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ABSTRACT 
 In the resent years, microgrid has been widely used 

in the world and become a good solution to the urgent 
energy and environment issues. However, the high cost 
of microgrid limits the development of microgrid. In this 
paper, a novel design is presented to be compared with 
traditional design using a contrastive framework with 
renewable energy considering battery lifetime and 
renewable energy penetration. Numerical results show 
that the LCOE of the novel design can be reduced by 
6.23% compared with traditional design. 
 
Keywords: microgrid, energy storage system, gas 
turbine, LCOE 
 

NONMENCLATURE 

Nomenclature 

Indices 

n time period index 
t time period index 
Constants  

α power-law exponent. 
a1, a2, a3, a4, a5 coefficient of battery life cycle curve. 

b1, b2, b3, b4 
coefficient of gas turbine efficiency 
curve. 

k power temperature coefficient. 

R rated 
rated solar radiation in standard 
condition (W/m2). 

T rated 
rated temperature in standard 

condition (℃). 

Parameters 

β 
ratio of actual power used to 
available power in renewable energy 
system. 

γ Proportion of unmet load.  
η ESS-charge, η 

ESS-disc 
charging/discharging efficiency of 
batteries. 

f(t) load rate of gas turbine at time t. 
η GT (t) efficiency of gas turbine at time t. 

c1, c2 
capital and loans as a percentage of 
total investment. 

C ng natural gas price ($/kWh). 

DOD 
depth of discharge of lead-acid 
batteries. 

f inflation rate. 
n ESS number of batteries. 

N cycles (DN) 
Cycle times of lead-acid battery under 
DOD DN. 

n PV number of photovoltaic panels. 
n WT number of wind turbines. 

PESS-change, max, 

PESS-disc, max 

maximum rating 
charging/discharging power of 
battery storage at time t (kW). 

PPV(t) 
available power from photovoltaic 
panels at time t (kW). 

PWT(t) 
available power from wind-turbines 
at time t (kW). 

PPV-rated 
rated power of photovoltaic panels in 
standard condition (kW). 

PWT-rated rated power of wind turbine (kW). 
r actual discount rate. 
r′ nominal discount rate. 
R(t) solar irradiance at time t (W/m2). 

T(t) ambient temperature at time t (℃). 
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v(t) 
wind speed at projected height at 
time t (m/s). 

v rated, v ci, v co 
rated, cut-in and cut-out wind speeds 
of wind turbine (m/s). 

V ref(t) 
wind speed at reference height at 
time t (m/s). 

y annual loan repayment ratio. 
Z height of wind turbine (m). 
Z ref reference height of wind turbine (m). 

Variables 

  
C cap total capital costs ($). 
C cap-ESS capital cost of battery ($). 
CC cap-ESS battery cost ($/kWh). 
C fuel fuel cost ($). 

C o & m 
total operation and maintenance 
costs ($). 

C o & m-WT, C o & m-

PV, C o & m-ESS 
WT/PV/ESS operation and 
maintenance costs ($). 

C rep-ESS replacement cost of battery ($). 
EESS(t) battery capacity at time t (kWh) 
EESS, max rated battery capacity (kWh). 

F ng(t) 
natural gas consumption at time t 
(kWh). 

F ng-total total natural gas consumption (kWh). 
F ng-total total natural gas consumption (kWh). 
Load(t) load considering at time t (kW). 
PESS-charge(t), 
PESS-disc(t) 

charging/discharging power of 
battery storage at time t (kW). 

PGT(t) 
power from gas turbine at time t 
(kW). 

PGT-rated rated power of gas turbine (kW). 

PPV-real(t) 
actual power from photovoltaic 
panels at time t (kW). 

PWT-real(t) 
actual power from wind-turbines at 
time t (kW). 

 

1. INTRODUCTION 
In the current power system, as a result of resource 

endowment, China has developed a country where fossil 
fuel power generation is the main power generation 
mode. However, the problem of energy exhaustion and 
environmental pollution caused by traditional fossil 
energy power generation cannot be ignored definitely 
and needs to be addressed urgently. It was widely 
accepted that microgrid is a new power generation 
method due to its potential benefits to provide 
sustainable, environmentally friendly, and efficient 
electricity from renewable energy sources[1]. 

Microgrid contains renewable energy power 
generation units, such as wind turbine (WT), 
photovoltaic panels (PV) etc. has become a popular way 
to generate electricity [2-4]. At the same time, energy 
storage systems (ESS) become the default option to 
reduce the impact of renewable power generation 
uncertainty on power supply caused by the variability of 
the climate. As the result of the application of energy 
storage, the cost of generating electricity from microgrid 
is higher [5]. At present, most scholars exploring the 
optimization of energy storage system cost established 
cost-optimal microgrid model [6-9]. However, the impact 
of different microgrid designs on the generation cost is 
lesser. Therefore, the influence of two different 
microgrid designs on generation cost is preliminarily 
explored in this paper. 

A novel design which contains WT, PV and gas 
turbine (GT) presented in this paper is compared with 
traditional microgrid design including WT, PV and ESS. In 
order to compare two different design methods of 
microgrid, the concept of Levelized Cost of electricity is 
used. Furthermore, we investigated the impact of 
battery life and renewable energy coupling rate on the 
comparative results. 

2. METHODOLOGY  

2.1. Model structures and assumption 

2.1.1. Renewable energy 

We assume that renewable resource generation 
consisting of WT and PV is determinate. 

(1) Wind turbine 

The output power of wind turbine is modelled using 
the piecewise function as a three-block [10] which is 
captured in (1).  
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      (1) 
The power from wind turbine is only related to the 

wind speed at projected height. Therefore, we need to 
carry out wind speed conversion according to the 
method mentioned in [11]. As shown in equation (2). 

( ) ( )
 
 
 

α

ref

ref

Z
v t = v t

Z
    （2）

  

(2) Photovoltaic panels 
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The power from PV can be calculated by (3) at any 
time and the amount of photovoltaic output power is 
directly determined by solar irradiation and ambient 
temperature.  

( )( )
 

    
 

PV PV PV-rated rated

rated

R(t)
P (t)= n P 1+k T t -T

R  (3)

 

The power is acquired directly by solar irradiation 
and temperature under the standard conditions when 
the solar irradiation and temperature are equal to 

1000W/m2 and 25 ℃ , respectively. Where k is 
temperature coefficient that values -0.0045. 

2.1.2. Energy storage system 

The energy dynamic model for lead-acid battery is 
presented in (4) for any given time. 

( ) ( ) ( )
( ) 

 
 

ESS-disc
ESS ESS ESS-charge ESS-charge

ESS-disc

P t
E t +1 = E t + η P t -

η
 

      (4) 
Where the battery efficiency during the charging and 

discharging processes are 0.85 and 0.98 respectively at 
any time. 

The lifetime of the lead-acid battery which normally 
values around 4000 cycles is basically determined by its 
depth of the discharge(DOD)[12], as illustrated in Fig. 1. 

The relation of cycle index and depth of discharge is 
calculated via formula (5). 

 3 N 5 Na D a D
cycles 1 2 4N = a + a e + a e    (5) 

Where a1, a2, a3, a4 and a5 are equal to be 0, 7753, -
7.263, 2603 and -0.84552 respectively[13]. 

 

Fig 1 The relation of cycle index and depth of discharge 
of lead-acid batteries 

2.1.3. Gas turbine 

The efficiency curve which is widely used in CCHP 
systems [14-16] is employed to describe the dynamic model 
for the relationship between efficiency and load rate of 

the GT, as shown in (6). The load rate is given in (7). 
Where b1, b2, b3 and b4 are equal to be 0.1283, -0.6592, 
0.7945 and 0.003 respectively [15]. It's worth mentioning 
that we make the following assumptions that equipment 
capacity is continuously distributed, there is no start and 
stop time limit for GT and the equipment always 
operates reliably. 

The nature gas consumption determined by fitting 
load rate and efficiency curve of the GT, as illustrated in 
Fig. 2. 

( ) ( ) ( ) ( )
3 2

GT 1 2 3 4η t = b f t +b f t +b f t +b
  (6) 

( )
( )GT

GT-rated

P t
f t =

P      (7) 

( )
( )

( )
GT

ng

GT

P t
F t =

η t
    (8) 

 

Fig 2 gas consumption curve of GT 

2.2. Problem formulation 

2.2.1. Objective function 

Two different designs of microgrid are considered in 
this section. The operating cost is optimized in the 
objective function which takes into account the impact 
of the battery operating state on the battery life in the 
first design. The optimal daily operating cost includes 
operation and maintenance cost of WT, PV and lead-acid 
battery, daily cost of capital and daily cost of 

replacement cost of batteries. which is presented in the 

equation (9)-(14). The initial investment and loan are taken 

into account by the capital cost of batteries. Constrains (12) 

is the capital recovery cost (a ratio used to calculate the 

present value of an annuity) [17]. Furthermore, the impact of 

inflation on investment costs is also taken into account 

which is calculated by (13). It is worth mentioning that the 
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replacement cost of the battery is thought to vary with 

inflation. 

The optimal daily operating cost includes daily 
operation and maintenance cost of WT, PV and GT, daily 
fuel consumption cost which is given as (15)-(17). 

Design1: 

min o&m cap-ESS rep-ESS   C +C +C    (9) 

o&m o&m-WT o&m-PV o&m-ESSC = C + C + C
  (10) 

( )cap-ESS 1 cap-ESS ESS,max 2 cap-ESS ESS,max

1
C = c CC E y + c CC E

365  
      (11) 

( )

( )

N

N

r 1+r
y =

1+r -1
    (12) 

r - f
r =

1 + f
      (13) 

( )rep-ESS ESS cap-ESS ESS,max

1
C = n -1 CC E

365  (14) 
Design2: 

o&m ngmin  C +C     (15) 

o&m o&m-WT o&m-PV o&m-GTC = C + C + C   (16) 

fuel ng ng-totalC = C F     (17) 

2.2.2. Constrains 

(1) Output power from renewable energy 
generation 

   WT WT-real WTP (t) P (t) P (t)    
(18) 

   PV PV-real PVP (t) P (t) P (t)    
(19) 

(2) ESS charge and discharge power 

( ) ESS-charge ESS-charge,max0 P t P    
(20) 

( ) ESS-disc ESS-disc,max0 P t P    
(21) 

(3) ESS capacity 

( ) ESS ESSN ,max E S,maxSD E E t E    
(22) 

(4) Output power from gas turbine 

( ) GT GT-rated0 P t P     
(23) 

(5) Power balance 

Design1: 

( ) ( ) ( ) ( ) ( )t t t t tWT-real PV-real ESS-disc ESS-chargeP +P +P =Load +P  
  

(24) 

Design2: 

( ) ( ) ( ) ( ) ( )−GTt t t tWT-real PV-realP +P +P = 1 Load
(25) 

2.2.3.  Evaluation criteria 

In order to compare and analyze the cost of two 
different designs of microgrid, the Levelized Cost of 
electricity (LCOE) used in this paper. It is calculated by 
accounting for each part of cost incurred during the 
overall duration, including the cost of construction, 
financing, operation, maintenance, fuel, taxes, insurance 
and decommissioning, which are then divided by the 
total gross generation for the entire lifetime [18]. 

A simplified calculation method is applied in this 
paper, omitting the taxes, insurance and 
decommissioning, which is captured in (26) (27). 
nevertheless, the LCOE is still a useful way to compare 
the two different designs of microgrid. 

( )

( )

N cap O&M fuel

nn=1

N total,n

nn=1

C + C + C

1 +r
LCOE =

P

1 +r




  

(26) 

2 1

2

design design

design

LCOE -LCOE
LCOEC =

LCOE
 

(27)
 

3. CASE STUDY 

3.1. Basic data 

In order to verify the effectiveness of the proposed 
method, two different designs of small-scale microgrids 
with a 20-year lifetime are studied according to the 
methodology above in this section which contains 
renewable generating units (WT and PV) and ESS in the 
first design. Different from the first design is that we 
consider GTs rather ESS in the second design. The 
components of the microgrid systems are shown in Table 
1. 

Table 1 The components of the microgrid systems 

Name WT PV 
Design 1 Design 2 

Lead-acid 
Battery 

GT 

Type 30kW 
0.2kW

P 
2V/1000A

h 
\ 

Unit price 
$100,0

00  
2130 
$/kW 

$200  
998 

$*/kW 

Source [13] [19] [13] [20] 

Quantity 13 500 \ \ 
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Capacity 390kW 100kW \ \ 

∗ 6.8128 Yuan = 1 U.S dollar. 

A typically day of transition season with 24 equal 
time slots is taken in account in this study. Similarly, the 
summer and winter case can be obtained easily 
according to the theory mentioned above. The Wind 
power, solar power and typical daily load is shown in Fig 
3. 

 

Fig 3 Wind power, solar power and typical daily load 

We assume that the load is divided into important 
load and normal load and the normal load is all 
controllable. the controllable load is no more than 50% 
of the total load at any time [21]. Therefore, appropriate 
load reduction is clearly allowed in the second design in 
this paper, γ is set as 0-0.12 whose step length is 0.01. 

Technical parameters of the WT are presented in 
Table 2. 

Table 2 Technical parameters of the WT 

Parameters Values Source 

P rated 30kW 

[13] 
V ci 3 m/s 

V rated 12 m/s 
V 24 m/s 

Other economic parameters are shown in table 3 

Table 3 Economic parameters 

Parameters  Values Source 

Annual inflation rate 2% 

[1] 
Nominal loan interest 
rate (Nominal discount 
rate) 

8% 

The optimization problem can be written as a mixed 
integer linear programming (MILP) [21], which can be 
solved by IBM CPLEX12.8.0. 

3.2. Results and discussion 

3.2.1. Comparison between design 1 and design 2 

Fig 4 and Fig 5 illustrate the variation of the LCOE 
versus the unmet load. The LCOE of the design 1 is 
0.060$ in the first design when the DOD is equal to 80%, 
as illustrated in Fig 4. And in the second design, the LCOE 
varies from 0.064$/kWh to 0.056$/kWh as unmet load 
increases. Furthermore, we can see clearly that the LCOE 
of design 1 is lower when unmet load is greater than 
0.06%. Otherwise, design 2 is better.  

 

Fig 4 LCOE of design 1 and design 2 

The cost difference is clearer which is illustrated in 
Fig 5. LCOE curtailment of design 2 is maximal when 
unmet load is equal to 0, which costs 6.23% lower than 
design1. The negative value of LCOE curtailment 
corresponds to the case where the cost advantages of 
design 2 decreases as unmet load increases. In other 
word, LOCE of design 1 is lower when unmet load is 
greater than 0.06. 

 

Fig 5 LCOE curtailment of design 2 

3.2.2. The effect of DOD of batteries to the optimal 
solution 

We now investigate the impacts of system parameter 
on comparative result. The variations in LCOE curtailment of 
design 2 with different values of the DOD are presented in 
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Fig. 6. As discussed above, the effect of discharge depth on 
battery cost is verified. As evident, LCOE curtailment of 
design 2 is reduced as DOD decreases. In other words, when 
DOD increases, the cost efficiency of design 2 is obvious. 
And when the DOD is lower than 0.6, no matter how the 
unmet load changes, design 1 is better. 

 

Fig 6 Impact of DOD of battery 

3.2.3. The effect of renewable energy generation to the 
comparative result 

To investigate the impact of the renewable energy 
penetration on the optimal solution, extra 5% and 10% 
renewable energy generation are added in this section. 
Here, we can see three scenes described in Fig 7 clearly. 
Overall, the impact of renewable power generation on LCOE 
curtailment is not obvious before 0.3. But after 0.3, this 
figure shows that higher amount of LCOE curtailment of 
design 2 can be achieved as the renewable energy 
generation and unmet load decreases. 

 

Fig 7 Impact of electricity production from renewable 
sources 

4. CONCLUSION 
We have proposed a contrastive framework for two 

different designs of microgrid with renewable energy 
considering battery lifetime and renewable energy 

penetration. Extensive numerical results have been 
presented to describe the LCOE curtailment of design 2 
contrast with design 1. Based on the above work, we can 
draw the following conclusions. 

(1) We propose a new scheme to optimize the cost of 
microgrid from the perspective of configuration strategy. 
The results prove that both designs we presented have their 
advantages in different situation. 

(2) The impact of battery lifetime on costs cannot be 
ignored. Specifically, the LOCE curtailment of design 2 
increases as DOD increases. In a brief, the large depth of 
discharge reduces the cost efficiency of the battery. 

(3) The higher the renewable energy penetration is, 
the better the cost-effectiveness for design 1. Therefore, 
we can choose design 1 where renewable energy is 
abundant or GTs are operating where unmet load is equal 
to 0. 

In order to obtain the optimal cost, two design 
modes of stand-alone microgrid are discussed in this 
study. In order to better show the proposed framework, 
grid-connected mode is also an area worth exploring. In 
addition, we assume that the generation of renewable 
energy units is deterministic. But in fact, the vagaries of 
the climate make renewable power generation volatile. 
Therefore, the influence of different design modes of 
microgrid on generation cost considering the uncertainty 
is also worth studying. 
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