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Abstract

:

This paper studies the effect on the rate of growth of carbon dioxide emission in seaports’ atmosphere of replacing a part of the fossil fuel electrical power generation by clean renewable electrical energies, through two different scheduling strategies. The increased rate of harmful greenhouse gas emissions due to conventional electrical power generation severely affects the whole global atmosphere. Carbon dioxide and other greenhouse gases emissions are responsible for a significant share of global warming. Developing countries participate in this environmental distortion to a great percentage. Two different suggested strategies for renewable electrical energy scheduling are discussed in this paper, to attain a sustainable green port by the utilization of two mutual sequential clean renewable energies, which are biomass and photovoltaic (PV) energy. The first strategy, which is called the eco-availability mode, is a simple method. It is based on operating the renewable electrical energy sources during the available time of operation, taking into consideration the simple and basic technical issues only, without considering the sophisticated technical and economical models. The available operation time is determined by the environmental condition. This strategy is addressed to result on the maximum available Biomass and PV energy generation based on the least environmental and technical conditions (panel efficiency, minimum average daily sunshine hours per month, minimum average solar insolation per month). The second strategy, which is called the Intelligent Scheduling (IS) mode, relies on an intelligent Reconfigured Whale Optimization Technique (RWOT) based-model. In this strategy, some additional technical and economical issues are considered. The studied renewable electrical energy generation system is considered in two scenarios, which are with and without storage units. The objective (cost) function of the scheduling optimization problem, for both scenarios, are developed. Also, the boundary conditions and problem constraints are concluded. The RWOT algorithm is an updated Whale Optimization Algorithm (WOA). It is developed to accelerate the rate of reaching the optimal solution for the IS problem. The two strategies simulation and implementation are illustrated and applied to the seaport of Damietta, which is an Egyptian port, located 10 km to the west of the Nile River (Damietta Branch). The scheduling of PV and biomass energy generation during the different year months is examined for both strategies. The impact of renewable electrical energies generation scheduling on carbon dioxide emission and consequently global warming is discussed. The saving in carbon dioxide emission is calculated and the efficient results of the suggested models are clarified. The carbon dioxide emission is reduced to around its fifth value, during renewable energy operation. This work focuses on decreasing the rate of growth of carbon dioxide emission coming from fossil fuel electrical power generation in Egypt, targeting, sustainable green seaports, through three main contributions in clean renewable electrical energies scheduling. The contributions are: 1-presenting the eco-availability mode for minimum gifted biomass and PV energy generation, 2-developing and progressing the IRWOT scheduling strategy for both scenarios (with and without storage unit), 3-defining the scheduling optimization problem boundary conditions and constraints.
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1. Introduction


The great need to search for new environmental energy sources is increaseing, not only due to the expected shortage of conventional electrical energy resources, but also because of the increasing rate of pollution and harmful emissions. The concentration of heat-trapping greenhouse gases in the atmosphere has significantly increased throughout the preceding century as a result of burning fossil fuels, deforestation, and other causes. These gases act like a cover that make the world’s surface hotter than it ought to be the place as it captures a portion of the warmth emanated from the world’s surface and afterward this warmth is retransmitted back to the surface. Many publications concerned with Life Cycle Assessments of various electricity generation technologies have been performed throughout the past decades [1,2,3,4].



Within the electric power sector, assessments for the life cycle greenhouse gas “GHG” emissions for solar, wind, nuclear, and coal technologies showed that the total life cycle GHG emissions from fossil fuels are much higher and more variable than those from nuclear energy and other clean, renewable sources. Assessments showed that the generation of electricity from fossil fuel combustion is responsible for the vast majority of GHG emissions. For instance, electricity generated using coal-fired releases about 20 times more GHGs per kilowatt-hour than any clean, renewable energy sources whether it’s solar, wind or nuclear energy [1,2,3,4].



Carbon dioxide (CO2) plays a remarkable part as the main GHG released from process of fossil fuels combustion. The atmospheric concentration of CO2 has increased by over 40% from a preindustrial amount of 280 ppm (parts/million) to over 400 parts/million in 2016. With the increase of the CO2 and GHGs concentrations, the universal average temperatures are growing [1,2,3].



Substitutional clean energy sources, replacing the conventional fossil fuels electrical energy resources, should be renewable to uphold the objective of sustainable development. Photovoltaic (PV) and biomass energies are clean and renewable electrical energy generation resources [5,6,7,8,9].



One of the noticeable renewable energy resources is biomass energy. Since the 1970s, some scientists became more interested in the possibility of replacing fossil fuels with biomass [10]. Around 1975, “biomass” became the formal name of this energy [10]. Although currently fulfillment of the majority of the energy needs and requirements is still attained through the combustion of fossil fuel, 14% of the world utilizes biomass. Generating energy could be attained through the thousands of tons of manure, mounds of agricultural waste and piles of sawdust.



In these days, around 7% of the yearly production of biomass is utilized worldwide. New technologies in biomass energy field are progressing, despite the little investment in biomass research. This small investment in the biomass area relegates biomass plants to small niche markets and individual efforts. These small-scale projects can become economically efficient and environmentally sustainable [11,12,13]. Nowadays, the thermal and/or the electrical returns of biogas are targeted in many researches. Despite the fact that the electrical power generation from biomass is considered to be a promising task, that research mainly focuses on the thermal energy section [6,14,15,16]. In biomass technology, the improvement of the exhaust quality and its contents from hydrogen and carbon faces has seen many updates through the years. Many techniques and approaches, targeting the enhancement of the generation and the reduction of the CO2 are investigated in [17,18,19,20,21].



Lately, PV electrical power generation has been receiving considerable attention, especially, when a comparison is made with the traditional power systems. Thus, a PV system could be designed to fulfill the various requirements of applications and operations, through being either a stand-alone unit (distributed power generation) or connected to an electrical power grid. PV systems are static sunlight fuel systems, that avoid noise and pollution. PV modules have the capability of expanding and transporting in certain situations. In general, minimal maintenance is required for well-designed and properly installed PV systems, and additionally, they will have long-service lifetimes [5,7,8,9,12,13]. In 1952, the primal prototype is introduced [22]. During the 1970s, cost reduction was attained through the enhancements performed in manufacturing, performance, and quality of PV modules [23]. Following 1970s energy crisis, considerable efforts were progressed to develop PV power systems for both the commercial and residential utilizes, for stand-alone, remote power, and utility-connected applications. Solar energy harvesting technologies have progressed to exploit this almost unlimited energy utilization potential [24]. Recently, the PV module production industry is growing extensively. Implementation of PV systems on buildings and correlation to utility networks is accelerating rapidly in the major programs of Europe, Japan, and the USA [22,25,26]. Also, free software packages for PV electricity production allow quick estimations and calculations to be developed, discussed and compared [27]. Photovoltaic Geographical Information System (PVGIS), PVWatts and RETScreen are three major examples of these free software packages, which can help in PV system simulation and estimation.



One of the pivotal environmental entities that emits different types of contaminants which affect the total atmospheric pollution percentage is seaports. Many researches and projects address the sustainable green seaport technologies [28,29,30]. An ecological port (or green port) is a sustainable development port which is capable of both fulfilling the environmental requirements along with increasing their economic value. Creating a good ecological environment and high economic efficiency along with ensuring the overall harmonious and sustainable construction of the community’s economic, environmental complex ecosystem in the port is considered to be the main objective of the ecological port [31]. There are 15 commercial and 44 specialized ports on the Egyptian coast [32].



This paper discusses the impact of renewable electrical energy scheduling on carbon dioxide emission reduction through two strategies: (i) a port connected to the grid, which is called, eco-availability mode strategy and (ii) a standalone system which is called Intelligent Scheduling (IS) mode strategy (with and without storage unit consideration). Our eco-availability study is based on the basic technical-environmental (techno-env) operational availability conditions. The intelligent scheduling mode is an optimizing approach based on Reconfigured Whale Optimization Technique (RWOT) targeting the maximization the of carbon dioxide emission reduction. The RWOT cost function is derived in two cases, which are with and without considering the storage battery units. An integrated study is held for both strategies, regarding the environmental influences. The model of the green energy seaport is discussed and applied to one of the Egyptian seaports, which is the Damietta seaport.



The paper is divided into seven sections: Section 2 gives an overview of the environmental effects of carbon oxides. Section 3 provides an overview of biomass and photovoltaic general modeling and applications. The RWOT overview, algorithm description and the proposed cost function are illustrated in Section 4. Section 5 presents an integrated description for the proposed studied port (Damietta port). The simulation and results of both eco-availability strategy and IS strategy are clarified in Section 6, while Section 7 discusses the paper’s conclusions.




2. Carbon Oxides and Environmental Effect


2.1. Carbon Dioxide (CO2)


With increased emissions of carbon dioxide, global warming will continue to increase, followed by rising sea levels due to melting polar ice, a slight increase in the average global rainfall in the twentieth century and the increase in the proportion of parts of the world exposed to waves of drought or flooding since 1970. Many scientists have warned of major changes that would affect marine life if no strong action is taken to reduce carbon dioxide emissions. Ocean temperatures are on the rise, and more oxygen is lost as salinity rises because of higher carbon dioxide, experts said. Many experts point out that many of the living organisms can withstand the future in front of rising temperatures because of carbon dioxide, but not every time [33,34,35,36].



The ocean is at the forefront of climate change with signs of a change in its physical and chemical system that ecosystems and organisms are already changing, and these changes will continue as long as the emissions continue. They warned that oceans have absorbed about 30 percent of the carbon dioxide produced by humans since 1750, and since carbon dioxide is acidic, it increases the salinity of seawater. Scientists say that high salinity rates are expected to affect reproduction, nutrition and marine growth rates.




2.2. Carbon Monoxide (CO)


Carbon monoxide is a poisonous gas that causes the death of a high-concentration product that exceeds the limit. The surrounding air is safe and uncontaminated if the carbon monoxide concentration is 5 parts per million (PPM). Carbon monoxide is colourless and odourless gas that results from the incomplete combustion of fuel. Its concentration varies in urban areas, depending on the conditions prevailing in each of these areas. It depends mainly on the intensity of traffic and therefore more concentrated in the day at night and affects the carbon monoxide on public health, especially on Hemoglobin blood as it has a strong susceptibility to union with it. It seriously affects the breathing processes in living organisms, including human and causes many poisoning cases [36,37,38]. Most organisms are at risk of carbon monoxide poisoning. The most affected are fetuses, children and people with heart and respiratory diseases, as well as anemia. Annual deaths from accidental poisoning by carbon monoxide in the United States are estimated at five hundred cases per year, while nearly 2000 people commit suicide by inhalation. The effects of exposure to different levels of carbon oxides have been reviewed [34,35,36].





3. Biomass and Photovoltaics


3.1. Biomass


Biomass is a substance that is structurally based on carbon [39]. Biogas is a form of energy produced by biochemically breaking down organic materials from biomass under anaerobic conditions [40]. Biogas is an ignitable gas, with an average calorific value of ca. 6 kWh/m3. Biogas production amount depends upon the processed chemical reaction different parameters. The type of the bio-waste and its Total Solids Percentage (TS %) are counted as reference to the effective parameters. Alcohol fermentation, landfill gas, and gasification are considered among the different techniques of biomass utilization. Gasification is the latest method for electricity generation. Gasification is based on capturing about 70% of the available energy extracted from solid fuels through a conversion process that turn the fuel into combustible-gases and then burning these gases, and generates energy. Synthetic fuel technologies (synfuel) are still new [11,12,13,14,15,41,42].



Gasification of biomass is an interesting biorefinery concept due to its adaptability in applications, which ranges from pre-combustion of waste to avoid poisons in the flue gases, to producing progressive mixtures of hydrocarbons. For instance, the gasification process was employed in Sweden for the propulsion of cars during the Second World War when access to oil was limited. Nowadays a real challenge for researchers to apply biomass via gasification in an effective and efficient manner regarding process conduits and suitable end products. In a recent study by Hannula and Kurkela [43] the generation of biofuels from paper and wooden residues has been suggested as a method of renewable sources alternatives in the transportation system to impede the build-up of greenhouse gases (GHGs) in the atmosphere. Biomass can be converted to fuels by gasification into a gas that is plentiful in CO and H2, which can be use as structural blocks for making mixtures of almost any hydrocarbon. These processes, which have a conversion efficiency of approximately 50–70%, often produce an excess of heat. To achieve improved overall efficiencies and economic competitiveness, this heat should be utilized by co-locating gasification processes with heat demanding industries, so the excess heat can be consumed throughout the year [44]. Due to the recent application of biomass technologies in generating electricity, a base load build margin has been created. The base load build margin is defined as the type of electricity generation grid capacity addition that is affected by the way of implementing the gasification project. Greenhouse gas (GHG) emissions associated with the different built marginal electricity generation technologies, are shown in Table 1 [43,44,45].




3.2. Photovoltaic


Photovoltaic is the generation of electricity from solar energy. Many various factors affect the generation rate, such as, climatic conditions of location and surrounded temperature, the surface tilt angle related to the incident angle, possible shadings, Balance of System (BOS) efficiency, the cell material, solar irradiance, etc. [47]. In recent years, from both technical and commercial point of view, the technology that has conquered the market for the last two decades is photovoltaic (PV), which has experienced an extraordinary development. The productivities of PV modules have increased over recent decades relative to the different incentive mechanisms established in different countries. The recent technologies have reduced the panels’ cost. One of the most commonly used panels is the flat-plate photovoltaic panel. In Egypt, the average daily photovoltaic power generation is around 6 kWh/m2 [48]. Figure 1 illustrates the solar energy intensity distribution (in kWh/m2/day) over Egypt [48,49].



The Siegel method is applied to get the efficiency and the power model for the photovoltaic panels, as follows [50]:


   η =  η R   [  1 −  β R   (     T  e a    ¯  −  T R   )  −    β R   (    τ α  ¯   )     V k   ¯  E   n    U c     ]    



(1)




where;   η   is the monthly average daily efficiency, while     η R     is the efficiency at the reference temperature     T R    .       T  e a    ¯     is the external air temperature.     β R     is the temperature coefficient and depends mainly on the material properties.   E   is the incident solar radiation.     U c     is the overall thermal loss coefficient.       V k   ¯     is a dimensionless function of quantities (as the sunset angle, the monthly average daily clearness index, and the ratio of the monthly average daily total radiation on the array to that on a horizontal surface).   n   is the number of hours per day.     T R     is the reference temperature at solar radiation of 1000 W/m2 and   α   is the cell solar absorptance.



The output generated electrical energy is calculated according to the following formulas:


    E e  = A · η ·  S R  ·  r P  ,   



(2)






   P =    E e   t  ,   



(3)




where;     E e     is the generated electrical energy (in kWh).   A   is the total solar panel area (in m2), while   η   is the solar panel yield or efficiency (%).     S R     is the annual average solar radiation on tilted panels (shadings not included).     r P     is the performance ratio. It is a coefficient for losses (range between 0.5 and 0.9, default value = 0.75).    P    is the power (in kW), while   t   is the consumption time (in hours).





4. Reconfigured Whale Optimization Technique (RWOT)


4.1. WOT Overview and Methodology


The Whale Optimization Algorithm (WOA) is a developed swarm-based optimization technique for solving optimization problems in many applications [51,52,53,54,55,56,57,58,59]. WOA is a meta-heuristic algorithm, which is first introduced and developed by Mirjalili and Lewis in 2016. It is influenced by the bubble-net hunting strategy of humpback whales. This algorithm includes three operators to simulate the search for prey, encircling prey, and bubble-net foraging behaviour of humpback whales.



Whales are considered as the biggest mammals in the world. An adult whale can grow up to 30 m long and weigh 180 tons [51,52,53,54]. Whales are mostly considered as predators, which never sleep because they have to breathe from the surface of oceans, and only half of whose brain sleeps. According to Hof and Van Der Gucht, whales have common cells in certain areas of their brains similar to those of human called spindle cells. These cells are responsible for judgment, emotions, and social behaviours in humans. It has been proven that whales can think, learn, judge, communicate, and become even emotional as a human does, but obviously with a much lower level of smartness. Figure 2 shows their special hunting method of the humpback whales. This foraging behaviour is called bubble-net feeding method. Humpback whales prefer to hunt school of krill or small fishes close to the surface, whose foraging is done by creating distinctive bubbles along a circle or ‘9’-shaped path as shown in Figure 2. The bubble-net hunting is a unique behaviour which can be only observed in humpback whales [51,52,53,54].



The mathematical model of WOA is described in the following sections; (1) Bubble net hunting method (exploitation phase). (2) Search the prey (exploration phase).



1. Bubble-net hunting behaviour (exploitation phase):



In this hunting mode, where     |  A →  |  < 1   , two models are utilized, which are:




	
Shrinking encircling prey








WOA expects that the present best candidate solution is the objective prey. Others try to update their positions toward the best search agent. The behaviour modelled is as


    P →   (  i + 1  )  =    P b   →   ( i )  −  A →  ·  D →  ,    f o r   ρ   < 0.5   



(4)






    D →  =  |   L →  ·    P b   →   ( i )  −  P →   ( i )   |    



(5)






    D →  =  |   L →  ·    P b   →   ( i )  −  P →   ( i )   |    



(6)






    L →  = 2    r →    



(7)




where       P b   →    ,    P →    refer to the position of best solution and position vector respectively.   i   denotes the current iteration.     A →  ,    L →     are coefficient vectors.    a →    is linearly lessened from 2 to 0, while    r →    is a random vector [0, 1].    ρ    is random number    0 → 1   . In this mode,     A →  ∈  [  − a , a  ]    , where    A →    is recorded randomly between     [  − 1 ,   1  ]    . The new position of    A →    is attained between original position and the current best agent position. The possible positions from     (  X ,   Y  )     toward     (   X *  ,    Y *   )     which can be achieved by    0 ≤ A ≤ 1    in 2 dimension space is illustrated in Figure 3.



	
Spiral position updating






In this approach, a logarithmic spiral equation to simulate the helix-shaped movement of humpback whales is used


        P →   (  i + 1  )  =   D ′  →  ·  e  m k   · cos  (  2 π i  )  +    P b   →   ( i )  ,       f o r   ρ ≥ 0.5       



(8)






     D ′  →  =  |     P b   →   ( i )  −  P →   ( i )   |    



(9)




where,      D ′  →     denotes the distance between the whale and the best prey.   m   is a constant, while    k ∈  [  − 1 ,   1  ]    . The logarithmic spiral updating equation is clarified by Figure 4.



In hunting, whales swim around the prey in the mentioned two paths simultaneously.



2. Search for prey (exploration phase)



In fact, humpback whales search randomly according to the position of each other. Therefore,     |  A →  |  ≥ 1    is used to force search agent to move far away from a reference whale. In contrast to the exploitation phase, the position of a search agent in the exploration phase is updates according to a randomly chosen search agent rather than the best search agent found so far, to get the global optimal value. This mechanism emphasizes exploration and allow the WOA algorithm to perform a global search. The mathematical model is as follows:


    D →  =  |   L →  ·    P r   →   ( i )  −  P →   ( i )   |    



(10)






    P →   (  i + 1  )  =    P r   →   ( i )  −  A →  ·  D →    



(11)







      P r   →     is the random whales in current iteration.



An overview of statistical performance evaluation for different evolutionary algorithms is studied [51,52,53,54,55,56,57,58,59]. Comprehensive simulations and statistical analysis are implemented on different algorithm (WOA, PSO and GA) for different standard test functions, showing that:




	
WOA is more proficient in finding the global optimum solution with higher rates of success.



	
WOA has outperformed both PSO and GA in terms of less number of parameters to be controlled; as there are mainly three parameters,    ρ ,    |   A →   |     and the population size basically controls the elitism.



	
WOA is robust and more generic for numerous optimization problems, comparable with other optimization algorithms.









4.2. RWOT Algorithm and Flowchart


In RWOT, the value of     |  A →  |     is checked before   ρ  , to determine the whale behaviour first, then the model of hunting (attacking) phase. However, WOA starts with examing   ρ   before     |  A →  |    . A Matlab program is carried out to fulfill the logical steps of RWOT algorithm. The algorithm of RWOT program can be summarized in the following steps:




	
Introduce the initial values, WOT and system parameters, the number of whales’ population (N), maximum iteration number (imax), studied system boundaries, constraints and fitness (cost) function.



	
Calculate the cost function of all whale population to determine the initial global best search agent (    P b    ).



	
Decrease    a    from 2 to 0, and update    A ,   L ,   ρ ,   k   .



	
According to the values of    A    and   ρ  , choose the suitable position updating model to find the new whale (search agent) position.



	
Check the boundaries conditions and constraints for each search agent. If the constraints are avoided, the whale will return to its previous position or randomly set.



	
Calculate the cost functions to determine     P b    



	
Repeat steps (3 to 6) for certain number of iteration (imax) or until repetition of the same     P b     for 4 consecutive times.








The flowchart of the WOT algorithm is clarified in Figure 5.




4.3. RWOT Fitness Function (Proposed System Cost Function)


The proposed electrical power system of Damietta port consists of three main electrical power generation sources which are the governmental electrical power feeder, biomass electrical power generation unit and PV electrical generation field (will be discussed in details in Section 6). The WOT fitness function of the studied system is composed of three major parts which represent each connected source. The fitness function is performed for the system with and without battery storage unit.



4.3.1. Without Battery Storage Unit


Each major part of the derived cost (fitness) function of the system without storage unit is constructed from three terms which are: generation cost (    C  G r     ), technical supplementary cost (    C  T S     ), and CO2 environmental impact cost (    C  C  O 2      ). The generation cost term (    C  G r     ) presents the cost of the electrical energy generation in $/kWh. The technical supplementary cost term (    C  T S     ) includes the average value of the installation, maintenance and running cost (in $/kWh) of the devices and equipments which are needed to adjust or regulate the generated power voltage and frequency. The CO2 environmental impact cost (    C  C  O 2      ) is the cost of each emitted kg of CO2 in $/kg CO2, which is multiplied by the CO2 emission (Em) in kg CO2/ kWh.


       F . F ≡ C . F . =     S  h  F F    T  F F    P  F F      (   C  G r   +  C  T S   +  C  C O 2   E  m  F F    )    F F           + S  h  P V    T  P V    P  P V      (   C  G r   +  C  T S   +  C  C O 2   E  m  P V    )    P V           + S  h  B M    T  B M    P  B M      (   C  G r   +  C  T S   +  C  C O 2   E  m  B M    )    B M         



(12)




where,    S  h  F F   ,   S  h  P V      and    S  h  B M      denote the power share coefficient of fossil fuel, PV and biomass electrical energy generation respectively.     T  F F   ,    T  P V      and     T  B M      indicate the generation duration of fossil fuel, PV and biomass electrical energy (in hours) respectively. The maximum available electrical generated power (in kW) from fossil fuel, PV and biomass are referred as     P  F F   ,    P  P V      and     P  B M      respectively. Referring to Equations (2) and (3),     P  P V      is directly proportional with the total solar panel area (    A  P V      in m2). The system optimized variables are    S  h  F F   ,   S  h  P V     ,    S  h  B M          T  F F   ,    T  P V     ,     T  B M      and     A  P V   .   




4.3.2. With Battery Storage Unit


The cost function of the studied system with battery storage unit is the same as the system without battery storage unit, except for an additional cost term     (   C  S U    )  .        C  S U      represents the average cost of the installation and maintenance of the storage unit (in $/kWh). It is added to the PV part only:


        F . F ≡ C . F . = S  h  F F    T  F F    P  F F      (   C  G r   +  C  T S   +  C  C O 2   E  m  F F    )    F F         + S  h  P V    T  P V    P  P V      (   C  G r   +  C  T S   +  C  C O 2   E  m  P V    +  C  S U   )    P V         + S  h  B M    T  B M    P  B M      (   C  G r   +  C  T S   +  C  C O 2   E  m  B M    )    B M         



(13)








4.3.3. System Constraints and Boundary Conditions


The proposed system variables obey the following boundary conditions and constraints; to cover the overall required electrical energy and power, under certain power sharing and operating duration conditions


   0 ≤ S  h  F F   ≤ 1 ,    0.5 ≤ S  h  P V   ≤ 1 ,   w h i l e   S  h  B M   =  {     0     1        



(14)






   T ≤ D u  r  m a x     



(15)






   D u  r  d e t   ≤  T  F F   +  T  P V   +  T  B M   ≤ 3 D u  r  d e t     



(16)






    P  P V   ≤  P  P  V  m a x       



(17)






    i f    T  P V    P  P  V  m a x     > 0 :   S  h  P V    P  P V   ≤  {       P  C o n s       f o r   s y s t e m   w i t h o u t   s t o r a g e   u n i t        P  C o n s   +  P  S U       f o r   s y s t e m   w i t h   s t o r a g e   u n i t          



(18)






    P  C o n s   = {        S h   F F    P  F F   +   S h   P V    P  P V   +   S h   B M    P  B M       i f    T  P V    P  P  V  m a x     > 0         S h   F F    P  F F   +   P   S U   +   S h   B M    P  B M       i f    T  P V    P  P  V  m a x     = 0        



(19)






   S  h  F F    T  F F    P  F F   + S  h  P V    T  P V    P  P V   + S  h  B M    T  B M    P  B M   =  E  D T     



(20)




to cover the system overall required electrical energy and power, under certain power sharing and operating duration conditions.



  T   is the generation duration of any generation source (in hours) and    D u  r  m a x      denotes the maximum available electrical generation duration of the corresponding source.    D u  r  m a x      depends on some operating factors, such as the available duration of sunlight and the acceptable working hours of the biogas generator.    D u  r  d e t      presents the available assigned duration for power scheduling (   D u  r  d e t   = 24   h / day )   .     P  P  V  m a x        refers to the available maximum electrical PV generation. It is determined by substituting in Equation (2) and (3), the maximum available generated area and average solar radiation for the average daily sunshine hours.     P  C o n s      and     P  S U      symbolize the maximum electrical power consumption and the battery storage unit power capacity (in kW) respectively. The overall daily electrical energy consumption is indicated by     E  D T     .






5. Damietta Port


Damietta Port is an ancient Egyptian city, which is located on the east bank of the Damietta branch of the Nile River [60,61,62,63]. It is situated on the Mediterranean Sea, to the west of Ras El Bar, and about 8.5 km to the west of the Damietta branch of the River Nile. Damietta Port is located 200 km from Alexandria port and 70 km to the west of Port-Said. The total port area is about 11.8 Mm2. Water area is 3.9 Mm2, that will be increased to 4.5 Mm2. The land area is around 7.9 Mm2, that will be increased to 8.6 Mm2. The ratio of land area to total port area is about 2:3. The port is connected with the main transport network of Egypt. The access channel is about 11.3 km long, 300 m wide and 15 m depth. The Nile river is connected to the port via a barge channel, which is 4.5 km long, 5 m deep, and 90 m width. The Port of Damietta is the capital of the Damietta Governorate. It is reported to be the wealthiest governorate in Egypt.



Nowadays, the channel has been dredged and port facilities upgraded thus the Port of Damietta is capable of relieving the maritime congestion in Alexandria. The Port of Damietta is famous for various types of industries which include the manufacturing of clothing and furniture, leather working, fishing, and flour milling. The Port of Damietta is connected to the Nile via a canal, which transformed it to be an important maritime center where most of the cargo volume is containers. The Port of Damietta now contains a liquefied natural gas plant, and a methanol plant producing 1.3 million tons per year that reaches the global methanol market. The Port of Damietta is also a busy fishing port [60,61,62,63]. A detailed description of the post of Damietta and the ship traffic is available in [61]. Also, maps of Damietta port’s location in Egypt and the seaport plan can be found in [62,64,65].




6. Electrical Energy Scheduling in Damietta Port


A suggested green energy seaport model, which is supplied by environmentally-friendly electrical energy, is developed, implemented and followed-up in this project. This project stage targets studying the impact of renewable electrical energy generation scheduling on the environmental aspects. The renewable electrical energy generation scheduling is studied through two strategies. The eco-availability scheduling strategy is the first studied strategy in which simple technical-environmental (techno-env) analysis and calculations are followed. The second strategy is the intelligent scheduling strategy in which whale optimization technique is utilized to determine the optimal share and duration time for each connected supply through two studied scenarios. IWOTS targeted scenarios are for the system with and without battery storage units. The different scheduling strategies of the renewable electrical energy generation are presented in Figure 6 block diagram. Figure 7 illustrates the different electrical power sources combination which feed the implemented project of Damietta seaport (the grid and suggested renewable energy sources). The reduction in carbon dioxide emission due to partial replacement of the conventional fossil fuel electric power utility by PV and biomass is analysed and discussed.



Damietta seaport is recommended to be the studied model, to which the targeted project is applied. The required information about Damietta port, which is collected from Damietta port authority in November 2016, is represented in Table 2. The typical daily electrical power consumption pattern for Damietta port is shown in Figure 8.



6.1. Eco-Availability Scheduling Strategy


In this strategy, the PV electrical generation supplies the port loads during the availability of efficient daylight to avoid using storage units. On the other hand, the biomass electrical generation provides a part of the port electrical requirements over the whole day. The total electrical energy consumption of the port is covered by the integration between the fossil fuel electrical power utility and the port’s green generated energy. The excess generated electrical energy can be sold to the unified electrical power network and neighboring consumers.



The overall organic waste capacity is treated through biomass reactors to be converted into biogas, then to be utilized in generating electrical power. Based on practical experience in biomass energy generation, the extracted biogas volume per each ton of organic waste    (  v  T S %     ) varies from 2 to 15 (2–15 m3/day) depending on the Total Solids percentage (TS %). The total extracted biogas volume capacity (    V  b i o     ), in m3, relies on the organic waste mass (    m  o w     ) in ton, as illustrated in Equation (21). Each cubic meter of biogas can generate (    p   V  b i o       ) electrical power, which varies from 1.7 to 2 kW. The total electrical generated power from biomass (    P  b i o     ) can be calculated using Equation (22). In Damietta port, the equivalent value of the organic waste (15 tons/day) can be converted into     P  b i o   = 51   KW    to 450 kW. The daily average electrical generated power from biomass can be around 0.2 MW/day. The estimated daily generated energy from biomass (    E  b i o     ) is 4.8 MWh:


    V  b i o   =  v  T S %   ·  m  o w     



(21)






    P  b i o   =  p   V  b i o     ·  V  b i o   ,   



(22)






    E  b i o   =  ∫   P  b i o   d t   



(23)







The average CO2 emission rate of electricity generation from biomass (    e  b i o     ) is 50 kg CO2/MWh [1,2,3]. This leads to an average biomass CO2 emission (in kg CO2) equal to 240 kg CO2, so the avoided CO2 emissions are 3840 kg CO2, as the average difference between the CO2 emissions rate of electricity generation from fossil fuels and biomass is (850 − 50 = 800 kg CO2/MWh). The avoided CO2 emissions are the reduced CO2 emission due to the replacement of fossil fuel electrical energy by renewable energy. The comparison of the published life cycle GHG estimates by U.S. Electricity Generation Technology (EGT) is presented in [1,2,3]:


   C  O 2  e m i s s i o n =  e  r e n e w a b l e   ·  E  r e n e w a b l e     



(24)






   A b s o l e t e d   C  O 2    e m i s s i o n = C  O 2    e m i s s i o  n  F o s s i l   F u e l   − C  O 2    e m i s s i o  n  r e n    =  (   e  F o s s i l   F u e l   −  e  r e n e w a b l e    )  ·  E  r e n e w a b l e     



(25)




where,     e  r e n e w a b l e      is the CO2 emission rate (in kg CO2/ MWh) for each MWh of certain renewable electrical energy generation (    E  r e n e w a b l e   )    (in MWh). The sustainable green electrical power schedule varies according to the annual seasons. It varies from month to another considering the average day length, the average solar insolation and solar radiation and the operating requirements.



The monthly average length of efficient daylight (in hours) [66] and solar insolation (in kWh/m2/day) [67] are presented in Table 3. Figure 9 illustrates the monthly solar insolation (in kWh/m2/day). The average daily Damietta global solar radiation variation through the different months of the year is revised from [66]. By 2026, it is supposed that PV panels will be distributed on 1/5 of the port land area (A ≈ 1.1 km2). The daily estimated PV generated energy and produced power through different months are clarified in Table 3, by substituting in Equations (2) and (3), with    A = 1.1    km2,    η = 0.1 = 10 %    and     r P  = 0.75   . The average PV CO2 emission (in kg CO2) and the obsoleted CO2 emission (in kg CO2) can be calculated from Equations (24) and (25). PV CO2 emission (in kg CO2) compared to the obsoleted CO2 emission (in kg CO2) are also illustrated in Table 3 and Figure 10. The extra power from Damietta port generation unit is ready to be sold to the Egyptian Unified Electrical Power Network (EUEPN) and nearby consumers. Figure 11 clarifies the electrical power generation scheduling and sharing pattern, with the sold power to grid, according to Eco-availability strategy for a typical day.




6.2. Intelligent Whale Optimization Technique Based-Scheduling Strategy


The different cost terms of the RWOT fitness function are determined in Table 4, after revising some organizations’ publications and websites [68,69,70,71,72,73], Egyptian and worldwide market price lists. Both capital and running cost of the PV plant and biomass unit are considered in their     C  G r      term. The plant capital cost is distributed on the available working hours of the unit throughout its life time.



6.2.1. Without Battery Storage Unit


In this scenario, the IRWOTS cost function, boundary conditions and constraints of “without battery storage unit” pattern are utilized. The three power share coefficients, the generation durations of the three electrical energy sources (in hours) and the total solar panel area (in km2) (   S  h  F F   ,   S  h  P V     ,    S  h  B M          T  F F   ,    T  P V     ,     T  B M      and     A  P V     ) are obtained from the RWOT algorithm for optimal electrical energy scheduling. The optimum values of    S  h  F F   ,   S  h  P V     ,    S  h  B M          T  F F   ,    T  P V     ,     T  B M      and     A  P V      for different months of the year are demonstrated in Table 5. Referring to the typical daily power consumption chronological curve and the PV electrical power generation constraints in Equations (17)–(19), the RWOT cost function is addressed for eight periods per day, as shown in Table 6 and Table 7. Table 6 and Table 7 represent the RWOT- based optimized variables’ values for a typical day in December and June respectively, during the eight different periods. The electrical power generation scheduling and sharing pattern according to IROWTS strategy (without battery storage unit scenario) for a typical day in December and June are introduced in Figure 12 and Figure 13, respectively.




6.2.2. With Battery Storage Unit


The IRWOTS cost function, boundary conditions and constraints of “with battery storage unit” pattern are processed in this scenario.     C  S U      is substituted by 550 $/kWh.    S  h  F F   ,   S  h  P V     ,    S  h  B M          T  F F   ,    T  P V     ,     T  B M      and     A  P V      are acquired from for the optimal electrical energy scheduling. Table 8 illustrates the optimal values of    S  h  F F   ,   S  h  P V     ,    S  h  B M          T  F F   ,    T  P V     ,     T  B M      and     A  P V      for different months of the year. The RWOT- based optimized variables’ values for a typical day in December and June, during the eight different periods, are presented in Table 9 and Table 10, respectively. The electrical power generation scheduling and sharing pattern according to IROWTS strategy (with battery storage unit scenario) for a typical day in December and June are approached in Figure 14 and Figure 15, respectively.



The average daily PV electrical energy generation and the average PV CO2 emission (in kg CO2) compared to the obsoleted CO2 emission (in kg CO2) for both scenarios “with and without storage battery unit” of IRWOTS calculated in Table 11. Figure 16 and Figure 17 clarify the average PV CO2 emission (in kg CO2) compared to the obsoleted CO2 emission (in kg CO2) for both scenarios.



An Artificial Intelligence (AI) comparative study is applied to the electrical power generation scheduling (with battery storage unit scenario) for a typical day in June. Genetic Algorithm (GA), Particle Swarm Optimization (PSO) and RWOT techniques are examined. Table 12 shows the results of the three AI techniques. The result shows the privilege of RWOT over both GA and PSO. Scheduling of PV and biomass electrical energy generation, to partially replace the conventional fossil fuel sources in a green energy seaport, is processed in this project. As carbon dioxide emissions affect the greenhouse gas and global warming phenomena, the impact of the environmentally friendly electrical energy generation unit on the carbon dioxide emissions reduction and environment saving is the main target.






7. Conclusions


Scheduling of PV and biomass electrical energy generation to partially replace the conventional fossil fuel sources in a green energy seaport, is studied in this project. As carbon dioxide emissions affects the greenhouse gas and global warming phenomena, the impact of the environmentally friendly electrical energy generation unit on the reduction of carbon dioxide emissions and saving the environment is the main target of this research. Renewable sustainable electrical power sources are annually scheduled to be adapted with the available generation inputs. The study is based on two main strategies, which are eco-availability mode and Intelligent Scheduling (IS) mode. The Intelligent Reconfigured Whale Optimization Technique based Scheduling (IRWOTS) mode is executed for two scenarios. The first scenario is considering the system without battery storage units, to avoid the storage techniques’ problems of the excess generated power, while the storage units are considered in the second scenario.



Photovoltaic generation depends on the average efficient daylight and solar insolation, which vary monthly and from one season to another. Regarding biomass electrical generation, it is suggested that total organic waste capacity of the community will be utilized in generating electrical power. The biomass generation is almost constant over the whole year. Sustainable efficient green energy port pattern is addressed by applying the combination of photovoltaic and biomass electrical power to Damietta port. It is also proposed that the extra generated green electrical energy be sold to the Egyptian Unified Electrical Power Network and the neighboring loads. The generation scheduling of biomass and photovoltaic electrical energy combination is assumed to vary from 40.2 MWh/day (in December—IRWOTS strategy-without battery storage unit) to 966 MWh/day (in June—Eco-availability strategy). The daily carbon dioxide emission oscillates between 1840 kg CO2 and 52,163 kg CO2. It results in clear daily carbon dioxide emission reduction that fluctuates between 36,240 kg CO2 and 773,077.6 kg CO2. The rate of obsoleted carbon oxides emission encourages the global societies to follow up the proposed model for the environment sake.
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Figure 1. Solar energy intensity in Egypt [48]. 
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Figure 2. Bubble-net hunting behaviour of humpback whales [51,52,53,54]. 
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Figure 3. Bubble-net search shrinking encircling model of humpback whales [51,52,53,54]. 
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Figure 4. Model of Bubble-net search spiral position updating model [51,52,53,54]. 
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Figure 5. Reconfigured Whale Optimization Technique (RWOT) flowchart. 
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Figure 6. The renewable electrical energy generation scheduling strategies block diagram. 
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Figure 7. Different electrical power sources that feed the Damietta seaport (the grid and suggested renewable energy sources). 
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Figure 8. Damietta port typical daily electrical power consumption pattern (power consumption chronological curve). 
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Figure 9. Average solar insolation (in kWh/m2/day) versus the months of the year. 
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Figure 10. The average PV CO2 emission compared to the obsoleted CO2 emission based on Eco-availabiltiy strategy. 
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Figure 11. Typical daily electrical power generation scheduling and sharing pattern according to Eco-availability strategy. 
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Figure 12. Electrical power generation scheduling and sharing pattern according to IROWTS strategy (without battery storage unit) for a typical day in December. 
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Figure 13. Electrical power generation scheduling and sharing pattern according to IROWTS strategy (without battery storage unit) for a typical day in June. 






Figure 13. Electrical power generation scheduling and sharing pattern according to IROWTS strategy (without battery storage unit) for a typical day in June.



[image: Energies 11 00535 g013]







[image: Energies 11 00535 g014 550] 





Figure 14. Electrical power generation scheduling and sharing pattern according to IROWTS strategy (with battery storage unit) for a typical day in December. 
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Figure 15. Electrical power generation scheduling and sharing pattern according to IROWTS strategy (with battery storage unit) for a typical day in June. 
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Figure 16. The average PV CO2 emission compared to the obsoleted CO2 emission based on IRWOTS strategy (without battery storage unit). 
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Figure 17. The average PV CO2 emission compared to the obsoleted CO2 emission based on IRWOTS strategy (with battery storage unit). 
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Table 1. Marginal electricity production technologies and associated CO2 emissions [44,45,46].






Table 1. Marginal electricity production technologies and associated CO2 emissions [44,45,46].





	Emission
	Coal Power
	Oil Power
	Natural Gas Combined Cycle
	Biomass (Gassification)





	CO2 emission (kg CO2/MWh)
	1050
	850
	480
	50
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Table 2. Some information about Damietta port.
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	Total port area
	9,296,911.45 m2



	Water area
	3,933,123.16 m2



	Land area
	5,363,788.29 m2



	Port average electrical power consumption per day
	8 MW/day



	Port human capacity (manpower)
	40,000 persons



	Port average organic waste capacity per day
	15 tons/day
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Table 3. The calculated average daily PV energy, power, CO2 emission and obsoleted CO2 emission through different months based on Eco-Availability strategy.






Table 3. The calculated average daily PV energy, power, CO2 emission and obsoleted CO2 emission through different months based on Eco-Availability strategy.





	
Months

	
Average Length of Day (Hours)

	
Average Daily Sunshine Hours

	
Insolation (kWh/m2/day)

	
Average Daily Solar Energy (MWh/day)

	
Power (MW/day)

	
CO2 Emission (kg CO2)

	
Obsoleted Emissions (kg CO2)






	
Months/Year

	
January

	
10.8

	
4

	
3.16

	
266.625

	
11.1

	
14,397.75

	
213,300




	
February

	
11.5

	
5

	
4.02

	
361.171

	
15

	
19,503.234

	
288,936.8




	
March

	
12.4

	
6

	
5.42

	
525.062

	
21.8

	
28,353.348

	
420,049.6




	
April

	
12.4

	
6

	
6.85

	
663.593

	
27.6

	
35,834.022

	
530,874.4




	
May

	
14.2

	
8

	
7.77

	
861.984

	
35.9

	
46,547.136

	
689,587.2




	
June

	
14.6

	
8

	
8.43

	
961.547

	
40

	
51,923.538

	
769,237.6




	
July

	
14.4

	
8

	
8.33

	
937.125

	
39

	
50,604.75

	
749,700




	
August

	
13.7

	
7

	
7.73

	
827.351

	
34.4

	
44,676.954

	
661,880.8




	
September

	
12.7

	
6

	
6.65

	
659.804

	
27.4

	
35,629.416

	
527,843.2




	
October

	
11.8

	
5

	
5.05

	
465.546

	
19.3

	
25,139.484

	
372,436.8




	
November

	
11

	
5

	
3.7

	
317.968

	
13.2

	
17,170.272

	
254,374.4




	
December

	
10.6

	
4

	
2.97

	
245.953

	
10.2

	
13,281.462

	
196,762.4
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Table 4. RWOT fitness function parameters’ value.
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Cost Function Parameters’ Values for Different Electrical Energy Generation Sources




	
Fossil Fuel

	
Photovoltaic

	
Biomass






	
    C  G r     

	
0.07 $/kWh

	
    C  G r     

	
0.1 $/kWh

	
    C  G r     

	
0.07 $/kWh




	
    C  T S     

	
0 $/kWh

	
    C  T S     

	
0.02 $/kWh

	
    C  T S     

	
0.03 $/kWh




	
    C  C O 2     

	
8 $/ton CO2

	
    C  C O 2     

	
8 $/ton CO2

	
    C  C O 2     

	
8 $/ton CO2




	
   E  m  F F     

	
850 kg CO2/MWh

	
   E  m  P V     

	
40 kg CO2/MWh

	
   E  m  B M     

	
50 kg CO2/MWh




	
    P  F F     

	
10 MW

	
    P  P V     

	
optimized var.

	
    P  B M     

	
0.2 MW
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Table 5. The RWOT-based monthly optimized variables’ values for the proposed system without battery storage unit.
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Months

	
    S  h  F F      

	
     T  F F       (h/day)

	
    S  h  P V      

	
     T  P V       (h/day)

	
     A  P V       (km2)

	
    S  h  B M      

	
     T  B M       (h/day)






	
Months/Year

	
January

	
0.79

	
20

	
0.98

	
4

	
1

	
1

	
24




	
February

	
0.77

	
19

	
0.96

	
5

	
0.74

	
1

	
24




	
March

	
0.76

	
18

	
0.95

	
6

	
0.52

	
1

	
20




	
April

	
0.75

	
18

	
0.94

	
6

	
0.41

	
1

	
19




	
May

	
0.73

	
16

	
0.92

	
8

	
0.32

	
1

	
16




	
June

	
0.72

	
16

	
0.89

	
8

	
0.28

	
1

	
16




	
July

	
0.73

	
16

	
0.91

	
8

	
0.3

	
1

	
16




	
August

	
0.74

	
17

	
0.93

	
7

	
0.34

	
1

	
17




	
September

	
0.76

	
18

	
0.94

	
6

	
0.42

	
1

	
19




	
October

	
0.78

	
19

	
0.96

	
5

	
0.6

	
1

	
20




	
November

	
0.79

	
19

	
0.97

	
5

	
0.86

	
1

	
24




	
December

	
0.8

	
20

	
0.98

	
4

	
1

	
1

	
24
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Table 6. The RWOT-based optimized variables’ values of a typical day in December for the proposed system without battery storage unit.






Table 6. The RWOT-based optimized variables’ values of a typical day in December for the proposed system without battery storage unit.





	
Hours

	
    S  h  F F      

	
     T  F F       (h/day)

	
    S  h  P V      

	
     T  P V       (h/day)

	
     A  P V       (km2)

	
    S  h  B M      

	
     T  B M       (h/day)






	
h/Day

	
12 a.m.–2.59 a.m.

	
0.58

	
3

	
0.64

	
0

	
1

	
1

	
3




	
3 a.m.–5.59 a.m.

	
0.68

	
3

	
0.71

	
0

	
1

	
1

	
3




	
6 a.m.–8.59 a.m.

	
0.88

	
3

	
0.52

	
0

	
1

	
1

	
3




	
9 a.m.–11.59 p.m.

	
0.98

	
2

	
1

	
1

	
1

	
1

	
3




	
12 a.m.–3.59 p.m.

	
0.98

	
1

	
1

	
3

	
1

	
1

	
4




	
4 p.m.–6.59 p.m.

	
0.88

	
3

	
0.63

	
0

	
1

	
1

	
3




	
7 p.m.–9.59 p.m.

	
0.68

	
3

	
0.58

	
0

	
1

	
1

	
3




	
10 p.m.–11.59 p.m.

	
0.58

	
2

	
0.61

	
0

	
1

	
1

	
2
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Table 7. The RWOT-based optimized variables’ values of a typical day in June for the proposed system without battery storage unit.






Table 7. The RWOT-based optimized variables’ values of a typical day in June for the proposed system without battery storage unit.





	
Hours

	
    S  h  F F      

	
     T  F F       (h/day)

	
    S  h  P V      

	
     T  P V       (h/day)

	
     A  P V       (km2)

	
    S  h  B M      

	
     T  B M       (h/day)






	
h/Day

	
12 a.m.–2.59 a.m.

	
0.58

	
3

	
0.74

	
0

	
0.28

	
1

	
3




	
3 a.m.–5.59 a.m.

	
0.68

	
3

	
0.5

	
0

	
0.28

	
1

	
3




	
6 a.m.–8.59 a.m.

	
0.88

	
3

	
0.63

	
0

	
0.28

	
1

	
3




	
9 a.m.–11.59 p.m.

	
0

	
1.8

	
0.98

	
3

	
0.28

	
0

	
1.7




	
12 a.m.–3.59 p.m.

	
0

	
1.6

	
0.98

	
4

	
0.28

	
0

	
2.2




	
4 p.m.–6.59 p.m.

	
0.88

	
2

	
0.88

	
1

	
0.28

	
1

	
3




	
7 p.m.–9.59 p.m.

	
0.68

	
3

	
0.52

	
0

	
0.28

	
1

	
3




	
10 p.m.–11.59 p.m.

	
0.58

	
2

	
0.51

	
0

	
0.28

	
1

	
2
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Table 8. The RWOT-based monthly optimized variables’ values for the proposed system with battery storage unit.






Table 8. The RWOT-based monthly optimized variables’ values for the proposed system with battery storage unit.





	
Months

	
    S  h  F F      

	
     T  F F       (h/day)

	
    S  h  P V      

	
     T  P V       (h/day)

	
     A  P V       (km2)

	
    S  h  B M      

	
     T  B M       (h/day)






	
Months/Year

	
January

	
0.75

	
20

	
0.96

	
4

	
1.1

	
1

	
24




	
February

	
0.7

	
19

	
0.96

	
5

	
1.1

	
1

	
24




	
March

	
0.58

	
18

	
0.94

	
6

	
1.08

	
1

	
20




	
April

	
0.43

	
18

	
0.92

	
6

	
0.89

	
1

	
19




	
May

	
0.35

	
16

	
0.89

	
8

	
0.67

	
1

	
17




	
June

	
0.2

	
16

	
0.82

	
8

	
0.6

	
1

	
17




	
July

	
0.21

	
16

	
0.83

	
8

	
0.62

	
1

	
17




	
August

	
0.37

	
17

	
0.9

	
7

	
0.7

	
1

	
17




	
September

	
0.41

	
18

	
0.91

	
6

	
0.88

	
1

	
19




	
October

	
0.63

	
19

	
0.94

	
5

	
1.1

	
1

	
20




	
November

	
0.72

	
19

	
0.95

	
5

	
1.1

	
1

	
24




	
December

	
0.76

	
20

	
0.98

	
4

	
1.1

	
1

	
24
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Table 9. The RWOT-based optimized variables’ values of a typical day in December for the proposed system with battery storage unit.






Table 9. The RWOT-based optimized variables’ values of a typical day in December for the proposed system with battery storage unit.





	
Hours

	
    S  h  F F      

	
     T  F F       (h/day)

	
    S  h  P V      

	
     T  P V       (h/day)

	
     A  P V       (km2)

	
    S  h  B M      

	
     T  B M       (h/day)






	
h/Day

	
12 a.m.–2.59 a.m.

	
0.56

	
3

	
0.72

	
0

	
1.1

	
1

	
3




	
3 a.m.–5.59 a.m.

	
0.67

	
3

	
0.51

	
0

	
1.1

	
1

	
3




	
6 a.m.–8.59 a.m.

	
0.86

	
3

	
0.6

	
0

	
1.1

	
1

	
3




	
9 a.m.–11.59 p.m.

	
0.97

	
2

	
1

	
1

	
1.1

	
1

	
3




	
12 a.m.–3.59 p.m.

	
0.96

	
1

	
1

	
3

	
1.1

	
1

	
4




	
4 p.m.–6.59 p.m.

	
0.86

	
3

	
0.53

	
0

	
1.1

	
1

	
3




	
7 p.m.–9.59 p.m.

	
0.67

	
3

	
0.5

	
0

	
1.1

	
1

	
3




	
10 p.m.–11.59 p.m.

	
0.56

	
2

	
0.76

	
0

	
1.1

	
1

	
2
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Table 10. The RWOT-based optimized variables’ values of a typical day in June for the proposed system with battery storage unit.






Table 10. The RWOT-based optimized variables’ values of a typical day in June for the proposed system with battery storage unit.





	
Hours

	
    S  h  F F      

	
     T  F F       (h/day)

	
    S  h  P V      

	
     T  P V       (h/day)

	
     A  P V       (km2)

	
    S  h  B M      

	
     T  B M       (h/day)






	
h/Day

	
12 a.m.–2.59 a.m.

	
0.05

	
3

	
0.64

	
0

	
0.6

	
1

	
3




	
3 a.m.–5.59 a.m.

	
0.15

	
3

	
0.59

	
0

	
0.6

	
1

	
3




	
6 a.m.–8.59 a.m.

	
0.35

	
3

	
0.56

	
0

	
0.6

	
1

	
3




	
9 a.m.–11.59 p.m.

	
0

	
1.8

	
1

	
3

	
0.6

	
0

	
2.3




	
12 a.m.–3.59 p.m.

	
0

	
1.6

	
1

	
4

	
0.6

	
0

	
2.8




	
4 p.m.–6.59 p.m.

	
0.35

	
2

	
0.98

	
1

	
0.6

	
1

	
3




	
7 p.m.–9.59 p.m.

	
0.15

	
3

	
0.72

	
0

	
0.6

	
1

	
3




	
10 p.m.–11.59 p.m.

	
0.05

	
2

	
0.53

	
0

	
0.6

	
1

	
2
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Table 11. The calculated average daily PV energy, CO2 emission and obsoleted CO2 emission through different months based on IRWOTS strategy.






Table 11. The calculated average daily PV energy, CO2 emission and obsoleted CO2 emission through different months based on IRWOTS strategy.





	

	
Without Storage Battery Unit

	
With Storage Battery Unit




	
Months

	
Average Daily PV Energy (MWh/day)

	
CO2 Emission (kg CO2)

	
Obsoleted Emissions (kg CO2)

	
Average Daily PV Energy (MWh/day)

	
CO2 Emission (kg CO2)

	
Obsoleted Emissions (kg CO2)






	
Months/Year

	
January

	
40

	
1600

	
32,400

	
48

	
1920

	
38,880




	
February

	
50

	
2000

	
40,500

	
80

	
3200

	
64,800




	
March

	
60

	
2400

	
48,600

	
132

	
5280

	
106,920




	
April

	
60

	
2400

	
48,600

	
132

	
5280

	
106,920




	
May

	
79

	
3160

	
63,990

	
176

	
7040

	
142,560




	
June

	
79

	
3160

	
63,990

	
176

	
7040

	
142,560




	
July

	
79

	
3160

	
63,990

	
176

	
7040

	
142,560




	
August

	
70

	
2800

	
56,700

	
154

	
6160

	
124,740




	
September

	
60

	
2400

	
48,600

	
132

	
5280

	
106,920




	
October

	
50

	
2000

	
40,500

	
100

	
4000

	
81,000




	
November

	
50

	
2000

	
40,500

	
70

	
2800

	
56,700




	
December

	
40

	
1600

	
32,400

	
44

	
1760

	
35,640
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Table 12. A comparative study applied to the electrical power generation scheduling (with battery storage unit scenario) for a typical day in June.






Table 12. A comparative study applied to the electrical power generation scheduling (with battery storage unit scenario) for a typical day in June.





	Item
	RWOT
	PSO
	GA





	Population size
	30
	30
	30



	Execution time
	≈0.2465 s
	≈0.6438 s
	≈7.7423 s



	Average daily PV energy (in MWh/day)
	176
	175
	168



	CO2 emission (in kg CO2) for 176 MWh
	7040
	7850
	13,520



	Obsoleted emissions (in kg CO2)
	142,560
	141,750
	136,080











© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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