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Abstract Power utilities worldwide face capacity expansion challenges due to costs, 
land availability, and environmental sustainability. Increased demand and the need 
to build a reliable and resilient network have compelled power utilities to orga-
nize competitively distributed generators to compensate for any supply surge. These 
distributed power generation units are small and dispersed, making control difficult. 
To find a solution that is both economical and sustainable, a virtual power plant is 
formed from diesel generators with a capacity of 5.6 MW, a waste-to-energy (WtE) 
power generating plant with a capacity of 1 MW, a wind power plant with a capacity 
of 0.6 MW, and a photovoltaic (PV) power plants with a capacity of 0.4 MW. The 
distributed generators were optimally integrated into a virtual power plant and for 
the best integration solution, a Deming wheel, also known as the plan, do, check, 
and act (PDCA) method and mixed integer linear programming (MILP) were used 
in an Excel solver. The simulation results show that the total VPP power generated 
from the sources is 6.33 MW, with renewable energy sources accounting for 1.6 MW 
(25% of the total) and a cost estimate of 0.5$/kW. Diesel and wind contribute the 
least in comparison with their capacities, while others contribute the most (100% of 
the capacities).
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1 Introduction 

With the current decentralization, deregulation, and environmental concerns in the 
electrical power sector, there has been a massive integration of diverse sources 
of electrical power into the system, making management difficult. Because they 
must be close to the source, most of these resources have limited capacity and are 
dispersed. Power system operators are investigating various options for integrating 
such resources, and virtual power plants (VPP) can play a significant role in inte-
grating these dispersed low-capacity power plants into a single entity that is both 
secure and market competitive. This commitment should allow small players to enter 
the power sector [1]. However, VPPs may be required to operate at lower load factors, 
posing the risks of high per kWh GHG emissions and high cost per unit production, 
resulting in low competitiveness [2] and sector coordination. It will become even 
more critical in the coming years, as more renewable energies (RE) are expected to 
be added to the electricity grid between now and 2050 [3]. 

Like all other power systems, a virtual power plant schedules generators and loads 
in a way that allows the system operator to achieve cheap and reliable operation while 
maintaining competitiveness and cost. However, this is frequently challenged due to 
their lack of competitive capacity, remoteness, and sporadic nature [4]. More can be 
accomplished in a VPP by optimizing the integration of various distributed energy 
resources. Several researchers have conducted studies on the optimal integration of 
distributed energy resources in a VPP, as shown in [5–8]. VPP has been classified 
into two broad categories, as described in [9, 10]: commercial and technical virtual 
power plants (CVPP and TVPP), each with its own application and scope. Examples 
of these applications include reserve power, price stabilization, and so on. Zhang 
et al. [11] investigated optimization of VPPs, whereas [12] investigated dynamic 
integration and performance of dispersed resources in a VPP using both linear and 
nonlinear programming. 

The goal of this research is to integrate distributed resources into a VPP and 
investigate the performance of a VPP plant to ensure adequate resource allocation to 
maximize capacity output while keeping costs low. The PCDA method and a mixed 
integer linear program (MILP) method are used in this study to optimize distributed 
sources. Figure 1 depicts the basic VPP configuration for the studies.

Figure 1 depicts the distributed resources, which include PV, diesel power gener-
ators, a waste-to-energy power plant, and a wind power plant. The management and 
resource allocation center coordinate these resources, and the power generated is fed 
to the various load units, as shown in Fig. 1. 

To optimally integrate the distributed resources, this study employs the PDCA 
(Demming wheel) method Fig. 2 and a mixed integer linear program (MILP) solu-
tion. PDCA allows for significant “improvements” in performance (“breakthroughs”)
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Fig. 1 VPP configuration showing the various distributed resources

[13]. While MILP is a mathematical model used to reduce risks (e.g., cost, energy 
loss, errors, etc.) or maximize opportunities (e.g., profit, quality, efficiency, etc.), it 
is subject to some constraints [14]. The study’s findings are expected to be used by 
policymakers to encourage more participation from distributed energy resources in 
the power sector in a profitable and sustainable manner, reflecting the anticipated 
contributions from VPP plants to a sustainable energy system. 

Fig. 2 PDCA cycle



358 A. A. Elwan et al.

Fig. 3 Demand load profile curve 

2 Proposed Method 

2.1 Topology of the VPP 

The VPP under consideration is a collection of distributed diesel generators (dg) 
and renewable energy sources (RES) units (PV and wind). WtE stands for waste-to-
energy electrical generator. The goal is to create a VPP portfolio that can manage the 
technical capability of its distributed energy resources at the lowest possible cost. 
Other generalized assumptions made in the formulation of the VPP for this study 
include the fact that all structural capabilities of active, passive, and storage resources 
in terms of size and location were determined during the VPP planning stage and 
cannot be changed in the short term, keeping in mind that decisions made during 
the planning stage considered all environmental and efficiency principles in terms of 
energy sources and conversion technologies, particularly when using fossil fuels. 

2.2 Load Profile and Distribution 

Figure 3 depicts the load profile. According to the data, demand ranges from a high 
of 16 MW between 18:00 and 21:00 h and a low of 4 MW between 01:00 and 06:00 h 
and 14:00 to 17:00 h. 

2.3 PDCA Implementation Framework 

Figure 4 depicts the detailed framework used in the study’s implementation. The 
PDCA cycle is a never-ending cycle of planning, doing, checking, and acting. The
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Fig. 4 PDCA implementation framework flowchart 

framework in Fig. 4 has been broken down into smaller steps or development stages 
of the activities, and ways to improve each one has been explored. 

2.4 Distributed Resources 

As previously stated, the distributed resources considered for the VPP fall into 
two categories: (1) fossil fuel-based (diesel generators) and (2) renewable energy 
resources (PV, wind, and WtE). Figure 5 depicts the daily generator availability. The 
yellow shaded area represents low sunshine for a PV generator, amber represents 
low wind speed, light red indicates an emergency shutdown, dark red indicates a 
generator is on reliability maintenance, and blue indicates a generator is scheduled 
for planned maintenance.

2.5 Equations 

Each unit is expected to be either available or unavailable (u = 1 or 0). The gener-
ated power (Pi) is between the minimum and maximum capacities. Although fossil 
fuel generators have a higher capacity, renewable energy is expected to contribute 
significantly due to low GHG emissions. The main goal is to have a power supply 
mix with a variety of capacities and characteristics that can contribute to demand at a 
low cost and in a sustainable manner. The mix should be in a proportion that strikes 
a balance between RE and fossil-based generation, allowing GHG emissions to be
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Fig. 5 VPP generator availability chart

kept to a minimum. The goal is to maximize output while keeping supply mix costs 
as low as possible. 

(a) Objective Function and Variables 

The objective function is made of two power components. The first power component 
is determined by the availability of the plant based on Fig. 5, i.e., if a unit is in 
operation or not at the time of the decision. The second power component is the 
contribution of renewable generators. They are also dependent on the amount of 
power generated at that period, greatly impacted by weather conditions as in Fig. 5. 
The objective function is formulated as in Eq. (1). 

The optimization problem is presented in (1) and it is expected to maximize the 
total power from all generating plants. Unlike renewables and WtE, the total power 
expected is given in Eq. (2). Power generation for all other sources is at maximum 
when it is available except for diesel generators whose generation is usually between 
the maximum and minimum capacity as shown in (3). Constraints associated with 
the solution are given in Eqs. (4–6). 

min(Pi  )

{
N−1∑
n=t 

Pdg + 
N−1∑
n=t 

P reg + PWtE

}
(1) 

Pvpp = 
N−1∑
n=t 

Pdg + 
N−1∑
n=t 

P reg + PWtE (2) 

U (t) >  0 (3)  

where
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Pdg diesel power (kW) 
Preg renewable power (kW) 
PWtE WtE power (kW) 
U(t) availability index (1 or 0). 

(b) Constraints 

The optimization is subject to the following constraints. 

Pdg 
max ≥ Pdg ≥ Pdg 

min (4) 

where 

Pdg 
max Maximum diesel power (kW) 

Pdg 
min Minimum diesel power (kW) 

P reg = 
N−1∑
n=t 

Ppv + Pwind (5) 

where 

Ppv PV power (kW) 
Pwind Wind power (kW). 

0.5 =
{

N−1∑
n=t 

Cpdg (n) + 
N−1∑
n=t 

Cpreg (n) + 
N−1∑
n=t 

CpWte (n)

}
(6) 

3 Results and Discussion 

Results from the simulation are presented in tables. In the simulation, total power 
generation, VPP contribution, and renewable penetration are presented based on the 
constraints given. After modeling and simulation, Table 1 gives the optimal power 
contribution from VPP and the contribution from respective generation modes.

Table 2 gives the power distribution, renewable energy penetration, and cost. It 
is shown that wind and diesel contribution has been capped because of the cost 
constraint, while other sources were maximized. The wind has about 75% of its 
rated capacity as slack and diesel has about 21% as slack.

In Table 3, sensitivity analysis of the simulation showed that while some gener-
ation sources have room to adjust costs and still have an optimal condition, other
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Table 1 VPP power from 
simulation results S/No Optimal power from VPP components 

Plant Original value Power (MW) 

1. Total power (VPP) 0 6.333333333 

2. PV generator 0 0.4 

3. Wind gen 0 0.2 

4. WtE gen 0 1 

5. Diesel 0 4.733333333

Table 2 Power distribution with slacks 

S/No Constraints used for simulation 

Name Cell value Slack Total 

1. RE penetration < = 1.6 0 0 

2. Total cost = < = 0.5 0 0 

3. PV generator 0.4 0 0 

4. Wind generator 0.2 0.4 0.6 

5. WtE generator 1 0 0 

6. Diesel generator 4.733333333 1.266666667 6 

7. External 0 18 18

sources have absolutely no room for that. The reduced costs tell us how much the 
objective can be increased or decreased before the optimal solution changes. 

Table 4 gives the sensitivity analysis of constraints on this table, the shadow 
price is an important function to reckon with. The shadow prices tell us how much 
the optimal solution can be increased or decreased by changing the value of the 
constraints with one unit.

Table 3 Sensitivity analysis of variable simulation 

S/No Sensitivity analysis 

Name Final value Reduced cost Allowable increase Allowable 
decrease 

1. PV generation 0.4 0.67 1E + 30 0.67 

2. Wind generation 0.2 0 0.22 1E + 30 
3. WtE generation 1 0.22 1E + 30 0.22 

4. Diesel generation 4.73 0 1E + 30 0.5 

5. External 0 − 1.22 1.22 1E + 30 
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Table 4 Sensitivity analysis of constraints simulation 

S/No Sensitivity analysis 

Name Final value Shadow price Constraint Allowable 
increase 

Allowable 
decrease 

1. RE penetration 
< = 

1.6 − 0.33333333 1.6 0.4 0.2 

2. Total cost = < 
= 

0.5 22.22222222 0.5 0.114 0.426 

3.1 Optimal Power Solution 

According to the simulation results in Tables 1 and 2, the VPP’s ideal power is 
6.33 MW, with a 1.6 MW RE penetration. Due to its size, the diesel contribution is 
more than predicted, but not all of its capacity is used. Table 2 gives that 1.23 MW, 
or about 20% of the overall capacity for diesel generators, as well as roughly 75% 
of the wind capacity, are underutilized. The best power is obtained by completely 
utilizing other sources. This scenario can be linked to the need to keep costs at a 
specific level and the higher cost of power from the two sources. 

3.2 Sensitivity Analysis 

It is optimal to have 0.4 MW of PV generation, 0.2 MW of wind generation, 1 
MW of WtE generation, and 4.73 MW of diesel generation. This solution gives the 
maximum VPP generation of 6.33 MW (see Table 1). This solution uses all the 
resources available for PV and wind at 100% (0.4 MW of capacity and 1 MW of 
capacity) and 33% of wind (capacity and 78% of diesel capacity). 

• Reduced Cost: Table 3 gives how much the objective coefficients can be increased 
or decreased before the optimal solution changes. Only wind generator units can be 
increased by (0.22) based on the results, while other sources can only be decreased 
before the optimal value changes. As a result, if there is a need to increase any 
output while still maintaining the optimal solution, it may be possible to do so 
solely through wind generation capacity. 

• Shadow Price: The shadow prices indicate how much the optimal solution can 
be increased or decreased if the constraint values (RE contribution and cost) are 
changed by one unit. According to Table 4, the shadow price is only valid between 
“22.2 – 0.42 and 22.2 + 0.11,” and anything outside of this range will cause the 
optimal solution to change.
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4 Conclusion 

This research has investigated the optimal integration of distributed resources into 
a VPP plant successfully. The Deming wheel (PDCA) method was used in model 
formulation, and the optimization was solved using mixed integer linear program-
ming (MILP). It is demonstrated that optimal integration is possible by opti-
mizing power and constraining cost at a specific value. The two elements that were 
constrained in the solution were RE penetration and contribution. The optimal solu-
tion generates 6.33 MW of power from the VPP, with a RE contribution of 1.6 MW 
and a cost of 0.5 $/kW. Diesel and wind were found to contribute less to total VPP 
power, with wind contributing only 33% and diesel contributing 78%. 
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