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Abstract Cement industry is one of the highest energy consuming industries. The 19
quantity of fuel and energy needed accounts for most of the cost of cement manufacturing. 20
Thermal power plants generate electricity but are harmful and ineffective by nature. Asa 21
backup mechanism to account for main grid failures, batteries can be utilized. In this pa- 22
per the first ever investigation on battery’s depth of discharge (DOD) for four different 23
kinds of battery technologies is carried out in the framework of cement industry. The in- 24
tended battery technologies are the lead-acid battery (LA), lithium-ion battery (Li-ion), 25
vanadium redox battery (VR), and nickel-iron battery (Ni-Fe). Four hybrid energy gener- 26
ation models (HEGMs) for five cement plants of Pakistan using the HOMER pro software 27
are proposed. Cement plants includes Askari Cement Plant, Wah (ACPW); Bestway Ce- 28
ment Plant, Kalar Kahar (BCPKK); Bestway Cement Plant, Farooqgia (BCPF); Bestway Ce- 29
ment Plant, Hattar (BCPH); and DG Cement Plant, Chakwal (DGCPC). HEGM-1 com- 30
prises of a diesel generator (DGen), a photovoltaic system (PV), a converter, and a battery 31
system. HEGM-2 comprises of a PV system, a converter, and a battery system. HEGM-3 32
is the grid-connected version of HEGM-1 and HEGM-4 is the grid-connected version of 33
HEGM-2. A base-model consisting of grid only is used as a reference. A multi-criteria 34
decision analysis (MCDA) is performed by formulating a cumulative objective function 35
(COF) which includes net present cost (NPC), levelized cost of energy (LCOE), and green- 36
house gas (GHG) emissions. The principal objective is the maximization of COF while 37
simultaneously minimizing the objectives (NPC, LCOE and GHG emissions), based on 38
optimal battery technology and DOD. The results reveal that VR is the most suitable bat- 39
tery technology with 10% DOD. It is achieved for DGCPC with HEGM-3 with 61.49% of 40
NPC, 78.62% of LCOE and 84.00% of GHG emissions reduction as compared to the base 41
model. 42
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1. Introduction 47

As the world's population and industrialization grow, so does energy consumption. 48
Between 2018 and 2050, it is anticipated that global energy consumption will rise by ap- 49
proximately 50%. The most significant source of energy has always been petroleum prod- 50
ucts, which have a negative impact on the environment. A specific battery ageing model 51
with tentative verification for microgrid applications is still lacking, and one typical prac- 52
tice is to establish a fixed lifetime of 10 or 20 years [1]. Nonlinear functions of state of 53
charge (SOC), depth of discharge (DOD), C-rate (defined as the charge or discharge cur- 54
rent divided by the battery's capacity to hold an electrical charge, with the unit hl), tem- 55
perature, and so on dictate battery ageing routes [2]. Nonetheless, the battery ageing mod- 56
els used in microgrid assessment and control references are primarily simplified to be 57
linearly related to DOD and cycle quantities [3]-[5]. In [6] presents a feasible model for 58
optimal scheduling with DOD and temperature parameters, neglecting C-rate and vary- 59
ing levels of SOC. In [7] researchers uses SOC and DOD limits to avoid sharp power 60
changes from aggravating degradation while ignoring the quantitative impact of 61
charge/discharge operations. The authors’ in [8] provides a quadratic term to function 62
battery degradation, such as film growth by current (the C-rate) but does not include a 63
DOD factor. In [9] the study conducts a thorough analysis of domain-specific literature 64
and proposes a weighted cost model that combines the results and parameters of main- 65
stream studies; however, the distinct assumptions and experimental settings of those 66
quoted models are not discussed in detail. Above all, developing an optimization-oriented 67
battery SOH forecast model with experimental validation under microgrid settings is crit- 68
ical and still sought. 69

A ot of toxins are released into the air when petroleum products are burned, which 70
is bad for human health and changes the environment because of ozone-depleting com- 71
pounds [10]. By switching to cleaner energy sources, the issue of rising global surface tem- 72
peratures could be addressed by lowering atmospheric carbon dioxide (CO2) levels [11]. 73
Standalone hybrid energy system for cement industry of Pakistan is also discussed [12]. 74
Renewable energy sources (RESs) that are good for the environment include hydropower, 75
biomass, geothermal energy, solar photovoltaic (PV), and wind energy [13]. These RESs 76
have the potential to offer everyone, regardless of where they live, clean energy that they 77
can control. HESS are created by combining renewable energy sources (RESs) with con- 78
ventional generators based on petroleum derivatives. As a result, they can address the 79
issue of inconsistent and inconsistent RES supply. HESS frameworks that outperform sin- 80
gle energy sources in terms of dependability, control, and value [14]. The most crucial 81
factor in the implementation of HES factors may be their flawless planning and prepara- 82
tion. Each level of the microgrid can be improved to provide optimal operating conditions 83
for all models. A framework plan may be revised to examine the best configurations fora 84
single target capability or multiple objectives. Multi-objective advancement computers, 85
on the other hand, are required when employing at least two target abilities. Increasing 86
the framework's effectiveness and reducing its cost are two examples of such goals. Vari- 87
ous strategies and procedures can be used to achieve the best possible plan of definite 88
improvement issues [15]. A few tools for the coming new age include fluffy rationale, he- 89
reditary calculations, and molecule swarm enhancement. However, multiple cycles are 90
carried out for conventional approaches, such as straight programming [16]. 91

Some studies have specifically focused on how best to implement variant streamlin- 92
ing methods in HESs. To address the estimating streamlining problem of an isolated 93
breeze/flowing/battery HES,[17] developed an advanced multi-objective evaluating im- 94
provement strategy based on Halton combination as well as the social rousing technique. 95
The researchers noted that the enhanced computation and suggested method are effective 96
in enhancing the system, and the efficient conditions of the framework are successful 97
when coupled with the energy of the efficient approach. The researchers of [18] solved the 98
HES assessment question for PV, wind, diesel, and batteries by employing inventive com- 99
puting. In Saudi Arabia, a compelled little region is destroyed utilizing the proposed HES. 100
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The results proved that the calculation was the best method for determining the best HES 101
estimate. Hemeida and co. Using computational modeling and molecular swarm optimi- 102
zation, [19] in Libya, the most effective technique for a hybrid structured methodology 103
was explored. An existing models with numerous goals proposed in [20] determines 104
crossover systems between various source configurations. It was demonstrated that the 105
crow calculation is more useful and effective than the molecular swarm advancement cal- 106
culation. Experimental conclusions in everyday applications supported the framework's 107
viability. In [21], HOMER was used to test whether a PV/biomass combination system that 108
is both scientifically and cheaply viable could operate a remote location in Palestine. The 109
creators believed that the proposed technology could cut down on pollution while also 110
providing clean energy. Cao and others [22] The elephant crowding improvement calcu- 111
lation was used for multi-objective streamlining for a PV/wind/energy unit/battery HES. 112
For the best design of a hybrid framework, it was concluded that the proposed approach 113
is an efficient option. Using a metaheuristic grasshopper improvement computation, it 114
was suggested that the best configuration of a HES composed of solar, wind, and batteries 115
be investigated in order to supply energy to remote areas [23].The best method for meas- 116
uring a PV, wind turbine, and battery edge design was determined using an energy chan- 117
nel calculation in [24].The designers discovered that, furthermore to meeting the essential 118
limitations, utilizing the energy network estimation in conjunction with the recommended 119
method is helpful for establishing the ideal economic plan for the HES. 120

To arrive at the ideal framework component estimates, it is necessary to carefully 121
examine the availability of RESs, the appropriate control techniques, and the equipment 122
of the framework [25]. To achieve the established objectives and guarantee safe opera- 123
tions, energy the board control frameworks are required. They are also required to allow 124
numerous elements within a given framework to interact, join, and connect. The proper 125
energy the board approach allows the system to focus on the load, lowering both energy 126
expenses and ozone harmful element emissions while expanding the shares' lifespan to 127
operate on the exhibition and suggest a long - term socio practical decision [26], [27]. When 128
the RESs by itself can fulfill the demand, generator and battery dispatch management are 129
used [28]. In HOMER programming, the two primary default dispatch methods are load 130
following (LF) and cycle charging (CC). These methods select the highly possible design 131
that can fulfill the power demand at every successive stage without concern the future 132
demand shape or source characteristics. The generator behaves differently when the LF 133
and CC dispatch techniques are used. The LF approach is used by the generator to meet 134
the load needs without the battery being charged. During this technique, RESs are utilized 135
to charge the battery. Because the generator is functioning at full capacity during the CC 136
operation, it cannot access extra electricity [29]. 137

Most of the test research has been focused on improving the HESs proposal in 138
HOMER using both LF and CC approaches. According to [30], HOMER can effectively 139
propose an off-background HRES for a regional order in India. From a financial stand- 140
point, the inventors claim that the CC method performs better than the LF method. Ac- 141
cording to the investigation in [31], HES used the LF methodology and multicriteria plan- 142
ning to fulfill the energy demand in a countryside Tanzanian site. The findings showed 143
that the recommended HES is a novel approach to billing the selected location. Elkadeem 144
Ma and others [32] investigated whether a HES and a different assimilation de-salination 145
plant could be combined to supply Egypt's international airport with water and electric- 146
ity. The CC technique was utilized to ensure control of the flow among the elements. The 147
findings confirmed the proposed HES's utility regards of information, resources, and cash. 148
In Malawi, an effective paradigm for an examination involving a range of ages was inves- 149
tigated [33]. The analysis was carried out with the help of the LF and CC dispatch systems. 150
Long-term research indicates that the most common configuration employs the LF tech- 151
nique. The system was analyzed in Nigeria [34] from the perception of financial and tech- 152
nical outrage. The energy flow between the components was controlled using the LF 153
method. Based on the exploratory and comparative findings, it was concluded that the 154
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proposed architecture is a feasible alternative for one's own lattice provincial jolt. Nesa- 155
malar and co. [35] provided a particular and an Indian learning facility's PV/diesel/battery 156
HES's economic analysis by utilizing the LF and CC methodologies, both off-grid and on- 157
grid. It was determined that the on-lattice HES with LF dispatch was the best option for 158
the suggested location. The researchers investigated employing the LF and CC strategies 159
to oversee the operation of a hybrid sustainable aging framework in Turkey. It was 160
thought that the system using the CC method had lesser levelized cost of energy (LCOE) 161
and net present cost (NPC) than the system using the LF method. In [36], the shudder of 162
a region in Malawi was examined for an optimal HES strategy. The energy shift between 163
the heap and the various components of the framework was examined using the CC ap- 164
proach. It has been demonstrated that the NPC suffers because of changes in fuel prices 165
and wind speed over the course of the project. The framework's de-signers evaluated the 166
technical, financial, and energy benefits of using a PV, diesel engine, and battery to supply 167
electricity to a specific location in Minya City, Egypt, in [37]. According to the findings, 168
the financial execution of the LF system is superior to that of the CC technique. A relation- 169
ship of HESs in eight eco-friendly regions of Iran was finished using the CC strategy in 170
[38]. It was thought that a lattice, PV, and wind turbine would make the ideal HES. In 171
New Zealand, the LF method was used to investigate an independent breeze/flowing/die- 172
sel HES for the shock of coastal systems for strategy streamlining [39]. Corresponding to 173
the findings, the ideal HES plan is put up to provide friendly scientific, economic, and 174
organic implementation. 175

Hybrid frameworks have a lower NPC, researchers have demonstrated. In addition, 176
the LCOE outperformed a single framework when it came to gathering required electrical 177
demands [40], [41]. Hybrid energy frameworks regarding financial, ecological, and de- 178
pendability have been the subject of a few studies [42], [43]. Panapakidis et al., in [44], 179
have looked at the techno-economic reachability of four different hybrid power system 180
that have been used for a long time to focus on the power concern of an off-grid home in 181
different parts of Greece. The framework with the lowest absolute setup cost was selected 182
as the benchmark for offering the best electric solution for networks, claims the study. 183
Nandi et al. carried out a different analysis [45] looked at whether to use a combined en- 184
ergy system rather than a free generator for the local provincial jolt. In the evaluation, 185
distinct monetary markets were considered, and the findings demonstrated that a com- 186
bined energy structure has lower COE and NPC in comparison to an available diesel gen- 187
erator (DGen). 188

1.2 Research Gap 189

According to the literature, several studies have been conducted to evaluate the ideal 190
design of various HEGM-based power systems in terms of economics and reliability. Ac- 191
cording to the studies, the battery, as an energy storage technology and battery depth of 192
discharge (DOD), has played a significant role in the renewable generation-based power 193
system. However, the data shows that only lead acid (LA) and lithium-ion (Li-ion) batter- 194
ies have been typically employed in the studies. However, the studies on the employment 195
of other battery technologies have been seen to be uncharted in HEGM based system to 196
conduct economic studies on different battery DOD levels. 197

1.3 Contribution 198

e To design an optimal model of the standalone as well as grid connected 199
HEGMSs having with focus on battery technologies and DOD levels in cement 200

industry of Pakistan 201
e To assess the performance of the proposed HEGMs based on load profiles of 202
5 cement industries and associated geographical resource data. 203

e A multi-criteria decision analysis (MCDA) is performed by formulating a cu- 204
mulative objective function (COF) which includes the simultaneous minimi- 205
zation of NPC, LCOE, and greenhouse gas emissions (GHG emissions). 206
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e To perform the MCDA on the four different battery technologies including
LA, Li-ion, vanadium redox (VR) and nickel-iron (Ni-Fe) in the proposed
HEGMs.

e As per the authors' best of knowledge the proposed study which considers
the minimization of NPC, LCOE and GHG emissions with focus on battery
technologies and optimal DOD levels has not been investigated before in the
cement industry of Pakistan.

In rest of the paper, the MCDA for HEGMs based on battery technologies is per-

formed in four test cases:

Case-1: LA

Case-2: Li-ion

Case-3: VR

Case-4: Ni-Fe

Similarly, five cement plants are considered as test sites:

Cement Plant-1: ~ Askari Cement Plant, Wah (ACPW).

Cement Plant-2:  Bestway Cement Plant, Kalar Kahar (BCPKK).
Cement Plant-3: ~ Bestway Cement Plant, Farooqia (BCPF).
Cement Plant-4: ~ Bestway Cement Plant, Hattar (BCPH).
Cement Plant-5: DG Cement Plant, Chakwal (DGCPC).

2. Methodology

HEGMs were employed in the plan of this energy-producing system. The methodol-

ogy of the study is presented in Figure 1.

To strengthen the microgrid. The load profile, equipment data, and whether data like
sun irradiance are among the inputs that Homer Pro requires.

The selected resources will serve as the basis for the analysis. Techno-economic anal-
yses are conducted at various DOD levels to ascertain the best preference in terms of
NPC, LCOE, and GHG emission decrease.

Using the enumerative optimization method, HOMER examines each combination
that fails to meet the requirements, compiles the best options, and ranks them accord-
ing to the considers factors.

2.1. Optimizaton problem

NREL created a tool for optimization called HOMER.HOMER employs a derivative-

free optimizer. An improved grid search approach is used by the optimization algorithm.
The optimal solution is chosen by HOMER after the user inputs a number of parameters
[46]. The best option is ranked by HOMER based on the objective.

Using HOMER, reseachers can also relate the scientific and financial facets of various

generator-storage unit combinations. By considering MCDA best result obtained based
on the minimization of NPC, LCOE, and GHG emissions.
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Figure 1. Methodology framework of the hybrid microgrid design 248

2.2. Objectives 249

Numerous factors influence the optimal configuration. Among the considered crite- 250
ria are minimizing NPC, LCOE, and GHG emissions. Multi-criteria decision analysis is 251
used to determine the ideal configuration of the microgrid. For this a cumulative objective 252

function (COF) was considered as shown in Equation (1). 253
COF = [W,(NPC)+W,(LCOE)+W,(GHG Emissions)) 1) 254

Where, Wiis 33.33%, Wais 33.34% and Wsis 33.33%. As, the objective parameters 255
have different units, so Equation (2) used to make these parameters unitless. 256
257

. Basevalue — Actual value
Normalize value = ) 258

Basevalue

Normalize_value is the unit less value, Basevalue is the value of base case considered 259
in this study and Actualvalue is the value to be normalized. Equation (2) is utilized for 260
each parameter independently, and the COF for each HEGM is calculated using Equation 261
(1). 262
As Equation (2) illustrates, if Actualvalue exceeds Basevalue, Normalize_value be- 263
comes negative and also COF. Minimum COF results in maximum NPC, LCOE, and GHG 264

emissions, and vice versa. 265
266
2.2.1. Net Present Cost 267

The numerous continuing cost combinations are comparable to the NPC that support 268
experienced during its effective life, with a reduction of the improvement value at that 269
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point. The costs that are remembered for the net present cost are the costs that are shown 270
in Equation (3) in accordance with reference [47] for initial expenditure, replacement cost, 271

activity, and maintenance cost. 272
The total NPC is determined using the formula below: 273

Cann tot
Cupc = 3) 274

CRF (i . Rpro_/‘ )

Here, Cann, tot = Annualized cost. i = Interest rate (Annual). Rproj = Project lifetime. 275

CREF (.) = Capital recovery factor. 276
277

2.2.2. Levelized Cost of Energy 278
The predetermined shaped framework delivers per KWh of energy. The Equation (4) 279
from [47] is used by HOMER to determine the ideal COE for a standalone system. 280

C
LCOE = i (4) 281
E .tE, +E

prim def grid .sales
282

Eaeris the total deferrable load, Eprim is the entire primary load, Cann. tot is the yearly 283
total cost, and Egrig, sales is the quantity of energy supplied to the grid (per year). 284

2.2.3. GHG Emissions 285

Depending on the power resources employed, energy generation generates a variety 286
of hazardous gas emissions. The amount of CO2 produced per kWh is dictated by the 287
power resources used to generate the energy, and it fluctuates subject on the fuel utilized, 288
which is why it differs every second. Furthermore, each kWh produces 1.34 g of nitrogen 289
oxides and 2.74 g of carbon dioxide. Nitrogen oxides (NO), Sulphur dioxide (502), carbon 290
monoxide (CO), unburned hydrocarbons (UHCs), and carbon dioxide (CO2) were not 291

found in HEGM-2. 292
293
2.3. Hybrid Energy Generation Models Designing 294

For the techno-economic analysis, four HEGMs were developed using the Homer Pro 295
software. A photovoltaic (PV), converters and a battery system, generators for top load 296
needs are all part of the suggested system. The four types of HEGMs that have been de- 297
veloped for this study are listed below. These are the options that are provided for each 298
HEGM that are the most cost-effective and sensible options. Each HEGM has its own gains 299

and limits to meet the necessary load requirements. 300
301
23.1.PV 302

The standard flat-plate photovoltaic is utilized in the manufactured 303
variations.Generic PV panels have an efficiency of 14% and a lifespan of 25 years.Under 304
normal operating conditions, the module's output power is calculated using Equation (5) 305

[48]. 306
— IT
P =f,xY, x E (5) 307

Ppv is the abbreviation for the PV panels' meagre power output in kW. The term 308
"total incident radiation” (measured in kWh/m2) as IT. IS = 1000 W/m2; The reduction 309
factor, also known as fpv, is determined by factors such as energy loss caused by splices 310
and long wiring distances. 311
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2.3.2. Battery Storage System

Four different kinds of batteries, including the Hoppecke 24 OPzS 3000-Vented lead-
acid (Case-1), the Blue Ion 2.0 lithium-ion battery (Case-2), the redT vanadium redox bat-
tery (Case-3), and the Iron Edison nickel-iron battery (Case-4), were put through tests to
see which one is best suited for use in hybrid systems. Equation (6) [49] depicts the DOD
expression, and Table 3 contains important information about the chosen batteries.

lr.
DOD(%)=100| — [i(¢)dt (6)
9%
The depth of discharge is calculated by dividing the maximum battery capacity (Q)

by the load current (i(t)).
Contrary to the DOD, SOC can be related to: “DOD =1 - SOC”.

Table-1: Specifications of induced batteries [50]

Parameters Case-1 Case-2 Case-3 Case-4
Nominal voltage (V) 2 51.2 48 1.2
Max. capacity (Ah) 3570 328 417 1000
Nominal capacity (kWh) 7.15 16.8 20 1.2
Max. charge current (A) 610 263 105 500
Max. discharge current (A) 610 328 105 500
Roundtrip efficiency (%) 86 97 75 85
Capital cost ($) 722 15,000 10,700 970
Replacement cost ($) 665 13,800 9,300 890
O&M cost ($/year) 180 1 1 1
Lifetime (years) 15 25 25 20
Nominal voltage (V) 2 51.2 48 1.2

2.3.3. Converter

These HEGMs are used with the Homer pro software's generic system converter. It
has rectifier and inverter modes of operation. When neither solar nor wind power is avail-
able, the converter only works in inverter mode; This typically takes place at night and
when the sky is cloudy. When sufficient renewable energy is available to charge the bat-
tery system, the converter only uses its rectifier mode. The converter has an efficiency
rating of 95%.

The effectiveness and selection of the inverter (P, s (t)) determine the power convert-
er's maximum capacity for converting DC to AC. In [51], it is expressed as Equation (7):

B,s (t):Enput (t) * nconv (7)

where Pinpui(t) stands for the converter's input power and neonv for its efficiency.

2.3.4. Diesel Generator

A standard small-size generator is used in the design and simulation processes in
HEGM-1 and 3. The generator is adapted to meet its requirements by the Homer Pro pro-
gram. A connection between the rated power of a diesel generator (DGen) and its output
can be seen in Equation (8) from [52]. Table 2 contains the cost of components used in this
study.
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Table 2. Components cost [53]
Components Initial costUS$/kW  Replacement Operatingcost Lifetime inyears
costUS$/kW
PV 350 350 10 25
DGen 400 400 0.010 15,000 h
Converter 300 300 0.00 15
PGD=ndieselx NDGx PGD, N 8) 343
where NDG is the total number of identical diesel generators, PDG is the combined 344
output of the generators, and 1) is the generator's productivity. 345
2.3.5 Grid 346
Using conventional grid power, the electricity is brought to the site. When renewable 347
sources are unable to meet the demands of the load, the AC power is supplied to a desig- 348
nated plant, which will serve as a backup source of power for the load. Utilizing net me- 349
tering (NM), the integrated grid system will also be beneficial for obtaining surplus power 350
from proposed HEGMs. A billing mechanism that allows a customer to sell surplus elec- 351
trical power into the grid and adjust the credit amount by drawing power from the grid 352
is what the NM approach encourages power consumers to use for cost-effective power 353
generation renewable sources. In addition, NM serves as a regulatory incentive that ena- 354
bles a variety of small and medium-sized consumers to acquire credits for excessive elec- 355
tricity generation. In contrast, customers in developed nations who generate electricity 356
from renewable energy sources receive a fiscal incentive known as a feed in tariff (FIT). 357
Each year, the energy provider receives payment in the form of a fixed unit price for the 358
electricity it generates. As a result, NEPRA's commercial electricity price for off-peak 359
hours has been used to calculate the proposed system's unit price with NM at 0.250 $/kWh 360
[54]. 361
362
HEGM Configurations 363
364
» Figure 2 shows HEGM-1. it will have a PV, DG, converter, and battery. 365
AC Bus DC Bus
e8]
% -
DG Load PV
PEEEEN g «—>|——|s i
Converter Battery
366
Figure 2. Schematic diagram of HEGM-1 367
» Figure 3 shows HEGM-2,, it will only PV, converter, and battery. 368
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AC Bus DC Bus
- O EEEE
A
Load PV
Converter Battery
369
Figure 3. Schematic diagram of HEGM-2 370
»  Figure 4 shows the HEGM-3, it will have a grid-connected PV, DG, converter, and battery. 371
AC Bus DC Bus
- > > @) ”
e ¢ z
DG Load PV
R AR
Grid Converter Battery
372
Figure 4. Schematic diagram of HEGM-3 373
374
»  Figure 5 shows HEGM-4, it will grid-connected PV, converter, and battery. 375
376
AC Bus DC Bus
-
N
Grid Load PV
A
Converter Battery
377
Figure 5. Schematic diagram of HEGM-4 378
>  Figure 6 shows Base-Model, it has only grid and act as base case in this study 379

380
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AC Bus DC Bus
R
Grid Load
381
Figure 6. Schematic diagram of Base-Model 382
383
2.4. Site Area 384
The cement plants are located in Pakistan, and their coordinates are as follows: 385
ACPW:  33.8170° N, 72.7238° E 386
BCPKK:  32.7185° N, 72.7761° E 387
BCPF: 33.8282° N, 72.8337° E 388
BCPH: 33.8481° N, 72.8679° E 389
DGCPC:  32.7344° N, 72.8100° E 390
Figure 7 represents the locations of the cement manufacturing facilities. 391
—
BCPF
33.8282 N DGCF’CO
72.8337 E 32.7344 N
~ 72.8100°E
s ~
BCPH
33.8281 N [
72.8679 E
. /
ACPW
33.8170 N
72.7238°E
BCPKK
32.7185° N
72.7761°E
392
Figure 7. The geographical locations of cement plants 393
2.4.1. Load Profile 394

The load profile for five cement industries: For ACPW, is 1I8MW. BCPKK, BCPF, and 395
BCPH's average demands are 34, 37, and 18 MW, accordingly. The average load for DGPC 39
is 31 MW. In Figure 8 energy utilized per day is shown from [12]. 397
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40
35
30
Load Profile
mACPW BCPKK ~ mBCPF  mBCPH W DGCPC 398
Figure 8. Daily load profile of the Plants 399
2.4.2. Energy Resource Assessment 400

The location of the area has a significant potential for energy resources. In Pakistan, 401
there are a lot of data about the potential of solar power. When determining their resource = 402
potential, the prospective locations' geographical location has been taken into considera- 403
tion. 404

The places that were chosen for the have a lot of potential for sun-oriented travel. 405
Figure 9 provides an overview of the facilities under consideration's annual ambient tem- 406
peratures. It demonstrates that the ACPW is 22.85 °C. The annual average ambient tem- 407
perature for BCPKK is 17.80 C°. The annual average ambient temperature for BCPF is 408
22.75 C°. The annual average ambient temperature for BCPH is 22.75 C°. The annual av- 409
erage ambient temperature for DGCPC is 24.21 C°. ACPW'’s annual definite photovoltaic =~ 410
power yield is 1620 kWh/kWp. The explicit photovoltaic power output for BCPKK is 1631 411
kWh/kWp. While the PV output for BCPF and BCPH is 1621 kWh/kWp. It will be 1651 412
kWh/kWp for DGCPC. 413

The annual daily radiation levels are depicted in kWh/m2 in Figure 10. The ACPW 414
and BCPKK have annual average values of around 4.91 kWh/m2/day, the BCPF and BCPH 415
have values of 4.89 kWh/m2/day, and the DGCPC has values of 5.027 kWh/m2/day. The 416
development of solar-powered chargers is anticipated due to Pakistan's average daily so- 417
lar radiation of 5.0 kWh/m2/day. Sun-radiation data can be estimated using the available 418
number of web-based data sets. World-weather-online, a NASA website, and a book of 419
sun-radiation-oriented maps served as sources for these data [55]. 420
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421

Figure 10. Ambient Temperature of the plants 422
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Figure 10. Annual daily radiation and clearness index 428
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3. Results 429

The analysis was performed on Homer Pro software using the NPC, LCOE and GHG 430
emissions mentioned previously in this section to discover the most efficient solution. The 431
output was customized by considering the COF. By doing so, authors scale down the sys- 432
tem's result for better understanding. 433

Base-Model results shows in Table 3. 434

Table 3. Base-Model Objective parameters.

ACPW BCPKK BCPF BCPH DGCPC
NPC ($) 519,571,900 981,413,600 1,068,009,000 519,571,900 894,818,300
LCOE ($/KWh) 0.24 0.24 0.24 0.24 0.24
GHG Emissions (Kg/year) 100,297,094 189,450,068 206,166,250 100,297,094 172,733,884
435
3.1 Case-1 ( LA) 436

Table 4-8 shows the result of cumulative objective function. From the table each 437
HEGM has different values on different DOD levels. Maximum COF has the least value 438
of NPC, LCOE, GHG Emissions for Case-1. 439

440

Table 4. COF of ACPW Case-1

DOD 95 % 90 % 80 % 70 % 60 % 50 % 40 % 30 % 20 % 10 %
HEGM-1 8.309048 8.316613 8.325030 8.340154 8.359099 8.244080 8.296404 8.423305 8.450984 8.387312
HEGM-2 323841 2.327906 1.455369 4.364195 7.379507 8.351989 8.700067

HEGM-3 0.252289 9.306461 9.338111 9.364419 0.214309 9.420816 9.416356 0.393795 0.399282 9.490151
HEGM-4 0.448667 0.459096 0.997710 1.380279 1.637904 1.499927 1.953091 1.772267 1.677465 1.811165

Table 5. COF of BCPKK Case-1

DOD 95 % 90 % 80 % 70 % 60 % 50 % 40 % 30 % 20 % 10 %

HEGM-1 8.413604 8.421139 8.427800 8.467225 8.461549 8.480286 8.614947  8.525237  8.576876 8.682644
HEGM-2 1.387551 9.791954  4.185230 5.984204 7.489451 8.136725
HEGM-3 0.024743  0.691159  0.488904  0.993303  '0.855906 0.884805 1.186039 0.285777 1.363819 0.701490
HEGM-4 8.116612 7.828845 5.888772  6.759302 0.337366 9.351201 0.167735 0.176713 0.585406 0.330276

Table 6. COF of BCPF Case-1

DOD 95 % 90 % 80 % 70 % 60 % 50 % 40 % 30 % 20 % 10 %

HEGM-1 8.307484 8.315045 8.337677  .8.242988 8.261850 8.280708 8.381242 8.329603 8.283627  8.310384
HEGM-2 252383 2.328402 1.455845  4.727758 7.592530 8.352870 8.701072
HEGM-3 0.532785  0.529518 0.552000  0.912183  '0.496744 0.529106 0.648524 0.652861 0.634324 0.705513
HEGM-4 7.978700 6.410620 7.683328  6.772288  8.726518 7.523192 7.586701 7.572925 7.588073 7.600691

Table 7. COF of BCPH Case-1

DOD 95 % 90 % 80 % 70 % 60 % 50 % 40 % 30 % 20 % 10 %

HEGM-1 8.136315 8.143876 8.166540 8.181662 8.200567  8.219463 8.355451 8.357980 8.384874 8.439757
HEGM-2 459818 2.652826 1.452785  4.680924 7.589581 8.350390 8.698619
HEGM-3 0.867992  0.880244  0.880986  7.255703  0.934263 0.952079 7.618859 0.984418 1.348956 8.535193

HEGM-4 0.506232 0.516661 0.867820 1.150001 0.497224 0.918137 1.482948 1.516784 9.729428 1.847558
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Table 8. COF of DGCPC Case-1
DOD 95 % 90 % 80 % 70 % 60 % 50 % 40 % 30 % 20 % 10 %
HEGM-1 9.019604 9.027185 9.049998 9.155357 9.084062 9.102972 9.125666 9.152157 9.179661 9.202862
HEGM-2 185653 4.094679 3.365139 7.161453 9.690471 0.450671 0.869763
HEGM-3 1.361494 1.373918 1.391115 1.763917 1.435483 2.213588 1.476197 1.489661 1.499318 2.262228
HEGM-4 9.277052 9.394307 9.608421 0.840389 0.948671 1.342487 1.477556 1.506377 1.851898 1.512699
“-“ shows in table represent not feasible solution 441
442
3.2 Case-2 (Li-ion) 443
444
Table 9-13 shows the result of cumulative objective function. From the table each 445
HEGM has different values on different DOD levels. Maximum COF has the least value 446
of NPC, LCOE, GHG Emissions for Case-2. 447
448
Table 9. COF of ACPW Case-2
DOD 95 % 90 % 80 % 70 % 60 % 50 % 40 % 30 % 20 % 10 %
HEGM-1 3.590602 3.601841 3.620747 3.639661 3.721900 3.740813 3.759711 3.749231 3.771738 3.786962
HEGM-2 12549598 5860048 0.023192 1.39035 2.123872
HEGM-3 8.366916 8.366966 8.367064 8.367155 8.367252 8.367350 8.367443 8.367541 8.367631 8.367729
HEGM-4 0.963837 3.646341 3.936369 0.995541 1.128097 1.141819 1.156950 1.465572 1.479764 1.994354
Table 10. COF of BCPKK Case-2
DOD 95 % 90 % 80 % 70 % 60 % 50 % 40 % 30 % 20 % 10 %
HEGM-1 3.898835 3.910027 3.928868 3.947696 3.966526 3.985368 4.004195 4.023036 4.045423 4.067897
HEGM-2 93.509426 27.120920 14.348746 10.153935 5.018420 2 433403 6.069172 8.015552 9.532135 11.082000
HEGM-3 6.307059 6.307114 6.307223 6.307335 6.307446 6.307554 6.307668 6.307778 6.307887 6.307996
HEGM-4 0.693909 1.794316 0.717358 1.991033 1.182362 1.196926 1.213634 1.440778 1.455775 3.141776
Table 11. COF of BCPF Case-2
DOD 95 % 90 % 80 % 70 % 60 % 50 % 40 % 30 % 20 % 10 %
HEGM-1 3.687925 3.699105 3.717918 3.736714 3.755530 3.774330 3.793143 3.811959 3.834308 3.856764
HEGM-2 89.520983 23.271483 11.226816 4.255683 1.745642 3.126632 7.586208 10.340363  1.391315 2.124240
HEGM-3 6.457935 6.457992 6.458102 6.458214 6.458325 6.458437 6.458548 6.458657 6.458771 6.458884
HEGM-4 9.674847 0.216074 9.697842 1.147145 1.204181 1.087272 1.102149 1.117320 1.129524 1.146864
Table 12. COF of BCPH Case-2
DOD 95 % 90 % 80 % 70 % 60 % 50 % 40 % 30 % 20 % 10 %
HEGM-1 3.623353 3.634580 3.653458 3.672323 3.768016 3.786909 3.805815 3.756233 3.776087 3.801397
HEGM-2 125829 880515 0.328382 1.390613 2.124122
HEGM-3 7.899395 7.899446 7.899548 7.899651 7.899753 7.899854 7.899956 7.900059 7.900161 7.900262
HEGM-4 3.920604 4.118072 3.944980 1.778792 0.446447 0.757425 0.474941 0.784490 0.798462 0.809963
Table 13 COF of DGCPC Case-2
DOD 95 % 90 % 80 % 70 % 60 % 50 % 40 % 30 % 20 % 10 %
HEGM-1 4.818228 4.859959 4.879190 4.898442 4.917677 4.936928 4.956163 4.994128 4.861206 5.006858
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HEGM-2 711659 .038630 .259313 1.313977 3.415306 6.701832

HEGM-3 6.926260 6.926313 6.926412 6.926512 6.926611 6.926711 6.926809 6.926910 6.927012 6.927112

HEGM-4 2.250202 1.7947959 24666338  2.8797861  9.6419307  7.7886583  8.9960397  2.0482479  3.0032288  3.66306

"y

shows in table represent not feasible solution 449
3.3 Case-3 (VR) 450

Table 14-18 shows the result of cumulative objective function. From the table each 451
HEGM has different values on different DOD levels. Maximum COF has the least value 452

of NPC, LCOE, GHG Emissions for Case-3. 453
454

Table 14. COF of ACPW Case-3

DOD 95 % 90 % 80 % 70 % 60 % 50 % 40 % 30 % 20 % 10 %

HEGM-1 3.067009 3.212975 3.233044 3.253121 3.100636 3.120422 3.088908 3.112343 3.201448 3.369229

HEGM-2 .257585 2.909738 9.327440 4.070659 4.768390 6.498461 7.021240

HEGM-3  3.588215 3.549502 2.985962 3.597755 3.626939 3.639366 3.658400 3.193252 3.108122 3.174249

HEGM-4 1.530972 9.967002 1.560669 0.559078 3.910336 3.889107 4.305445 4.506776 4.523130 4.355230

Table 15. COF of BCPKK Case-3

DOD 95 % 90 % 80 % 70 % 60 % 50 % 40 % 30 % 20 % 10 %

HEGM-1 3.182108 3.193742 3.213356 3.232981 3.252596 3.272224 3.415410 3.431580 3.455601 3.470725

HEGM-2 .188560 8.445984 0.725748 1.877953 4.517671 6.179258

HEGM-3  3.404185 3.412813 3.437756 3.460416 3.484545 3.508051 3.527200 3.550684 3.562451 3.755313

HEGM-4 0.540869 1.618390 5.232508 7.506233 5.792367 5.806909 4.935832 5.192847 5.571662 8.047148

Table 16. COF of BCPF Case-3

95 % 90 % 80 % 70 % 60 % 50 % 40 % 30 % 20 % 10 %

HEGM-1  3.238125 3.249987 3.270015 3.290026 3.310051 3.330079 3.350108 3.373836 3.402203 3.425963

HEGM-2 182673 2.909326 9.441800 4.071308 4.825432 6.499471 6.290012

HEGM-3  2.405479 2.414299 2.445241 2.471367 2.451014 2.442218 2.514775 2.466637 2.563919 2.478532

HEGM-4 0.477888 0.479708 0.483343 9.681027 9.684423 9.687833 0.606420 0.784108 1.107725 0.638366

Table 17. COF of BCPH Case-3

DOD 95 % 90 % 80 % 70 % 60 % 50 % 40 % 30 % 20 % 10 %

HEGM-1 3.060441 3.072177 3.091914 3.111638 3.167766 3.187533 3.339474 3.230788 3.198844 3.415849

HEGM-2 .541251 1.032910 0.189176 2.617731 4.824861 6.499169 6.289738

HEGM-3  3.118983 3.127610 3.253930 3.271375 3.300686 3.313859 3.342852 3.361662 3.279720 3.393698

HEGM-4 0.150264 8.614046 0.152519 2.697357 4.075350 3.198012 4.093743 4.329120 4.559990 4.579019

Table 18. COF of DGCPC Case-3

DOD 95 % 90 % 80 % 70 % 60 % 50 % 40 % 30 % 20 % 10 %

HEGM-1 5.068073 5.075124 5.096490 5.114219 5.131957 5.149690 5.167423 5.185171 5.256105 5.264442

HEGM-2 335364 5.657591 2.372353 5.897303 4.365087 8.044211 8.263433

HEGM-3 4517062 4.526180 4.545766 4.575288 4.593879 4.624056 4.637634 4.658769 4.667815 4.698037

HEGM-4  8.036022 7.963109 8.624074 9.232326 9.550136 0.162127 0.324192 0.339813 0.779757 2.775196

" s

shows in table represent not feasible solution 455
456
457
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3.4 Case-4 (Ni-Fe)

Table 19-23 shows the result of cumulative objective function. From the table each
HEGM has different values on different DOD levels. Maximum COF has the least value
of NPC, LCOE, GHG Emissions for Case-4.

Table 19. COF of ACPW Case-4

DOD 95 % 90 % 80 % 70 % 60 % 50 % 40 % 30 % 20 % 10 %
HEGM-1 4.128029 4.135122 4.156603 4.174450 4.192284 4.210124 4.227970 4.245811 4.279855 4.302198
HEGM-2 433845 1320295 2.865672 3.913544 6.762049
HEGM-3  4.758333 4.758661 4.759322 4.896629 4.760640 4.761300 9.275970 9.276202 9.276441 9.276680
HEGM-4 0.413315 9.453784 8.655046 0.723494 0.909694 0.725205 3.323595 1.552743 1.515132 1.512737
Table 20. COF of BCPKK Case-4
DOD 95 % 90 % 80 % 70 % 60 % 50 % 40 % 30 % 20 % 10 %
HEGM-1 4.4607051 4.4678315 4.4892828 4.5071259 4.4588395 4.4767197 4.5091615 4.6480081 4.5199295 4.6918407
HEGM-2 244651 0.649540 2.424800 4.656390 5.319626
HEGM-3 6.993746 6.788941 6.789151 6.789364 6.789577 6.789786 6.625553 6.625751 6.625952 6.626150
HEGM-4 4921911 4.929212 5.576436 6.464381 5.629950 5.661680 5.661680 5.661680 5.661680 8.928710
Table 21. COF of BCPF Case-4
DOD 95 % 90 % 80 % 70 % 60 % 50 % 40 % 30 % 20 % 10 %
HEGM-1  4.355447 4.362625 4.384221 4.402191 4.420175 4.438145 4.456132 4.474105 4.440365 4.443828
HEGM-2 761097 1.222125 3.106206 4.173710 6.763261
HEGM-3  6.279386 6.279480 6.279677 6.279875 6.280071 6.280266 6.266289 6.266495 6.266697 6.266902
HEGM-4  6.906393 6.912989 7.003142 6.438905 7.776013 8.391286 8.394172 8.294910 8.308673 8.424548
Table 22. COF of BCPH Case-4
DOD 95 % 90 % 80 % 70 % 60 % 50 % 40 % 30 % 20 % 10 %
HEGM-1 4.111228 4.118375 4.139950 4.157885 4.175834 4.187798 4.211724 4.351259 4.376517 4.403374
HEGM-2 .014957 1.043574 3.104697 4.348961 6.761602
HEGM-3  4.844179 4.844538 4.845254 4.845965 4.846683 4.847394 9.172310 9.172524 9.172742 9.172962
HEGM-4  0.410242 9.393826 9.901701 0.704715 1.452831 1.465512 9.954940 1.578902 1.502824 1.500366
Table 23. COF of DGCPC Case-4
DOD 95 % 90 % 80 % 70 % 60 % 50 % 40 % 30 % 20 % 10 %
HEGM-1 5.068073 5.075124 5.096490 5.114219 5.131957 5.149690 5.167423 5.185171 5.256105 5.264442
HEGM-2 300604 786439 4.291846 6.401341 8.053145 8.554656
HEGM-3 7.810614 7.810721 7.810933 7.811140 7.811353 7.811561 7.078553 7.078752 7.078953 7.079150
HEGM-4  6.504811 6.230492 6.852890 5.582855 6.235738 6.206691 5.048762 3.344564 6.298462 6.386623

" s

3.5 Graphical Representation

For the Tables 4-23 HEGM-3 is the most optimal model in each Figure 11 shows the
Graphical representation of optimal case and optimal DOD for each selected plant. Table

24 shows the comparison of optimal solution with the base model.

shows in table represent not feasible solution
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Table 24. Comparison of optimal solutions from base model
NPC ($) LCOE ($/kwh) GHG emissions(kg/year)
Base-Model 519,571,900 0.24 100,297,094
ACPW Optimal solution 205,501,300 0.0530640 17,392,196
Reduction (%) 60.45 77.89 82.66
Base-Model 981,413,600 0.24 189,450,068
BCPKK  Optimal solution 390,028,000 0.05294655 32,034,909
Reduction (%) 60.26 77.94 83.09
Base-Model 1,068,009,000 0.24 206,166,250
BCPF Optimal solution 430,640,400 0.0546779 39,547,271
Reduction (%) 59.68 77.22 80.82
Base-Model 519,571,900 0.24 100,297,094
BCPH Optimal solution 205,355,000 0.0533465 18,098,903
Reduction (%) 60.48 77.77 81.95
Base-Model 894,818,300 0.24 172,733,884
DGCPC  Optimal solution 344,564,100 0.0513028 27,638,652
Reduction (%) 61.49 78.62 84.00
488
4. Discussion 489

For ACPW when battery discharge from 10% to 95% COF varies from 3.12549598 490

to 73.658400 and the most optimal solution is HEGM-3 for Case-3 having NPC of 491
USD 205,501,300, LCOE USD 0.0530640/kwh and GHG Emissions is 17,392,196 kg/year at 492
the optimal DOD of 40%. 493
For BCPKK when battery discharge from 10% to 95% COF varies from 1.244651 to 494
73.755313 so the most optimal solution is HEGM-3 for Case-3 having NPC of USD 495
390,028,000, LCOE USD 0.05294655/kwh and GHG Emissions are 32,034,909 kg/year at the 496
optimal DOD of 10%. 497
In case of BCPF COF varies from 3.125829 to 73.393698 and optimal solutionis HEGM- 498

3 for Case-3 with USD 430,640,400 NPC, LCOE is USD 0.0546779/kwh and GHG emissions 499
are 39,547,271 kg/year at the optimal DOD of 20%. 500
In case of BCPH COF varies from 3.252383 to 72.563919 and optimal solution is 501
HEGM-3 for Case-3 with USD 205,355,000 NPC, LCOE is USD 0.0533465/kwh and GHG 502
emissions are 18,098,903 kg/year at the optimal DOD of 10% 503
In case of DGCPC COF varies from 1.711659 to 74.698037 and optimal solution is 504
HEGM-3 for Case-3 with USD 344,564,100 NPC, LCOE is USD 0.0513028/kwh and GHG 505
emissions are 27,638,652kg/year at the optimal DOD of 10%. 506
The event-driven tools are advantageous in terms of real-time compression, power 507
consumption reduction, and computing performance [56], [57]. Additionally, the assimi- 508
lation of other potential optimization algorithms can enhance the performance of sug- 509
gested method [58], [59]. Future research can be conducted to access the feasibility of us- 510

ing these tools with the recommended methodology. 511
512
5. Conclusion 513
514

It is concluded that the DOD plays a vital role in the performance of the battery. In 515
this study, given values of DOD are investigated with the help of HOMER and the opti- 516
mum value of NPC, LCOE and GHG emissions, for the HEGMs are determined. The over- 517
all cost of the energy mainly depends upon the battery's Depth of Discharge. Moreover, it~ 518
is concluded that if the depth of discharge (DOD) of the battery is changed, overall cost 519
values for the HEGMs would also be changed. 520
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The results concluded that Case-3 that is vanadium redox battery is the most optimal 521
battery technology. HEGM-3 is the most optimal solution for each plant with COF ranges 522
from 72.563919 to 74.698037 and NPC ranges from USD 205,355,000 to 430,640,400, LCOE 523
USD 0.0513028/kwh to 0.0546779/kwh and GHG Emissions is 17,392,196 kg/year to 524
39,547,271 at the optimal DOD of 10, 20 and 40%. 525

It is achieved that DGCPC with HEGM-3 with 61.49% of NPC, 78.62% of LCOE and 526
84.00% of GHG emissions reduction as compared to the base model is the best cement 527
plant. 528

Future cost savings can be obtained by utilizing more renewable resources. A block 529
chain energy contract arrangement can be used as an energy transaction from these micro 530
grids. In the smart grid structure, these micro grids can function as dispersed generators. 531
Additional possibility is to investigate the implementation of various metaheuristic algo- 532
rithms for the targeted optimization issues. The authors want to expand the study to in- 533
clude the effects of COVID-19 on the process industry. This study can be applied to a dif- 534
ferent ideal combination that is intended for deferred load and Big IT business. The same 535
problem can be solved using a different algorithm, and the results can be compared to the 536
findings of this study. 537
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