.

In addition, the operational constraints can be formu-
lated as shown below:

Output constraint for CGs:

 

(3)Receiptt
(
xt
)
= DPt ⋅ Dt + XPt ⋅ xt ,

(4)Paymentt
(
pt
)
=
(
MSPt − GS

)
⋅ pt ,

(5)

Costt
(
ut , g t

)
=

NG∑
i=1

{
Fuel

(
ui,t , gi,t

)
+ SCi ⋅ ui,t ⋅

(
1 − ui,t−▵t

)}
,

If Dt + xt − pt <

NG∑
i=1

GMIN
i ⋅ ui,t then

(6)

⎧
⎪⎪⎨⎪⎪⎩

Fuelt
�
ut , g t

�
=

NG∑
i=1

�
Ai + Bi ⋅ G

MIN
i + Ci ⋅ G

MIN2

i

�
⋅ ui,t ,

Penaltyt
�
pt , xt

�
=

NG∑
i=1

GMIN
i ⋅ ui,t + pt −

�
Dt + xt

� ,

If

NG∑
i=1

GMIN
i ⋅ ui,t ≤ Dt + xt − pt ≤

NG∑
i=1

GMAX
i ⋅ ui,t then

(7)
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Fuelt
�
ut , g t

�
=

NG∑
i=1

�
Ai + Bi ⋅ gi,t + Ci ⋅ g

2
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�
⋅ ui,t ,

Penaltyt
�
pt , xt

�
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,

If

NG∑
i=1

GMAX
i ⋅ ui,t < Dt + xt − pt then

(8)

⎧⎪⎪⎨⎪⎪⎩

Fuelt
�
ut , g t

�
=

NG∑
i=1

�
Ai + Bi ⋅ G

MAX
i + Ci ⋅ G

MAX2

i

�
⋅ ui,t

Penaltyt
�
pt , xt

�
= VIOt ⋅

�
Dt + xt −

�
NG∑
i=1

GMAX
i ⋅ ui,t + pt

�� .

GMIN
i ⋅ ui,t ≤ gi,t ⋅ ui,t ≤ GMAX

i ⋅ ui,t

(9)(i = 1, 2, ⋯ ,NG, t = 1, 2, ⋯ ,T),

State duration constraints for CGs:

 

Ramp rate constraint for CGs:

 

where uON
i,t  and uOFF

i,t  are the consecutive operating and sus-
pending duration of CGs; MUTi and MDTi are the mini-
mum operating and suspending duration of CGs; ▵ GUP

i  
and ▵ GDOWN

i  are the ramp-up and the ramp-down of CGs.
The above optimization problem is essentially similar 

to the traditional unit commitment (UC) and economic 
load dispatching (ELD) problem.[7–10] In the traditional 
UC and ELD problem, the optimization variables are u 
and g  only. On the other hand, the authors define new 
variables p and x, and then reformulate the optimization 
problem. Furthermore, the operational constraints for 
the supply-demand balancing and the spinning reserve 
are integrated into the objective function. In Equation 
(1), these operational constraints are represented as the 
penalty term, Penaltyt

(
pt , xt

)
, as defined in Equations 

(6–8).

3. Problem solution

3.1. Outline of UC and ELD problems solution

The optimization problems formulated in Section 2.2 can 
be classified into two problem types according to the char-
acteristics of CGs and the settings of time interval.[11] 
When all the following conditions are satisfied, we can 
regard the target optimization problem as a static hierar-
chical optimization problem:

 

This is because the optimization variables at time t (ut  
and g t) are independent of their values at time  

{
If 0 < uON

i,t < MUTi then ui,t = 1

If 0 < uOFF
i,t < MDTi then ui,t = 0

(10)(i = 1, 2, ⋯ ,NG, t = 1, 2, ⋯ ,T),

ΔGDOWN
i ≤ gi,t − gi,t−1 ≤ Δ ⋅ GUP

i

(11)(i = 1, 2, ⋯ ,NG, t = 1, 2, ⋯ ,T),

▵ GUP
i ≥ GMAX

i − GMIN
i

− ▵ GDOWN
i ≥ GMAX

i − GMIN
i

(i = 1, 2,⋯ ,NG),

▵ GUP
i ≥ GMAX

i − GMIN
i

− ▵ GDOWN
i ≥ GMAX

i − GMIN
i

(i = 1, 2,⋯ ,NG), (12)

▵ t ≥ MUTi +MDTi (i = 1, 2,⋯ ,NG).

(13)▵ t ≥ MUTi +MDTi (i = 1, 2,⋯ ,NG).
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4. Numerical simulations

4.1. Numerical simulation conditions

Numerical simulations were carried out on the PPS-model 
1 illustrated in Figure 1. The parameters in the PPS model 
were set to the following: the PPS has five CGs, the sum 
of their maximum output is 76.0 MW, the sum of peak 
demand of the contracted customers is 65.0 MW, and the 
maximum total output of MSPPs is 11.0 MW. The detailed 
specifications of each CG, which were made by referring 
to,[12] are summarized in Table 1. Figure 2 shows the daily 
profiles of the contracted demand and the sum of ideal 
MSPP outputs output, and Figure 3 shows conditional 
probability distributions of PV outputs given their pre-
dicted values. The predicted PV outputs reflect weather 
and time and are used here as substitutes for them. The 
probability distributions were made by the predicted and 

t− ▵ t (ut−▵t and g t−▵t). However, if any one of the above 
conditions is not satisfied, the power management plan at 
time t − Δt affects it at time t. In this case, we must handle 
the target problem as a dynamic optimization problem. 
Either way, after selecting the feasible UC candidates, the 
optimal outputs of CGs can be calculated by the equal 
incremental cost loading method.[12]

3.2. Enumeration-based solution

When all the conditions (12) and (13) are satisfied, the 
constraints (10) and (11) become inactive, and thus we 
can replace the target problem with a static hierarchical 
optimization problem as explained in Section 3.1. Under 
this condition, the optimal power management plan can be 
obtained according to the following steps. First, based on 
the enumeration method, all feasible on/off state combi-
nations of CGs, ut, are picked up on each interval. Second, 
the variables pt and xt are discretized within 

[
0, pMAX

t

]
 and �

0,

NG∑
i=1

GMAX
i + pt − D

t

�
, respectively, and then one 

(
pt , xt

)
 is 

selected. Third, the optimal outputs of CGs, g t, are calcu-
lated for all enumerated feasible UC candidates using the 
extended equal incremental cost loading method. For each 
time interval t, the optimal power generation plan, 

(
ut , g t

)
, 

is determined by comparing the objective function values, 
each of which corresponds to each UC candidate. Fourth, 
steps 2 and 3 are repeated for each set of ptand xt, and 
then the optimal power management plan, 

(
pt , xt , ut , g t

)
,  

is selected. Finally, the selected plans are combined  
sequentially until the end of time period. As a result, we 
can make the globally optimal power management plan, 
(p, x, u, g).

In contrast, if any one of the conditions is not  
satisfied, it is impossible to enumerate all the feasi-
ble UC candidates because the optimization variables 
at time t depends on them at time t− ▵ t. In this case, 
metaheuristics such as Genetic Algorithms and Particle 
Swarm Optimizations become one of the most efficient 
approaches to the dynamic optimization problem; how-
ever, the details of their applications are beyond the scope 
of this paper.

Table 1. Specification of Cgs.

i

Modified fuel coefficient

SCi[JPY] Gi
MAX[MW] Gi

MIN[MW] MUTi[min] MDTi[min]

ramp rate [/min]

Ai[JPY] Bi [JPY/MW] Ci [JPY/MW2] up Down
1 14,000 7,600 120 3,000 20 4.0 10 20 0.5 1.2
2 14,000 7,600 140 3,000 20 4.0 10 20 0.5 1.2
3 2,400 5,000 250 500 12 2.4 5 10 0.8 1.0
4 2,400 5,000 280 500 12 2.4 5 10 0.8 1.0
5 2,400 5,000 260 500 12 2.4 5 10 0.8 1.0
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Figure 2. example profiles of demand and MSPP output.
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Figure 3. Probability distributions of PV output.

*all values are one hundred times as those in ref. (12);
all values are twice as those in ref. (12).
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Quote profile 1:
The selling price is 20.0 JPY/kWh from 13:00 to 16:00 

(peak period) and 15.0 JPY/kWh in the other period (off-
peak period). These prices are higher than the operation 
cost of any CG during the period.

Quote profile 2:
The off-peak price is 10.0  JPY/kWh which is higher 

than the operation costs of CGs 1 and 2 (lower than those 
of CGs 3, 4 and 5).

Quote profile 3:
The off-peak price is 5.0 JPY/kWh which is lower than 

the operation cost of any CG.
The net cost that the PPS must pay when purchasing 

electricity from the MSPP owners, that is 
(
MSPt − GS

)
, 

is 10.0 JPY/kWh. In the authors’ proposal (Scenario 3), 
since the PPS secures the margins to provide against the 
surplus or the shortage in actual operation, there is a 
possibility that the MSPP owners cannot sell the whole 
generated electricity to the PPS. Figure 5 shows the meas-
urement-based and the prediction-based MSPP outputs 
on the optimization target day that is 1 June 2012. The 
difference between these MSPP outputs influences the 
power management plans on the scenarios 2 and 3.

Table 3 summarizes the calculated daily expected prof-
its in all the quote profiles, and Figure 6 illustrates the 
determined power management plans in Quote profile 
2. By the comparison in Table 3, we can confirm that the 
proposed daily plans show the best results. It is note-
worthy that the daily expected profits in Scenario 3 are 
higher than those in Scenario 2 in spite of notifying less 
amount of the selling electricity. As for Figure 6, there 
are differences in both the produced electricity and the 
purchased one between the optimal plans in the scenar-
ios 2 and 3, especially from 7:00 to 16:00. In particular, 
the PPS did not purchase electricity from MSPPs until 
13:00 in Scenario 3. This is because the electricity price in 
the PEX is too low for the PPS to take risk of purchasing 
MSPP power. Moreover, since the imbalance penalty in 
the shortage is serious as shown in Table 2, the reserve 
margins were secured in Figure 6 (c) to cope with likely 
supply shortage from 13:00 to 16:00. In other words, the 

the actual PV outputs measured from 1 June 2011 to 31 
May 2012. Table 2 summarizes the price setting.

According to the following three scenarios, the optimal 
power management plans were determined, and then their 
results were discussed.

Scenario 1:
The PPS sells only produced electricity (without MSPPs 

outputs).
Scenario 2:
The PPS makes power management plans with a trust 

in the predicted MSPP output.
Scenario 3:
The PPS makes power management plans in accord-

ance with the authors’ proposal.
In the numerical simulations, the time interval is set to 

30 min ((▵ t = 0.5), and the target period is assumed 24 h 
(t = 0, 0.5, 1.0,⋯ , 23.5). By the setting, all the conditions 
(12) and (13) are satisfied. For this reason, the authors 
apply the enumeration-based solution to the problem, 
and determine the globally optimal solutions in each set 
of xt and pt.

4.2. Example of daily planning result

First, the authors determined the daily power manage-
ment plans using three quote profiles. These quote pro-
files are shown in Figure 4, and their characteristics are 
explained below:

Table 2. Price setting (JPY/kWh).

fIt price 32.0
avoidable cost 10.0
Selling price to contracted customers 14.0
Imbalance penalty 

in surplus case
0

Imbalance penalty 
in shortage case

acceptable variation (-3% or higher) 14.3
less than acceptable 

variation
Daytime in summer 48.2
Daytime excluding 

summer
40.8

nighttime 25.2

0
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Figure 4. Quote profiles 1–3.
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Figure 5. Daily MSPP outputs.

*Daytime: from 8:00 to 22:00;
Summer: from July 1 to September 30.
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PPS takes over a part of responsibility for keeping the 
supply-demand balance under the uncertain PV output 
prediction. As a result, the actual shortage in Scenario 3, 
which was calculated by using the measured PV outputs, 
decreased 6.3 MW in comparison with that of Scenario 2 
(Scenario 2: 15.2 MW, Scnario3: 8.9 MW). Therefore, we 
can conclude that the authors’ proposal was functioning 
appropriately.

4.3. Result of eleven months planning

Next, long-term expected profits were calculated using 
the PV data measured from 1 June 2012 to 30 April 2013 
under the same scenarios and quote profiles. In the long-
term numerical simulations, another daily quote profile is 
newly added as Quote profile 4, and the additional quote 
profile in the PEX is shown in Figure 7. The quote profiles 
and the contracted demand were used repeatedly during 
the target period. The authors assume that the PPS pur-
chases electricity at 33.0 JPY/kWh, which is higher price 
than the FIT price shown in Table 2 (FIT price: 32.0 JPY/
kWh), from the MSPP owners. Owing to this assumption, 
the MSPP owners also make an extra profit when the PPS 
purchases their electricity.

The calculated total amounts of expected profit and 
penalty are shown in Table 4. In addition, an example of 
determined power management plans in Quote profile 
4 are summarized in Figure 8. In Table 4, the expected 
profits in the proposed plan (Scenario 3) is highest in all 

Table 3. results of daily calculation in each scenario.

Daily expected profit [JPY]
Daily selling electricity to 

PEX [MWh]
Daily purchasing electricity 
from MSPP owner [MWh]

Scenario 1 Quote profile 1 8,892,357 879.0 0
Quote profile 2 5,410,622 138.5 0
Quote profile 3 5,317,500 33.0 0

Scenario 2 Quote profile 1 8,926,957 930.5 51.5
Quote profile 2 5,425,671 174.5 51.5
Quote profile 3 5,269,938 61.5 51.5

Scenario 3(proposed) Quote profile 1 9,050,792 913.5 48.5
Quote profile 2 5,501,904 151.5 20.0
Quote profile 3 5,408,780 46.0 20.0
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Figure 6. Determined optimal power management plans.
notes: (a) Power management plan in Scenario 1, (b) Power management 
plan in Scenario 2, (c) Power generation in Scenario 3 (proposed).
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profitable cooperation will become one of the most effi-
cient operations utilizing massive PVs with few adverse 
effects for the main grids’ operation.

In future work, with a view to discovering the further 
profitable cooperation, the authors consider to optimize 
the electricity trade between PPSs and MSPP owners.
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scenarios. Moreover, both expected profits in the scenarios 
2 and 3 exceed that of Scenario 1. By the comparison, the 
authors conclude that the proposed framework is useful 
not only for the PPS but also the MSPP owners who sell 
electricity to the PPS. This is because there is a possibility 
that the PPS purchases electricity in higher price from the 
MSPP owners using the additional profit.

These verification results show that the authors’ pro-
posal is functioning well to achieve a profitable and stable 
power management which provides both the better selling 
profit to the PPS and the MSPP owners, and the reduction 
of difficulties in the supply-demand balancing operation 
for the main power grids.

5. Conclusions

In this paper, the authors proposed a problem framework 
and its solution to make a profitable and stable power 
management plan of PPSs in cooperation with MSPPs. 
As the results of the numerical simulations, the proposed 
problem framework and its solution were functioning 
very well. Moreover, the profitable cooperation between 
the PPSs and the MSPPs provided not only the better 
selling profit to the PPSs and the MSPP owners, but also 
the reduction in operational difficulties for the main 
power grids. For these reasons, we can conclude that the 

Table 4. Comparison of total amount of expected profits in each scenario.

Total amount of expected 
profit for PPS [JPY]

Total amount of expected pay-
ment to MSPP owners [JPY]

Total amount of ex-
pected penalty [JPY]

Scenario 1 Quote profile 1 2,961 million 0 0
Quote profile 2 1,802 million 0 0
Quote profile 3 1,771 million 0 0
Quote profile 4 1,979 million 0 0

Scenario 2 Quote profile 1 2,966 million 133 million 110 million
Quote profile 2 1,804 million 133 million 38 million
Quote profile 3 1,754 million 133 million 41 million
Quote profile 4 1,998 million 146 million 103 million

Scenario 3(proposed) Quote profile 1 3,008 million 124 million 18 million
Quote profile 2 1,828 million 66 million 9 million
Quote profile 3 1,797 million 66 million 9 million
Quote profile 4 2,035 million 130 million 20 million
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