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Abstract: The renewed interest for power generation using renewables due to global trends provides 
an opportunity to rethink the approach to address the old yet existing load shedding problem. In 
the literature, limited studies are available that address the load shedding problem using a hybrid 
renewable energy system. This paper aims to fill this gap by proposing a techno-economic optimisation 
of a hybrid renewable energy system to mitigate the effect of load shedding at the distribution level. 
The proposed system in this work is configured using a photovoltaic array, wind turbines, an energy 
storage unit (of batteries), and a diesel generator system. The proposed system is equipped with a rule- 
based energy management scheme to ensure efficient utilisation and scheduling of the sources. The 
sizes of the photovoltaic array, wind turbine unit, and the batteries are optimised via the grasshopper 
optimisation algorithm based on the multi-criterion decision that includes loss of power supply 
probability, levelised cost of electricity, and payback period. The results for the actual case study 
in Quetta, Pakistan, show that the optimum sizes of the photovoltaic array, wind turbines, and the 
batteries are 35.75 kW, 10 kW, and 28.8 kWh, respectively. The sizes are based on the minimum 
values of levelised cost of electricity (6.64 cents/kWh), loss of power supply probability (0.0092), 
and payback period (7.4 years). These results are compared with conventional methods (generators, 
uninterruptible power supply, and a combined system of generator and uninterruptible power supply 
system) commonly used to deal with the load shedding problem. The results show that the renewable 
based hybrid system is a reliable and cost-effective option to address grid intermittency problem.

Keywords: grasshopper optimisation algorithm; load shedding; optimal sizing; photovoltaic; 
wind turbine; rule-based; payback period; levelised cost of electricity; loss of power supply 
probability; multi-objective
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1. In troduction

For m any developing countries, shortage of grid electricity due to inadequate pow er
generation, inefficient transm ission, or outdated d istribution equipm ent can affect the 
population in m any w ays [1,2]. Failure to provide a continuous supply has negative 
consequences on the economy, productivity, security, and social well-being [3 ]. One popular
short-term  m easure to alleviate the severity of this problem  is to im pose a regim ented 
operating  condition know n as load shedding. In  this approach, the grid is disconnected 
from  custom ers w ith in  a specified region for several hours per day. To achieve this, the
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utility operator removes or curtails a certain amount of load w hen the demand for electricity 
exceeds the supply capability of the network [4 ]. The idea is to minimise the deficit between 
generation capacity  and dem and w hile ensuring a fair level o f supply available for all 
consum ers [5]. A lthough load shedding is undesirable, it is necessary to prevent system ic 
pow er failure; in the long run, the latter can be detrim ental to the pow er system  set-up [6 ]. 
For m any custom ers, the m ost practical m itigation of this problem  is to self-install their 
own diesel generators or uninterruptable power supply (UPS), along w ith a battery backup 
system. Although these conventional solutions are simple and w idely adopted, they inherit 
several drawbacks. For instance, the UPS m ust be charged from the grid electricity, w hich 
is already under stress from insufficient generation and over-demand. Furthermore, due to 
their crude installation and inferior quality, the power wastage of U PS can be as high as 25% 
during the charging and discharging processes [7]. O n the other hand, d iesel generators 
are noisy, require regular m aintenance, and exhibit m uch low er efficiency. Generally, the 
cost of energy derived from sm all and localised generators is m uch higher than their grid 
counterpart. M oreover, the unregulated generation of the form er contributes significantly 
to greenhouse gas em ission, thus posing a serious negative im pact on the environm ent [8 ] .

In the w ake of grow ing environm ental concerns, the energy sector is urged to reduce 
its reliance on fossil fuels and is encouraged to utilise renew able sources for electricity 
generation [9 ,10] . U nder these circum stances, developing countries face tw o-fold energy 
challenges. They have to m eet the need of their grow ing population that still lacks access 
to basic electricity services w hile sim ultaneously adhering to the pressure to participate in 
the global transition towards clean and sustainable, low -carbon energy production [11 ,12 ]. 
N evertheless, m ost of these countries have num erous renew able resources that can be 
tapped at a reasonable cost. A m ong them , solar and w ind energy are recognised as the 
m ost promising due to their abundance and environm entally friendly nature [13,14]. These 
system s are sim ple to install, low  in  m aintenance, and do not require fuel to sustain 
their operation. Furtherm ore, energy harvesting technologies, w hich include photovoltaic 
m odules, w ind turbines, and pow er electronic converters, have reached h igh levels of 
m aturity  and have been  recognised globally  as a cost-effective alternative solution to 
overcom e the drawbacks of conventional system s. D espite these advantages, the sporadic 
behaviour of sun and w ind , coupled w ith  reliance on  w eather conditions, im pede their 
applications to replace grid electricity during load shedding periods. Thus, backup sources 
such as batteries and diesel generators can be utilised w ith  one or m ore renew ables due 
to their com plem entary strength [15]. In this sense, a hybrid  renew able energy system  
(H RES) incorporating a photovoltaic (PV) array, wind turbines (W T), an energy storage unit 
(ESU), and a standby diesel generator is being proposed as a good solution to deal w ith the 
load shedding problem . H ow ever, hybrid isation is projected to significantly increase the 
total infrastructure cost. Furtherm ore, the interaction betw een the interm ittent renewable 
sources and the interrupted grid (due to shedding) can increase the com plexity of the plant. 
O ptim isation and effective energy m anagem ent then assum e m uch greater significance 
because the consequences of poor design m ay be severe, for instance, the loss of supply to 
a critical service (health care, military, etc.) [16].

N otw ithstanding the num ber of studies on  H R ESs, lim ited research has been  done 
on its application to m itigate the load shedding problem . A  review  of the literature 
published in the past five years addressing the load shedding condition resulted in  eight 
docum ents [7,17- 21]. The contributions and lim itations of these w orks are presented in 
Table 1 . In addition, a thorough analysis revealed that none of these studies assess the 
viability  of H RESs using a payback period (PBP), w hich is considered a key perform ance 
parameter for investors. In light of the mentioned facts, it is concluded that existing studies 
do not sufficiently assess the feasibility of H RESs for the load shedding problem.



Sustainability 2022, 1 4 , 14045 3 of 29

Table 1. Overview of recent studies applying HRES for load shedding problem.

Ref and Year Location Contributions Limitations

[7], 2020 Pakistan

[17], 2021 Cameron

[18], 2019 Pakistan

[19], 2020 Kenya

[20], 2018 India

[22], 2021 Pakistan

[21], 2022 Pakistan

[23], 2021 Egypt

Real-time monitoring to maximize PV and 
minimize grid utilization 

Optimal sizing of PV and ESU, performed 
comparative analysis of HRES with grid 

Load categorization as primary and 
deferrable load, comparative cost analysis of 

PV/ESU, PV/grid and ESU/grid system

Feed-in tariff and time of use considered

Economy mode and reliable mode.

Energy management with feed-in tariff and 
time of use tariff proposed

Lifecycle cost analysis performed

Hybrid firefly/harmony search algorithm, 
hourly real load data

Feed-in tariff and time of use are 
not considered 

Feed-in tariff and ESU life are 
not considered 

Variable demand not considered, 
simplified assumption of load shedding 

duration and HRES component sizes 
Load shedding scenario at night-time 

not considered 
Time of use tariff is not considered, no cost 

analysis performed

No cost analysis performed

Payback period analysis of HRES 
not considered 

Simplified assumption of 10% and 20% 
unreliability of the grid considered

To fulfil this gap, techno-econom ic optim isation is perform ed to evaluate the load 
shedding m itigation capability  of H R ES in  com parison to conventional solutions, par
ticu larly  diesel generators and U P S. The m ain objective is to utilise H R E S to ensure an 
uninterrupted and cost-effective pow er supply during load shedding. The PV  and W T 
serve as the prim ary sources of H R ES, w hile the ESU  and diesel generator serve as the 
backup sources. The batteries in the ESU can be charged either by the renewables (PV, WT) 
or by the grid or both. Realistic technical limitations of a time of use (TOU) and feed-in tariff 
(FiT) are considered as both w ill highly  influence the charging algorithm  of the ESU  and 
consequently the overall optimisation results. Heuristic algorithms are appropriate tools to 
solve such a complex optim isation problem. Thus, the grasshopper optim isation algorithm 
(G O A ) is applied for the sizing and scheduling of a H R ES to im prove the perform ance 
of the system  during both design and operation phases. Com pared to the findings in the 
literature, the study in this paper presents the follow ing innovations:

• Load shedding and energy crisis in  several developing countries are addressed and 
a H R ES as a backup system  is proposed. The configuration is assessed in detail, 
technically and economically.

• The proposed backup system operates in conjunction w ith the grid and is not restricted 
to the classic standalone or grid-connected  system . This introduces new  challenges 
and constraints that have not been considered before.

• Sizing of PV, W T, and ESU  is proposed for the first tim e according to the am ount of 
load shedding.

• The study provides an integrated m ethodology to determine the best size energy m an
agem ent schem e (EMS) com bination for the HRES using the optim isation framework.

• The optimisation uses the m ulti-criteria (technical and econom ic) method to select the 
m ost appropriate solution from a set of available options.

• The weighted sum method protects the consum er and investor's interests and enables 
the w eighing of the objectives according to their im portance.

• The w ork presents a detailed assessm ent of H RES w ith  U PS (only), diesel generator 
(only), and a com bined U PS-generator system .

The rem ainder of the paper is organised as follow s. Section 2 provides the m aterials 
and m ethodology, including the m athem atical m odels of the H RES com ponents, the eco
nom ic and reliability assessment, the proposed EM S, the form ulation of the m ulti-decision 
criteria-based optim isation problem, and the description of the considered study area. The
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results are presented, analysed, and compared in Section 3 . Finally, the conclusion is given 
in Section 4 .

2. M aterials and M ethods

The m ethodology adopted to accom plish the proposed research is given in  Figure 1. 
The HRES of the PV-WT-ESU-diesel generator system is considered So ensure uninterrupted 
power supply to a household com m unity suffering scheduled load shedding from the grid. 
Assumed given are the load shedding schedules, the availability of 'the endogenous renew
able resourcas, tire load dem and profile, as w ell as the eelevant technical and econom ic 
charaeterlstics of com m ercially available equipm ent (rated pow tr, efficiency, and capital 
cost). The objective Ss the optim al design of the systems that m inim ises, simuStaneously, 
both the technisal and economic objectives. The technical objestive c onsidered is the loss of 
power supply probability (LPSP), w hich reflects the reliability of the system. The economic 
objectives are described lay tw o param etess: the levelised cost of electricity  (LCO E) and 
the payback prriod  (PBP), both  calculated using life-cycle assessm ent. The optim isation 
is perform ed using asnulti-objective G O A  ueing the w eighted suits m ethod. Through -the 
u sr of a w eighting  factor, w h ic h a  priori enpresses si trade-oft betw een bhree objectives 
(LPSP, LCO E, and PBP), a  m ulti-objective optim isation problem  is seduced -o a single 
objective and solved in a simplifind way. Finally, the perfoem ance of the optim ised H RES 
is com pared w ith  three conventional m ethods: diesel generator (only), U PS (only), and a 
combined generator-UPS system. The simulations are perform ednn W indows 10 Pro 64-bit 
Intel (R) Core (TM) i7-2600 CPU  @ 3.-40 GH z w ith 8 GB of RAM.

Data m ining

Irradiance. Temperature. 
Windspeed.Load demand. 
Load shedding schedule. 

Technical and economic data

Decision variab les

Number of PV modules

Number of Wind turbines

Number of ESU batteries

-

M athem atical m odelling

PV Power, WT Power, 
ESU Power. Inverter, 

Generator Power, Grid 
________Power________

Energy Management

Economic and Reliability 
Assessment 

LPSP LCOE, PBP

=>

M ulti-objective  
optim ization by GOA

C om parison and  
Evaluations

J =  Min (LPSP+LCOE+PBP)

o

UPS (only). 
Generator (only), 

Combined UPS-GensetWeighted sum method

Constraints Feed-in-Tariff (FiT)

Figure 1. Proposed optimisation framework and research methodology.

2.1. H RES Architecture and M odelling

The proposed H RES of a m ulti-bus sysiem  is presented in Figure 2. The PV, WT, snd 
ESU are connocted to the DC bus, while the generator, grid, snd load are dnectly connected 
to the A C  bus. The PV  array is connected by m eans of a unidirectional D C -D C  converter 
w ith  the m axim um  pow er point tracpjng  control. "nee ESU, ronstructed  from  a lead-acid 
battery bank, is connected -via a bidirectional DC-DC converter [24]. "To m aintain the power 
balance of the H RES, a central controller w k h  an em bedded EM S is used. The conSroller 
com m unicates w ith  the pow er converters of various soueces using1 control signal paths 
denoted b y th e  dotted lines.

The energy supply of the system  (i.e., the sum  of all energy production com ponents) 
should be equal to the load dem and over the entire scheduling tim e range

(P _ P V (t)  +  P _ W T (t)  ±  P _E S U (t) x  ninv) +  P _G en (t)  ±  P _G rid (t) =  P _ L oad (t)  (1)

H ere, P _Load  (t) is the load dem and at tim e step (t) and P _P V  (t), P_W T  (t), P_ESU  (t), 
P_G en  (t) and P_G rid  (t) are the pow er supplied by the PV, W T, ESU, generator, and grid 
at each t, respectively. The positive/negative sign associated w ith  the ESU  and the grid 
indicates the ability  o f the sources to generate and absorb the pow er, respectively. qinv is 
the efficiency of the bidirectional inverter. For simplicity, the efficiency of other converters 
is assum ed to be unity.
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Figure 2. Architecture of the proposed HRES.

2.1.1. Phctovoltaic M odel

The pow er output of PV  (P_PV ) for any crradiance (G) and tem perature (T) can be 
calculated using a single diode model, as shown in Figure 3 [25]. The output current of PV 
is given as:

G ( vpv+ipvrs ) V w  +  I w R q
GPV =  [(h c-S T C  +  k i (T  -  t s t c ) ) g ----- ] - I 0 [(e) Vt -  1] -  ( ------R-----------) (2)

GSCC R p

w here I SC-STC is the short circuit current at standard test conditions (STC) 
(i.e., G =  1000 W /m 2 and T  =  298  K), k i represents the short circuit current coefficient,
Io is the leakage current of the diode, V t = akT/q  refers to therm al voltage, and a is the 
ideality  factor that ranges betw een (1 <  a <  2) [26]. K  represents the Boltzm ann constant 
considered as 1.381 x  10- 23 J/K and q is the electron charge considered as 1.602 x  10- 19 C. R s 
and Rp are the series and shunt resistances, respectively [27]. For this research, the Kyocera 
K D 325G X -LFB (325 W ) colar panel ic considered [28]. D ifferent PV param eters used ave 
given Rn Table A1 in  A ppendix A . The total output pow er of the entire array (P_PV ) is 
calculated by  m ultiplying the total num ber of m odules (NPV) w ith Pmax (t):

PPV(t) =  NPV x  Pmax (t) (3)
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2.1.2. W ind Turbine M odel

The pow er produced by a W T (P WT) at tim e t can be com puted according to [29]:

{0 V <  vcut in or v ^  vcut o f f

Prated (  )  vu  in <  v <  vrated (4)

Prated vrated <  v <  vcut o f f

w here v, vrated, vcut in, and vcut of f  are the wind speed, rated speed, cut-in speed, and cut-off 
speed of the W T, respectively. The total pow er generated by  the installed w ind turbines 
P_W T  can be com puted as:

P _W T (t) =  N Wt x  Pw t ( t) (5)

N w t  represents the total num ber of W T generators. To norm alise the w ind speed v 
(measured by an anem om eter at a reference height H 0) to the desired hub height (H) of the 
W T under study, the follow ing equation is used [30]:

v =  v0
H

(6)

w here v is (m / s) m easured at H  (m ) and v0 is the w ind speed calculated at the reference 
height H 0 (m). The constant a  is the ground surface friction coefficient; its value lies 
betw een 0.1 and 0.25 [31] . The typical value of 1/7 is considered for this study; this value 
corresponds to low-roughness surfaces and well-exposed sites [30]. Im portant param eters 
of the utilised W T EO cycle EO10 (5 kW) are provided in Table A1 in A ppendix A .

2.1.3. Energy Storage M odel

The E SU  is used to com plem ent the energy excess or deficit via the charging or 
discharging process, respectively. It stores surplus pow er that is not absorbed by  the load 
and delivers the stored energy w hen there is a shortfall in the generation. The charging 
and discharging process of the ESU is controlled by estimating the state-of-charge (SOC) of 
batteries. The m odel presented in [32] is used to calculate the SOC of the ESU:

S O C (t) =  S O C (t -  1) x  (1 -  a )  +  (PBat(t)) x  VBat (7)

In Equation (7), a  represents the hourly self-discharge rate, w hich is 0.007% for 1 h [33]. 
For simplicity, a  is assumed to be zero (ideal battery). y Bat indicates the battery charging and 
discharging efficiency. It is assumed to be 100% for both cases [34]. PBat represents the charg
ing and discharging power of battery according to its required and available power, respec
tively. For longevity, the SOC is bounded by the upper and lower limits (i.e., SO C U, SO C L). 
The pow er required by the ESU  (P_ESU _Req) is the m inim um  am ount o f pow er that if 
applied continuously  increases the SO C  of the E SU  from  the initial to the upper lim it 
(i.e., SO C U) in the tim e step At. The P_ESU _Req  is given as:

P _E S U _R eq(t) =  (SO C u -  S O C A  X Cbat X Nbat (8 )

Likewise, the power available for the ESU (P_ESU) is the m axim um  amount of power 
that the ESU  can deliver continuously  before reaching the low er lim it (i.e., SO C l ) in one 
tim e step. The P_ESU  is given as:

P E S U (t ) =  (S O C (t) -  SO CL) x  Cbat x  N bat (9)

a

In Equation (9), Nbat represents the total num ber of batteries in the ESU w hile Cbat (in 
kW h) is the nom inal capacity for a single battery. The details of the technical specifications
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of the considered ESU are given in Table A 1 in Appendix A . Initially, the ESU is considered 
to be 30%  charged w hile tde SO C d  and SO C l are set as 90%o and 10%, reepectively [3d]. 
The EM S is designed such that the ESU  discharger its energy (w hen dem anded) until the 
SO C l level is reached. O n the other hand, the ESU  w ill tie charged until the SO C u  lim it. 
However, the pow er exchange betw een the grid and the ESU does not only depend on the 
availability  of surplus pow er and the level o f the SO C. It is also influenced by  the TOU 
tariff for grid electricity. For this w ork, ESU  charging from  the grid is considered during 
off-peak hours only.

2.1.4. G enerator M odel

The m ain funetion or a dieeel geneeaaor is as the secondary backup power source [36], 
in  case the prim ary backup (i.e., the ESU ) is not able to supjrort the load. In this w ork, a 
split tw o-generaaor system  is proposed, aa show n in F ig u re 4. The reaaon for u ein ° tw o 
generators is to allow  the com m itm ent o- suitable generators to clorely m atch the specific 
load demand. This ie to avoid low operating efficiencies, thus minimising fuel consumption. 
Furtheim ore, this structure increaees the reliability and redundancy e° the system. The first 
generator, Gen1, (s smaUer (rated at 10 kW) than the second generator, G eo2 (20  kW). The 
sizes a re chosen such that: the sim ultaneous operation of both  generators can satisfy the 
peal; load of the intended system . However, the generetors are turned on only i. there is a 
need 4i cover the energy deficit during shedding intervals (i.e., w hen the PV, WT, and ESU 
are so t eble to satisfy the load requirement). The power produced by each generator can lac 
described as:

w here Pn is the rated pow er in (kW ) provided by  the m anufacturer and y Gen refers to the 
efficiency of the generator. As tw o generators are considered, the total output pow er of 
the generators w ill be P- G en (t) =  P_G en\(t) + P _G en 2(t). The values of the required 
generator specifications are given in Table A1 in A ppendix A .

Figure 4. Te e sppit two-generator system.

2.1.5. Inverter M odel

The inverter that ties the A C  and D C  sources of the H R ES is m odelled according to 
its efficiency (ninv). The ratings for the inverter chosen are based on accom m odating the 
m axim um  peak load according to [37] :

P -  G en (t)  =  PnX  t]Gen (10)

p .inv (11)

PPeak is the peak load dem and from  the system  and y inv show s the efficiency of the 
inverter. The specifications of the inverter considered are given in Table A1 in Appendix A .
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2.1.6. G rid M od el w ith Load Shedding

The grid is intended to satisfy the load dem and [36]. Thus, its output pow er can be 
expressed as:

P- G rid (t)  =  R en d (t)  x  P- L oad (t)  (12)

w here R Grid is the reserve capacity  m argin to ensure the system  operates securely w hen 
som ething unexpected happens on the grid . The value o f R Grid is assum ed to be 1 .2 , 
considering the tig let ionstraints and w eak conditions of the grid . In this study, the grid is 
suffering from  scheduled load shedding; hence, the G rid-O N  and G rid-O FF periods are 
specified from the power distribution com pany and are known to the user. "This behaviour 
is considered as the binary state pow er supply and m odelled according to [7,38]:

P- G rid (t) =  BGrid(t) x  P -G r id ( t) (13)

w here B g,,.  ̂ (t) is a bm ary variable ih a i  n escribes ih e state o f ih e grM ai  a sp ed fic hour. 
W hen BGriti (t) = 1, the grid pow er is available and w hen B Gridi (0  = 0, the grid pow er is 
unavailable. N ote that grid pow er can supply the l oad sufffciently w henever BGrid (t) = 1, 
F igure 5 dem onstrates the status of the grid pow er supply w ith  periodic load shedding 
intervals. "The off state (depicted on the x-axis) reflects shedding durations. For this typical 
day, 5 h of load shedding can be observed.

Figure 5. Grid power supply with load shedding.

2.2. Econom ic A ssessm ent

The econnmic assessment of the HRES is based on two well-Onown indicator's, namely 
LCOE and PBP [39]. The LCOE determine s the cost os electricity If ut does nyt con sides the 
revenue opportunities. On the other hand, the PBP considers both the cose and revenue of 
the system. These indicators are cm cial for comprehensive life-cycle analysis and economic 
feasibility evaluation of the project [40]. The LCOE is more related to consumere w hile the 
PBP is attributed to investors. The LCO E is defined as the total cost of the system  over its 
w arranted lifetim e divided by  the total energy production across the sam e period.

LCO E
Total S ystem  Cost

Total E nergy  P rodu ction  E n ergysystem /(1 +  r)

NL C ostSystem / (1 +  r)
—  )  kW h

(14)n

H ere, N  represents the project lifetim e w hile r is the d iscount rate. The system  costs 
(Costgystem) include the initial cost, the operating cost (insurance, running, repairs), and the
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replacem ent cost over the project lifetime. A ll the relevant costs of the H RES are provided 
in Table A1 in A ppendix A . Accordingly, the total energy of the H RES (EnergySystem) is:

E nergy h res =  EnergyPV  +  EnergyWT +  EnergyGen (15)

The PBP is defined as the period (in years) in  w hich  a project reaches its break-even 
point. Usually, a project w ith  a shorter PBP is m ore appealing to investors. In its sim plest 
form , the PBP is determ ined as [41]:

P B P  =  C ostssystem (16)
A n n u al Income

In Equation (16), the AnnualIncome represents the (yearly) amount of revenue generated 
by selling H RES energy to the grid under FiT policy.

2.3. Reliability A ssessm ent

The reliability analysis of the HRES is based on the LPSP. It is defined as the probability 
of pow er system  failure to m eet the required load dem and:

L P S P  =  f r 1 L P S ( t  (17)
ET=i P _ L oad (t)

LPS =  (P _ L oad (t) -  (P _ P V (t) +  P _W T (t) +  P _E S U (t) x  q inv) +  P _ G en (t))  (18)

w here T  represents the com plete tim e horizon w hile t show s the current tim e step. The 
value of LPSP ranges betw een 0 and 1. Zero LPSP m eans that the load dem and is fully 
satisfied; on the other hand, if the LPSP is unity, the dem and is not satisfied at all.

2.4. Energy M anagem ent Scheme

The role of energy m anagem ent becom es inevitable w hen a system  consists of m ore 
than one energy source [42]. The m ain objective of the proposed EM S is to ensure an 
uninterrupted supply of electricity during load shedding irrespective of the w eather and 
load shedding conditions. The priority is given to PV and W T utilisation to serve the load 
and charge the ESU. However, if the PV and W T are not sufficiently producing electricity 
to satisfy  the load, the ESU  is discharged. The generators are triggered as a last resort if 
the PV, W T, and ESU  cannot m eet the load requirem ent. To perform  the aforem entioned 
tasks, the EM S decides on two m odes of operation for the HRES. The m odes are specified 
according to the pow er supply available from the grid.

• Grid mode: W hen the grid is supplying power. During this mode, the grid is assumed 
to have sufficient pow er to satisfy the load. The surplus of the grid (if available) 
charges the ESU . For this research, the TO U  tariff policy is considered. Thus, ESU  
charging from  the grid takes place during off-peak hours only. M eanw hile, if the PV 
and W T produce pow er during this m ode, the ESU  starts charging. ESU  charging 
from renew ables during the availability of grid pow er provides m axim um  econom ic 
benefits.

• Islanded mode: W hen the pow er from the utility grid is not available (load shedding 
duration). The HRES assets are utilised to m eet the load requirement. Priority is given 
to PV and W T power. However, due to the interm ittent and w eather-dependent nature 
of these sources and the load variations, the ESU  and generators can contribute to 
pow er supply operation. The EM S is developed using a rule-based algorithm  and is 
show n in Figure 6 .
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Figure 6. The EMS flow chart for HRES operation.

2.5. Form ulation o f  Objective Function

The process of selecting the m ost appropriate configuration of the H RES is based on 
a set of criteria. For this purpose, technical and econom ic objectives (i.e., LPSP, LCO E, 
and PBP) are inclu ded in the objective function of the HRES. To solve such a m ulti-criteria 
problem , there are different approaches suggested in the literature. A m ong them , the 
w eighted sum  m ethod is a popular approach due to its sim plicity [43,44]. This m ethod al
lows the multi-objective optim isation problem to be cast as a single-objective mathematical 
optim isation problem . The latter is constructed as a sum  of objective functions m ultiplied
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by  w eighting coefficients (w,). The m ain objective function of H R ES as a m inim isation
problem  is given as follows:

m in J ( n v) =  £ m in(w 1 x  LPSP  +  w2 x  LCO E +  w3 x  P B P )  (19)
t

In Equation (19), w1, w2, and w3 are the w eighting coefficients associated w ith  each 
criterion. The w eight value selection depends on the design criterion; the only restriction 
is that the sum  of them  m ust be equal to one [45]. The variable np is the sizing vector: 
np = {NPV, N WT, NBat}, where NPV and N WT are the num ber of PV and W T units, respectively. 
M oreover, NBat is the num ber of batteries in the ESU. The goal is to find the optim ised 
com bination of PV modules, W T units, and ESU batteries that can provide the lowest value 
of the objective function (LPSP, LCO E, and PBP). H ow ever, there are several lim its and 
restrictions to be considered during the optim isation to avoid undesired results. Thus, the 
objective function is subjected to the follow ing constraints.

2.5.1. Capacity Lim it C onstraint

The first constraint im posed is the boundaries for the decision variables [46]:

n p =  integer, n™n <  n p <  n™ x (20 )

where np €  {NPV, N WT, Nbat} and its value should lie between the m axim um  and minimum
limits. The boundaries are set on the hit-and-trial method in all optimisation algorithms [47]. 
For this research, the upper and low er lim its of the variables are given in  Equation (2 1 ). 
The bounds are used to reduce the convergence time.

(  10 <  N pv <  110 
Variable range {  2 <  NWT <  15 (21)

{  5 <  NBat <  20

2.5.2. Battery Charging C onstraint

The SO C  is set to avoid the overcharging and undercharging of the ESU. This is to 
minim ise the ESU degradation and ageing process [48]. The SOC should be confined w ithin 
the upper (SOCu) and lower (SOCL) limits, as defined by Equation (22). Moreover, the ESU 
charges from the renewables w hen there is surplus power (i.e., during all times). However, 
its charging from  the grid takes place during off-peak hours only. These constraints are
form ulated via Equations (23)-(25).

SO C l <  S O C (t) <  S O C u  (22 )

P V _ch_E S U (t) =  P -P V (t )  -  P -L o a d ( t )  for all t (23)

W T _ch_E S U (t) =  P -W T (t )  -  P -L o a d ( t )  for all t (24)

G rid_ch_E S U (t) =  P- G rid (t) -  P- L oad (t)  for t =  o f f_ p e a k _ h o u r s  (25)

2.5.3. Grasshopper O ptim isation Algorithm  for O ptim al Sizing of H RES Com ponents

The G O A  is a nature-inspired m etaheuristic optim isation algorithm  proposed by  [49]. 
The algorithm  m im ics the social conduct of a swarm  of grasshoppers w hen they search for 
food in nature. The swarm behaviour of grasshoppers is mathematically expressed as follows:

Xd (k  +  1) =  c

N£ u b  2 lbd S ( I X  (k) -  Xt (k )\ )Xj ( k ) d X  (k) +  Td (26)



Sustainability 2 0 2 2 ,14,14045 12 of 29

w here Xj and x i show  the position of jth  and ith grasshopper, respectively. In  the dth  
dim ension, ubd and lbd represent the upper and low er bounds, respectively, w hile k  is the 
value of particles for the current time step, and k  + 1  refers to the values of particles for the 
next time step. The targeted value of the dth dimension is represented by Td. It is referred to 
as the best solution found so far. c  is a decreasing coefficient used to shrink the com fort zone, 
repulsion zone, and attraction zone of the grasshoppers. It is used tw ice to sim ulate the 
deceleration process of the grasshoppers. The first c m inim ises the search region (towards 
the targeted grasshopper) w hen the iteration increases. Accordingly, the second c  is used to 
m inim ise the effect of attraction and repulsion forces betw een grasshoppers. The value of 
the adaptive param eter c  is updated using Equation (26). The m echanism  im proves the 
balance betw een exploitation and exploration of the G O A  and reduces the com fort zone 
proportionally w ith the increasing num ber of iterations.

c =  cmax -  k CmaXK-  cmin (27)
K max

cmax and the cmin are the m axim um  and the m inim um  values of c , respectively. K  
represents the ongoing iteration, while km ax  represents the m axim um  num ber of iterations. 
The position of a grasshopper is updated based on its current position, global best position, 
and the positions of other grasshoppers w ithin  the sw arm . This helps the G O A  to avoid 
being trapped in local optim a. For this w ork, the G O A  is em ployed to solve the sizing 
problem . The optim isation fram ew ork integrating  the G O A  (for optim al sizing) and the 
proposed EM S to address the load shedding problem  is show n in Figure 7. A t the start of 
the sim ulation, the G O A  places som e random  particles from  the search landscape w hose 
lim its are specified by the user (refer to Equation (21)). These particles m ove in the search 
landscape in accordance with the governing equations of the algorithm, thereby optimising 
the form ulated objective function. The optim isation algorithm  stops w hen it reaches the 
preset stopping criteria.

2.5.4. Study Area

The proposed H R ES is tested using a case study of a sm all residential com m unity  
situated in Q uetta City, a region in Baluchistan, Pakistan. The geographical location is 
identified w ith the latitude and longitude of 30.1798° N  and 66.9750° E, respectively. Quetta 
and its surrounding districts have very poor electric pow er infrastructure; hence, the daily 
load shedding lasts several hours. O n the other hand, Q uetta has trem endous potential 
for indigenous renew ables, particularly  solar. The annual clim atological data (i.e., solar 
irradiance, am bient tem perature, and wind speed) are shown in Figure 8 . The hourly data 
are sourced from  Solcast (solar resource assessm ent and forecasting data), logged from  
August 2019 to August 2020 [50]. The mean value of daily irradiance is 5518 kW h/m 2/day, 
w hile the m ean am bient tem perature (Tamb) is 26 °C. The m ean w ind speed (v) is 2.28 m/s 
at an anem om eter height of 10 m. The data for G, v, and Tamb are plotted below, show ing 
the hourly values during a year (8784 data).

Q uetta is predom inantly characterised by two seasons (i.e., sum m er and w inter). The 
summer begins in April and ends in October with a m aximum Tamb of 35.6 °C. Accordingly, 
the w inter com m ences from  N ovem ber to M arch w ith  a m inim um  Tamb of - 6 .4  °C. The 
load dem and for the considered location (for 4 0  houses and lim ited public facilities) is 
show n in Figure 9 [51] . Two load profiles are considered: one for the sum m er season and 
the other for the w inter season. Energy consum ption during the sum m er is higher than in 
the winter due to the excessive use of air conditioning. The daily consum ption for the given 
com m unity is 345 and 309 kW h for sum m er and w inter seasons, respectively. Accordingly, 
the peak pow er usage is 26.66 and 23.91 kW, respectively.
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Figure 7. Flowchart of optimisation process for HRES.
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Figure 8. Annual climatological conditions of the studied site (Quetta): (a) hourly ambient tempera
ture, (b) hourly solar irradiance, and (c) hourly wind speed.
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Figure 9. Community seasonal load demand on an hourly basis.

3. R esu lts and D iscu ssion

The proposed optim isation fram ew ork is im plem ented in a M A TLA B environm ent. 
The sim ulations are performed using the yearly (2019-2020) dataset of solar radiation, wind 
speed, and ambient temperature of the studied location for the given load profile. The data 
are sourced from Solcast (solar resource assessm ent and forecasting data), w hich provides 
genuine hourly average processed historical data [50]. The hourly resolution is favourable 
for the optim isation as its accuracy is w idely  accepted for yearly  energy perform ance 
calculations, w hile it facilitates a faster com putation tim e than higher resolution datasets. 
The load shedding schedules are derived from [52].

To perform  the sim ulation, first the optim al sizes of H R ES com ponents (Npv , N w t, 
N ESu ) are determ ined u sing the G O A  and benchm arked to the particle sw arm  optim isa
tion algorithm  (PSO). The G O A  is the m ore recent m etaheuristic algorithm ; it has been 
successfully  applied in several sizing problem s, for exam ple [53,54]. O n the other hand, 
PSO is an older algorithm  that has been extensively used in diverse applications [55]. The 
application of PSO to the HRES is the same as the GOA (referred to Figure 7). N ote that the 
source code of the G O A  and PSO  can be found in  [56]. The choice of the selection of the 
controlling param eters for the GOA and PSO are given in Table 2 .

Table 2. The selected controlling parameters of GOA and PSO algorithm.

GOA PSO

Population size: np = 20 Population size: np = 20
Max. number of iterations: i = 100 Max. number of iterations: i = 100
The parameter of shrinking factor: Inertia weight:
Cmin = ° .°0001, Cmax = 1 w = 0.9
The intensity of attraction: Acceleration coefficient:

1=0.= 2=2C22,=
u

The optim ization is achieved by m inim izing the value of the fitness function given 
in  Equation (19). As the fitness function is a m ulti-objective function that constitutes 
three variables, nam ely LPSP, LC O E, and PBP, each objective function is assigned an 
equal w eightage o f 0.33 to avoid the influence of any objective. The norm alisation is 
perform ed as each objective function has different m agnitudes than the others [44]. The 
norm alisation process allow s the fitness function to have the sam e m agnitude for each 
contributing elem ent during the com putation phase. As the population-based algorithm s 
are stochastically-based, getting a solution using a single run m ay not be conclusive [57].
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To improve the reliability of the results, GOA and PSO algorithms are run separately across 
5 individualistic runs w ith 100 iterations. The trend of fitness function convergence (with 
respect to iterations) for these two algorithm s is given in Figure 10.

(b)

Figure 10. The convergence behaviour of (a) GOA and (b) PSO.

Since the optim isation objective is to m inim ise the m ulti-objective function, the runs 
w ith  the low est values represent the be st solution. For the G O A , the red dashed cu rve in 
Figure 10a provide s the bes t result. The obtained fitness fisnction value ()) for this run is 
7.34. In the case of PSO , the blue dashed curve; in Figure 10b represents the best result. A 
com parison of the best curves of both  algorithm s is given in Figure 11. It w as found that 
both algorithm s converge at approxim ately the sam e fitness value (J = 7.34) leading to the 
same num ber of optimal com ponents for PV, WT, and batteries to be installed. Theae results 
validate the accuracy and the reliabiltty of the optim al sizing results. H ow ever, the PSO  
algorithm  converges faster than the GOA, i.e., at the 5th iteration.

Table 3  presents the results for the H R ES for the best runs. The optim um  sizes 
of N pv, N WT, and N Bat are 110, 2 , and 16 units, respectively. The com puted LCO E is
6.64 cents/kW h, w hich  is a low er value than the grid electricity  (9.3 cents/kW h). This 
suggests that the H R ES is a v iable solution to the load shedding problem . The value of 
LPSP is 0.0092, w hich is also satisfactory over a scale of 0 -1 . The 0 value of LPSP m eans 
that the load w ill always be satisfied by the given configuration, w hile 1 indicates that the 
load w ill never be satisfied. Accordingly, the PBP of 7.4 years is an attractive proposition, 
considering the 25-year lifespan of the H RES project.
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Figure 11. The ideal convergence curves of GOA and PSO. 

Table 3. Optimisation of HRES components using GOA.

80 90 100

Parameter Variable Optimized Value

Number of photovoltaic modules Npv
Number of wind turbine Nwt
Number of battery units N-gat
Levelized cost of electricity LCOE
Loss of power supply probability LPSP
Payback period PBP

110 unit 
2 unit 
16 unit 
6.64 cents 
0.0092 
7.4 years

The HRES is designed based on the specifications of the components given in Table A1 
and obtained optim al configuration (i.e., the PV  array rated at 35.75 kW, the W T  rated at
10 kW, and the ESU  rated at 28.8 kW h). In addition, tw o diesel generators rated 10 and 
20 kW  are used as the secondary backup.

3.1. Test Scenarios

The perform ance of the optim ised H RES is tested under m oderate and harsh condi
tions. In m oderate conditions, norm al w eather and average load shedding conditions are 
applied. O n the contrary, harsh conditions refer to extrem e w eather conditions and load 
shedding schedules. These scenarios are deliberately  chosen  to observe the resiliency of 
the H RES. R esiliency here is defined as the ability of the H RES to provide the custom ers 
w ith uninterrupted electricity, regardless of the load shedding patterns and meteorological 
conditions. The sim ulations are perform ed for the load demand show n previously (i.e., in 
Figure 9 ). The sam e H RES configuration (Npv , N WT, N Bat) is used for the test scenarios.

3.1.1. M oderate Conditions

The w earher profiles of the considered location on a m oderate day are show n in
11 igure 12. Due to the significant influenee of cloudiness on the irradiance, the cloud opacity 
is plotted to show the w eather condition c f  the considered day in plot (a). The plot shows 
the conditions of a specific sum m er day, where during the daytime (i.e., 9:00-15:00), a high 
incidence of to lar radiation is observed. The low  cloud opacity indicates clear sky, w hich 
defines the m oderate w eather condition of this day [32]. A ccord ingly  the w ind profile of 
the given day is show n in p eot (I?).
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Figure 12. Weather profile of a sunny summer day (14 June 2020): (a) global horizontal irradiance 
with cloud opacity and (b) wind speed.

The H R ES and EM S operations for a sunny sum m er day are depicted in Figure 13. 
The results are show n in  four plots. P lot (a) showa the? status of the available pow er on 
the eonsidered day. Different; pow er sources show n are grid supply (P_G rid), PV  pow er 
(P_PV), and W T pow er (P_WT). Accordingly, pilot (b( show s the charging and! discharging 
of the ESU  w ith  the; variation of SO C, w hile pilot (c) represents the energy transactions 
between different sources (i.e., Grid, PV, WT, ESU, Gen1, and Gen2 ). Finally, plot (d) shows 
the; pow er delivered by the H R ES agains) the load dem and. If the form er can track the 
oontour of the latter, it is assum ed that resiliency )s achieved.

As obvious from the grid supply in plot (a1, load shedding is im poied for 5 h, divided 
into three separate trenches (i.e., hours 6 -8 ,1 3 -1 5 , and 17-18). In p lot (Id), it can be noted 
that the SOC variations are consistent w ith the charging and discharging trend of the ESU. 
It is charged under three conditions: (1) from the grid during off-peak hours (shown by the 
G rid_ch_ESU  trace), (2) during the excess of PV pow er (PV _ch_ESU ), and (3) during the 
excess of W T pow er (W T_ch_ESU). On the other hand, the ESU discharges (to support the 
grid) during the load shedding intervals. In p lot (b), negative ESUDisch indicates that the 
battery is discharging. At any hour, the energy delivered by the ESU  is given as:

8

P- E S U (t) =  P _ L o a d (t ) / y inv -  (P _ P V (t) +  P _ W T (t))  (28)
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In Equation (28), it is possible that P _ E S U (t)  < 0. This situation indicates the surplus 
PV  and W T energy being absorbed by the ESU. H ow ever, it m u st be w ith in  the bounds 
of SO C U and SO C L. The flow  of pow er by different sources is show n in p lot (c). The 
Grid_M ode is active when the grid sufficiently satisfies the load. On the other hand, during 
the absence of the grid pow er, the renew able sources (i.e., PV, W T, and ESU ) supply the 
required load, thus activating the Islanded_M ode. For this specific day, there is no need to 
turn on the generator because these sources are sufficient to support the grid. D uring the 
Islanded_M ode, the EM S ensures that PV utilisation is given the highest priority, as can be 
clearly  observed during; hours 6-85 and 13-15 . Furtherm ore, as the irradiance is high, PV8 
alone can satisfy th eload ; other sources tire not u tilised  At hours 17-18, the load shedding 
reoccurs d u r in g th e  peak hous, w here dem and is the highest. As PV  is not; producing 
su ffk ien t power, W T and E S U also  support the grid during; this period. The ability of the 
H RES to satisfy the fluctuating load demand can be seen in plot (° ). Clearly, the system  is 
resilient throughout the day, w ithout the need to utilise any of the generators.

Figure 13. Operation of HRES during a sunny summer day (14 June 2020): (a) status of grid supply, 
PV power, and WT power, (b) ESU charging and discharging operations, (c) grid, PV, WT, and ESU 
interactions, and (d) the resiliency of HRES in supporting the grid.

3.1.2. H arsh Conditions

Under harsh conditions, the weather profile of a selected day is shown in Figure 14. The 
intensity of irradiation on this day is much lower than in summer (refer to plot (a)). In addition, 
the influence of daytim e cloud cover on the irradiance can be observed, thus indicating the 
harsh w eather conditions of this day. Likewise, the wind speed of the given day is also very
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low  (no m ore than 3.5 m /s), as show n in Figure 13b . The sam e H RES configuration (N pv , 
N w t, N Bat) is used w hile the load demand for the w inter season is used.
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Figure 14. Weather profile of extreme day (2 January 2020): (a) global horizontal irradiance with 
cloud opacity and (b) wind speed.

The HRES performance for the extreme winter day is illustrated in Figure 15. The load 
shedding happens for 7 h , divided into five reparate trenches (refer to p lot (a)). The first 
trench happens at night for two consecutive hours (i.e., hours 2-4). As there is no irradiance 
and PV pow er during nighttim e, the ESU  supports the grid for the first hour (plot (b)). 
However, during the second hour (3-4), Gen1 has to support as the ESU cannot sustain the 
required load. N otice that Gen1 is operated because the pow er deficit (less than 10 kW ) 
is low er than the capacity of the sm aller generator. D uring the second trench of shedding 
at hours 6 -7 , again, the dem and is fulfilled by  Gen1 and the ESU  because PV production 
has not started. In the third trench of load shedding at hours 8 -9 , the PV, W T, and ESU  
start supplying. H ow ever, as the dem and increases, the generator has to be utilised. The 
duration of the generator in operation is determined by the present SOC (refer to plot (b)). If 
SOC l  is reached, Gen1 is turned on. At noon (i.e., hours 12-13), the PV and ESU coordinate 
together to supply the load. Accordingly, load shedding is im posed again at hours 16-18. 
The ESU discharges and satisfies the load during the first hour (16-17). However, it reaches 
its m axim um  allow ed lim it to discharge. A s the load dem and is h igher than the capacity 
of G en1 due to the peak hours, the EM S activates Gen2 to support the load. D uring this 
day, both  Gen1 and G en2 have to operate because of the extrem e w inter conditions. The 
energy transactions of different sources are demonstrated in plot (c). Accordingly, the HRES

4

0
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operation w ith  variable load can tie observed in p lot (d). D espite the lim ited PV and W T 
yield, the H RES satisfies the load dem and through integratee  operation of all the energy 
sources in the system.

Figure 15. Resiliency of HRES during an extreme winter day (on 2 January 2020): (a) statua of grid 
supply, PV power, and WT power, (b) ESU charging and discharging operations, (c) grid, PV, WT, 
and ESU interactions, and (d) the resiliency of HRES in supporting the grid.

3.1.3. C om parison w ith Conventional Solutions

The feasibility of the H RES is com pared to the conventional load shedding m itigation 
methods, namely, diesel generator (only), UPS (only), and a combined system (generator-UPS). 
For the generator (only) solution, Gen1 and Gen2 w ith the same specifications used for the 
HRES are considered. Furthermore, the sam e diesel price (69 cents/L) is considered. For the 
solution that utilises UPS only, N Bat = 19, while for the combined UPS-generator, N Bat = 10. For 
both cases, Ngat is determined using the GOA. These sizes are based on the m inim um  value 
of the LCOE and PBP w hile fulfilling the load requirem ent (i.e., LPSP = 0). The simulations 
are performed using the same meteorological data and load shedding schedules.

The perform ance of all m itigation methods based on the one-year data is presented in 
Table 4 . For the H RES, the annual w orking hours for the generators are only 190 h. O n the 
other hand, for the solution using generators (only), the generators have to be turned on for 
1678 h. M eanw hile, if a generator is com bined w ith  a UPS, the tim e to turn on is reduced
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to 1160 h. From  the results, it is clear that the inclusion of renew able sources in the H RES
significantly reduces the fuel consum ption of generators.

Table 4. Optimal installed capacities of different systems and the duration for the generator turn-on time.

Mitigation
Method PV

Installed Capacity (kW) 
WT Batteries Generator

Duration Generator is Turned-on (Hour) 
Gen1 Gen2 Both

HRES 35.75 10 28.8 30 161 29 -
UPS (only) - - 34.2 - - - -
Generator (only) - - - 30 122 1556 366
Generator-UPS - - 18.0 30 580 580 -

Furtherm ore, as cost is the m ain consideration for H RES installation, a detailed com 
parison of the econom ic aspects is required. Thus, the LCOE and PBP for the conventional 
solutions are calculated according to Equations (14) and (16). As w ith  the H RES, calcula
tions for conventional system s are based on the 25-year system  lifetim e. Accordingly, the 
annual incom e for the P B P  calcu lation is based on the FiT and LC O E for the H R E S and 
conventional sources, respectively, w hich can be calculated as:

AnnualIncome_HRES  = Total Energy Contribution x  F iT  (29)

A nnualIncome_Conventional System  = Total Energy Contribution x  LCO ESource (30)

The results of the com parison are shown in Table 5 . It can be observed that, although 
the H R ES has a high capital cost, it exhibits the low est LCO E (6.64 cents/kW h) and PBP 
(7.4 years). The PBP suggests that the system will pay for itself after 7.4 years. On the other 
hand, the conventional generator (only) solution has the low est capital. H ow ever, due to 
the high diesel consumption over the lifespan of the project, its LCOE is approximately four 
tim es higher than the H RES (i.e., 29.68 cents/kW h). The LCOE of the U PS (only) solution 
is 13.23 cents/kW h. The cost is m ainly due to the periodical replacem ent of the batteries. 
In addition, the higher grid electricity price for charging also contributes to the operational 
cost. Finally, for the com bined system  (generator-UPS), the LCOE is 19.82 cents/kW h. The 
PBP for these conventional system s is 9.8 years for U PS, 12.9 years for d iesel generators, 
and 11.3 years for the com bined system  (UPS-generator).

Table 5. Cost analysis of HRES and different conventional methods.

Mitigation Method Capital Costs ($) O&M Costs ($) Total Costs ($) LCOE (Cents/kWh) PBP (Years)

HRES 25,559 14,325 39,884 6.64 7.4
UPS only 6419 40,741 47,160 13.23 9.8
Generator only 5000 108,661 113,661 29.68 12.9
Generator-UPS 9169 68,370 77,539 19.82 11.3

In addition to the benefit of having the low est LCOE and PBP, the H RES also reduces 
the grid burden by  in jecting surplus renew able pow er from  the PV  and W T  into the grid . 
The annual contribution from  the renew ables is 32,361 kW h, w hich  translates to a load 
reduction of 47.2% , 32.9% , and 42.3%  com pared to the U PS (only), generator (only), and 
com bined U PS-generator case, respectively.

The results clearly prove the cost-effectiveness of the HRES over conventional methods 
to m itigate the load shedding problem . Furtherm ore, the PBP estim ation show s that the 
HRES investment is economically attractive and also offers a high profit margin for investors.

3.1.4. C om parison w ith Sim ilar Studies

The LCO E of the H RES obtained in  the current study has been  com pared w ith  other 
studies addressing the grid interm ittency problem . The optim al configurations from
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different locations tabulated in Table 6  show  a variation in  LCO E. The m ost vocal factors 
in  L C O E variation are the localised m eteorological conditions, fuel and equipm ent costs, 
capacity  shortage, and subsidies on renew able installations. In  addition, the tim e of the 
pow er requirem ent (day vs night) from  the alternate hybrid  system  also d irectly  affects 
the LCO E. A com parison  of the proposed H R ES w ith  existing studies show s better or 
very  com petitive results. R eferring to Table 6 , the proposed H R ES provides an optim al 
solution in term s of low er LCOE. Therefore, it is concluded that the presented GOA-based 
optim isation (im plem ented in  M A TLA B) is m ore cost-effective com pared to H O M ER  to 
m itigate the load shedding problem.

Table 6. Economic comparison of present study with similar studies.

Ref and Year Location Integrated Sources Simulation Platform LCOE (Cents/kWh)

[18], 2018 Pakistan PV, bat HOMER 19.10
[56], 2019 Pakistan PV, bat, bio generator, diesel generator HOMER 8.50
[23], 2021 Egypt PV, WT, fuel cell, electrolyser, hydrogen tank MATLAB 6.20
[21], 2022 Pakistan PV, bat, diesel generator MATLAB 8.32
Proposed Pakistan PV, WT, bat, diesel generator MATLAB 6.64

3.1.5. Feed-in Tariff and Payback Period Evaluation for the HRES

R ecall that the PBP is based on the total project costs and the annual incom e of the 
system . The latter depends on the am ount of the yearly contribution from  the renew able 
sources of the HRES. This contribution com es from the direct supply of renew able energy 
served during load shedding and the surplus energy injected into the grid, at the agreed FiT 
plan. Note that the FiT is the special selling price allocated to renewable energy generators 
for in jecting renew able energy into the grid. For Pakistan, the levelised FiT structure for 
one unit of electricity over 25 years and the COEGrid are provided in Table 7 [58] . The FiT 
schem e is not very attractive due to the h igh cost of grid electricity ; in fact, during peak 
tim e, the FiT is low er than the C O EGrid.

Table 7. Residential grid electricity and FiT for Pakistan.

T .ff Off-Peak Time (Cents/kWh) Peak Time (Cents/kWh)
ari (Hours 22:00-18:00) (Hours 18:00-22:00)

Grid electricity (COEgrid) 9.3 13.1
Feed-in tariff (FiT) 12.0 12.0

To illustrate the im pact of the FiT on the PBP, HRES operation during typical summer 
and w inter day scenarios is used. The contribution of renewables is shown in Figure 16. As 
expected, due to higher irradiance on a sum m er day, the P V  in jects m ore energy into the 
grid. N ote that the FiT takes place w hen the renew able energy is utilised during the load 
shedding intervals and w hen the extra energy is in jected into the grid. The contribution 
of PV  and W T is show n by filled pink and green areas during load shedding intervals, 
respectively, w hile their in jection into the grid is h ighlighted  w ith  filled grey and yellow  
areas. The PV  and/or W T in jection into the grid occurs w hen  they have surplus pow er 
during Grid_m ode.

The PBP analysis is assisted by Figure 17, w hich represents the annualised costs and 
the revenue flow of the HRES. The linearity of the revenue curve is due to the assum ption 
that load dem and is constant throughout the project life cycle. O n the other hand, the 
non-linearity  of the annualised cost curve is because of the discounted and replacem ent 
costs of H RES com ponents. This replacem ent (battery, inverter) m ust be m ade at different 
intervals during the project lifespan. The cum ulative annualised costs integrate the capital 
costs and the adjusted O&M  costs according to the incurred time. Notice that for the HRES 
operational period (25 years), the total annualised costs are equivalent to the total costs of 
the optim al configuration of the HRES (USD 39,884). The profit-loss break-even point is at



Sustainability 2 0 2 2 ,14,14045 24 of 29

7.4 years/. Beyond this PBP, the project starts earning. For the remaining project lifetime, the 
net profit am ounts to approxim ately U SD  75,000.

Figure 16. The impact of FiT during (a) a summer day and (b) a winter day.

Y e a r

Figure 17. Payback period analysis of HRES over the project life cycle.
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The PBP assessm ent show s that the H RES investm ent is econom ically attractive and 
also offers a high profit m argin for investors. These results can help policym akers in  the 
affected countries to prom ote renew able policies and encourage private investm ent.

4. C onclu sions

This work has optimised HRES— a combination of renewable sources, storage elements, 
and generators— to overcom e the load shedding problem . G iven the technical specifica
tions of com ponents, m eteorological, and dem and data w ith load shedding schedules, the 
m ethodology can determ ine the num ber of PV panels, w ind turbines, and battery units 
along w ith  generator hours to achieve the m inim um  LCO E and PBP of the system  w hile 
ensuring pow er supply availability. The case study is presented for a sm all residential 
community (with actual load shedding conditions) situated in Quetta, Pakistan. The results 
show  that the optim ally designed H RES has the potential to effectively m itigate the prob
lem  of load shedding com pared to the conventional solutions. The LCO E of the H RES is
6.64 cents/kW h, w hich is below the LCOE of the diesel generator (only) (29.68 cents/kW h), 
U PS (13.23 cents/kW h), and the com bined generator-UPS system  (19.82 cents/kW h). Fur
thermore, the HRES alleviates the grid burden by 47.2%, 32.9%, and 42.3%, respectively. The 
break-even analysis has shown that the PBP of the HRES is 7.4 years. This shows that HRES 
investment is economically attractive and also offers a high return opportunity for investors. 
The estimated profit of the system is USD 75,000 over the 25-year project lifespan. The main 
conclusion from this w ork is that an optimised H RES can be utilised to alleviate the energy 
crisis faced by  several developing nations. This solution can be integrated into the existing 
infrastructure and is aligned with the Sustainable D evelopm ent Goal (SDG-7) of the United 
Nations that ensures "reliable, affordable, sustainable, and m odern energy for all".

The present research can be im proved by considering the environmental criteria (such 
as CO 2 reduction) along w ith technical and econom ic criteria in the future.
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N om enclatures

a On-off binary variable
At Time step (hour)
nsat Battery efficiency (%)
n cen Generator efficiency (%)
ninv Inverter efficiency (%)
Cbat Nominal battery capacity (kWh)
COEQrid Grid cost of electricity ($/kWh)
Costpuei Fuel cost (($/L)
ESU_Disch Energy discharge from ESU (kWh)
Gen1_supp_Load Generator 1 energy being supplied to load (kWh) 
Gen2_supp_Load Generator 2 energy being supplied to load (kWh)

https://solcast.com/
http://ccms.pitc.com.pk/FeederDetails
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Grid_ch_ESU Grid energy charging ESU (kWh)
Grid_supp_Load Grid energy being supplied to load (kWh) 
h Time step (hour)
NBat Number of batteries
Npv Number of PV units
Nwt Number of wind turbines
P_ESU ESU output power (kW)
P_ESU_Req Power required by ESU to reach SOCu (kW)
P_Gen Diesel generator output power (kW)
P_Gen1 Generator 1 output power (kW)
P_Gen2 Generator 2 output power (kW)
P_Grid Grid power (kW)
P_HRES Output power of HRES
P_Load Energy demand (kW)
P_Pv  PV output power (kW)
Prated Generator rated power (kW)
PV_ch_ESU PV energy charging ESU (kWh)
Pv_inj_Grid PV energy being injected to grid (kWh)
PV_supp_Load PV energy being supplied to load
P_WT WT output power (kW)
Pmax PV maximum output power
wi Weight for objective function i
WT_ch_ESU WT energy charging ESU (kWh)
WT_inj_Grid WT energy being injected to grid (kWh)
WT_supp_Load WT energy being supplied to load
SOCC State of charge of ESU current hour (kWh)
SOCU Upper limit of state of charge (kWh)
SOCL Lower limit of state of charge (kWh)
Abbreviations
EMS Energy management scheme
ESU Energy storage unit
FiT Feed in tariff
GOA Grasshopper optimization algorithm
HRES Hybrid renewable energy system
LCOE Levelised cost of electricity
LPSP Loss of power supply probability
PBP Payback period
PSO Particle swarm optimization
PV Photovoltaic
TOU Time of use
WT Wind turbine

A ppendix A

Table A1. Technical and economic specifications of HRES components.

Component Parameter Variable Values Units
Rated power (per module) Ppv 325 W
Module efficiency r 17.0 %
Performance ratio PR 0.75 -
Initial (capital) cost [59] ICPV 305 $/kW
Operating cost (yearly) [59] OCpv 3.05 $/kW
Expected lifetime Lifepv 25 Years
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Table A1. Cont.

Component Parameter Variable Values Units

WT

Rated power 
Start-up wind speed 
Survival wind speed 
Rated wind speed 
Rotor diameter 
Blades
Initial (capital) cost [60] 
Operating cost (yearly) [60] 
Expected lifetime

PWT 
vcut in 
vcut off 
vrated

ICWT
OCWT
LifeWT

5
3

50
10
5.4
3

600
6.0
25

kW
m/s
m/s
m/s
m

$/kW
$/kW
Years

ESU

Rated capacity
Charging/discharging efficiency 
Initial (capital) cost 
Replacement cost (After 5 years) 
Expected lifetime

CBat
B̂at

ICBat
RCBat
LifeBat

1800
100
250
250
5

Wh
%

$/kWh
$/kWh
Years

Gen

Rated power 
Generator efficiency 
Power factor 
Initial (capital) cost 
Operating cost (yearly) [60] 
Fuel cost 
Expected lifetime

£ 
§ Ph 

rl 
o 

o 
o

10 + 20 
90.0 
0.8 
180 

0.064 
0.690 
15,000

kW
%

$/kW
$/Hour
$/Liter
Hours

Inverter

Rated power 
Inverter efficiency 
Initial (capital) cost 
Replacement cost (After 10 years) 
Expected lifetime

•v 
fs 

£ 
£ 

S 
5= 

J?

30
95

1669
1669

10

kW
%
$
$

Years

Other economic parameters

Project lifetime [61]
Discount rate [61]
PV degradation rate [61]
WT degradation rate [62]
Fuel curve intercept coefficient [53] 
Fuel curve slope [53]

N
r

DEGpv
DEGwt

C1
C2

25
5

0.50
0.60
0.246
0.0814

Years
O/%
0/%
%

L/kWh
L/kWh

Balance of system cost
Wiring, dc cable, ac main panel, EMS 
controller, charge controller, MPPT, breaker 
box and converter

BOS 1000 $
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