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This research addresses the challenge of optimizing energy dispatch in restructured power
markets by evaluating a Virtual Power Plant (VPP) model that integrates demand-side
storage. The study aims to close the gap between energy supply and demand by employing
two optimization methodologies: a precise Mixed-Integer Linear Programming (MILP)
model and a hybrid algorithm based on an Extreme Learning Machine and a Genetic
Algorithm (ELM-GA), which is computationally efficient. The VPP model incorporates a
diverse portfolio of generation units (diesel, hydroelectric, solar, wind), supply-side
storage, and a prosumer, with demand-side management actualized through a water
storage system. The objectives are to maximize VPP profitability while minimizing
hydroelectric energy losses and pump operational costs. Tested on a standard IEEE 24-
bus system with real-world data, the results show that a VPP with demand-side storage is
1.5 times less costly than a traditional grid without storage. Furthermore, the VPP
framework is 1.7 times more cost-effective than a traditional grid structure. For large-
scale problems, the ELM-GA algorithm delivers near-optimal solutions (4.4% optimality
gap) 16 times faster than MILP, highlighting its potential for rapid, reliable energy
management and policy-making.
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Objective function Uncertainty Demand GtLCL Model Power Reference
management| method plant
Profit - - - Interactive method | Virtual [8]
Fines and income v - CCP - Virtual [9]
Production losses and their costs - 4 ELM-GA - Traditional [10]
Profit - - - MIP Virtual [11]
Exchange scenarios in the smart grid - 4 MLPTA - Traditional [12]
Production cost. elasticity of supply v v ~ Min-Max .
and demand and Max-Min Traditional [13]
Prediction error v - BLSTM - Virtual [14]
Prediction error v - K-means - Virtual [15]
Profit. pump operating costs and v v ELM-GA MILP Virtual Current
floating producer losses research
Joo gl Y Jgu
Index Definition Index Definition
t Time he Hydroelectric power plant
d Diesel power plant s Solar panel
w Wind turbine v Electric Vehicle
b Battery i Storage
1 Time intervals in the dispatch window P Pump
Joo s o Y Jgus
Variable Definition Variable Definition
p Output power of hydroelectric power Binary variable; 1 if diesel power plant d is
V7
het plant he at time t (kW) het started up/shut down at time t, 0 otherwise
p Diesel power plant outp Output power Binary variable; 1 if diesel power plant d is
. . Z . .
dd of diesel power plant (d) at time t (kW) dt started up/shut down at time t, 0 otherwise
Binary variable; 1 if diesel power plant d Binary variable; 1 if solar panel (s) is on at
u u
dt is on at time t, 0 otherwise st time t, 0 otherwise
p Output power of solar panel s at time Binary variable; 1 if solar panel s is
z
st t (kW) st started up/shut down at time t, 0 otherwise
P Output power of wind turbine w at time Binary variable; 1 if wind turbine w is on
u
vt t (kW) v at time t, 0 otherwise
Binary variable; 1 if wind turbine w is p Charged power of the electric vehicle v
zZ
W started up/shut down at time t, 0 otherwise vt at time t (kW)
Discharged power of the electric vehicle v Binary variable; 1 if the electric vehicle v is
Xy.t : Uy vt . : : .
at time t (kW) discharging at time t, 0 otherwise
Binary variable; 1 if the electric vehicle v is p Charged power of the battery b
u . . . .
vt charging at time t, 0 otherwise bt at time t (kW)
Discharged power of the battery b Binary variable; 1 if the battery b is
X ) u . . !
bt at time t (kW) bt charging at time t, 0 otherwise
Uy bt Binary variable; 1 if the battery (b) is discharging at time t, 0 otherwise
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Parameter Definition Parameter Definition
C Repair and maintenance costs of hydroelectric C Marginal costs of hydroelectric power
0. het power plant he at time t (currency) he.t plant he at time t (currency)
. Reliability of diesel lant d
Yie Hydroelectric power plant on/off cost (currency) T4y cablity 0 1f.:se powet plan
at time t
. Marginal costs of diesel lant d
Cey Fuel cost at time t (currency) (O argina COS_ S 07 clesel powet plal
at time t (currency)
C Repair and maintenance costs of diesel power v Diesel power plant on/off
o-dt plant (d) at time t (currency) d cost (currency)
. . Rated power of diesel power plant d
R Diesel lant t P
d iesel power plant power increase rate real.d.t at time t (kW)
UT Minimum operating time for diesel DT Minimum downtime for diesel
d power plant d power plant
Marginal costs of solar panel s at Solar panel repair and maintenance
CS-t : Co.s.t .
time t (currency) costs s at time t (currency)
Y, Solar panel on/off cost (currency) R Solar panel power increase rate
Prealst Rated power of solar panel s at time t (kW) Tt Reliability of solar panel s at time t
UT Minimum working time for solar panel DT, Minimum downtime for solar panels
E Daily solar energy limit T, Reference temperature (Celsius)
T, Average temperature (Celsius) Td Course Collection
Gac Radiation at time t Ggr Standard radiation
c Wind turbine marginal costs w at C Wind turbine repair and maintenance
wt time t (currency) oWt costs w at time t (currency)
Yy Wind turbine on/off cost (currency) Ry Wind turbine power increase rate
Prealw.t Rated power of wind turbine w at time t (kW) T'wt Wind turbine reliability w at time t
UT,, Minimum operating time for wind turbine DT, Minimum downtime for wind turbine
Keo Wind turbine cut-off speed (m\s) K, Nominal wind turbine speed (m\s)
. . . P ti f wind turbi
K Wind turbine cutting speed (m\s) 0 ereen afge. orwin u-r e
electricity production
C Cost of destruction and depreciation of C Cost of using an electric car
deg electric car (currency) eon (currency)
C Electric car repair and maintenance costs C Marginal costs of electric cars
i (currency) v (currency)
Rated charging power of electric car v Rated discharge power of electric
Prcal.vAt . PrcaLx.vAt . .
at time t (kW) machine v at time t (kW)
Electric machine load demand v
Electri ffici D
n, ectric car efficiency vt at time t (KW)
SOC, Electric car charging status SOC, Battery charge status
C Battery repair and maintenance costs C Battery destruction and depreciation
bme (currency) b cost (currency)
Cec Battery charging cost (currency) Cye Battery discharge cost (currency)
. . Rated battery discharge power b
| Rated battery charging power b at time t (kW) Prealx bt at time £ (kW)
n, Battery efficiency Ey Battery energy capacity
L . Selli i it of
R Reliability required PRICE CHINg price per Uit o energy
(currency)
Dyt Unmet demand at time t (kW) D, Load demand at time t (kW)
M A very large positive number € A very small positive number
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Time [16] MILP ELM-GA
00:00-1:00 29.6 43.7 156.3
1:00-2:00 19.2 42.1 157.9
2:00-3:00 25.6 54.0 166.5
3:00-4:00 13.8 63.4 180.5
4:00-5:00 11.5 73.4 177.6
5:00-6:00 11.1 70.6 173.8
6:00-7:00 18.9 76.0 172.4
7:00-8:00 30.9 54.0 150.8
8:00-9:00 58.6 64.5 157.5
9:00-10:00 34.0 58.3 153.2
10:00-11:00 75.6 46.2 146.7
11:00-12:00 69.8 52.3 150.0
12:00-13:00 63.2 41.0 138.8
13:00-14:00 60.2 34.8 135.9
14:00-15:00 80.5 59.6 155.2
15:00-16:00 60.0 50.1 151.9
16:00-17:00 48.3 359 140.6
17:00-18:00 44.7 37.6 138.8
18:00-19:00 31.5 37.2 139.4
19:00-20:00 30.0 36.5 140.1

20:00-21:00 30.0 50.6 148.5
21:00-22:00 30.0 48.7 150.0
22:00-23:00 32.6 48.6 151.2
23:00-24:00 29.6 46.7 153.1
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Solution time Objective function
Number (seconds) (million) Optimality gap

4 ()

of units MILP ELM-GA MILP ELM-GA (%)

10 0.129 4.5 -991.3 -1036 45.1

12 0.137 5 -1022.5 -1177 15.1

14 0.252 7 -1022.5 -1215 18.8

16 0.255 9 -1022.6 -1285 25.7

18 0.258 11 -1922.6 -1340 31.0

wgie ol b (Ll ;o ELM-GA g MILP (59 35 Jo corienS 9 < yun g lio A Jour
Solution time Objective function
Number (seconds) (million) Optimality gap

3 o,

of units MILP ELM-GA MILP ELM-GA (%)

20 0.42 23 -2124.97 -2173 2.3

24 0.97 67 -2125 -2320 9.2

28 1.45 94 -2125.02 -2338 10.0

32 1.80 131 -2125.03 -2341 10.2

36 2.54 173 -2125.01 -2397 12.8

S50l b (Lluo 3ELM-GA g MILP (i) 59 Jo oS 9 i o (gunnylio A Jgo
Number Solution time Objective function Optimality gap
of units MILP ELM-GA MILP ELM-GA (%)
42 6 (s) 14 (min) -3227 -3886 20.4
50 100 (s) 56 (min) -4330 -4755 10.3
60 More than 48 hour 180 (min) -5432 -5670 4.4
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  Marginal costs of electric cars 


  (currency)


  (currency)


   C v


  Electric car repair and maintenance costs


   (currency)


   (currency)


   C  mir


  Rated discharge power of electric


  machine v at time t (kW)


  machine v at time t (kW)


   P  real.x.v.t


   Rated charging power of electric car v


  at time t (kW)


  at time t (kW)


   P  real.v.t


   Electric machine load demand v


  at time t (kW)


  at time t (kW)


   D  v.t


  Electric car efficiency


   η v


  Battery charge status


    SOC b


  Electric car charging status


    SOC v


  Battery destruction and depreciation


   cost (currency)


   cost (currency)


   C b


  Battery repair and maintenance costs 


  (currency)


  (currency)


   C  bmc


  Battery discharge cost (currency)


   C  dc


  Battery charging cost (currency)


   C  cc


  Rated battery discharge power b


  at time t (kW)


  at time t (kW)


   P  real.x.b.t


  Rated battery charging power b at time t (kW)


   P  real.b.t


  Battery energy capacity


   E b


  Battery efficiency


   η b


  Selling price per unit of energy 


  (currency)


  (currency)


  PRICE


  Reliability required


  R


  Load demand at time t (kW)


   D t


  Unmet demand at time t (kW)


   D  un.t


  A very small positive number


  ε


  A very large positive number 


  M


  GAMS


  RAM


  (s)


  (s)

