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	Abstract

Owing to escalating dispersion of renewable energy sources, it is mandatory  to inspect it’s effect on the combined heat and power dynamic economic dispatch. At the same time ,  adverse effect is there due to  highly intermittent nature and  higher rate of outages of these sources . This piece of work proposes squirrel search algorithm (SSA) for solving combined heat and power dynamic economic dispatch (CHPDED) incorporating pumped-storage-hydraulic unit captivating uncertainty and outage of sources of renewable energy. A newly developed algorithm SSA, imitates from the actively scavenging behavior of squirrel.  The competence of the recommended technique is examined on a test system. Outcome of the simulation of the proposed technique is harmonized with those acquired by particle swarm optimization (PSO) and grey wolf optimization (GWO). After comparison, a conclusion was made  presenting SSA technique conferring with good-quality solution than other techniques.
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1. Introduction
Extracting electricity  from fossil fuel is incompetent since the larger part of the energy is desecrated in this is heat. This heat is utilized in a healthier way in cogeneration and the effectiveness of the conversion process is increased. The problem of combined heat and power economic dispatch (CHPED) estimates the production of power and heat , minimizing the total cost satisfying various constraints. A variety of techniques [1]-[8] is discussed to solve the above problem. 
Because of rising alarm on change  in climate and fresh energy, solar and wind power are getting consent to congregate the energy demand at cheaper cost in the absence of  detrimental emissions. Amalgamation of power sources like solar and wind power which are climate-driven has upshot in larger uncertainties. The unpredictability and intermittency nature of these sources engender considerable challenge to be overcome in the problem of dynamic economic dispatch. The intermittent character may be  overcome by incorporating pumped hydro energy storage which lessens the disparity in generation and supply. It is imperative to deem the  outage possibility of solar and wind power sources during CHPDED  problem. 
The pumped-storage-hydraulic (PSH) unit is gaining  massive importance in the world [9] due to energy storage feature ,. Main function of these units [10] is to conserve the insignificant-cost of the extra electrical energy obtained in the off-peak load levels. During peak load levels, this stored energy is used for generation.In [11] , techniques like lagrangian multiplier and gradient search are employed to find optimum hydrothermal generation scheduling with PSU with constraints. Hota et al. [12] explained evolutionary programming method for solving hydrothermal generation scheduling . Mohan et al. [13] discuss pumped-hydro unit which can be  used as a peak-load supervision unit. Ma et al. [14] also explained the  PSH  system for solar energy infiltration 
Recently,squirrel search algorithm (SSA),  a nature-inspired optimization technique rooted from active scavenging deeds of southern flying squirrels, is proposed by Jain, Singh and Rani  [15]. 

Here, CHPDED[18] problem taking uncertainty and outage of sources of renewable energy and PSH unit is  considered including power ramp rate limits of conventional thermal unit and co-generation units .Effect of valve point and proscribed feasible area of thermal units are also taken into account.
Here, SSA is implemented for solving complex real world CHPDED problem incorporating PSH units and uncertainty and outage of wind turbines and solar plants. Sample test system is taken here. Simulation results is match up to with that obtained by  grey wolf optimization (GWO) and particle swarm optimization (PSO). After observation, it is concluded that proposed SSA proffers better solution.
Contributions of this work is given below:

· For cogeneration units,in the multi-period problem the electrical power-heat plane and power ramp rate constraints are modelled .

· Consideration of valve-point effect, prohibited workable area and ramp-rate constraints of thermal units
· Forced outage modelling of wind turbines and solar PV plants is furnished.

· For over and under estimation , reserve and penalty cost of sources of renewable energy are considered. 

· Pumped hydro energy storage is utilized by mitigating  variation in generation and supply.
2. Problem Formulation
In this paper,the system considered are conventional thermal generators, heat-only units cogeneration units, wind power unit, solar  plants unit and PSH units. Region feasible is shown by the frontier arc ABCDEF  shown in Fig.1.
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Fig  1.Power-Heat  viable effective area for a co-generation unit

CHPDED problem integrating  wind generators, PSH units and solar  plants estimates the production of power and heat such that over a certain time period cost is lessened by loading all on line conventional thermal units, co-generation units, solar plants ,wind power generators, heat-only units and  PSH units  .The  thermal generation limits , heat balance ,power balance, limit  of heat generation and limit of  power ramp rate constraints of thermal and co-generation units are fulfilled whereas the co-generation units works  in a closed area of heat vs. power plane. 
2.1. Uncertainty Modelling
2.1.1. Probability distribution of solar PV plant and wind turbine
Integrating solar  plant and wind turbine is   complicated because of  their uncertainty and intermittency.Different uncertainty modelling, like  Weibull, Beta, Lognormal and Gumbel probability distribution functions (PDFs), is used by researchers to calculate reserve  and penalty cost. By lognormal and Weibull PDFs solar irradiation and wind speed are well trailed respectively  in (1) and (2) [20]. 
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2.1.2. Model of wind power
The power o/p [21] of 
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2.1.3. Model of solar power 
The power output [22] from 
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th solar  plant at time 
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, for a given irradiation 
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2.1.4. Power probabilities of solar  plant
Probability of a PV power is equal to the corresponding solar power irradiation probability as in (5).
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2.1.5. Power probabilities of wind turbine

For discrete zones, the probabilities of wind power i.e.,  first and third case of (3), is  calculated using (6) and (7) respectively [14].
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In the continuous region , probability for WT power as second case in (3) is  calculated as (8).
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2.2. Outage modelling of solar PV plant and wind turbine
Modelling of forced outage depends on repairable failure, aging and weather dependency. For any power system component ,repairable forced outage rate is given as (9) [19].
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The aging failure rate is shown in equation as (10).
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For a time period of [image: image164.png]at



,weather dependent failure model is modelled as (11) 
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Hence, there is involvement of multi-factor independent outage . So, the forced outage rate is modelled by (12).

[image: image166.wmf]Aging

pair

Weather

Aging

pair

r

r

r

r

r

r

+

=

=

Re

Re

U

U

+
[image: image167.wmf]Weather

Aging

Aging

pair

Weather

r

r

r

r

r

´

-

´

-

Re


                                                            
[image: image168.wmf]-



 EMBED Equation.3  [image: image169.wmf]Weather

Aging

pair

pair

weather

r

r

r

r

r

´

´

-

´

Re

Re

                (12) 
2.3. Objective function and constraints

For the formulation of CHPDED problem ,objective function and constraints are taken into account with uncertainty and outage of wind power generating plants and solar  plants.
Objective

Total cost is expressed as
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where
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First element of the entire cost function, at time 
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,  i.e., fuel cost function of 
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th thermal unit considering  valve-point effect [23], is shown as 
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The second element at time 
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,i.e,  cost function of 
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The third element i.e.,the cost function of 
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th  heat-only unit at time 
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The fourth component is the cost function of wind power generating unit. 
Cost of wind power [21] includes three terms, 
(a) direct cost

(b)under assessment penalty cost (
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)
( c)reserve cost (
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) due to over assessment of wind power.
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Reserve cost and penalty cost is given as in (6)-(7) respectively.
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The last component is the cost function of solar plant.
 Cost of solar power [22] has three terms, 
(a)a direct cost 
(b)an under assessment penalty cost (
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The reserve  and penalty cost on dispatch able solar power is given in (9)-(10) respectively.
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subject to
 (i)  Power equilibrium constraints
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(ii) Capability frontiers of thermal generators 
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(iii) Proscribed area of thermal generators
In the performance  curve , the discontinuous proscribed feasible area for a thermal generator can be the result of  quivering in the bearing of shaft or could  be because of faults in the machine itself or any auxiliary equipment [24]. The reduction in saving, in actual operation is gained by shunning operation in these areas [24]. Achievable operating zone at time  
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(iv) Power ramp-rate frontier of thermal generators
 and co-generation units
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(v) Constraints of heat-equilibrium 

[image: image240.wmf]11

ch

cithitDtLt

ii

NN

==

H+H=H+H

åå

, 
[image: image241.wmf]t

ÎT

                                                                                           (33)                                                              
(vi) Frontiers competence of co-generation units
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(vii) Fabrication frontiers of heat-only units


[image: image252.wmf]minmax

hihithi

H£H£H

,
[image: image253.wmf]h

i

ÎN

and 
[image: image254.wmf]t

ÎT

                                                                                         (36)                                                      

(viii) Pumped-storage constraints

When the PSH unit changes from generating mode to pumping mode or vice-versa, the unit is made switched off to one  hour due to corporeal restriction of the PSH unit and is called changeover time.
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Here the total amount of water used by the PSH unit   should equals zero, because the initial and final  volume of water of the higher reservoir of the PSH unit is taken same .
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3. Squirrel Search Algorithm (SSA)
By Jain, Singh and Rani [15], SSA  a new populace based algorithm was developed.  Location of a Squirrel (SQ) is shown  as a vector, in 
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dimensional search space. giving a chance for the SQs to slide in one, two, three or higher dimensional search space,in addition to that it can also move their position vectors. 
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 is  the number  of SQs which  is taken as 100.Fig-2 shows the flowchart of SSA.
3.1. Random initialization

There are 
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 number of SQs, where the position of the 
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th SQ is shown  in the vector form.  Matrix, shown in (44), gives all data related to the position of  SQs.
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where 
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 represents  bth dimension of ath SQ. 
Allocation to the original location of SQs is done as described in (45).
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where 
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 indicate maxm and minm limits applied on the ath SQ in the bth dimension respectively. U(0,1) represents a random number homogeneously distributed in [0,1].

3.2. Computation of fitness value :

By substitution of  the values of decision variables , fitness value is computed  i.e. solution vectors in a user particular fitness function,which are pertinent value ,are amassed  in the array in (46).
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Value of fitness  of individual  SQ’s location gives  the characteristic of food source hunted by it .
3.3. Arranging, declaring and random selection

On hickory nut tree ,the squirrel having the least value of fitness  is considered there. It is supposed that the  next  nine SQs presence on acorn nuts trees are assumed.Once  again these nine SQs are tacit to possess a gesticulation in the direction of the hickory nut tree. Residuum SQs is taken granted that ,they  remain on normal trees..They  progress to the acorn nut trees. This habitual thing is represented by  considering location and updating predator habitation probability
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3.4. Create new positions

Considering above facts , three situations is  possible. In each situations, it is  presumed that in the truancy of predator, SQs move smoothly and travel around in a smart way to get their lovable eatable(s). On the other hand,, throughout the existance of the predator, The Squirrels are imposed to go in small random moving stepladder to search a close by battering location. 
Numerical modelling of the energetic foraging is shown below :.
Ist Outline . SQs who remained  on acorn trees  
[image: image286.wmf](

)

acn

SQ

 can  walk to hickory tree. Hence, the fresh location of these SQs is shown as , 
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where 
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2nd Outline .  SQs present on normal trees
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can  walk to the acorn trees to fulfill their needs  for every day power . So, the immediate location of these SQs is shown as, 
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where
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 is  an arbitrary number within 
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3rd Outline . SQs which relax on usual trees, and have consumed the acorn nuts proceed  towards  hickory  tree. In this outline, recent location of these SQs is shown  as 
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where 
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3.5. Aerodynamics gliding
According to  equilibrium glide (EG), gliding procedure of SQs is shown. Here an totaling of the lift
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 SQs  makes an increase in  glide-path length by generating a smaller glide angle 
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. This increase  in  length outcomes  in enhancing the ratio of 
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 results from downward deflection of the air whereas  its passageway over the wings is given as (51).
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where
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 is the density of the air 
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where 
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 signifies frictional drag co-efficient. 
This drag constituent remains dominant at slow speed. At high speed .supremacy of the component is not high. Hence, from (29), the 
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 at  steady-state is given  below.  
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Roughly evaluated 
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 can be computed as per (54).
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where 
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 represents  the loss in height after  gliding.
Taking into consideration, the required landing position , SQ has  the capability of changing the glide length or 
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 by making changes in the 
[image: image331.wmf]f

L

to
[image: image332.wmf]r

D

 ratio. To get good algorithmic outcome, value of  
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3.6. Condition for seasonal monitoring
Foraging behavior of the SQs[17] is affected by seasonal variations. So, including  seasonal supervising condition in the method  helps the  results from being confined in local optima(s). Below are the equations shown ,.   
A.  For Calculating seasonal constant 
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B. For inspection of  seasonal monitoring condition
It is considered that 
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where
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gives the slightest probable value of seasonal constant. It is calculated as:
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where 
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specifies the on-going and the utmost iteration value correspondingly. 
3.7. Repositioning after completing winter season arbitarily
During winter season the SQs who were incapable to find food get arbitrarily allocated, if the seasonal monitoring condition found incorrect .
Relocation of SQs is as per (58).
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where Lévy distribution gives a boosting for efficient searching of search space. The division is described as per (59).
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where
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represents an index. Arithmetical expression of this distribution stays as per (60). 
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where
[image: image349.wmf],0
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 with 
[image: image350.wmf]b

 and 
[image: image351.wmf]m

 signifying  scale and shift parameter respectively. 
Lévy flight is  estimated as per (61).
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where
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signifies two normally distributed arbitrary numbers in [0, 1].
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Fig.2 :  Flowchart of  Squirrel search Algorithm
4. Numerical Results
For solving a test system, the recommended squirrel search algorithm (SSA) is pertained. To judge the efficacy of SSA,results obtained from simulation using SSA was compared with that of GWO and PSO . The SSA, GWO and PSO algorithms were implemented with MATLAB 7.0 on a PC (Pentium-IV, 1 TB, 3.0 GHz).

Here  thirteen thermal generators which are conventional having prohibited workable area and effect of valve point , one wind power generating unit ,six co-generation units, one solar plant, five heat-only units and one pumped storage hydro plant . From [8], data of conventional thermal generators, cogeneration units and heat only units is taken . Power ramp rate limit data of thermal units, cogeneration units is taken from Table A.1 in appendix  Total scheduling period is 1 day and is fractioned in 24 intervals. In Table A.2 in appendix, hourly power demand and heat demand are shown
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 are taken as 1000 W/m2 and 150 W/m2. The data of thermal power plants and total hourly load demand are given in Table A.1 and Table A.2 respectively in the appendix. The maximum and minimum forecast limits of solar irradiation and velocity of wind are shown in Fig. 3 and Fig. 4 respectively. An immediate  change in speed of wind can be observed  at 16th hour in Fig. 4. This  generally results into turbulent weather condition and failure in renewable unit.  For PV and WT units, failure probabilities [image: image374.png]


 is fetched from weather dependent historical data, which is visible  in Fig. 5. Forced outage rates of PV and WT units are given  in Fig. 6 correspondingly. From Fig. 5 , it is evident that, PV unit has high failure rates at 16th and 17th hour and WT unit has high failure rates at 16th, 17th and 18th hour. 
The characteristics of pumped storage hydro plant is as follows:
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Operating conditions: The PHP is given permission  to work only at −100 MW when pumping. The reservoir starts at 3000 acre-ft and is  at 3000 acre-ft at the end of the 24 hour. Water inflow rate and  spillage is neglected here. 
By using SSA, GWO and PSO,the problem is solved.  In  SSA, no. of squirrels is choosen as 100. No. of nutritious food sources is taken as 10 with 1 hickory nut tree and 9 acorn nut trees. 90 trees are having  without food source. Gliding constant 
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 is chosen as 1.9 and predator presence probability 
[image: image385.wmf](

)

dp

R

 is chosen as 0.1. In GWO, no. of wolves is chosen as 100. In PSO, the parameters  taken are 
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. For all the techniques, maximum iteration number is taken 300 .
Table-1 gives power generations of thermal generators using SSA ,
Table 2 gives power generation of cogeneration units, solar PV plant ,wind power generator, and pumped storage hydro plant obtained from the best cost among 100 runs of solutions by using SSA. 
Table 3 gives the heat generations  of cogeneration and heat-only units obtained from the best cost among 100 runs of solutions by using SSA which is summed up. 
In Table 4,the best, average  worst cost and average CPU time from SSA, GWO and PSO are précised among 100 runs of solutions. 
Characteristic of cost convergence found  from  SSA, GWO and PSO technique is presented in Fig 7. 
From Table 4 ,it is concluded that  CPU time and  cost  obtained from SSA is  lowest compared to other algorithms.
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Fig. 3. Limits of forecast of solar irradiation
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Fig. 4. Limits of forecast of speed of wind 
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Fig. 5. Failure probabilities ([image: image395.png]
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Fig. 6.  Forced outage rates of PV and WT units

Table 1: Power generation (MW) of thermal generators obtained from SSA
	Hour   
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	  1  464.7886  136.0634  172.8752   90.4193  165.7178  102.0178  176.8638   98.6446  147.5556  117.8317   92.8224  119.1555   75.0140

  2  431.2792  172.7066  147.4417   99.7020  174.1060  102.8581  163.9259   95.9311  101.2846   94.3797   91.3281   97.6516   93.3611

  3  485.3584  223.6896  224.9970   99.7130  150.5316   93.5163  141.5097   97.4152  108.9988  113.0368   79.7914   90.5618   72.0438

  4  510.6948  276.6060  280.0889   68.4164  122.2392  148.7272  156.8036  132.3674  165.9340   81.1727   79.3012  120.0000   55.8759

  5  487.4844  263.2163  225.6077  109.7875  136.3839  172.0855  147.0530  132.5004  172.3680  105.1827  102.1283   85.6684  100.4834

  6  462.5834  232.7159  276.9269   69.5225   98.3675  155.5551  122.1343  154.5577  174.2739   85.4689  119.4013   84.5239   79.2121

  7  550.0015  171.1722  261.3849  112.7663   71.3314  134.3033  162.7872  169.2053  162.2003   90.8105  100.0254   93.2124   77.4780

  8  646.3532  149.0176  245.5355  122.9049   93.6426   75.3891  133.3754  127.9141  130.2128  116.5555  118.6451   64.5140   94.5825

  9  680.0000  159.5311  174.7693  137.3933  120.6415   92.5153   87.0512  168.7070  123.9896  110.8805   85.4417   92.6692   55.4266

10  618.2331  222.3531  245.5063  148.6989  152.4583   60.0000  125.3148  146.6062  155.6806  117.8169  111.7974   76.2519  119.5021

11  593.2529  258.9572  294.6252  163.2084  127.9328  115.7961  133.0036  147.6905  154.9785   98.2161  108.0054   98.8827   75.9372

12  620.0956  232.4386  302.7989  170.2035  172.8623   60.0000  146.0995  180.0000  147.9499   94.3847  118.0710  109.7780  100.7416

13  594.4924  303.2897  284.5416  170.8910  158.3870  107.2702  160.6676  177.0736  153.3734  120.0000   80.4916   88.9627  103.7281

14  665.8742  238.7006  295.0289  152.8418  108.5685  158.1278  122.9754  143.9908  179.8489  118.9082   89.8343   95.8572  108.8735

15  680.0000  290.8499  295.4123  110.1286  108.6320  154.6882  142.2513  143.2235  142.1602   82.4636   84.8008   94.7154   86.8601

16  651.1535  298.9019  250.2786  113.7195  138.2511  135.4272  180.0000  155.1649  175.0452  102.0108   89.7972   83.5620   97.8726

17  680.0000  272.7936  265.9012   97.0921  166.8810   95.4720  124.4865  134.6021  179.4472  111.4955   98.3487  107.5970   68.3493

18  609.8567  292.4926  247.9964  147.2122  128.4497   86.5391  105.5914  150.0411  145.7347   99.0425   99.4464   74.6134   62.3894

19  581.6986  221.8752  266.7179  179.1691  128.9873  124.1211  155.9154  111.8120  112.2244   87.0975   63.5047  108.6413   61.6105

20  564.1764  271.2448  286.4046  169.6025  170.9194   73.2239  169.2561  156.5754   71.0268   93.1271   76.8295   92.9034   55.3054

21  579.0699  239.2720  283.2268  164.4857  138.5695   90.9359  148.2276  139.2352  105.2991   85.6015   81.7560   73.4783   96.9907

22  506.3977  170.1723  254.2904  138.5100   92.4295  117.5563  136.5401  143.8118  152.9863  110.7059  116.8294   97.2826   81.0778

23  567.8465  111.9106  233.1395   82.3664  111.0198  160.5379  178.9065  103.9334   93.0172   84.0077   88.1912   89.6837   56.2560

24  628.6963  131.6003  168.1360   94.5524   60.0000  149.4747  119.4477  124.1920   61.7936   90.5070  115.2946   65.9426   87.5639 


Table 2: Table 1: Power generation (MW) of co-generation units, wind power
unit, solar  plant and PSH  plant obtained from SSA
	Hour   
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	  1  200.4850    84.3174  178.3807    50.6075   26.1752   61.8041    38.4602         0        -100.0000

  2  235.4309  101.6193  221.6128    74.7040   33.2843   42.3466  125.0462         0        -100.0000

  3  185.5039    88.5188  192.2593    96.5650   36.0617   69.9281  150.0000         0        -100.0000

  4  131.9631  107.3336  133.7592    73.4679   34.3157   70.9332  150.0000         0        -100.0000

  5  166.7980    67.9898  157.9022  109.9432   43.9437   47.3792  150.0000    16.0943  -100.0000

  6  157.5359  108.8507  150.7955    82.1726   39.7241   64.3778  150.0000    31.3002  -100.0000

  7  147.9391    85.4639  202.1585    69.7501   50.6326   67.6806  150.0000    69.6967  -100.0000

  8  188.4337  108.9469  162.3053  103.5003   33.9555   43.4712  150.0000    90.7448         0

  9  135.9174    93.1194  192.3500  118.8656   45.1258   74.7625  134.6075  116.2356    100.0000

10  194.5308    75.6958  179.5481  106.8814   19.2390   71.0105    25.2641  136.3462      91.2642

11  210.0963    96.9018  215.1454    54.9807   33.6175   53.3154    59.0950  165.9690      40.3922

12  205.3885  122.3570  210.2490    70.4983   48.6485   35.0000          0       156.2354      96.1996

13  210.2437  106.8786  210.1037  105.9174   27.4353   73.0711    51.5446  116.8021      94.8344

14  233.6204  107.6439  190.2542  116.4641   42.2175   60.7119    59.4160  104.0483        6.1935

15  194.1495    68.7000  202.7747    62.8567   31.1212   64.4612    90.0799    97.4352      72.2356

16  216.8832    86.0626  167.5829  114.1995   48.8437   71.0437          0            0              24.1999

17  193.9147  111.6777  120.5956  116.9709   52.1658   52.0561          0            0              50.1530

18  137.0531  103.6165  178.8389  120.4982   20.7057   65.6736          0          24.6891     99.5193

19    85.4456    89.7888  130.3988    95.8577   50.9064   66.9231  132.1266       5.2473     39.9308

20  106.3955    73.5836  100.4999    85.5549   27.2631   68.6774    87.4304         0               0

21  132.8159  103.5696  101.9866  108.4056   30.7948   64.5798    31.6996         0        -100.0000

22  134.3477    95.3285  116.7987    72.4089   38.3816   35.4506    88.6941         0        -100.0000

23  156.9210    94.3549  164.6122    44.8064   26.9646   64.0039    87.5202         0        -100.0000

24  137.1007    89.6004  143.2429    66.2213   35.7004   40.9868    89.9464         0        -100.0000


Table 3: Heat production (MWth) of co-generation units and heat-only units obtained from SSA
	Hour     
[image: image419.wmf]1

c

H

       
[image: image420.wmf]2

c

H

         
[image: image421.wmf]3

c

H

         
[image: image422.wmf]4

c

H

          
[image: image423.wmf]5

c

H

         
[image: image424.wmf]6

c

H

         
[image: image425.wmf]1

h

H

       
[image: image426.wmf]2

h

H

         
[image: image427.wmf]3

h

H

         
[image: image428.wmf]4

h

H

         
[image: image429.wmf]5

h

H



	  1       169.39       92.382       37.812        75.26       27.405        26.82         731.5       48.325           60            120          111.07

  2       38.076       74.392            0          58.976        43.37       18.696       1071.6           60           12.798       114.51       107.54

  3       26.253       116.73       155.62        71.76            0          15.764         973.6       46.645           60             120           113.6

  4       35.074       68.471       122.54       64.411       49.467       22.21        1130.6       25.815       54.023       113.75       113.67

  5       106.92       40.347       17.176       94.056        53.47        17.18        1330.5       17.218            0           109.08       114.03

  6       89.498       104.17       84.094       8.4812       28.622       25.826         1356       6.6804           60          119.48       117.15

  7       26.263       14.536       86.872       66.691       16.874       2.5097       1601.2      37.355       11.056          120         116.62

  8       152.81       70.017       75.229       94.298       32.368       8.2992       1471.5      7.2921           60             120         108.16

  9       22.559          113         67.203       19.788       34.357       37.383         1676       48.305       48.882          120         112.54

10       66.429       101.44       141.25       92.829       42.731       27.407       1642.6        3.785           60           117.91      103.59

11       82.235       115.93       14.368       48.445       20.556       11.106       1951.1      19.326        10.327       117.15      109.45

12       100.09       9.2714       68.253       69.264       5.0108       15.425       1974.4           60          58.836          120       119.44

13       175.41       53.166       162.58       13.494       36.251       14.562       1692.8           60          59.458          120       112.23

14        22.38       106.51       113.31       82.596       50.889       14.393       1706.7        21.575       57.443       112.55     111.64

15       47.325       30.627       109.29       66.573       26.487       2.1549       1705.1       42.726       42.622       118.39     108.71

16       65.294       108.28       117.76            0           20.897            0           1603.1       12.368       40.834          120       111.49

17       20.378       17.567       33.253       32.808        14.85       15.453         1646         28.865       54.931          120        115.9

18       112.25       97.531       79.579       60.579       13.504       1.2981       1348.5       56.434       9.0043          120        101.3

19       82.832       11.472       81.569       48.531       25.534       2.2507         1368         0.54          49.957          120       109.28

20       77.552       30.622       26.669       57.626       30.837        32.83       1248.2        22.192       52.499       118.35     102.66

21       28.652       97.364       98.392       121.92       18.621        22.44       1018.6        3.6331           60             120       110.42

22       65.754       109.34       86.036       91.524       12.529       9.2129        935.8        39.764       12.342          120       117.66

23       111.77       109.66       120.12       57.781       5.0307       9.2778        798.2        35.176        28.51        118.05     106.45

24       46.217       77.635       122.59       44.428       30.546        1.578        814.6         38.128       16.911       115.64     91.751


Table 4: Performance comparision
	
	Best cost ($)
	Average cost ($)
	Worst cost ($)
	CPU time (s) 

	SSA
	3366372
	3366377
	3366385
	27.53

	GWO
	3367355
	3367362
	3367372
	31.18

	PSO
	 3367697
	3367708
	3367721
	34.07
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Fig. 7. Cost convergence characteristics 
5. Conclusion
SSA is recommended for evaluating a complex and real world CHPDED incorporating pumped hydro energy storage considering uncertainty and outage of wind turbines and solar power plants. Outcomes of simulation was analyzed  with those obtained by GWO and PSO algorithm. After, assessment, it was concluded that the proposed SSA gives better results  among all the other techniques. Outage possibility of thermal generating unit and pumped hydro energy storage unit can be taken as scope for future work .
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8. Appendix
Table A-1: Limits of power ramp rate of thermal generators
and co-generation units 

	Thermal 
[image: image431.wmf]s

UR



 EMBED Equation.3  [image: image432.wmf]s

DR

  Thermal 
[image: image433.wmf]s

UR

   
[image: image434.wmf]s

DR

   Cogeneration 
[image: image435.wmf]c

UR
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Unit   MW/h   MW/h  Unit   MW/h   MW/h     Unit      MW/h   MW/h   

	1           100     100      8       60       60             1        60          60
2             80       80      9       60       60             2        60          60
3             80       80    10       40       40             3        60          60    
4             60       60    11       40       40             4        60          60       
5             60       60    12       40       40             5        60          60  
6             60       60    13       40       40             6        60          60
7             60       60


Table A.2: Hourly Power and Heat Demand 
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