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ABSTRACT 
 A microgrid, as a typical low-carbon energy system, 

has gained great attentions in the last decade. Most 
studies focused on improving the system performance at 
the design and control stages while the evaluation of the 
system performance at the planning stage is usually 
ignored. Commonly, three key indicators (cost, 
renewable energy penetration, and reliability) are used 
to evaluate the system performance. The cost and/or the 
renewable energy penetration are set as the objectives 
while the reliability is set as a constraint in design/control 
optimization. However, due to lacking adequate 
investigations of system performance at the planning 
stage, fewer supports are provided in energy policy 
formulation. This study, therefore, proposed a 
quantitative approach to evaluate the system 
performance in terms of these three indicators at the 
planning stage. By using the proposed model, 
optimization algorithm, and regression analysis, these 
three indicators are quantified. A case study is proposed 
to test and verify this approach. Three different reliability 
requirements are adopted. In the end, a reasonable 
range (40%-60%) of renewable energy penetration is 
recommended. The system performance of the cost-
saving (the largest one as 61.5%) is evaluated based on 
three ratios of reliability requirements and renewable 
penetration ratios. 
 
Keywords: planning stage, microgrid optimization, 
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NONMENCLATURE 

Abbreviations  

REP Renewable energy penetration  
GA Genetic algorithm 
COP Coefficient of performance 
ELF Equivalent loss factor 

Symbols  

𝑌𝑘 Lifecycle 
t hour 
bpg Backup power generation 
emi Carbon emission 
ren Renewable energy 
fac Microgrid facility 
ref Reference data 

𝑅𝑎𝑑 Solar radiation 
𝜂𝑝𝑣 Overall efficiency of PV panels 

𝜂𝑏𝑝𝑔 Backup power generation efficiency 

 

1. INTRODUCTION 
The remarkable growth of renewable energy 

utilization has been experienced in the last decade with 
the developments of the technologies. The technologies 
from different studies have been proposed in terms of 
increasing the renewable energy penetration (REP) 
and/or optimization in system design and energy 
management. The microgrid, as one typical form of the 
renewable power generation system, has attacked 
attentions due to its advantages such as low carbon 
emission, stable power supply, and cost-saving [1].   

Among the existing studies, decreasing the overall 
cost is the major objective. Besides, to address the 
world’s energy crisis issue, increasing the REP is 
considered as another objective. However, high REP may 
cause the high overall cost. By proposing the microgrid 
optimization approaches in terms of design and 
management [2], a trade-off between the overall cost 
and REP is achieved. In addition, due to the 
uncontrollable features of renewable power generation, 
the large fluctuation of the power supply is another 
challenge. Thus, maintaining the energy balance 
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between the supply side and demand side is another vital 
objective in microgrid investigations. 

Most studies focused on optimizing the microgrid at 
the design and/or control stages. They aim to increase 
the renewable power generation efficiency, where the 
locations, sites, and sizes of the renewable power 
generator are considered [3]. Besides, the power 
consumers at the demand side are also involved. Various 
schemes of the electricity prices are proposed and 
tested, which can decrease the possibilities of the system 
blackout due to energy imbalance [4, 5]. Some 
technologies (e.g. building flexibility [6], and demand 
response [7]) are further used to optimize the system, 
where many promising achievements in economic 
benefits and environmental friendliness are presented. 

In summary, previous studies are mainly investigated 
the system performance at the design and control stage. 
Those design and management approaches are adopted 
at the design and control stages. At the planning stage, 
policies from the government are vital in the microgrid 
system determination while it usually lacks adequate 
technological supports. This study therefore proposed a 
novel quantitative approach at the planning stage, which 
not only quantified the relationship of the REP, 
economies, and reliability but also provided the guideline 
of the system optimization. The main contribution of this 
research is to provide a comprehensive assessment 
considering the different conditions before developing a 
real system, which is convenient for the decision-makers 
to decide scientific decisions in terms of policy 
formulations and systematic estimations. 

2. PROCEDURE, KEY EVALUATION INDEXES 
INTRODUCTION, AND MODEL DEVELOPMENT 

Compared with the system performance at the 
design and control stage, those studies mostly aim to 
provide a final decision of these three indicators. 
However, at the planning stage, the decision-maker 
prefers to get the trending of these three indicators and 
their relationship. Thus, the study introduced the 
approach and the microgrid model. The assessment 
results of the microgrid system performance is provided 
at the planning stage rather than a specific scheme and 
final results of the design variables' determination. 

2.1 Procedure and the major steps 

The proposed quantitative approach is divided into 
four main steps as shown in Fig 1. In the first step, the 
input variables are determined, where the major 
facilities are considered. Then, these variables with their 

ranges and the weather data as well as the occupant 
profile are fed into the microgrid model that is developed 
according to the presumed load density and power 
generation at the ideal condition. The second step is to 
conduct the optimization calculations. The GA (Genetic 
algorithm) is adopted in the calculation process. 
Comparing to the optimization at the design/control 
stage, the planning optimization aims to search many 
different local optimization points in the different 
conditions rather than giving one final global 
optimization point. Thus, the reliability ratio and the 
range of the REP ratio are set as constraints of the 
optimization. According to setting different constraints 
of the REP ratio ranges and reliability ratios, the various 
local optimization points in the different conditions are 
calculated. Then, in the third step, these obtained 
optimization points are analyzed based on different REP 
ratio ranges and reliability ratios. The regression analysis 
is conducted. The microgrid performance can be 
evaluated. In the last step, the recommendation of the 
microgrid system determination can be presented. 
 

2.2 Key evaluation indexes introduction 

Fig. 2 shows the schematic representation of these 
three indicators' relationship. Commonly, the REP ratio 
and the reliability have significant impacts on the overall 
cost. High REP can effectively decrease carbon emissions. 
The penalty of the carbon emission and operation cost 
from the backup power generation are lower while the 

 
 

Fig. 1. Outline of reliability assessments quantification 
procedure and method 
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capital costs of the renewable power generators and 
battery storage are higher vice versa. 

 

High reliability means the system can achieve a 
stable power supply. However, renewable power 
generation is not stable due to its uncontrollable 
features. To meet the demand timely with high reliability 
and achieve the High REP ratio simultaneously, setting 
the large capacity of the backup power generation is 
needed, which causes the high overall cost. To provide 
the reasonable planning of the system, providing a 
quantitative relationship of these three indicators is 
valuable and necessary. 

2.2.1 Overall cost  

The overall cost is a significant indicator to measure 
the system economies. It consists of the initial cost of the 
major facilities and operation cost of the backup power 
generation as well as the carbon emission penalty as 
shown in Eq. (1). The initial cost ( 𝐼𝐶 ) is calculated 
considering the capital cost (𝐶𝑓𝑎𝑐,𝑘) of the major facilities 

and their lifetime (𝑌𝑘) as shown in Eq. (2). The operation 
cost is calculated by the backup power generation as 
shown in Eq. (3) while the amount of the carbon emission 
in this part is quantified and shown in Eq. (4). 
𝐶𝑜𝑣𝑒 = 𝐼𝐶 + 𝑂𝐶 + 𝑃𝑒𝑛𝑙𝑡𝑦                     (1) 

𝐼𝐶 = ∑(𝐶𝑓𝑎𝑐,𝑘 ×
1

𝑌𝑘
)                          (2) 

𝑂𝐶 = (∑ 𝑃𝑏𝑝𝑔
𝑡 ) × 𝐺𝑃𝑏𝑝𝑔

8760
𝑡=1                    (3) 

𝑃𝑒𝑛𝑙𝑡𝑦 = (∑ 𝐸𝑏𝑝𝑔
𝑡8760

𝑡=1 ) × 𝑇𝑒𝑚𝑖 × 𝑐𝑑𝑒𝑏𝑝𝑔         (4) 

 
2.2.2 Renewable energy penetration (REP) 

Renewable energy penetration (REP) is one 
significant indicator to measure the renewable energy 

ratio of power generation. High REP means that more 
renewable energy is involved in power generation, 
where the calculation of the REP ratio ( 𝑅𝑟𝑒𝑛 ) has 
presented in Eq. (5). 𝐸𝑟𝑒𝑛  is the renewable energy 
consumption and 𝐿𝑠𝑒𝑟𝑣𝑒𝑑  is the total energy 
consumption. Commonly, the range of the REP can be 
from 0% to 100% in practice. Thus, the range from 0% to 
100% is adopted in the study to test and analyze. 

𝑅𝑟𝑒𝑛 =
𝐸𝑟𝑒𝑛

𝐿𝑠𝑒𝑟𝑣𝑒𝑑
                                    (5)  

 
2.2.2 Reliability 

Reliability is a significant indicator to describe the 
system performance in terms of the energy balance. 
Normally, the reliability index, i.e. the equivalent loss 
factor (ELF) is adopted to assess the system performance 
of the energy balance during the operating period [8, 9]. 
The equation has been shown as Eq. (6). Where, ℎ is the 
time step. The 𝐷(ℎ) is the energy consumed and 𝐸(ℎ) 

is the not supplied energy. Note that, according to [10], 
the ELF can be set as different ratios. In this study, three 
different ratios of the reliability requirements (90.00%, 
99.00%, and 99.99%) are set and tested in the following 
studies. 

𝐸𝐿𝐹 =
1

8760
∑

𝐸(ℎ)

𝐷(ℎ)

8760
ℎ=1   (6) 

2.3 Model development of microgrid structure 

The microgrid model is developed by the clusters of 
mathematical equations is achieved in Matlab-Trnsys. At 
the supply side, two major renewable power generations 
(solar and wind sources) are adopted in this study as 
shown in Eq. (7) [11, 12]and Eq. (8) [13], respectively. 
Where, 𝐴𝑃𝑉 is the PV area and Rad is solar radiation. PV 
panel temperature is 𝑇𝑃𝑉 and 𝑃𝑃𝑉 is the output power 
from the PV panels.  𝑃𝑤𝑖𝑛𝑑  is the output power from 
the wind turbine and the wind speed is represented as 
𝑣𝑤𝑖𝑛𝑑. 
𝑃𝑃𝑉 = 𝑅𝑎𝑑 ×  𝐴𝑃𝑉  × (1 + 𝐾𝑃𝑉(𝑇𝑃𝑉 − 𝑇𝑟𝑒𝑓)) × 𝜂𝑝𝑣   (7a) 
𝑇𝑃𝑉 = 𝑇𝑎𝑚𝑏 + 0.0256 × 𝑅𝑎𝑑                 (7b) 
𝑃𝑤𝑖𝑛𝑑 = 0.12615 × 𝑣𝑤𝑖𝑛𝑑

2 − 0.4915 × 𝑣𝑤𝑖𝑛𝑑 − 0.008 (8a) 
(3.65m/s≤ 𝑣𝑤𝑖𝑛𝑑 < 10.4 m/s) 

𝑃𝑤𝑖𝑛𝑑 = −0.078 × 𝑣𝑤𝑖𝑛𝑑
2 + 1.78144 × 𝑣𝑤𝑖𝑛𝑑 − 0.016 (8b) 

(10.4m/s≤ 𝑣𝑤𝑖𝑛𝑑 ≤ 18.0 m/s) 

Backup power generation and battery are adopted 
to maintain reliability. In simplified, the backup power 
generation is calculated as Eq. (9), while the battery is 
used by setting charging and discharging limits at 20% 
and 80%, respectively. Where, 𝑃𝑏𝑝𝑔  is the output 

power from the backup power generation and 𝐸𝑏𝑝𝑔 is 

 

 
Fig. 2 Schematic representation of these three 

indicators' relationship 

Cost

Penetration

Reliability
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the amount of the backup source that is used in power 
generation. 𝜂𝑏𝑝𝑔 is the power generation efficiency. 

𝑃𝑏𝑝𝑔 = 𝐸𝑏𝑝𝑔 × 𝜂𝑏𝑝𝑔                              (9) 

At the demand side, to obtain the dynamic electrical 
load, a simple assumption of the electrical load is 
adopted. The electrical load is grouped into the 
commercial electrical load (such as computers, lights, 
etc.) and cooling load. The load densities can be obtained 
according to different types of buildings in different 
regions. Then, the Trnsys model can be developed by 
using these presumed load densities. 

3. RESULTS AND DISCUSSION 

3.1 Overview of the case study 

The proposed case in this study is a hotel microgrid 
that is located on a remote island in Hong Kong as shown 
in Fig. 3, as a typical subtropical region. The typical 
meteorological data of Hong Kong is adopted while the 
coefficient of performance (COP) of the cooling system is 
assumed to be a constant value of four. 

The hotel microgrid is presumed as a target building. 
More than three hundred rooms are considered and the 
total area is around 26,000 m2. According to the Hong 
Kong Code of Practice for Energy Efficiency of Electrical 
Installations, the commercial electrical load density and 
cooling load density are determined as 25 W/m2 and 153 
W/m2. Based on these assumed inputs, the annual 
dynamic electrical load profile of the hotel microgrid is 
then obtained. 

 

3.2 Optimization results and economic analysis 

By using the introduced quantitative approach, the 
dynamic load profile is obtained. By using this profile and 
the presumed variables with setting constraints, the 
optimization was conducted. To obtain the local 
optimization points in different conditions, the 
constraints according to the ratios of reliability 
requirements and REP ratios are set. Three ratios of 
reliability requirements are considered while the REP 
ratio from 0% to 100 % are considered. The REP ratio 
interval is set as 10% including two boundaries as 0% and 
100%. Thus, a total of twelve points in one ratio of the 
reliability requirements are obtained. Then, the 
regression analysis is calculated based on these clusters 
of local optimization points. 

Fig. 4 shows the optimization results of the system 
performance. The overall cost is increasing while the 
reliability ratio is increasing. If the obtained system has a 
better performance in energy balance with the same 
REP, a high overall cost is needed. Besides, the overall 
cost has a similar trending according to the difference of 
the REP ratios. Around 40%-60% REP is the 
recommendation because in the range, the lowest 
overall cost appears when the reliability is constant. 
 

Fig. 5 shows the comparison results of the cost-
saving. Three types of cost comparisons are presented If 
the system has a constant requirement of reliability, it 
has been proved that a large promising potential of the 
cost-saving can be achieved by adopting the proper REP 
ratio. More than 60% of the cost-saving can be achieved 
in the 90% reliability requirement of the system 
performance. If the reliability requirement of the system 
performance is higher than 99%, the cost-saving ratio is 
less than 45%. Meanwhile, the comparison results of the 
cost-saving in terms of the 100% REP ratio and 0% REP 
ratio are also shown in Fig. 5. Reasonable REP for the 
system can increase the cost-saving, compared with no 

 
 

Fig. 3. Overview of the case study location 

 
Fig. 4. Optimization results of the system performance 
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renewable power generation and all power generation 
from the renewable power generation. In addition, 
especially in lower requirements of reliability, the 
fluctuations of the renewable power generation in the 
power supply based on its uncontrollable features can be 
addressed. Compared to the reliability requirement as 
99% and 99.99%, the cost-saving of the system setting 
the reliability requirement as 90% is higher (up to 35%). 
 

4. CONCLUSIONS 
In this study, a quantitative approach is proposed to 

evaluate the microgrid performance at the planning 
stage. Three key indicators (REP, reliability, and cost) are 
involved. It is found that the proposed approach can 
directly present the microgrid performance, which is a 
valuable and vital guideline at the planning stage. A case 
study has been tested and verified in this study. Other 
major conclusions and recommendations of this case 
study are drawn as follows: 

• Renewable power generation at 0% and 100% 
are both not the best options while the 
recommended range of the REP ratio is at 40%-
60%; 

• Different REP ratios have a large promising 
potential to decrease overall cost, where the 
largest cost-saving is at 61.5%;  

• A high-reliability ratio leads to a high overall cost. 
Lower requirement of the reliability (from 
99.99% to 90%) can increase the cost-saving (at 
35%) by using the REP in power generation. 

5. FUTURE WORK 
The proposed quantitative approach has many 

advantages to provide the guideline at the planning stage 
for the system determination, especially considering the 
three major indicators of the system performance 
simultaneously. However, some further investigations 

especially comparing with other existing methods 
(exhaustive method) are still needed to conduct. A trade-
off between the prediction accurately and computation 
cost is needed to consider.  
 

ACKNOWLEDGEMENT 
The research presented in this paper is financially 

supported by a general research grant (152079/18E) of 
the Research Grant Council (RGC) of Hong Kong SAR and 
a research grant under strategic focus area (SFA) scheme 
of the research institute of sustainable urban 
development (RISUD) in The Hong Kong Polytechnic 
University. 

REFERENCE 
[1] S. Mashayekh, M. Stadler, G. Cardoso, M. Heleno, A 
mixed integer linear programming approach for optimal 
DER portfolio, sizing, and placement in multi-energy 
microgrids, Applied Energy, 187  (2017) 154-168. 
[2] S.M. Dawoud, X. Lin, M. Okba, S.E. Reviews, Hybrid 
renewable microgrid optimization techniques: A review, 
82  (2018) 2039-2052. 
[3] A.L. Bukar, C.W. Tan, K.Y. Lau, Optimal sizing of an 
autonomous photovoltaic/wind/battery/diesel 
generator microgrid using grasshopper optimization 
algorithm, Solar Energy, 188  (2019) 685-696. 
[4] J.T. Luo, M.M. Joybari, K. Panchabikesan, F. 
Haghighat, A. Moreau, M.J.J.o.E.S. Robichaud, 
Parametric study to maximize the peak load shifting and 
thermal comfort in residential buildings located in cold 
climates, 30  (2020) 101560. 
[5] J.T. Luo, M.M. Joybari, K. Panchabikesan, Y. Sun, F. 
Haghighat, A. Moreau, M.J.S.C. Robichaud, Society, 
Performance of a self-learning predictive controller for 
peak shifting in a building integrated with energy 
storage, 60  (2020) 102285. 
[6] H. Tang, S. Wang, H. Li, Flexibility categorization, 
sources, capabilities and technologies for energy-flexible 
and grid-responsive buildings: State-of-the-art and 
future perspective,  (2020) 119598. 
[7] H. Fontenot, B. Dong, Modeling and control of 
building-integrated microgrids for optimal energy 
management–a review, 254  (2019) 113689. 
[8] R.N. Allan, Reliability evaluation of power systems, 
Springer Science & Business Media, 2013. 
[9] H. Baghaee, M. Mirsalim, G. Gharehpetian, H. Talebi, 
Reliability/cost-based multi-objective Pareto optimal 
design of stand-alone wind/PV/FC generation microgrid 
system, 115  (2016) 1022-1041. 

 
Fig. 5. Overview of the case study location 



 6 Copyright © 2021 CUE 

[10] R.S. Garcia, D. Weisser, A wind–diesel system with 
hydrogen storage: Joint optimisation of design and 
dispatch, 31 (14) (2006) 2296-2320. 
[11] A.-K. Daud, M.S.J.R.e. Ismail, Design of isolated 
hybrid systems minimizing costs and pollutant emissions, 
44  (2012) 215-224. 
[12] H. Li, S. Wang, Coordinated optimal design of 
zero/low energy buildings and their energy systems 
based on multi-stage design optimization, 189  (2019) 
116202. 
[13] L. Lu, H. Yang, J. Burnett, Investigation on wind 
power potential on Hong Kong islands—an analysis of 
wind power and wind turbine characteristics, 27 (1) 
(2002) 1-12. 
 


