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ABSTRACT To satisfy the residential cooling demand in tropical large renewable microgrids (MGs),
multiple ice-storage air conditionings (IACs) are usually used to supply cold energy. However, these IACs
could not directly exchange the cold energy, which seriously limits the combined regulation effect. To address
the problem, a novel cooling and power combined supply system (CPCSS) is proposed in this paper, where
the trucks are used to distribute the ices among IACs. To evaluate the performance on the multi-time scales,
a cooling and power combined supply model is established. On this basis, a two-stage (i.e., day-ahead and
real-time stage) scheduling strategy is presented to minimize the MG operation cost. To speed up the solution,
this scheduling model is first linearized as a classic mixed-integer second-order cone programming (MISCP)
problem, and then is solved by Lagrange solution method. Simulation studies on an IEEE 14-node system
indicates that compared with the existing MG operation cost, the annual operational cost of the based-two-
truck CPCSS could be reduced by 9868800 yuan (12.6%), while the network loss could be decreased from
5.4 to 3.9 MWh. The results confirm the effectiveness of the proposed strategy.

INDEX TERMS Renewable microgrid, ice-storage air conditioning, multi-time scale, cooling and power

combined supply system, Lagrange solution.

I. INTRODUCTION
Energy crisis and environmental awareness stimulate the
large-scale renewable energy connected to grid [1], [2]. How-
ever, the randomness and volatility of renewable generation
also bring great challenges to the safe and economic operation
of power grid [3], [4]. Research shows that multi-energy
systems could mitigate the bad impact of the renewable
generation while developing complementary advantage [5].
Benefiting from this, integrated heat, cooling, and power
systems are believed to be more and more popular in the
future. Therefore, it is of great practical significance to study
the optimal scheduling of the integrated heat, cooling and
power system.

Actually, the heat, (cooling,) and power combined schedul-
ing has been an active research field for a long time. For
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example, a heat current model of a district heating network is
constructed in [6] to deduce the corresponding heat transport
matrix by applying Ohm’s and Kirchhoff’s laws. A flexibility
evaluation method based on a generalized thermal storage
model is introduced in [7] to systematically characterize
and quantify the flexibility of district heating networks in
combined heat and power dispatch. A uniform framework in
the Laplace domain is formulated in [8] by modeling heat
losses and transfer delays from an electrical-analog perspec-
tive. The transient heat flow and steady-state electric power
flow are combined in [9] to formulate the dynamic optimal
energy flow model of the heat and electricity integrated
energy system. On this basis, an end-to-end district heating
system model is developed in [10] to consider pipeline energy
storage with an explicit relationship between heat generation
and demand. A combined heat and power dispatch model
is formulated in [11] to coordinate the operation of elec-
tric power system and district heating system considering
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pipeline energy storage. Transmission constrained unit com-
mitment with combined electricity and district heating net-
works is used in [8], [12] to accommodate large amounts of
variable wind power by utilizing the heat storage capacity of
district heating systems. A decentralized operation scheme
for interdependent power distribution network and district
heating network is designed in [13] to create additional oppor-
tunities of spatial and temporal demand response. A decen-
tralized and parallel dispatching method for the operation of
the integrated heat and electricity systems is used in [14] to
coordinate a high resolution of electricity and heat dynam-
ics. A two-level supervisory closed-loop feedback strategy
is discussed in [3], where the lower level processes only
local measurements, and the upper level updates the local
controllers to minimize thermal discomfort of the microgrid.
A two-stage robust integrated electricity and heating sys-
tem scheduling model is proposed in [15] to deal with the
uncertainties of the heat load, ambient temperature and heat
dissipation coefficients of heating pipelines. A new stochas-
tic model based on the energy hub approach is developed
in [16] to treat the external dependencies and their uncertainty
referring to heat and power systems. The above work almost
focuses on the thermal energy supply based on district heating
networks. However, in the tropical regions, the residential
cooling demand is the main consideration. Unlike the heat
which could be transmitted over a long distance, the cold
energy usually flows locally due to the serious energy leak-
age. Therefore, we may not directly learn a lot from the above
modelling method or optimization strategy.

More recently, more and more researchers have focused on
the cooling and power combined scheduling. For example,
residential refrigeration technologies are presented in [17] to
coordinate the power generation and energy storage. A com-
prehensive analysis of an office building performances is
outlined in [18] to analyze the refrigeration energy consump-
tion and thermal comfort. A novel cooling system based on
phase change materials is proposed in [19], [20] to satisfy
the residential cooling demands. The use of variable speed
drives is discussed in [21] for cost-effective energy savings
in South African mine cooling systems. A novel implemen-
tation strategy is formulated in [22] for mine cooling systems
to improve the energy utilization. A newly developed open
source data center package in the Modelica Buildings library
is introduced in [23] to support modeling and simulation of
cooling and control systems of data centers. Physics based
models are developed in [24] to allow the prediction of the
energy consumption and heat transfer phenomenon in a data
center. A supervisory control strategy is studied in [25] for
an indirect adiabatic cooling system with application to data
centers. The optimization problem of data center cooling
system is formulated as an integer linear programming prob-
lem and solved using a heuristic algorithm in [26]. A new
mathematical model is proposed in [27] to map the effect of
ambient temperature to the aggregate demand response of a
heterogeneous population of air conditionings. A coordinated
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control strategy is designed in [28] for inverter and fixed air
conditioning to cool the residents while carrying out the fre-
quency regulation. An optimal control method for ice-storage
air conditioning (IAC) based on reducing sequentially direct
cooling cost is proposed in [29]. An optimal dispatch model
of an IAC system for participants is established in [30] to
quickly and accurately perform energy saving and demand
response. Particle swarm algorithm is adopted in [31] to
facilitate optimization of IAC systems and to develop opti-
mal operating strategies, using minimal life cycle cost as
the objective function. However, the above cooling systems
could not transmit the cold energy over a long distance and
exchange energy between each other, which seriously limits
cooling and power combined scheduling benefits. Addition-
ally, focusing on the power consumption shifting characteris-
tic on the long-time scale, the above literature rarely notices
the regulation flexibility of cooling systems on the short-time
scale. Finally, the existing works usually study the cooling
and power combined performance using the DC power flow
model, which may result in a large error due to the ignorance
of the network loss.

With the above observation, it is speculated that more
energy exchange between cooling and power system could
better develop the complementary advantages and coordina-
tion benefits. Therefore, this paper attempts to make some
improvements on the IAC scheduling. First, inspired by
the ice delivering for resident heat dissipation and super-
market meat preservation [32], a novel cooling and power
combined system (CPCSS) for tropical microgrids (MGs)
is proposed, where trucks are used to transport and dis-
tribute the ice among IACs. Considering the consumption
shifting and power smoothing ability of the IACs, a cool-
ing and power combined supply model on the multi-time
scales is established. Additionally, to ensure the cooling
and power combined supply performance, a two-stage (i.e.,
day-ahead stage and real-time stage) MG scheduling strat-
egy is formulated. On this basis, linear techniques are first
used to convert this MG scheduling model into a clas-
sic mixed-integer second-order cone programming prob-
lem (MISCP), followed by Lagrange solution method. The
simulation studies are conducted on IEEE 14-node dis-
tribution network The main contributions are presented
as follows:

1) A novel integrated cooling and power system for tropical
MGs is proposed. Benefiting from this, the complementary
advantages of integrated cooling and power system are further
developed.

2) A novel cooling and power combined supply model on
multi-time scales is established. On this basis, a two-stage
scheduling strategy is designed to carry out consumption
shifting and power smoothing simultaneously.

3) The MG scheduling model is first linearized and effi-
ciently solved by Lagrange solution method. Additionally,
the effectiveness and benefits of the proposed model is veri-
fied using realistic renewable generation and load.
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Il. COOLING AND POWER COMBINED SUPPLY MODE
FOR ISLANDED MICROGRIDS
A. OPERATIONAL MECHANISM OF THE ICE-STORAGE AIR
CONDITIONERS
Figure. 1 shows the operational mechanism of ice-storage
air conditionings (IACs). As observed from the figure, IACs
consist of the ice maker, ice melting unit, and refrigeration
unit. The ice maker can produce ices and store them into ice
storage banks. By consuming these storage ices, the ice melt-
ing unit could supply cold energy. Additionally, the cooling
demands are also able to be satisfied using refrigeration unit.
It can be seen that the IACs have a certain flexible regulation
ability. Therefore, the IACs could be used to respond to the
grid demand while supplying the local cooling load.
However, the cooling flow cannot be transmitted over a
long distance due to serious energy loss. In this case, multiple
IACs need to be installed. Because the cooling energy could
not be exchanged directly, the energy saving performance
may not be good enough even if multiple IACs are operated

jointly.
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FIGURE 1. Diagram of ice-storage air conditioner.

B. COOLING AND POWER COMBINED SUPPLY SYSTEM
Figure. 2 depicts a novel CPCSS. As observed from the
figure, multiple IACs are connected to MGs to satisfy the
cooling demand. The ices are produced and stored in the tanks
of the IACs. To achieve the cold energy exchange, trucks are
used to carry, transfer, and distribute the storage ices among
the IACs. By this means, the electric transmission loss may
be reduced significantly. Therefore, the cooling and power
energy could be better supplied. Note that the CPCSS could
be regulated flexibly on the multiple time scales, which is
introduced in details in section III.

lIll. OPERATIONAL MIODEL OF THE COOLING-POWER
COMBINED SUPPLY SYSTEM ON MULTI-TIME SCALE

In this section, the CPCSS operational model on the multi-
time scales is established.

A. CPCSS MODEL ON THE COOLING SIDE

Multiple IACs with trucks are combined to satisfy the cooling
demands. They are operated with the time-space network
constraints and time-energy limits. The time-space network
constraints are presented in (1)-(6), where (1) expresses the
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FIGURE 2. Structure of the CPCSS applied to islanded MGs.

truck k has only one position at time ¢, (2) denotes that the
truck space position should be connected with each other,
(3)-(4) limit the truck travel time from station i to j, (5) stands
for the constraint of the truck initial position, (6) requires that
the truck k returns to its original position at the end.

Yzt =1 (1)

VAR A A )
Z 2 Ye=1,.,T-T -1 (3)
t+TY—1
> zZb = (28 7)1 )
=t
Nz > 7y )
i
Z;,ii — Z(l)c,ii (6)

where the binary variable Z"¥ = 1 represents the truck k is
driving from station i to j at time 7, vice versa, TH expresses
the driving time from station i to j, and T is the scheduling
cycle.

The time-energy constraints of the trucks are given in
(7)-(14), where (7) means the ice throughput constraint of
truck k, (8) expresses that the truck ice load at time ¢ is
determined by ice load at time 7-1 and ice throughput at time 7,
(9)-(10) are the truck loading ice limits, (11) represents that
the IAC ice storage capacity is related with the ice mak-
ing power, ice melting power, and ice throughput, (12)-(13)
indicate the ice storage constraints of the IACs, and (14)
stands for the balance between the cold supply and cooling
demand [29].

‘Htice,k,i < Hrz;e,kztk,ii )
Etice,k — Etiieik%.air + ZH[ice,k,i (8)
i

0 < El““k < Elice ©9)

E}ce,k — E(z)ce,k (10)

E;‘\C,i _ E?C‘l,i%.air + Picemakingyinicemaking
_P:nelt,inmell _ ZHZCEJCJ (11)

k
0 < EACT < EACH (12)
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E?Cz — EACl (13)
Pchiller lnchlller + P;nelt,inmelt — Htl,i (14)
ice,k,i

where H, and Hic® k are the actual and rated ice through-
put amount, respectlvely, 5‘”’ is the ice retention rate consid-
ering the cold leakage, E/“* and Ei¢ are the actual and rated
ice storage amount of the truck, respectively, P 'Cemakmg ',
Pt and P are the ice making power, ice melting
power, and refrigeration power, respectively, nicemaking pmelt
and n°hiller are the ice making efficiency, ice meltin Cg effi-
ciency, and refrigeration efficiency, respectively, E7. "' and
EAC ! are the actual and rated ice storage amount of the IACs

respectively, and H is the cooling demand at time 7.

B. CPCSS MODEL ON THE ELECTRIC SIDE

On the electric side, the IAC working power constraints
and power flow limit shall be considered. The refrigeration
power, ice making power, and melting power of IACs shall
be constrained to following formulas:

chiller,i hiller i

0§P[ Sanlerl (15)
icemaking.,i i king,i

0 S P{ S Pi;ema mng,1 (16)
melt ,i It,i

0<P < prett a7

where pchiller,i | ppemating:t anq pmeltsi are the rated power of

refrigeration, ice making, and ice melting, respectively.

Additionally, the power flow constraints are given in
(18)-(26), where (18)-(19) express the active and reac-
tive injection power constraints of nodal i, respectively,
(20)-(21) represent the relationship between the node injec-
tion power and branch power, (22)-(23) are the active and
reactive power limits at the head and end of the branch ij,
respectively, (24)-(26) stand for the nodal voltage and branch
line constraints [33].

P;’ _ P + chemakmg, +Pmelt l_i_P;‘hiller,i _ PtWTJ
- P” Vi _ pg! (18)
i tcemakmg z melt, z chiller i WT ,i
0 =0"+0 +0, T +0; -0
PV i Qg i (19)

P == Z (20)
j

0 =-> 1)
J

Pl =P} —rie (22)

0 = o — xig} (23)
.. .\ 2 ) ,

¢ = ((p;f) + () ) / V (24)

e <4 (25)
Vi<l <y (26)

is the load
PV and P$" are the active power of the

where P! is the nodal injection active power, P
active power, P ', P!
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wind turbine (WT) generation, photovoltaic (PV) output, and
micro turbine (MT) generation, respectively, Qt, l t ,W T, o
Qf Vi and QF" are the corresponding reactive power P] and
QY are the active and reactive power at the head of the branch
ij, respectively, £ is the current square of branch ij, r¥ and x_’/
stand for the branch resistance and reactance, respectively, i
is the rated current square of branch ij, vi, v/, and v/ mean the
real-time, minimum, and maximum voltage square of node i,
respectively.

The CPCSS operational model would be scheduled using
a two-stage scheduling strategy, which is explained in
Section I'V.

IV. TWO-STAGE SCHEDULING STRATEGY

To ensure the cooling and power combined supply perfor-
mance on multi-time scales, a two-stage scheduling strat-
egy is proposed, where the day-ahead stage optimizes ice
transportation routes, and the real-time stage determines the
optimal unit operation power.

A. DAY-AHEAD SCHEDULING STAGE

In the day-ahead stage, renewable generation forecasting
errors may impact the microgrid operation costs consisting
of the MT generation cost and truck fuel cost. To mitigate the
impact, stochastic optimization method is used in this paper
to determine a reasonable day-ahead decision. The details are
presented as follows:

First, according to the existing forecasting technology
or consulting relevant departments Photovoltaic generation
va”, wind output P ’, and forecasting error could be
easily obtained. Without loss of generality, assume that the
distribution laws of forecasting errors satisfy (27)-(28) [34].
On this basis, Monte Carlo sampling method is used to gen-
erate lots of possible power scenarios. Finally, to reduce the
computation burden, scenario reduction method is used to
obtain limited typical scenarios, where the wind generation
and PV output in node i in scenario s are denoted as PP Vi

and P
PV \ Ai—1
(l — %) 27
Pm

1 PPV
1O = e ()
PrYB(ay, B1) \ P,

Wind \ #2~1 Wind \ £2—1
f(PWIIld) — _ 1 Pl fn 1— Pl fn
! PymdB(Olz, B) pgmd p\’;\l/md
(28)
where PV and PV stand for the rated renewable genera-

tion, o1, B1, @z and B; are the Beta distribution parameters.

With the objective of minimizing the microgrid operational
cost, the scenario-based day-ahead scheduling problem Fj is
presented as follows:

s T
1 N2 o
§O PP (e () o)
s=11=1 i
T

+3 >z (29)

t=1 k i#

Fy : min
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5..0 < P} < ud'Pg) (30)
where S is the scenario number, a8, bS, and c8! are the
generation cost parameters of MT i [35], P%! is the rated MT
generation power, p* is hourly ice transportation cost.
Note that the optimization variables include the fast-
response variables and slow-response variables. The fast-
response variables would be changed correspondingly
according to the renewable generation deviation in scenario s,
which include Hl’cte k, z’ Elce k, Plcemakmg l’ Pmelt i EAC 1’

; 8.t 5.t s,t 8.t
Pghtl”e“ Hsltl» Pi‘t’ Pftla 5,10 Qsta ;]t’ ?t’gl]t and vy
The slow-response variable would remam the same regard
to multrple scenarios, which include Z ¥ and unit start-stop
sign 5. By solving the day-ahead scheduling model, the
slow-regulation variable decisions would be obtained and

passed on to the real-time stage.

B. REAL-TIME SCHEDULING STAGE

In the real-time stage, model predictive control (MPC)
method is used to optimize the microgrid operational cost
according to the actual renewable generation power. The
scheduling problem F, is presented as follows:

t+M—1

F, : min Z Z(agl (sz> —i—bgng’—i-cg’ug’)
=t i
t+M—1
+ Y YN zkip (31)
=t ki
s.t. ZM0 = ki (32)
A
u$ = ub! (33)

/\ /\
where M is the forecasting time window, Z Y and up' are
the day-ahead decisions.

However, the two-stage scheduling model includes many
binary variables and nonlinear constraints, which makes it
difficult to be solved. This problem would be addressed in

Section V.

V. SOLUTION ALGORITHM
In this section, linearization techniques and Lagrange solu-
tion method are used to solve the MG scheduling problem.

A. LINEARIZATION STAGE

The nonlinear constraint (24) makes the scheduling model
difficult to be solved. According to [33], (24) is treated as
follows:

.\ 2 N 2
vl = () + () (34)
2P!
207 <&/ (35)
1
E] — vt 5
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Through the above process, the optimization problem is
converted as a classic mixed-integer second-order cone pro-
gramming problem (MISCP).

B. LAGRANGE SOLUTION STAGE

Due to numerous variables and constraints, the MISCP prob-
lem is still difficult to be solved. Taking the day-ahead
scheduling model as an example, Lagrange solution method
is used to solve the optimization problem. The detailed expla-
nations are presented as follows:

By analyzing the day-ahead scheduling model, it can be
seen that the optimization problem of the proposed CPCSS
includes the ice transportation scheduling (i.e., (1)-(6)) and
energy scheduling (i.e., (7)-(26) and (30)). Additionally,
the binary variable Z,°" is the only associated variable
between them. Therefore, by introducing Lagrange multi-
pliers )\f’”, the objective function can be relaxed to Fy_,
as follows:

S T
1 ) N2 o o
~emin 23T (w (P&) +bg"P‘§’,'+cg"uf”>

s=11=1 i

+ Z Z Zztk,ijpfuel

=1 k i#

™M~

+ Z)‘k”( klz_ tkii) (36)
t=1 k
where Zk " is the decision variable in the energy scheduling
problem.

On this basis, two sub-problems are formulated to denote
the energy scheduling and ice transportation scheduling,
as follows:

Sub-problem 1: energy scheduling

The energy scheduling problem Fyi_ is formulated as
follows:

S T
1 .
. h o 8,1 851 2,i p&.i gt
Fg1— : min 3 E E E <a (PS’) +b%' P +c )
s=11t=1 1
+§ :2 :)Lic,uztk,u
=1 k

s.t. (7) —_(26), and(30). (37)

Sub-problem 2: ice transportation scheduling
The ice transportation scheduling problem F o_—
lated as follows:

- min Z Z sz l]pfuel Z Z)‘k qu ii

t=1 k i#j
s.t. (1) — (6). (33)

is formu-

We can see that the sub- problem 1 and sub-problem 2 are
linked by Lagrange multipliers A '. By regulating A
an optimal result would be obtalned through iterative solu-
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tion. In this paper, if )»f’ii

)\ic,n,lter—ﬁ—l — )\ic,n,lter + alter (Ztk,tt _ Ztk’”) (39)

# 1, it is calculated as follows.

where
Aic,u,lter+l — )Lic,u,lter + Oélter (Ztk,n _ Ztk’”) (40)

The solution step is expressed as follows:

Step 1: Initialize parameters

Set )Lf’”’l =0, Ft}_ = 400, F;_ = —o0, and maximum
iteration number Iterm.

Step 2: Calculate F1*"

According to AX#1T ypdate Fir and FIST . On this
basis, Fifer = min{Fj;‘fr_, Fg;r_F;,’ir_l} is calculated.

Step 3: Calculate F/*" )

Following the decision result of Z*" in Sub-problem 2,
calculate the scheduling problem Fj. The result is written
as F}. Update Fjj’e’ = rnin{F(lf‘”_l F3Y.

Step 4: Check stopping criteria

If either iter > Iterm or F g” —F ji’i’ < ¢ is satisfied,
the iteration would be stopped. Or else, let iter = Iterm + 1
and go to step 2.

The solution process is depicted in Figure. 3. Note that
optimization problem is non-convex and nonlinear, we will
use the commercial solver Gurobi to solve it.

ki 1 1_ 1
‘&,u, =0, F;=t+o0 F}_=-o0 [term ‘

kil iter

A
‘ Solving microgrid scheduling problem L
s ‘ 1 iter=iter+1

‘ Solving sub-problem 1 ‘

‘ Solving sub-problem 2 ‘

iter
Fi By |
I G

‘ FG}’":min {F;m»l,F;} ‘

iter iter iter iter—1
F;Y =min {F{“_Jerz_, F }

iter > Iterm
F —F“ <¢

FIGURE 3. Flowchart of the Lagrange solution method.

VI. RESULTS AND DISCUSSION
A. TEST SYSTEM
An IEEE 14-node power grid is used to evaluate the per-
formance of the proposed dispatching strategy [36]. The
microgrid structure diagram is shown in Figure 4. As depicted
from the figure, three IACs are located at nodes 3, 7, and 13,
respectively. The WTs and PVs are installed at nodes 3 and 9.
Two MTs are equipped at nodes 1 and 2

The MT generation parameters araz®’ = 0.001805yuan/kw?,
b8 = 0.52575yuan/kw, and ¢ = 9 yuan [35]. The rated
refrigeration power, ice making power, ice-melting power of
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FIGURE 4. Structure of the islanded microgrids with CPCSS.
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FIGURE 5. Renewable generation and electric and cold load.

TABLE 1. Branch parameters of microgrids.

Branch R (p.u) X (p.u.) Branch R (p.u.) X (p.u.)
1-2 0.15 0.20 1-3 0.22 0.22
1-4 0.22 0.22 2-5 0.18 0.36
2-6 0.16 0.22 5-7 0.08 0.08
3-8 0.16 0.22 8-9 0.16 0.22

8-10 0.22 0.22 3-11 0.22 0.22
4-12 0.18 0.24 4-13 0.08 0.22
13-14 0.08 0.08

IACs are 5 MW, 2 MW, and 3 MW, respectively. The working
efficiencies in three modes are 4.2, 2.8, and 42.5, respec-
tively [29]. The ice retention rate is set to 0.99. The microgrid
branch parameters are shown in Tab. 1. Figure 5 shows the
wind generation, electric load, and cooling load, where the
electric power profiles refer to [37], and the cooling load is
collected from tropical regions. On this basis, they a. The
microgrid voltages are allowed to operate between 0.93 and
1.07 [38].

According to China’s market prices, the purchase price
and service life of trucks are 200000 yuan and 15 years,
respectively. Without loss of generality, it is assumed that the
ice distribution between IACs can be completed in an hour.
The hourly ice distribution cost and daily driver wage are set
to 200 yuan and 300 yuan, respectively.

To verify the superiority of the proposed model, three cases
are discussed, as follows:

1) Case 1: The cold energy could not be directly exchanged
among IACs. The day-ahead dispatching objective is given as
follows:

S T
1 oS i i i e
F; : min S E E E <ag” (Pf;) +bg”Pf’,'+cg”u§ l)
s=1t=1 i
41
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2) Case 2: The proposed scheduling model integrating one
truck in this paper is used.

3) Case 3: The proposed scheduling model integrating two
trucks in this paper is used.

All numerical simulations are coded in MATLAB based
on a Windows-based PC with 17 CPU, and 16 GB RAM. The
computational time is 147 seconds in case 1, 241 seconds in
case 2 and 387 seconds in case 3, respectively.

B. RESULT ANALYSIS

1) ENERGY CONSUMPTION ON THE LONG-TIME SCALE
Figure. 6 shows the CPCSS energy consumption in case 1.
As observed from the figure, the MTs and IACs are coordi-
nated to maintain the electric power balance. The MT power
varies between 2.4 MW and 18.9 MW, and the corresponding
average generation cost floats within 800.9 yuan/MWh and
815.5 yuan/MWh. In the dispatching cycle, the MT generates
264.82 MWh electricity, and the network loss is 5.4 MWh.

20 T T T T T T T 816
— JAC —MT —— Power loss
A 15— o -Generation cost of per MWh 812 s
€10 808 éi
~ 5t ; 1 804 8
s ]
O | | | | | | Il 800
0 2 4 6 8 10 12 14 16 18 20 22 24

Time (hour)

FIGURE 6. CPCSS energy consumption in case 1.

Tab. 2 shows the ice distribution routes in case 2. Assume
—stands for the truck driving direction. As observed from
the table, the trucks are used to transport ices among
IACs. In the dispatching period, ice distribution sequence is
1—2—3—2— 1. Itcan be speculated that the cooling energy
exchange in multiple areas are achieved in this case.

TABLE 2. Ice distribution sequences.

Time 1:00-2:00  3:00-4:00  19:00-20:00  22:00-23:00
Trip 1-2 2—3 352 2—1

Figure. 7 shows the CPCSS energy consumption based on
one truck. Benefiting from the cold energy exchange among
multiple areas, the IACs are operated more flexibly, which
makes MT work at economical range. In the dispatching
cycle, the MT power changes from 1.9 MW to 15.5 MW, and
the generation cost fluctuates between 800.9 yuan/MWh and
811.3 yuan/MWh. The MT generation power and network
loss are reduced to 245.3 MWh and 4.4 MWh, respectively.

Tab. 3 shows the ice distribution sequences in cases 3.
As observed from the table, truck 1 and truck 2 follow
trips 1-3—1, and 1—-2—1 to transport ices among IACs,
respectively. Benefiting from the truck coordination, mul-
tiple TACs can exchange cooling energy simultaneously
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FIGURE 7. CPCSS energy consumption in case 2.
TABLE 3. Ice distribution sequences.
Truck 1 Time 0:00-1:00 22:00-23:00
Trip 1-3 3—1
Time 1:00-2:00 22:00-23:00
Truck 2 Trip 1-2 21

(e.g. at 22:00-23:00). Therefore, the performance of the cool-
ing and power combined supply would be better.

Figure. 8 verifies the cooling and power combined supply
advantages. With the help of two trucks, the energy consump-
tion elasticity of the cooling load is further released. As a
result, the MT power could be operated at between 3.1 MW
and 14.7 MW. During this range, the average generation cost
floats from 800.8 yuan/MWh to 810.3 yuan/MWh. In the
dispatching cycle, the MT generation electricity and net-
work loss are further reduced to 231.3 MWh and 3.9 MWh,
respectively.
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FIGURE 8. CPCSS energy consumption in case 3.

According to the above results, we can see that the MT
generation cost and network loss in case 2 and case 3 are
smaller than those in case 1, implying the energy saving
advantages of the proposed scheduling strategy. Additionally,
the result difference in case 2 and 3 indicates that a more
closely CPCSS could further improve the microgrid operation
performance.

2) POWER SMOOTHING ON THE SHORT-TIME SCALE
Taking the renewable power at 19:00-20:00 in Figure. 9 as an
example, the power smoothing performance of the CPCSS on
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FIGURE 9. Renewable power on the short-time scale.

the short-time scale is introduced. The results are presented
as follows:

Figure. 10 depicts the power smoothing effect in case 1.
As observed from the figure, the IAC closely follows the
renewable generation fluctuation. However, the IAC power
variation amplitude is limited to 0.36 MW due to the oper-
ational constraint. As a result, the MTs are simultaneously
regulated to maintain the power balance, resulting in a float-
ing generation cost. In this hour, the average generation cost
(i.e., upper bound of grey zone) is 813.7 yuan per MWh.
In contrast, the nominal generation cost without responding
to the power fluctuation (i.e., lower bound of grey zone) is
only 812.3 yuan per MWh. The results show the renewable
generation fluctuation could increase the actual generation
cost of MTs.
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FIGURE 10. Power smoothing on the short-time scale in case 1.

Figure. 11 shows the power smoothing performance in
case 2. Unlike in case 1, the IACs could deeply participate
in the renewable generation smoothing. Its power variation
range is within 6.65 MW-7.25 MW. In this case, the average
and nominal generation costs of the MTs are 810.9 and
810.4 yuan per MWh, respectively. The hourly cost deviation
of 0.5 yuan per MWh implies that the impact of the power
fluctuation is significantly mitigated

Figure. 12 is the operation power on the short-time scale in
case 3. The IACs are allowed to work at between 5.85 MW
and 6.49 MW. Benefiting from the IAC regulation effect,
the MT power variation amplitude is reduced. The average
generation cost of the MTs is 808.9 yuan per MWh, which is
only 0.4 yuan per MWh higher than the nominal cost.
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FIGURE 11. Power smoothing on the short-time scale in case 2.
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FIGURE 12. Power smoothing on the short-time scale in case 3.

In summary, the proposed scheduling strategy could
release the IAC regulation ability on the short-time scale, and
reduce the renewable fluctuation impact.

3) ECONOMY ANALYSIS

Table 4 shows the microgrid comprehensive operation costs
in three cases. According to the daily cost of the MT and fuel,
we can calculate that the microgrid annual operation costs
are 78077150 yuan in case 1, 72160500 yuan in case 2, and
67959350 yuan in case 3, respectively.

TABLE 4. MG comprehensive costs.

MT daily . . Truck annual Total
Fuel daily Driver annual ..
cost cost (yuan) cost (yuan) depreciation cost annual cost
(yuan) (yuan) (yuan)
Case 1 213910 0 0 0 78077150
Case2 197700 800 109500 15000 72285000
Case3 186190 800 219000 30000 68208350

According to the domestic market information, the truck
sale price is 150000 yuan, respectively. Assume that the truck
service life is 10 years, the annual operation costs of the
microgrid are 78077150 yuan in case 1, 72285000 yuan in
case 2, and 68208350 yuan in case 3, respectively.

Compared that in case 1 and 2, the MG cost in case 3 could
be reduced by 9868800 yuan (12.6%) and 4076650 yuan
(5.6%), respectively. The result shows that the proposed
scheduling strategy could significantly improve the microgrid
operation economy.

C. IMPACT OFFUEL PRICES
To increase the persuasion, the impact of the fuel price is
studied. Assume the fuel price in the original manuscript as
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1.0, Fig. 13 depicts the microgrid operation cost in three cases
with a price of 0.7~1.3.
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FIGURE 13. Impact of fuel prices on the MG operational costs.

As observed from the figure, With the increase of the
fuel price, the MG operation costs in three cases increase
simultaneously. However, the MG operation costs in case 1, 2,
and 3 are always highest, moderate, and lowest, respectively.
Additionally, as the fuel price increases from 0.7 to 1.3,
compared with that in case 1 and case 2, the MG operation
cost in case 3 could be reduced by from 6429000 yuan
to 12327000 yuan, from 3266600 yuan to 6226800 yuan,
respectively. The result shows that the advantages of the
proposed scheduling strategy would be more prominent as the
fuel price increases.

D. COMPARISION WITH ONE-STAGE SCHEUDLING
STRATEGY

To verify the superiority of the proposed two-stage schedul-
ing strategy, a one-stage scheduling method integrating MPC
is used to guide the microgrid operation [39]. The results are
depicted in Table 5.

TABLE 5. MG comprehensive costs.

MT daily Fuel daily Driver annual Truck annual Total

. )
cost cost (yuan) cost (yuan) depreciation cost annual cost

(yuan) (yuan) (yuan)
Case 1 228740 0 0 0 83490100
Case 2 205990 400 109500 15000 75456850
Case 3 194320 400 219000 30000 71321800

As observed from the figure, the annual MG operational
costs in three cases are 83490100 yuan, 75456850 yuan,
and 71321800 yuan, respectively. Unlike this one-stage dis-
patching results, the annual MG operational costs using the
two-stage strategy could be reduced by 5412950 yuan (6.5%)
in case 1, 3171850 yuan (4.2%) in case 2, and 3113450 yuan
(4.4%) in case 3, respectively. The results indicate that the
proposed scheduling strategy could significantly reduce the
MG operation cost.

VIl. CONCLUSION

In this paper, a novel cooling and power combined supply
scheme is designed. Based on the theory analysis and simu-
lation result, the conclusions could be obtained as follows:
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1) The proposed integrated cooling and power system
could significantly reduce the MG operation cost by shifting
consumption shifting and smoothing power simultaneously.

2) The proposed two-stage MG scheduling strategy could
ensure the CPCSS performance on the multi-time scales.

3) The linearized techniques and Lagrange solution
method could efficiently solve the scheduling problem.

In the actual scenario, the PDF of uncertainties could not
be obtained. Therefore, future work will include dealing with
the severe uncertainties.
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