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ABSTRACT Renewable energy is being increasingly integrated into distribution systems worldwide in
response to technological, economic, and environmental challenges. The assessment of hosting capacity
allows us to determine the maximum installation capacity of distributed energy resources (DERs) in a
distribution system within its operational limits to obtain more benefits. In this study, a new multistage
algorithm is developed based on an analytical approach and optimal power flow (OPF) for the assessment of
DERs’ hosting capacity (DERHC) with single and multiple multi-type DERs. In the first stage, the optimal
locations of DERs are determined analytically, and the second stage involves the calculation of optimal DERs
sizes for the assessment of the maximum locational and total DERHC. This method provides mathematical
and global optimum certainty considering the constraints to maintain the reliability and protection of the
system. Moreover, the proposed method is tested using a standard IEEE 33-bus distribution system, and
different scenarios are created based on the number and type of DERs to achieve the best-case results of
DERHC. The obtained results are compared with those of the conventional OPF iterative method that are
encouraging and validate the accuracy and robustness of the proposed methodology.
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INDEX TERMS Analytical optimal power flowmethod, hosting capacity assessment, multi-type distributed
generation, optimal power flow.

I. INTRODUCTION16

Owing to significant increase in the demand for elec-17

tric power over the last few decades, distributed energy18

resources (DERs) have received attention as potential solu-19

tions to the energy crisis. Therefore, electrical distribution20

systems are progressively featuring DERs to satisfy electri-21

cal power requirements. Nevertheless, excessive integration22

of DERs into a distribution system negatively affects the23

performance of the system and may lead to various prob-24

lems, such as overvoltage or undervoltage, thermal overload,25

power quality deterioration, excessive line losses, and pro-26

tection failure [1]. Therefore, the maximum capacity of the27
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distribution system needs to be evaluated to host DERs within 28

the limits of operational constraints, called the hosting capac- 29

ity (HC). The assessment of HC takes considerable amount 30

of computational time because it requires solving multiple 31

power flow tasks. However, DER integration requires fast 32

analysis [2], which provides robustness to the grid system and 33

enables the active control of DERs. 34

Distributed energy resources’ hosting capacity (DERHC) 35

is a well-known concept that has been extensively stud- 36

ied in recent years [2], [3], [4], [5], [6]; however, some 37

problems still need to be addressed. Several methods have 38

been proposed for the evaluation of DERHC using various 39

programming and simulation based iterative [7], stochas- 40

tic [8], [9], streamlined [10], and heuristic methods. In the 41

iterativemethods, the DER sizes are increased stepwise for all 42
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combinations of total numbers of buses until they violate the43

operational constraints. It is a large time-consuming method44

because it requires large number of iterations. A detailed45

iterative method is presented in [11] for DERHC assessment.46

Stochastic approaches, such as the Monte Carlo method, sim-47

ulate the uncertainties in the DER installation location, rat-48

ings, and load variations [12]. These approaches are faster49

than the iterative methods, and their accuracy depends on the50

computational resources and performance of the computer51

system. The streamlined method was developed by the Elec-52

tric Power Research Institute (EPRI) to evaluate DERHC on53

a system wide basis. It is simple but has accuracy problems54

in complex systems [13]. Heuristic methods are based on55

artificial intelligence and probabilistic models, such as par-56

ticle swarm optimization [14], the firefly algorithm [15], the57

genetic algorithm [16], robust optimization [17], the slime58

mould algorithm [18], multistage optimization [19] and the59

Bass diffusion model [20]. These techniques are widely used60

for the evaluation of DERHC, and their main feature is com-61

putational robustness [21]. However, these methods cannot62

locate global optimum solutions because they are based on63

random variables without mathematical certainty and approx-64

imation errors.65

Analytical methods have great importance in field of dis-66

tribution system planning and operation because they are fast67

and easy to implement. It often follows different ways to68

simplify the optimization problems. Previously, this method69

has been widely used for DER allocation in distribution sys-70

tems with various objective functions [22]. It is extended to71

efficient analytical (EA)method and validated by comparison72

with other methods for the power loss minimization in [23].73

The comprehensive analytical expressions are also developed74

to quantify the energy losses, voltage deviation, line conges-75

tion margin and voltage stability index of distribution system76

with PV integration in [24]. However, no such method is77

present for the assessment of DERHC of distribution system78

with multi-type DERs.79

The literature review for the assessment of DERHC indi-80

cates that the methodology to evaluate the maximumDERHC81

of distribution systems in less computational time, with82

mathematical certainty of the global optimum solution and83

accuracy, has not been adequately investigated. In addition,84

existing methods cannot provide the optimal solution for85

the DERHC of a distribution system with a combination of86

different DER types. The optimal power flow (OPF) iter-87

ative method handles this problem easily and yields the88

best results; however, it requires a lot of simulation time.89

Table 1 summarizes the review of research articles on the90

distribution system planning and operation.91

The aforementioned literature review and research gap92

gives the motivation for developing a fast systematic proce-93

dure for the assessment of the DERHC of distribution system94

with multi-type DERs having high probability of finding a95

global optimum solution. In this study, the objective function96

for the assessment of DERHC is formulated and solved using97

the proposed multistage analytical OPF algorithm. The first98

stage is based on the novel concept of DERHC to obtain 99

the optimal locations for the placement of multi-type single 100

and multiple DERs using an analytical approach. The second 101

stage of the algorithm evaluates the maximum DERs capac- 102

ity injection into the distribution system using the OPF to 103

determine the locational and total maximum DERHC. The 104

numerical and simulation results were obtained using IEEE 105

33-bus distribution test systems. 106

The main contribution of this study can be summarized as 107

follows: 108

• Novel direction toward concept of DERHC assessment: 109

In this article, a comprehensive analysis of the assessment of 110

the DERHC of a distribution system is presented based on a 111

novel direction toward assessment of DERHC. 112

• Analytical OPF method: A multistage analytical OPF 113

method is proposed for the assessment of the DERHC of dis- 114

tribution system with single and multiple multi-type DERs. 115

This method provides accuracy and robustness with the high 116

probability of finding a global optimum solution, and its 117

mathematical certainty is verified through the results obtained 118

on the IEEE 33-bus test system. In addition, the robustness of 119

the proposed method is also verified for an increased number 120

of buses, i.e., the IEEE 69-bus distribution system. 121

• Assessment of multi-type DERHC: The DERHC of a 122

distribution system with single and multiple multi-type 123

DERs are evaluated using the proposed method. The 124

simulation results obtained for the IEEE 33-bus distribu- 125

tion system are compared with those of the iterative OPF 126

method that are encouraging. Furthermore, the DERHC 127

of the distribution system is also determined by combin- 128

ing all types of DERs. 129

The remainder of this paper is organized as follows. A new 130

direction for the DERHC concept is presented in Section II. 131

Section III focuses on the proposed DERHC methodology, 132

including the mathematical formulation and classification of 133

DERs. Section IV presents a detailed description of the test 134

system, the simulation and numerical results, and a discussion 135

of the obtained results. Section V presents the conclusion of 136

this study. 137

II. CONCEPT OF DERHC 138

The study of DERHC has been recently started to research 139

the impacts of increasing the penetration of DERs into the 140

distribution network of power systems. The literature review 141

defines the DERHC as, ‘‘the maximum integration of DERs 142

into the distribution system, subjected to the operational 143

constraints, at which the power system operates satisfacto- 144

rily’’ [25], [26], [27]. A locational DERHC is usually referred 145

to as the maximum capacity of the DER that can be integrated 146

at each location (bus) of a distribution systemwithout disturb- 147

ing the operation of the power system. 148

The concept of the DERHCof a distribution system is illus- 149

trated in Fig. 1. The distribution grids, substations, and trans- 150

mission system are modeled based on the specified limits 151

of operational indices for protection and better performance. 152
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TABLE 1. Summary of literature review on distribution system planning and operation.

FIGURE 1. Concept of DERHC assessment.

The limits of the operational indices must be established153

based on reliable sources, standards, and reasonable assump-154

tions. The increase in the integration of the capacity of DERs155

in a distribution system causes the operational limitations to156

be disrupted. The point of maximum penetration of DERs at157

which the distribution system still performs according to the158

standards and constraints within the surface of the inbound159

region is called the DERHC [28]. As shown in this figure the160

capacity of DER integration is represented by two curves.161

The first curve shows the DERHC at lower DER capacity162

point and this point is increased to the maximum DERHC163

for accommodating additional DERs capacity through the164

optimal allocation of DERs.165

A. OPF ITERATIVE METHOD166

The distribution systems are radial with a high R/X ratio167

and unbalanced loads. Therefore, conventional power flow168

approaches, such as the Newton–Raphson method and fast169

decoupled power flow analysis, are not preferred when 170

dealing with distribution system challenges. However, it is 171

essential to use the distribution version of the power flow 172

method [29]. 173

The iterative based OPF is a conventional method used 174

for the assessment of DERHC by the Pacific Gas and Elec- 175

tric (PG&E) distribution system operator [30]. This method 176

involves creating twomatrices of all possible combinations of 177

the number of buses with respect to the number of DERs and 178

DER capacities ranging from minimum to maximum. It fol- 179

lows a systematic procedure by iteratively selecting combina- 180

tions. Power flow calculations are performed, and the limits 181

of the operational constraints are checked at every iteration. 182

TheDER capacities that arewithin the boundaries of the oper- 183

ational constraints are saved in an array, and the same pro- 184

cedure is performed until all possible combinations of both 185

matrices are investigated. Thus, the combination with the 186

maximum sum of DER capacities is selected as the DERHC 187

of distribution system. The flow diagram of this method is 188

presented in Fig. 2. 189

B. PROPOSED CONCEPT OF DERHC ASSESSMENT 190

The objective function of DERHC from its definition is non- 191

linear and complex; therefore, the state-of-the-art methods 192

for the assessment of DERHC have limitations. The pro- 193

posed methodology guarantees a global optimum solution 194

with mathematical certainty. In this paper, a new concept 195

of the DERHC assessment is presented which lead to for- 196

mulation of the objective function and propose an algo- 197

rithm. DERHC is defined as the maximum power injection 198

of DERs into the distribution system within the limits of 199

operational constraints. It gives an intuition of direct propor- 200

tionality of DERHC and calculated power injection without 201
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FIGURE 2. Assessment of DERHC using the OPF iterative method.

considering the operational constraints. This intuition is ver-202

ified in Section IV by comparing the locational DERHC203

obtained using theOPF iterativemethodwith the power injec-204

tion of each bus. Therefore, the power injection of DERs is205

calculated analytically without operational constraints, and206

the optimal number of buses for the integration of DERs is207

determined for the assessment of DERHC in the first stage of208

proposed algorithm. In the second stage, the locational and209

total DERHCs of the distribution systemwith single and mul-210

tiple multi-type DERs are determined on the optimal buses211

considering the operational constraints.212

III. PROPOSED DERHC ASSESSMENT213

This section presents the mathematical formulation of the214

objective function and the proposed methodology for the215

assessment of DERHC with multi-type single and multiple 216

DERs in a distribution system. 217

A. MATHEMATICAL FORMULATION 218

The objective function for the assessment of DERHC is for- 219

mulated based on the definition, ‘‘the summation of total 220

DERHC capacity injection into a distribution system sub- 221

jected to operational constraints,’’ as follows: 222

Objective function = Maximum
n∑
i=1

SDERsi (1) 223

subjected to 224

Vmin ≤ Vi ≤ Vmax (2) 225

Imin ≤ Ii ≤ Imax (3) 226

where SDERsi is the total apparent power from the DERs at 227

bus number i of a distribution system with n number of buses. 228

Equations (2) and (3) represent the maximum and minimum 229

limits of the voltage and current constraints, respectively. The 230

minimum and maximum limits of voltage are selected as 231

0.95 and 1.05 p.u., respectively, and the branch current limits 232

are obtained from [31]. 233

1) POWER INJECTION FOR SINGLE DER 234

The equations for the active and reactive power injections of 235

a distribution system with n number of buses is as follows: 236

Pinji =
n∑

k=1

|Vi| |Vk | (Gikcosθik + Biksinθik ) (4) 237

Qinji =
n∑

k=1

|Vi| |Vk | (Gikcosθik − Biksinθik ) (5) 238

where Pinji and Qinji are the active and reactive power injec- 239

tions, respectively, at bus i of the distribution system. k is 240

the number of buses starting from the first to the last bus; 241

and Vi and Vk are the voltage magnitudes at buses i and k , 242

respectively. Gik + jBik is the line admittance. 243

2) POWER INJECTION FOR MULTIPLE DERS 244

To determine the power injection for multiple DERs, a matrix 245

of all possible combinations, NC , is constructed using (6) 246

with the total number of eligible buses NB and the number 247

of integrated DERs NDERs [23]. 248

NC =
NB!

NDERs! × (NB − NDERs)!
(6) 249

The active power injection for multiple DERs into bus (i) 250

Pinji,multi is then calculated by summing the power injection of 251

NDERs number of DERs on all combinations using (7), and 252

the combination of buses with the maximum power injection 253

is obtained using (8). 254

Pinji,multi =
n∑

NDERs=1

Pinji,NDERs (7) 255
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Pinj,maxi,multi = max [Pinji,multi] (8)256

The reactive power injection for multiple DERs Qinji,multi is257

determined by rewriting (7) and (8) as follows:258

Qinji,multi =
n∑

NDERs=1

Qinji,NDERs (9)259

Qinj,maxi,multi = max [Qinji,multi] (10)260

B. DISTRIBUTED ENERGY RESOURCES261

In this study, the various DER technologies are generally262

categorized into three types based on the characteristics of263

their active and reactive power generation capabilities [23].264

This categorization of the types of DERs and the bounds of265

the decision variables specified for active and reactive DER266

powers are described below.267

Type 1: DERs with fixed power factor and reactive power268

generation (QDERi ). These DERs were treated as a negative269

load during the simulation, with a unity power factor. Thus,270

these DERs support only active power in the distribution sys-271

tem. The characteristic equations of the active and reactive272

powers from the DERs are as follows:273

PDERmin ≤ PDERi ≤ PDERmax (11)274

QDERi = QDERi,Fixed (12)275

The most common example of a type 1 DER is a photovoltaic276

array with a static power converter.277

Type 2: DERs with fixed power factor and active power278

generation (PDERi ). These DERs were also treated as a neg-279

ative load during the simulation, but with zero power factor.280

Thus, these DERs support only reactive power in the distri-281

bution system. The characteristic equations for this type of282

DERs are given as283

QDERmin ≤ QDERi ≤ QDERmax (13)284

PDERi = PDERi,Fixed (14)285

An example of type 2 DER is a wind turbine with a squirrel286

cage induction machine.287

Type 3: DERs capable of injecting both active and reactive288

powers into a distribution system with an unspecified power289

factor. Their power factors are viewed as decision variables290

and thus require special treatment to obtain accurate simula-291

tion results. The characteristic equations of active and reac-292

tive power generation are given in (15) and (16), respectively.293

PDERmin ≤ PDERi ≤ PDERmax (15)294

QDERmin ≤ QDERi ≤ QDERmax (16)295

An example of type 3DER is a gas turbinewith a synchronous296

machine.297

C. PROPOSED MULTISTAGE ALGORITHM298

The proposed multistage algorithm addresses the objective299

function for the assessment of the maximum DERHC for the300

integration of single and multiple multi-type DERs into the301

FIGURE 3. First stage of the proposed algorithm to determine the optimal
locations for the integration of DERs.

distribution system subjected to operational constraints. The 302

methodology is described in two stages. 303

1) ANALYTICAL STAGE: TO FIND THE OPTIMAL LOCATIONS 304

Step 1) Read the line and load data of the distribution sys- 305

tem, the number of DERs to be integrated, and their 306

type. 307

Step 2) Run single-time power flow analysis to obtain the 308

bus voltages. 309

Step 3) Construct the bus admittance matrix. 310

Step 4) Calculate the active and reactive power injections 311

using (4)–(10) for different numbers of integrated 312

DERs. 313

Step 5) Extract the number of locations where the power 314

injection is maximum according to the number of 315

DERs to be integrated. 316

Step 6) Print them as an optimal location. 317

The assessment of the maximum DERHC of the distribution 318

system is dependent on the placement of the DERs; therefore, 319

the optimal locations for the integration of DERs need to be 320

determined. The first stage provides an accurate and robust 321

analytical optimal location for the placement of DERs with 322

mathematical certainty. The flow diagram of this stage is 323

shown in Fig. 3. 324

2) OPF STAGE: ASSESSMENT OF MAXIMUM DERHC 325

Step 1) Import the optimal location from the first stage of 326

algorithm. 327

Step 2) Create a matrix of all possible combinations of 328

DER capacities, starting from the minimum to the 329

maximum capacity of a DER with a step increase 330

in capacity using (6). 331

Step 3) Start iterations from 1 to the length of the matrix of 332

DER capacities. 333
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Step 4) Perform optimal power flow analysis for each334

iteration and create an array of those iterations335

whose DER capacities are within the operational336

constraints.337

Step 5) Select the combination of DER capacities whose338

sum is the maximum.339

Step 6) Print the optimal locations, maximum locational340

and total DERHC of the distribution system with341

simulation time.342

The second stage of the OPFwas used to calculate themax-343

imumDERHCof the optimal locations obtained from the first344

stage. The novel attribute of this solution is that it guarantees345

a global optimum solution that does not adhere to the local346

optimal point because this stage is based on iterations where347

each iteration is simulated independently and the maximum348

DERHC is obtained. The steps are illustrated in Fig. 4.349

FIGURE 4. Second stage of the proposed algorithm to calculate maximum
DERHC.

This multistage analytical OPF method is used to calculate350

the maximum DERHC of the distribution system, and the351

results validate the accuracy, robustness, and global optimum352

solution with mathematical certainty.353

IV. RESULTS AND DISCUSSIONS354

This section presents a verification of the proposed algorithm.355

Intensive simulation tests were conducted for the integration356

of multi-type single and multiple DERs into the distribution 357

system for the assessment of DERHC comparedwith the OPF 358

iterativemethod. The locational and total DERHCwere deter- 359

mined for different scenarios created for single and multiple 360

DERs and combinations of multi-type DERs. The proposed 361

algorithm and tests were programmed in MATLAB with a 362

3.20 GHz PC with 16.00 GB of RAM. 363

The IEEE 33-bus radial distribution system is used as a 364

test system to investigate the performance of the proposed 365

algorithm and to determine the best-case scenario of the max- 366

imum locational and total DERHC of the distribution system. 367

The topology of the standard IEEE 33-bus distribution system 368

is illustrated in Fig. 5. The test system is a 12.66 KV system 369

with one feeder substation as bus 1 (slack bus) and 32 PQ 370

buses that are considered candidate buses for DER integra- 371

tion. The total active and reactive powers provided by the load 372

buses are 3715 KW and 2300 KVAR, respectively. 373

FIGURE 5. Single-line diagram of the IEEE 33-bus radial distribution
system.

The locational DERHC was evaluated for the IEEE 33-bus 374

system using the OPF iterative method. It is plotted against 375

the calculated power injection without considering the oper- 376

ational constraints using the first step of the proposed algo- 377

rithm to validate the accuracy of the proposed algorithm. The 378

results are presented in Fig. 6. In the figure, the DERHC of 379

each bus and the calculated power injection are represented 380

by bars. These bars on each bus have the same nature of 381

increasing or decreasing the KVA capacity with respect to 382

other buses but with different capacities. This indicates that 383

if any bus has a high DERHC, the calculated power injection 384

value is also high, and vice versa. This validates the accuracy 385

of finding the optimal location for the placement of DERs 386

for the assessment of DERHC using the first stage of the 387

proposed algorithm. 388

The assessment of the maximum DERHC with multi-type 389

single and multiple DERs is presented in the following 390

subsections. 391

A. DER TYPE 1 392

The proposed algorithm was first applied to single and mul- 393

tiple type 1 DERs that generate only active power. The sim- 394

ulation results of the maximum locational and total DERHC 395

of the 33-bus distribution system with the integration of one, 396

two, and three type 1DERs are obtained through the proposed 397
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FIGURE 6. Locational DERHC and calculated power injection at each bus
of IEEE-33 bus distribution system.

analytical OPF method. These results are compared with398

those of the OPF iterative method in terms of the DERHC and399

simulation time, as shown in Fig. 7. This figure represents400

the locational DERHC, total DERHC, and simulation time401

for the stem, bar, and diamond shapes, respectively. The total402

DERHC of the distribution system are 8300KVA, 8200KVA,403

and 8300 KVA for the integration of one, two, and three404

type 1 DERs, respectively, which are the closest to the OPF405

iterative method. The simulation time required by the pro-406

posed algorithm was very short. The numerical data of the407

obtained DERHC are listed in Table 2.408

FIGURE 7. Comparison of the simulation results of DERHC with DERs of
type 1.

B. DER TYPE 2409

Tests were also performed for single and multiple410

type 2 DERs. The simulation results of the DERHC of the411

33-bus distribution system with the integration of one, two,412

and three type 2 DERs are presented in Fig. 8. This figure413

shows the locational and total DERHC, and the simulation414

time obtained by the proposed algorithm compared with415

those of the iterative OPF method. The total DERHC of the416

distribution system are obtained as 5600 KVA, 5700 KVA,417

and 6000 KVA, respectively, with the integration of one, two,418

and three type 2 DERs.419

C. DER TYPE 3420

This section describes the results of the DERHC of a dis-421

tribution system with one, two, and three type 3 DERs for422

the 33-bus distribution system. Fig. 9 shows a comparison423

of the obtained results of the DERHC and simulation time424

FIGURE 8. Comparison of the simulation results of DERHC with DERs of
type 2.

using the proposed method and the OPF iterative method. 425

The total DERHC of the distribution system are 9615 KVA, 426

9167 KVA, and 9503 KVA with the integration of one, two, 427

and three DERs of type 3 at the optimal locations, respec- 428

tively. The simulation results of the proposed algorithm are 429

almost the same in terms of DERHC and show a significant 430

improvement in the simulation time compared with those of 431

the iterative OPF method. 432

FIGURE 9. Comparison of the simulation results of DERHC with DERs of
type 3.

The simulation results of the total DERHC of the distribu- 433

tion system with the integration of multi-type single and mul- 434

tiple DERs are presented in Table 2. The locational DERHC 435

on the optimal number of buses are also mentioned. With 436

the integration of the multi-type single and multiple DERs, 437

the obtained results show that the total DERHC is maximum 438

with the integration of three DERs all of type 3, as compared 439

with the DERHC with three DERs of type 1 and type 2. The 440

locational DERHC is also maximum with the integration of 441

single and multiple DERs of type 3 at the optimal locations of 442

the distribution system. Furthermore, it can be observed that 443

three is the optimal number of integrated DERs in the 33-bus 444

distribution system. A detailed comparison of the DERHC 445

and simulation time of the proposed analytical OPF algo- 446

rithm and the OPF iterative method is presented in Table 2. 447

The simulation time of the proposed methodology shows a 448

significant improvement, and the DERHC results are almost 449

similar to those of the OPF iterative method. The computa- 450

tional time of the OPF iterative method is much longer, but in 451
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TABLE 2. DERHC of distribution system with the integration of multi-type single and multiple DERs.

this study, the step increase in the capacity of multiple DERs452

were taken high to get the results faster but still the simulation453

time is much better for proposed algorithm. These results454

and comparisons verify the robustness, accuracy, and high455

probability of finding the global optimum solution of the pro-456

posed algorithm with mathematical certainty for the DERHC457

of distribution systems with single and multiple multi-type458

DER technologies.459

D. EFFECTIVENESS ON HIGHER BUS SYSTEM460

The simulation results of the DERHC of the distribution461

system with multi-type DERs validate the accuracy of the462

proposed method with a significant improvement in the sim-463

ulation time. In this section, the analysis of the computational464

burden with an increase in the number of buses is presented.465

Accordingly, the DERHC of the distribution system with466

three type 3 DERs was obtained for the IEEE 69-bus system.467

The simulation times obtained using the proposed method468

and the OPF iterative method are shown in Fig. 10. The469

proposed method shows a tremendous improvement in sim-470

ulation time compared with that of the OPF iterative method471

with a higher bus system.472

E. COMBINATION OF DIFFERENT DER TYPES473

This section presents a solution methodology for the DERHC474

of a distribution system with a combination of three types of475

DERs for different scenarios using the proposed algorithm.476

The scenarios are created with three DERs, as it is the optimal477

number of DER integration for the 33-bus system. All three478

types of DERs were combined differently, resulting in six479

scenarios.480

FIGURE 10. Simulation time (sec) for the IEEE 69-bus distribution system.

Scenario 1. DER type 1, 2, and 3 481

Scenario 2. DER type 1, 3, and 2 482

Scenario 3. DER type 2, 1, and 3 483

Scenario 4. DER type 2, 3, and 1 484

Scenario 5. DER type 3, 1, and 2 485

Scenario 6. DER type 3, 2, and 1 486

The optimal locations for these scenarios were obtained 487

using the first stage of the proposed algorithm as buses 2, 11, 488

and 26. Different types of DERs were sequentially placed at 489

the optimal locations, and the second stage of the proposed 490

algorithmwas used to calculate the DERHC. Table 3 provides 491

a comparison of the DERHC for all the scenarios created by 492

the combination of different DER types using the proposed 493

algorithm. The results show that Scenario 2 has a maximum 494

DERHC of 11953 KVA. In this scenario, DERs of type 1, 3, 495

and 2 of capacity 7150 KVA, 1453 KVA, and 3350 KVA 496

were placed on bus number 2, 11, and 26, respectively. These 497
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TABLE 3. Comparison of locational and total DERHC of six scenarios.

FIGURE 11. Results of locational and total DERHC of Scenarios 1–6.

results are also presented in the bar graph in Fig. 11. Here,498

the three types of DERs are shown by numbering the bars, and499

the colors represent their placement on the corresponding bus500

locations, also mentioned on the x-axis. The y-axis represents501

the locational DERHC of the DERs, and the total DERHC502

is mentioned at the top of each scenario by summing up the503

locational DERHC of each scenario.504

The main target is to select the optimal scenario in terms of505

the DERHC with a combination of different types of DERs.506

An analysis of the simulation results yielded the following507

observations:508

• The total DERHC is significantly improved for all sce-509

narios compared with the DERHC with the integration510

of three DERs of the same type.511

• The maximum total DERHC was observed in Scenario512

2; therefore, this is the optimal scenario. This scenario513

provides active power from DER type 1 near the substa-514

tion on bus 2 and reactive power support from type 3 and515

2 on bus number 11 and 26, respectively.516

This study provides the best-case scenario for the system517

under study, and it can be extended to any DER combination518

scenario.519

V. CONCLUSION520

This paper presented a comprehensive explanation and anal-521

ysis of the assessment of the locational and total DERHC522

of a distribution system with multiple types of single and523

multiple DERs. The algorithm was proposed and developed524

in two stages based on an analytical approach and an OPF525

for the assessment of DERHC. This method provided the526

global optimum results of the DERHC of a distribution sys-527

temwithmulti-type single andmultiple DERswith promising528

mathematical certainty. The operational constraints were also529

considered to maintain the reliability and protection of the 530

distribution system. Furthermore, the simulation time for this 531

solution decreased, which improved the robustness of the 532

grid system. The investigation was supported by a cohesive 533

and critical analysis of the simulation results of the DERHC 534

obtained for a 33-bus radial distribution system that verified 535

the accuracy of the proposed algorithm. The effectiveness of 536

proposed method in terms of computational robustness is also 537

verified on higher bus system i.e., IEEE 69-bus system. Based 538

on the simulation results, the following conclusions can be 539

drawn: 540

• The DERHC is a location-dependent concept, and a 541

higher capacity of DERs can be integrated by deter- 542

mining the optimal locations without any enhancement 543

techniques. 544

• The DERHC of the distribution system with the same 545

type of DERs is maximum at 9503 KVA for three DERs 546

of type 3 in comparison with the integration of three type 547

1 and type 2 DERs. 548

• For a combination of different DER types, Scenario 549

2 had the maximum DERHC of 11953 KVA compared 550

with the other scenarios. 551

This study makes a significant contribution to the research 552

on DERHC analysis assessment. In the future, it would be 553

more interesting to study the enhancement of hosting capacity 554

by using energy storage devices, reconfiguration or reinforce- 555

ment, and smart inverter techniques considering the DER 556

uncertainties and load variability. 557
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