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Optimal Cumulative Cost Strategy for the Thermal-Solar Integrated Radial 
Distribution System with Minimized Carbon Footprint for Sustainable Solution for 
Clean Energy
Anwar Shahzad Siddiqui and  Prashant

Department of Electrical Engineering, Faculty of Engineering & Technology, Jamia Millia Islamia, New Delhi, India

ABSTRACT
The article presents optimal cost approach for the solar- thermal integrated radial distribution system. The 
gap between supply and demand can be bridged by integration with solar photovoltaic systems to 
existing networks. Such integration consequently increases size of power system network components 
and enhances cost of the system. The cumulative cost of system consists of thermal emission cost, thermal 
fuel cost, direct cost of solar generation while emission cost of solar is indirectly contributed in the form of 
raw material extraction, transportation, manufacturing of solar photovoltaic cell etc. The carbon emission 
releases its mark into atmosphere as a carbon footprint. In order to overcome such issue, an optimal 
complex non -linear multi-objective is framed separately for component size, thermal generating cost and 
solar generation direct cost while another multi-objective function represents the solar indirect cost and 
carbon footprint which is represented as loss of carbon emission which comprises three components: loss 
of cost of energy, loss of power supply probability and cost constraint. The multi-objectives function has 
been minimised with the proposed power exponential method and genetic algorithm. The reliability and 
effectiveness of the proposed methodology has been tested successfully on standard IEEE-30 bus system. 
It is observed that optimal thermal fuel cost, thermal emission cost, total thermal generating cost, solar 
direct and indirect cost and thereby total solar generating cost and finally cumulative cost of system, plus 
carbon footprint estimation are found to be lesser with proposed method in comparison with genetic 
algorithm and existing techniques.

ARTICLE HISTORY 
Received 17 July 2021  
Accepted 18 January 2022 

KEYWORDS 
emission cost; thermal cost; 
fuel cost; solar; power 
exponential method; genetic 
algorithm; carbon footprint; 
loss of cost of energy; loss of 
power supply probability; 
cost constraint

1. Introduction

Rising oil costs, environmental issues, and rapid deterioration 
of existing fuel supplies have expanded the reach of renewable 
resources considerably. Most of the world’s electricity sector is 
structured as an integrated infrastructure that depends heavily 
on traditional electricity generation. To suit the demands of the 
twenty-first century, this structure would need to be modified 
and improved. By considering the electrical network of power 
grid configuration which includes demand side management, 
economic load dispatch framework, and power system’s flex
ible capabilities(Saadat 1999), which utilized to support large- 
scale renewable power incorporation and consumption. 
Economic Load dispatch (ELD) is an essential and continual 
step in power system strategic management (Morshed and 
Asgharpour 2014). ELD is a challenge that involves allocating 
power to each committed generation unit in order to reduce 
overall operating costs while meeting certain constraints. 
Power balance relationships, generator power caps, prohibited 
operational areas, ramp rate limitations, etc. are constraints 
among them (Liu ,Xiao,Wu et al. 2021). In the related research 
literature, various optimization methods containing equality as 
well as non-equality constraints were being implemented for 
ELD (Vlachogiannis and Lee 2010). The biography-based valve 
point effect has been proposed for the estimation of economic 

dispatch (Xiong et al. 2014). A stochastic optimization metho
dology for economic scheduling with the variation in wind 
speed is shown in Yang et al. 2016. Another way of varying 
the wind constraint with fuzzy logic is shown in Miranda and 
Sio Hang 2005. A meta-heuristic method also provides the 
economic solution to the renewable energy network (Ellahi 
and Abbas 2020). Intelligent approaches such as squirrel search 
algorithm; PSO; neural network; and genetic algorithm (GA) 
are used to solve complex constrained ELD (Lee, Sode-Yome, 
and Ho Park 1998). An optimal reduced fuel and emission cost 
has been assessed with squirrel-based algorithm (Sakthivel, 
Suman, and Sathya 2021). A tabu search algorithm also helps 
to reduce the economic dispatch issues (Mantawy, Soliman, 
and El-Hawary 2002). A genetic algorithm-based augmented 
Lagrangian function was used for providing the optimal cost of 
the system as discussed in Nepomuceno et al. (2015). A novel 
particle swarm optimization worked on solving issues of con
vex economic load dispatch problem (Selvakumar and 
Thanushkodi 2007). ELD becomes a multi-objective optimiza
tion challenge when both price and emissions are also to be 
minimized while implementing ELD and is known as com
bined emission economic dispatch (CEED) (Khan, Sidhu, and 
Gao 2016).There are two non-convex ELD complications given 
as ELD with piecewise quadratic cost function and also the ELD 
of restricted operational areas. The ripple alike non-convex 
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Summary

This article presents intelligent controlling on locational marginal pricing

(LMP) of deregulated system for congestion management. Transmission line

congestion is a critical concern, and its governance raises a technological

obstacle when deregulating the electricity grid. Congestion throughout the

unregulated energy market occurs where transmitting capacity is not adequate

to reach all the demand transmission constraints across a line. The congestion

management is decided by using the LMP difference between two buses. The

existing methods have higher LMP cost due to which controlling of LMP is

assessed by using a hybrid approach and genetic algorithm (GAs). The LMP

difference obtained with GAs is lesser than hybrid approach which makes sys-

tem economical. After the selection of uniform and high demanded congested

zone, a distributed generator (DG) is used to fulfill the demand. The DG is rep-

resented by solar PV array and connected to bus through converters. The

switching of the converter is assessed by a fuzzy logic controller (FLC) and vec-

tor control. The implementation of FLC improves the THD of real and reactive

power generated by DG in a better way in comparison to vector control. The

performance analysis is tested on standard IEEE 9-bus system, standard IEEE

14-bus system, and standard IEEE 57-bus system on Simulink.

KEYWORD S

DG, FLC, GAs, LMP

List of Symbols and Abbreviations: ρi, locational marginal pricing (LMP); MEC, marginal energy cost (C); λc,i, congestion cost (CC); λL,i, loss
component (LC); ΔP, change in real power; ΔQ, change in reactive power; Δf , change in flow rate; Si, complex power at ith bus; Sij, complex power
between ith and jth bus; SD, complex power demand; Yij, admittance between ith and jth bus; Vi, voltage at ith bus; δ, load angle; θ, impedance angle;
Ep,i, energy generation at ith bus; Ep,ij, energy dissipated between two buses; η, efficiency; kpf, power factor; t1, proportionality constant; GA, genetic
algorithm; μ, operating cost for loss component; a(t) and b(t), nonlinear controller power; Kp, proportionality constant; ΔPconv, change in
conventional source power; ΔPPV, change in PV module power; ΔPL, change in load power; Δf , change in frequency; H, inertia constant of the
machine; S, rated power of the system; SPV, rated power contribution of the solar PV array; HPV, inertia constant of the solar PV array; Hconv, inertia
constant of conventional thermal source; g, distortion factor; DG, distributed generator; FLC, fuzzy logic controller; NR, Newton-Raphson method;
Pi , real power; Qi, reactive power; NB, negative big; NM, negative medium; NS, negative small; ZS, zero; PB, positive big; PS, positive small; PM,
positive medium; p.u, per unit; P&O, perturb and observe method; PV, photovoltaic; MPPT, maximum power point tracking; PD, proportional
derivative; THD, total harmonic distortion; λ, operating cost for cost component; λp,λq,μ�p ,μ

þ
p ,μ

�
q ,μ

þ
q , inequality constraint; μ

�
l ,μ

þ
l ,μ

�
v ,μ

þ
v , sharing ratio;

Kd, derivative constant; s, Laplace operator; ΔPsolar, change in solar power; ΔPthermal, change in thermal power.
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of Conglomerate DG‑ FACTS using an Artificial 
Neural Network and Heuristic Probability 
Distribution Methodology for Modern Power 
System Operations
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Abstract 

In existing power system networks, the positioning and sizing of multi-DG is critical at the optimum locations for 
effective energy management. Initially optimal power flow is assessed using the NR method (without DG) in which 
performance parameters such as real power loss, accuracy, selectivity and MSE are obtained, but in an undesirable 
manner. To meet load demand; multi-DGs are placed and their optimal locations are assessed by the proposed 
heuristic probability distribution methodology and an ANN because existing techniques provides poor performance 
parameters for selecting the location and sizing of DGs. The optimal positions of multi-DGs are estimated in terms of 
performance parameters including real power loss of transmission network, accuracy, selectivity and MSE, while the 
performance parameters obtained with the ANN are better than the heuristic pdf. Then, the sizing of multi-DGs is 
evaluated in relation to active and reactive power. It is found that that sizes of multi-DGs are smaller with ANN than 
with heuristic pdf. It is preferable to connect the buses having lowest real power losses with the smallest multi-DGs. 
The performance analysis is tested in the standard IEEE 9- bus and IEEE 57- bus systems on Simulink. To improve the 
distortion level in real and reactive power, multi-FACTS namely TCSC, TSC and STATCOM are used. The switching of 
TCSC and TSC is done by SPWM while STATCOM switching is controlled with ANFIS. The locations of multi-FACTS 
devices are chosen for buses having larger distortion and the sizing of multi-FACTS devices is also optimally decided. 
The application of multi-FACTS devices helps to improve power quality and fulfill load demand with minimal size in 
order to make the system economical.

Keywords:  DG, Location, Sizing, FACTS, ANN, ANFIS

© The Author(s) 2022. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which 
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the 
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or 
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line 
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory 
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this 
licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

1  Introduction
Optimal deployment and sizing of different distributed 
generators (DGs) in power system networks have to 
derive the full possible benefits, given the context of nat-
ural, economic and technological aspects which remains 

a challenging task for both infrastructure and consumers. 
DG penetration involves a major change for conventional 
electricity schemes [1]; it affects voltage stability [2] as 
well as energy losses [3, 4] while adjusting power flow 
in the extant power system infrastructure. The degree 
to which DGs minimize failure of power systems opera-
tion and boost voltage profile are dependent on their siz-
ing and position [5]. Optimisation methods can be used 
in the deregulated power industry to make the best DG 
allocation [6]. In [7, 8]; the optimal positions of DG are 
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Abstract: This article presents the selection of location and sizing of multiple distributed generators
(DGs) for boosting performance of the radial distribution system in the case of constant power load
flow and constant impedance load flow. The consideration of placing and sizing of DGs is to meet
the load demand. This article tries to overcome the limitations of existing techniques for determining
the appropriate location and size of DGs. The selection of DG location is decided in terms of real
power losses, accuracy, and sensitivity. The size of DG is measured in terms of real and reactive
power. Both positioning and sizing of DG are analyzed with the genetic algorithm and the heuristic
probability distribution method. The results are compared with other existing methods such as ant-
lion optimization algorithm, coyote optimizer, modified sine-cosine algorithm, and particle swarm
optimization. Further, the power quality improvement of the network is assessed by positioning
D-STATCOM, and its location is decided on the basis of the nearby bus having poor voltage profile
and high total harmonic distortion (THD). The switching and controlling of D-STATCOM are assessed
with fuzzy logic controller (FLC) for improving the performance parameters such as voltage profile
and THD at that particular bus. The proposed analytical approach for the system is tested on the IEEE
33 bus system. It is observed that the performance of the system with the genetic algorithm gives a
better solution in comparison to heuristic PDF and other existing methods for determining the optimal
location and size of DG. The introduction of D-STATCOM into the system with FLC shows better
performance in terms of improved voltage profile and THD in comparison to existing techniques.

Keywords: distributed generator; D-STATCOM; fuzzy logic controller; genetic algorithm; power quality

1. Introduction

The current activities of the advanced power system have become very complicated,
which needs to necessarily satisfy the increasing energy needs in an efficient manner [1,2].
The civil, fiscal, and other substantial considerations warrant the site of generation centers
being placed at places distant from load centers. The reorganization and deregulation
of power companies have led to making system governance unpredictable. The factors
which are to be considered while carrying out extension of the transmission system are
the following: cutback stability margins, chances of tripping outages, and rising power
cuts. The distributed generator (DG) installation would be of the utmost benefit where
the installation of new transmission lines and setting up of new power-generating units
are not feasible [3–5]. It is also reasonable to believe that the selection of the right DG
technology, including the optimal location and scale of the DG, would help in decreasing
the losses in such a system. The purpose of optimally placing DG in a power system
network is for achieving correct operation of the network with system error minimization
and voltage profile enhancement inclusive of improved stability, reliability, and load
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 

Abstract: This paper shows the synchronization of grid 

integrated renewable energy and conventional sources feeding a 

load centres using proteus. The certain factor like variation in 

solar radiation, wind and load demand has been taken into 

consideration. The most challenging task during synchronization 

is selection of particular generating sources. In this Paper, 

Experimental hybrid modelling of grid integrated renewable 

energy projects (wind, solar) and conventional supply source has 

been performed. The experimental result verified on simulation 

platform proteus software through Arduinouno microcontroller. 

The output of system confirms the selectivity of particular energy 

source as per requirement of changing in the load demand and 

environmental conditions. 

. 

 
Index Terms: hybrid, modelling, proteus, modelling, solar, 

wind. 

I. INTRODUCTION 

  In today‟s expeditiously and randomly developing  

technical era, eventual requirement for fruitful existence  of 

human race is electricity. Several methodologies could be 

adopted in order to store, amplify or convert the electrical 

energy for the future use. To have an effective understanding 

of the electric energy and its sources, several theories are 

given and are required to be discussed for the sustainable use 

of the energy [1],[2],[3]. The energy sources are divided into 

three main categories where first is fossil fuels, second is 

renewable sources and third is nuclear sources. Coal, natural 

gas and petroleum are counted under fossil fuels. 

Hydroelectricity, solar and wind power are  counted under 

resources of renewable energy. Apart from these fusion and 

Fission are considered as nuclear-powered sources of energy. 

Out of these, the most abundant and convenient are solar and 

wind energy [4],[5]. As the earth receives an inexhaustible 

and incredible supply of solar radiation and has an average 

wind velocity ofabout20-25 ms
-1

. So, we are using these two 

sources for the generation of power. The most powerful 

energy sources which are considered to serve the large areas 

and capacities are solar and wind [6],[7]. This paper includes 

Simulation and selection of supplies from sources done by  
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Arduino Uno in Proteus software. Proteus is one of the 

most reliable software for simulation. Whenever Solar and 

wind energies are insufficient for load demand conventional 

supply is used [8],[9],[10].
 

II. SOLAR PV ARRAY 

Photovoltaic array is a linked collection of PV modules. The 

smallest element in this is photovoltaic cell which converts 

solar radiation into electricity [11],[12]. PV cell is basically a 

semi-conductor diode working on photoelectric effect. To 

generate maximum power 36 to 72 PV modules are formed by 

connecting cells in parallel or in series [13]. Figure 1 shows 

the photovoltaic system and its basic circuit configuration. 

The “four parameters model” reflects the circuit diagram of 

PV system, and contains series resistance, current source, 

parallel resistance, and a diode [14],[15]. The light generated 

in the solar cell is represented through current source, p-n 

junction‟s non-linear impedance is represented through diode, 

internal electrical loses are represented through series 

resistance and the leakage current to the ground is 

corresponded by shunt resistance.
[3]

 The light generated 

current source and diode are connected in anti-parallel way 

and reflects solar cell‟s ideal theoretical model.The falling of 

the solar radiation on the cell and the direct current generated 

are varied accordingly.[16],[17] 

 
Fig.1. Photovoltaic cell (Basic circuit diagram) 

According to the photovoltaic panel‟s circuit diagram as 

shown in figure 1, the characteristic equation is formed. 

On applying KCL, the output current could be calculated as: 

                                                                       (1) 

Due to the variance in temperature and irradiance, the light 

generated current also varies and the relation could be 

expressed through below mathematical equation [18]. 

                         (2)

   

                                                                (3) 
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