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Abstract: The uncertainty and intermittency of the available wind resource in nature would poten-
tially cause wind generation curtailment when the flexibility of the integrated power grid is limited,
especially in small-scale microgrids for islands. In this paper, an optimal configuration method is
proposed to use thermal energy storage (TES) to relieve wind generation curtailment in an island
microgrid. The thermal network is modeled along with the electrical network to utilize its regulation
capability, while TES is introduced as an additional flexibility resource. The detailed cost models of
combined heat and power (CHP) units and TES are presented to realize the objective of minimizing
the overall operating cost. The performance of TES in improving wind power utilization is firstly
validated by using an electrical boiler (EB) as a benchmark and further analyzed under different
scenarios considering the growths of wind power capacity, electrical load, and heat load. The ef-
fectiveness of the proposed method is validated using real-world data obtained from the practical
island microgrid.

Keywords: island microgrid; thermal energy storage (TES); combined heat and power (CHP); wind

generation curtailment

1. Introduction

As one of the most promising renewable power sources, wind power has been under
a rapid growth in last decades. By the end of 2019, the total capacity for wind energy
globally has reached 651 GW, in which China has the world’s largest installed wind power
capacity of 236 GW. Due to the natural intermittent property, wind power can not be
dispatched on demand. When the available wind power excess the operation capability of
the integrated power grid, wind curtailment has to be performed to keep power balance
in the system, which leads to an critical issue of massive wind generation curtailment
during the winter off-peak period in Northern China [1]. To ensure the utilization of wind
power, the Government of China has also issued a set of policies to guide market design
and technology development [2]. Microgrid with renewable wind power has become a
popular power supply solution for islands in China [3]. As a small-scale power grid, island
microgrid has a very limited operational flexibility to handle the variable wind generation,
which make it more challenging to relieve wind generation curtailment.

Many research works have been conducted to relieve wind generation curtailment,
such as high voltage direct current (HVDC) transmission [4], energy storage applications [5],
integrated energy systems [6], and probabilistic planning and operation [7]. The thermostat-
ically controlled loads in a microgrid are utilized in Reference [8] to mitigate the variations
in renewable generation and load with a distributed control scheme. But the performance
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of the solutions using demand response depends on the availability and capacity of the
controllable loads. Diesel generators and battery energy storage systems (BESS) are two
common options that being configured in microgrids as additional power sources and
flexible resources to address the wind power integration issues. A multi-objective robust
optimization model based on the information gap theory is proposed in Reference [9]
to realize the island microgrid capacity configuration of diesel generators and BESS. In
Reference [10], a lithium-ion BESS is designed to improve the dispatchability of uncer-
tain renewable generation considering the degradation of battery. However, The BESS
applications are restricted by the high investing cost and limited life cycles of batteries.

Integrating the electrical network and the thermal network has been proposed as
another possible solution to facilitate the regulation capability of thermal network for sup-
porting wind power utilization [11]. The combined heat and power (CHP) unit can provide
electrical and heat power simultaneously and is popular in the heat-electricity integrated
microgrids to facilitate energy sharing and improve system flexibility. A hybrid energy
sharing framework is established for multiple microgrids in Reference [12]. However, the
combined heat and power (CHP) unit has a limited operational flexibility constrained by
the heat demand in winter [13]. A heavy curtailment of wind generation will be performed
because a large portion of the power demand must be covered by CHP units [5].

Therefore, additional flexibility resources need to be introduced in heating supply
to allow CHP units to further reduce their power output for relieving wind generation
curtailment. Installing electrical boilers (EB) is one of the potential solutions that can
utilize wind generation to meet the heat load demand [1]. Electrical energy storage has
also been widely applied to increase the flexibility in island microgrid operation [14]. A
stochastic programming framework is presented in Reference [15] for conducting optimal
daily scheduling of CHP-based microgrids consisting of wind power electrical boiler, and
energy storage devices. As electrical energy storage can only be dispatched to regulate
electrical power network and EB can only provide one-direction flexibility, thermal energy
storage (TES) is introduced as another effective solution to improve the utilization of wind
generation by shifting the heating demand to off-peak hours [16,17].

A microgrid optimal dispatch with TES and demand response is proposed in Ref-
erence [18] to address the uncertainty in renewable energy. In Reference [19], an energy
management system model integrating CHP units, boilers, heat pumps, and TES is built for
isolated microgrid to saving daily fuel cost in winter days. An online energy management
algorithm is developed in Reference [20] to minimize the microgrid’s operation cost by
coordinating renewable generations, CHP units, electricity and heat energy storage. How-
ever, most of studies focus on the short-term operational optimization with configured
system capacities. The configuration and economic analysis of TES, combined or compared
with other solutions, have not been studied in detail yet.

This work looks at a particular scenario of relieving wind generation curtailment in
an island microgrid with a weak tie-line connection to external bulk grid, which has been
observed in a practical island microgrid grid located in Northeast China. Considering
local residential heat load in winter season, when the wind generation curtailment is a
significant issue, TES is employed as an effective approach to convert and store the wind
energy to satisfy heating demand. In order to achieve this goal, an extensive formulation is
proposed to determine the optimal size of TES for such scenario, based on a set of detailed
models of TES and CHP units. The effectiveness of the proposed approach is validated
using real-world data obtained from the practical island microgrid.

The contributions of this paper include the following;:

(1) The detailed technical and economic models of TES and CHP units are established to
accurately describe their capabilities and costs.

(2) The thermal network is modeled along with the electrical network to utilize its
regulation capability with TES being introduced as an additional flexibility resource.

(3) An optimal configuration model is proposed to determine the TES capacity for reliev-
ing wind generation curtailment while minimizing the overall operating cost.
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2. Modeling of CHP Unit and TES

Figure 1 shows the structure of a microgrid consists of electrical power network
and thermal energy network. The heat load is supplied by CHP units and electrical-heat
conversion devices, e.g., TES or EB. The electrical load is supplied by the CHP units, wind
turbines, and a tie line. The redundant wind power is used to “charge” TES within the
limitation of its rated heating power.

Thermal Network —  Electric Network
P Thermal Energy Storage | . -
B [Electric Boiler <] Wind Power "1 Electric Load
Heat Load (<
Tie Line
<t CHP Units ;0

Figure 1. System structure of a microgrid integrating electrical and thermal networks.

2.1. CHP Modeling

Figure 2 illustrates the typical heat and electrical power characteristic of a CHP unit
with an extraction steam turbine. Denote P, as the active electrical power output and Qg
as the heat power output. P;"®* and P™" are the maximum and minimum electrical power
output, while Qg‘i“ is the heat power output when P, = Pg‘in, and Qg™ is the maximum
heat power output. The coefficient of electrical power and heat power under back pressure
operation can be described as cm ¢ = APy/AQg, which can be normally considered as a
constant. AP, is the power difference of P, between point B and C in Figure 2, and AQq is
the power difference of Qg between point B and C. In other word, ¢, is the slope of the line
segment BC.

Denote Cy,¢ as the reduced electrical power amount to increase per unit heat power
under the same steam flow. The value of Cy¢ can be further defined as Cyy ¢ under the
maximum electrical power output and Cy; ¢ under the minimum electrical power output.

As the CHP unit can generate both electricity and heat at the same time, the operating
cost of a CHP unit g at time ¢, denoted as C/, can be calculated with Pét, and Qfg as

Ch = [bo+ biPl + 520k + ba(Ph)? + baPeQ} + bs(Q})? ] - Scoal (1)

where by, b1, by, b3, by, bs are the cost coefficients, and S, is the unit fuel price.
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Figure 2. Electrical and heat power characteristics of CHP units.

2.2. TES Modeling

TES using phase change materials is adapted in this paper, as shown in Figure 3. The
heating function of TES is realized with thermal resistance connected to a 10 kV power
supply. The capital cost of TES C,, can be described with a quadratic function of the heat
energy capacity Etgs and the rated intput heat power Prgg of TES.

Cn(Etgs, Pres) = do + d1Etes + d2Etes + d3Pres + daPrs. )

The operating cost of TES can be modeled with the annual depreciation cost C, and
the annual maintenance cost C},. The former one can be obtained by projecting the capital
cost can be projected into each year using the straight-line depreciation method. The latter
one can be estimated as a proportion of the capital cost.

11+

Ca(Etes, Pres) = Cn(Etes, Pres) (1+ ,Y)k 1 s (1+ ’Y)k _1’

®)

Cb (EtEs, Ptes) = Rm - Cn (ETEs, PrEs), 4)

where 1 is the annual percentage rate, C; is the salvage value of TES, k is the service life in
year, and Ry, is the coefficient to estimate the maintenance cost from the capital cost.

Therefore, the overall annual operating cost of TES Ctgg can be calculated from the
annual depreciation cost and maintenance cost as

Cres (Etes, Pres) = Ca(Etes, Pes) + Co (Etes, Pres)- %)
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Figure 3. Schematic diagram of TES using phase change materials.

3. Configuration Method

A multi-period operational planning problem is formulated to determine the optimal
size of TES to minimize the overall investing and operating costs, while utilizing the
renewable wind resources as possible.

3.1. Objective Function

The objective function aims to minimize the overall cost, including the operating
cost of CHP units, operating cost of wind generation, penalty of wind curtailment, cost of
energy purchased through the tie line, and the annualized operating cost of TES.

T [ Ng

Cq (P;n th) + cwPly + CcurtPlyeurt + CtiePe | + Cres (Etes, Pres),  (6)
-1

min
t=1 |g
where T is the length of optimization horizon, N is the number of CHP units, Cé is the cost
function of CHP unit g at time £, Pgt and Qg are the electrical power output and heat power
output of CHP unit g at time ¢, ¢y, is the cost coefficient of wind generation in $/MW, cye is
the unit price of energy delivered through tie line, and P, is the exchange power of tie line
at time ¢, P‘fv is the total wind generation at time t, ccurt is the penalty coefficient of wind
curtailment in $/MW, and Py, curt is the wind curtailment at time ¢, which can be calculated
with the total available wind power P‘L’avaﬂ.

t _ pt
P w,curt — P, w,avail

P )

3.2. Operation Constraints
3.2.1. CHP Units Operation Constraints

The active electrical power output of CHP unit is restricted by both the capacity and
the heat power output as

Pl > min{cm,gQ; + K, PN — cvz,gQ;}, ®)
Py < PP — ¢y0,4Qp, ©)

where Pé“in and Pg"™ are the minimum and maximum electrical power outputs of CHP
unit ¢ with zero heat power output, cm g, ¢v1,¢, and cya,¢ are the values of coefficients for
unit ¢, and Ky is a constant to describe the virtual intersection point of the segment BC and
the axis of Pg in Figure 2.
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Besides, P§ is also restricted by the ramp rate of CHP unit as
Py =Py <Ry, (10)

Pit — Pf < R, (11)

where REP and R;p are the upward and downward ramp rate limit of CHP unit g.
The heat power output of CHP unit is restricted by its heat capacity as

min t max
Qmin < Qf < QI (12)
where Qg‘m and Qg** are the minimum and maximum heat power outputs of CHP unit g.

3.2.2. TES Operation Constraints

The input power and output power of TES are limited by its rated power capacity as

0 < P{"ES < FTESr (13)
0 < Qfps < Qres, (14)
Ofgs = 0.8 Prgs, (15)

where Pfpg and Qg are the input and output heat power of TES at time ¢, and Prgs and
Qrgs are the maximum input and output heat power of TES.

Considering the loss in electrical-heat conversion of TES, the electrical power required
is higher than the heating power of TES.

P{"ES = NTES - Pftleat' (16)

where P! is the consumed electrical power for heating TES at time #, and #rgs is the
efficiency of electrical-heat conversion. 777gg is set as 0.98 in this paper.
In addition, the energy state of TES is limited by its rated energy capacity as

0'1ETES < EIFES < ETESr (17)

where E{ is the energy state of TES at time ¢. It can be obtained by

Efps = Efgs + (Prgs — Qtes)AT, (18)
where AT is the time interval.

3.2.3. EB Operation Constraints

An EB is also considered to be configured in the microgrid for heat supply using
electricity, the operation of which is modelled with its rated power and efficiency as

0 < Pgp < Pes, (19)

Qg = 17eBPLg, (20)

where Pfg is the electrical power consumption at time t, P is the rated power of EB, Qk
is the heat power output of EB at time ¢, and #pg is the conversion efficiency of EB. g is
set as 0.98 in this paper.

3.2.4. Electrical Power Balance Constraints

The electrical load in the island consists of normal power load P!, _, and the EB power
PL, which is supplied by the integrated wind generation P!, CHP units generation P%,
and power from tie line Pf.
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Ng
(1+.ueloss)Péload+P]§B = Zpgt+Pw£v+Pf1e/ (21)
g=1
0< Pt + P, wheat < P\i\/avail’ (22)
— PR < Py < PR, (23)
where Jie)ss is the electrical power loss coefficient and is set as 0.05 in thlS paper. Pt >0

means power transfer from the maim grid to the island microgrid, and Pf;, < 0 means the
island microgrid transfers redundant power to the main grid. P}** represents the transfer

capacity of the tie line. P! . is the available wind generation at time ¢.

3.2.5. Heat Power Balance Constraint

To satisfy the heat demand, a heat power balance needs to be ensured between the
total heat load and the heat supply sources, including the CHP units, TES, and EB.

Qgp + Qs + 2 Qg = (1 + Hhloss) Phioads (24)

where Pfﬂ oad 18 the heat load at time f. pyp0s is the heat power loss coefficient and set as
0.05 in this paper.

3.2.6. System Reserve Constraint

An amount of power reserve is considered to ensure the power balance against
disturbances and contingencies.

Ng
Z (P§™ — Pg) > Re * Pljgaqs (25)

where Re is the system reserve ratio.

4. Case Study

To validate the effectiveness of the proposed model, a sea island county in China
is studied. The island county is located in the northern Yellow Sea on the east side of
Liaodong Peninsula and it consists of 195 islands, covering an area of 142 square kilometers
on land and 10,324 square kilometers on sea. The sea area has sufficient wind resources
and a microgrid system is built to integrate wind generation.

The microgrid consists of 2 x 20 MW CHP units, 200 MW wind power, and a tie
line of 60 MW connecting to the main grid. The prices are set as $0.06/kWh for wind
generation, $0.5/kWh for the energy transfered through tie line, and $603/ton for the coal.
Tables 1 and 2 illustrate the cost coefficients and technical parameters for the CHP units.
Figures 4-6 show a typical daily electrical load profile, a typical daily heat load profile, and
the typical available wind power for a month.

Table 1. Cost coefficients of CHP units.

Parameter Unit Value
by t-h1 4.038
b, t- (MW -h)™! 0.095
by t- (MW -h)~! 0.014
bs t-MW—2.h! 6 x 107
by t-MW—2.h! 1.8 x 107°
bs t-MW=2.h! 1.3 x 107




Energies 2021, 14, 2851 8 of 15

Table 2. Technical parameters of CHP units.

max min up dn
Cvl,g Cv2,g Cm,g Kg Pg Pg Rg R
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Figure 4. Typical daily electrical load profile.
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Figure 5. Typical daily heat load profile.
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Figure 6. Typical available wind power for a month.
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4.1. System Configuration Results

Three cases are tested to analyze the performance of TES and EB in relieving wind
curtailment, including (1) without TES and EB, (2) with EB, (3) with TES. The cost of EB
is set as $4 x 10° per MW. The efficiencies of TES and EB are set the same as 0.98. Table 3
illustrates the optimal configuration results for the three cases.

Table 3. Configuration results considering TES and EB.

Values Without EB and TES  WithEB ~ With TES
EB Rated Power Capacity/ MW 0 33.53 0
TES Rated Power Capacity /MW 0 0 45.84
TES Rated Energy Capacity/MWh 0 0 328.95
EB Annualized Cost/10° $ 0 1.0476 0
TES Annualized Cost/10° $ 0 0 1.7166
CHP Generating Cost/10° $ 24.5882 24.4054 24.6438
Wind Generation Cost/10° $ 8.9750 10.4221 10.7152
Wind Curtailment Penalty/10° $ 59187 1.8186 0.9880
Tie line Energy Cost/10° $ —80.8849 —80.8849  —82.0155
Wind Power Utilization Rate/% 81.12 94.20 96.85
Total Cost /10° $ —41.4030 —43.1912  —43.9519

As shown in Table 3, the utilization rate of wind power is only 81.12% without
any electrical-heat conversion devices. The wind curtailment not only limits the profit
of wind turbines (i.e,, wind generation cost) to $8.975 x 10° but also leads to a wind
curtailment penalty of $5.9187 x 10°, which seriously affects the economic performance
of wind generation. Taking minimizing the total operating cost as the objective function,
the optimal rated power capacity of EB is obtained at 33.53 MW with an annualized cost
of $1.0476 x 10°. The optimal configuration of TES is obtained as 45.84 MW /328.95 MWh
and the annualized cost is $1.7166 x 10°.

After installing EB, the utilization rate of wind power increases significantly and
reaches 94.20%. As a result, the profit of wind turbine increases to $10.4221 x 10°, and the
wind curtailment penalty also deceases to $1.8186 x 10°. Although there is an additional
annualized cost for EB as $1.0476 x 10°, the overall annual revenue of the microgrid
increases by $1.7882 x 10°.

Compared with EB, the installation of TES facilities the bi-direction and time-shifting
flexibility support from TES to utilize wind generation. The utilization rate of wind
generation further increases to 96.85%. As a result, the wind generation profit increases
$0.2931 x 10° compared to the case of installing EB and $1.7402 x 10° compared to the
case without EB and TES. The wind curtailment penalty also decreases $0.8306 x 10° and
$4.9307 x 10° compared to the other two cases. Although the TES solution requires a higher
annualized cost at $1.7166 x 10°, the overall annual revenue of the microgrid increases
$0.7607 x 10° and $2.5489 x 10° compared to other two cases. It should be noted that the
tie line energy profit increases by $1.1316 x 10® when comparing the TES solutions with
the EB solution due to the extra bi-direction and time-shifting flexibility.

In summary, comparing the tested three cases, the TES solution realizes a lowest
minimum total cost (i.e., highest total revenue), which validates that TES can not only
improve the utilization of renewable wind power in the microgrid but also realize a better
economic performance.

To further analyze the operational details with the installation of EB and TES, Figure 7
presents the typical two-day power profiles of the available wind power and the utilized
wind power with EB. Figure 8 shows the wind power profiles for the same two days after
installing TES, and Figure 9 shows the energy states of TES.
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Figure 7. Wind generation with the installation of EB.
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Figure 8. Wind generation with the installation of TES.

As it can be seen from Figures 7 and 8, installing TES can further mitigate the fluctua-
tions of the integrated wind generation compared to installing EB. A part of wind power is
stored in TES in heat during the peak period, which realizes peak shaving. The average
fluctuation level of wind power can be evaluated by APpean as

1 T
APmean = ﬁZ(ngtigcli_Péridl)' (26)
t=1

The value of APpean is 6.47 for the original available wind power and it is reduced to
4.65 with the installation of EB. With the configured TES, APmean is reduced to 3.77, which
validates that installing TES can increase the utilized wind energy and also smooth the
integrated wind power at the same time.

As shown in Figure 9, during hours 1 to 5, TES is in the charging mode due to the
surplus wind power and the energy state of TES is also increased. From hour 5 to hour 24,
the heating power is decreased due to the reduction of available wind power and the energy
state of TES is also declined. The wind power varies during hours 24-44; therefore, the
heating power and the energy states of TES are also under fluctuations. After hour 44, the
available wind power increases and so as the energy state of TES. In other word, the energy
state of TES can reflect the variation of wind power. TES can mitigate the fluctuations
of wind power by frequently changing the heating power and storing/releasing thermal
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energy to support the power balance of electrical network and increase the utilization rate
of wind power.

350

300

250

200

150

100

50

Energy state of heat storage/MWh

0

0 10 40 50

. 30
Time/h
Figure 9. Energy state of TES.

4.2. Performance of TES in Wind Power Utilization under Different Scenarios

The variations of wind power changes along with the months. Figure 10 shows the
performance of TES in utilizing wind power with different variation level in different
months. The variation level of wind power is represented by the standard deviation of
the available wind power. It can be found that the consumption rate of wind power is
affected by the variation level. A higher variation level would lead to a lower wind power
consumption rate.

200 — ®— standard deviation —&— wind consumption rate 100
180
98 X
160 2
S c
S 140 % s
8 =
>
3 120 94 §
'E [
5 100 8
S 80 =
@ =
60 90
40
88
20
0 86
Oct Nov Dec Jan Feb
Time/month

Figure 10. The wind power consumption rates of different months with TES.

The sizing of various components in the microgrid will highly affect the system
operational cost and the optimal capacity of TES. The microgrid scale mainly depends on
the demand (i.e., electrical load and heat load) and the installed renewable generation.
Therefore, a study is performed to discuss the impact of different wind power capacities,
different electrical load levels, and different heat load levels on the optimal capacity of TES
to achieve the minimum operational cost, as shown in Figures 11-13.
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Figure 11 shows the optimal TES configurations and wind consumption rates with
different wind power capacities. It shows that a higher capacity of TES is needed for the
increased wind power capacity due the increased available wind generation. Moreover, as
the electrical load and heat load remain the same in the microgrid, the wind consumption
rate will consequently decrease. Therefore, without demand growth in the microgrid,
continually installing more wind turbines would lead to an increasing requirement of TES
capacity and an declining utilization rate of wind power.

—a— TES energy capacity = —#— TES power capacity wind consumption rate

700 98.00

600 96.00
=
z2 2
S 2 500 g
2z 94.00 &
55 g
) % 400 2
ONe) 92.00 £
85 300 Z
22 3
5 & 90.00 =
v @ 200 g
o =
Sl

100 88.00

0 86.00
100 110 120 130 140

Wind power growth rate/%

Figure 11. The impact of increased wind power capacity on TES configuration and wind power

consumption.
—&— TES energy capacity —&— TES power capacity wind consumption rate
350 98.20
300 98.00
§ = 97.80
S 2 >
S 20 97.60 2
RoERs) =
22 00 97.40 &
2.
Qo 97.20 £
> b =
202 150 iz
L% S 97.00 S
Eﬁ’(é 100 96.80 E
- 96.60
50 — . R R R
- = = 96.40
0 96.20

100 110 120 130 140
Electrical load growth rate/%

Figure 12. The impact of increased electrical load on TES configuration and wind power consumption.
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Figure 13. The impact of increased heat load on TES configuration and wind power consumption.

Figure 12 shows the optimal TES capacities and corresponding wind power consump-
tion rates with different electrical load growth rates. The increasing electrical load can
consume more wind generation, which leads to a increase in wind power consumption
rate. The role of TES in utilizing wind power and supply heat load is reduced accordingly,
so the optimal TES capacity is decreased.

Figure 13 shows the optimal TES capacities and corresponding wind power consump-
tion rates with different heat load growth rates. With the increasing heat load, the thermal
network can provide more support to wind power utilization. Therefore, a higher optimal
TES capacity is obtained accordingly, resulting a stronger capability of utilizing redundant
wind energy for heat supply. A wind power consumption rate of 98.59% is realized with
40% growth of heat load.

5. Discussion

Integrating electrical and thermal network can facilitate the regulation capability of
thermal network to address the uncertainty in wind generation. CHP units are important
components to connect and coordinate the electrical and thermal power. Considering the
operating limits of CHP units, introducing additional flexible electricity-heat conversion
devices can significantly increase the operational flexibility of the microgrid. As demon-
strated in the Case Study, installing EB as an additional resource can not only bring extra
profits of wind turbines and reduce the wind curtailment penalty by increasing wind
power utilization rate, but also improve the economic performance of the whole microgrid.
Moreover, the optimally configured TES can further improve the wind power utilization
and increase the economic profits due to its bi-direction and time-shifting flexibility. The
additional cost of installing TES can be totally covered by the increased revenue.

Besides, the analyses of TES configurations under different wind power capacities,
different electrical load levels, and different heat load levels show that a higher TES capacity
is needed for larger wind generation capacity, while the increments in electrical load and
heat load can consume more wind generation and provide more flexibility, which leads to
less required TES capacity.

6. Conclusions

This paper investigates the optimal configuration of for relieving wind generation
curtailment in an island microgrid. By comparing the cases with and without EB and
TES, it is found that introducing additional flexible resources to the integrated electricity-
thermal microgrid network can bring technical and economic benefits. Further comparisons
show that TES can provide better performances in wind power utilization and overall
revenue compared to EB due to its additional flexibility. In addition, the analyses of
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TES configurations under different scenarios reveal that a microgrid with larger wind
generation capacity and lower electrical and heat load demand would require higher TES
capacity to achieve the optimal performance.
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