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HIGHLIGHTS

e Proposing a multi-layer framework for operation scheduling of SIEMS.

e Considering the electrical and thermal generation flexibility in the second stage.

o Three new indexes are introduced to evaluate the flexibility of the system.

o Hybrid min-max and max-min approach is developed to provide demand-side flexibility.
e The water storage system are integrated into the system.
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This paper proposes a stochastic framework for the operation scheduling of integrated renewable-based energy
microgrid systems. The proposed model presents comprehensive scheduling that simultaneously considers total
generation costs, generation flexibility, and demand-side flexibility. This operation management approach is
modeled as the tri-layer framework. At the first layer, the microgrid system attempts to minimize daily operation
costs considering the probabilistic behavior of renewable generation, signal prices, and loads. The desalination
unit and water tank storage have been incorporated into the proposed structure to supply potable water for the
system. The second layer reschedules the obtained management of the first layer to increase the thermal flexi-
bility and electrical flexibility of local generation resources. To this end, the integrated energy system tries to
maximize the spinning reserve of the local energy resources in the second layer. The last layer is responsible to
increase demand-side flexibility. In this layer, a hybrid max-min and min-max approach is developed to uniform
the load profile by demand-side management programs. The proposed framework is applied to the general
structure of energy systems and the day-ahead results demonstrate that the electrical generating flexibility index
and thermal generating flexibility index are improved by 22.98% and 34.64% in the proposed model.

With the high penetration of RES, the future energy system requires

1. Introduction

The environmental pollution of fossil fuels and the increasing ac-
celeration of the depletion of fossil-based fuels are two main challenge
for humanity [1,2]. The significant contribution of fuel-based power
plants is the major cause for the environmental challenges [3]. Global
warming and climate change are the most important threats to fossil fuel
combustion. [4,5]. In December 2015, all parties pledged to strengthen
and increase their efforts to decrease the carbon capture through the
Paris Agreement [6]. Integration of renewable energy resources (RES) is
one of the main solutions to achieve the goals of the Paris Agreement
[7].

* Corresponding author.

an extremely strong interaction between different energy sectors such as
electricity, heating, and cooling [8,9]. The integrated energy systems
(IES) can cope fluctuation of RES in an efficient way to provide the
decarbonization opportunity for smart energy systems [10]. Smart in-
tegrated energy microgrid systems (SIEMS) connect the energy-
consuming sectors to the upstream network. This integration enhances
the efficiency, flexibility, and resilience of the system [11].

Various research works studied the operation scheduling of smart
integrated energy microgrid systems. Authors in [12] developed multi-
objective decision-making that applied the epsilon constraint method
to minimize the total operating costs and freshwater extraction from
underground resources simultaneously. A multi-time scale framework
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Nomenclature
Abbreviations
AC absorption chiller
ADFPPI average demand-side flexibility during peak period index
AEGFI  average electrical generation flexibility index
ATGFI  average thermal generation flexibility index
CHP combined heat and power
DR demand response
EC electric chiller
EESS electrical energy storage system
ESS energy storage system
EGF electrical generation flexibility
1SC ice storage conditioner
IES integrated energy system
MILP mixed-integer linear problem
PDF probability distribution function
RES renewable energy resources
SIEMS  smart integrated energy microgrid system
TGF thermal generation flexibility
Indexes
c ISC index
e index of electrical ESS/DR
h index of thermal ESS/DR
i index of electrical/thermal/cooling devices
t index of times
v index of PEV
s index of scenarios
Parameters
APY photovoltaic panels area
ASY cross-section of water storage
B number of photovoltaic panels
cope constants performance for AC
COPp** constants performance of EC
copise constants performance ISC
CR;®  upward cost of DR for electrical load
CR%™™"  downward cost of DR for electrical load
CRZ;“" upward cost of DR for thermal load
CRE"™  downward cost of DR for thermal load
E . lower bound of electrical energy in ESS i
E . upper bound of heat energy in ESS i
g’ earth gravity
G upper bound of input gas to CHP
Gboler  upper bound of input gas to boiler
boiler maximum output heat of boiler
HY maximum input heat of absorption chiller
L solar emission at time t
LHV low calorific value of natural gas
e maximum imported power
L load profile
AL water consumption
L Upper bound of water in storage tank
LL"Y water reservoir level
LL8™ place height for water tank
MRL*  maximum shifted-up for DR
MRL""  maximum shifted-down for DR
NPvmPt maximum power temperature coefficient of PV
pich charging power upper-bound
pidisch — discharging power upper-bound
ph maximum power transmission limit of heat pipe
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Variables
Cost&d
CostCHP
Costboiler
CostfPR
CostPR
cy
cye
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ich
EE/°
i.disch
EE;“*°
Gt
Gboiler
t
Hboiler
t
H!tIC
Hi,down
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rated power of wind turbine

upper bound of input power to EC
charging power upper-bound of PEV
discharging power upper-bound of PEV
power consumption of PEV during travel
capacity of desalination

maximum charging measure of water storage
maximum discharging measure of water storage
standard temperature

minimum SOC for PEV

maximum SOC for PEV

CO,, emission coefficient for main grid
CO,, emission coefficient for boiler unit
CO2 emission coefficient for CHP unit
wind speed at time ¢t

cut-in speed of wind turbine

cut-out speed of wind turbine

rated speed of wind turbine

maximum imported gas

water density

natural gas prices

electricity price

traveling distance

water pump efficiency

PEV efficiency

charging efficiency of PEV

discharging efficiency of PEV
discharging efficiency of ESS i
charging efficiency of ESS i

boiler efficiency

gas to electricity efficiency of CHP

gas to heat efficiency of CHP

efficiency of desalination

cost of purchasing power from the upstream network
cost of CHP unit

cost of boiler

electrical DR cost

thermal DR cost

output cooling of EC

output cooling of AC

stored energy in ESS i

binary variable for ESS i

binary variable for ESS i

consumed natural gas by CHP

consumed natural gas by boiler

output heat power of boiler

input heat to absorption chiller

binary variable for shift down for DR programs
binary variable for shift up for DR programs
water level of the storage

purchasing power from the main grid
output electrical power of CHP

output heat power of CHP

output power of wind turbine

output power of photovoltaic cells

input power to electrical chiller

shifted down power of DR programs
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PDf”p shifted up power of DR programs

pieh charging power of ESS i

pidissh  discharging power of ESS i

preveh charging power of PEV

prevdisch  discharging power of PEV

PPY"  binary variable for PEV charging

pPdisch pinary variable for PEV discharging

) power consumption of water well pump

v power consumption of water storage pump
piv power consumption of water desalination unit
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PY™™  consumed electricity by the water network
pisc input power to ISC

P input gas from gas network

Q" ground water extraction

Qf‘w water product of desalination unit

Qreh charging variable of water tank

Qdish  discharging variable of water tank

SOCP™  stored energy in PEV

WWY"  binary variable of water storage charging
Ww¥ s binary variable of water storage discharging

was presented in [13] to decrease the day-ahead operation cost of the
energy system. The proposed structure integrated the electrical, heating,
and cooling sectors, while water management was not developed in the
proposed model. Wang et al. in [14] suggested a two-stage stochastic
approach to handle the uncertain behavior of parameters in the opera-
tion scheduling of IES. Ref. [15] proposed a genetic algorithm for the
operation scheduling of IES to study the hybrid energy storage systems
impacts. A multi-stage stochastic energy scheduling was developed in
[16] that optimized the operation cost, reliability problems, and flexi-
bility indexes simultaneously. Although the uncertainty of demands,
RES, and signal prices had been considered, the water system was not
developed.

New challenges had created in the operation scheduling of SIEMS
because of the high penetration of RES and their probabilistic behaviors
[17]. The flexibility concept discusses the ability of SIEMS to manage
short-term and long-term changes [18]. The greater flexibility provides
more ability for SIEMS for reliable and cost-effective management. The
energy storage systems (ESS) and combined heat and power (CHP) can
create production flexibility for SIEMS. Honarmand et al. [19] inte-
grated the ESS into the SIEMS to present long-term planning where the
ESS provides the required generation flexibility. Tiwari et al. [20] pro-
posed cooperative energy management for the operating management of
neighbor SIEMS to create more flexibility. However, the thermal and
electrical generation flexibilities were not considered as the objective
function. Besides, the water sector was ignored. Ref. [21] developed
mixed-integer linear programming (MILP) considering the uncertainty
of SIEMS to present a comprehensive model for the system design.
However, the thermal and electrical generation flexibilities were not
considered.

The energy storage systems can significantly increase the generation
flexibility of SIEMS by charging and discharging cycles. They can store
energy when the SIEMS has surplus power by charging mode. The stored
energy can be used during peak periods or when the renewable gener-
ation decreased from the forecasted values. Rezaei et al. [22] investi-
gated the impact of energy storage systems on the peer-to-peer energy
trading of SIMES. Ref. [23] studied the efficiency of heat storage on the
operation performance of residential energy systems in different sea-
sons. However, the water management system was not considered. A
four-objective optimization framework has been suggested in [24] to
evaluate the impacts of ESS and the number of electric vehicles on the
emission reduction and dependency index of SIEMS. However, the
generation flexibility and the flexibility of end-users had not directly
studied. Wen et al. [25] applied the grasshopper optimization algorithm
to study the performance of cooling storage systems and compressed-air
energy storage systems in the management of SIMES. The suggested
approach considered the probabilistic behavior of wind energy and
photovoltaic energy to meet the required loads. However, demand-side
flexibilities were ignored by this study. A probabilistic approach had
been suggested in [26] that modeled the participation of SIEMS in
electricity, heat, and natural gas markets. The SIEMS utilized different
converters and energy storage systems to present flexible and reliable

scheduling. However, the role of the water tank storage system, elec-
trical and thermal demand-side flexibilities were not studied.

Electrical and thermal demand response programs (DR) have been
known as one of the solutions to provide demand-side flexibility for
SIES. Through DR programs, the customers can shift their loads when
the generation of RES changes from the forecasted values. Thang et al.
[27] integrated demand-side management to enhance the demand-side
flexibility of SIES. The authors utilized the probabilistic method to
model the uncertainty of RES, load demands, and signal prices. How-
ever, water management was not studied. Ref. [28] presented a multi-
stage stochastic model to study the impact of demand-side programs
in the scheduling planning of SIEMS by binary genetic algorithm.
However, the thermal and electrical generation flexibilities were not
deployed. Ref. [29] studied the long-term effect of energy storage sys-
tems and DR programs on the operation scheduling of SIES. The pro-
posed model is modeled as multi-objective framework that minimized
the operating costs and environmental problems simultaneously. How-
ever, the generation flexibility for electrical and thermal sections were
not investigated. A day-ahead energy management framework has been
developed in [30] to evaluate the role of demand-side management in
economic scheduling. Although the uncertain behavior of RES and load
demand had been managed by the ESS and demand-side management,
the thermal and electrical generation flexibilities were not considered.

According to the literature, the DR programs make available the
opportunity for cost-reduction by the load shifting from peak hours to
off-peak hours. Given that the market prices during off-peak hours are
low, the uncoordinated demand-side management may increase the
peak load during off-peak hours. In this case, the SIEMS should increase
the local generation to supply the required demands. So, it decreases the
spinning reserve that significantly effected on the generation flexibility.
Therefore, this paper suggests a stochastic tri-layer optimization that
optimizes the generation and demand-side flexibility. The proposed
model uniforms the load profile by the coordinated DR programs and
prevents new peak load. Therefore, it increases the flexibility of SIEMS
and facilitates the integration of RES in the distribution systems. Ac-
cording to the literature, the major contributions of the paper are listed
as:

1. Presenting a multi-layer approach that optimizes the system flexi-
bility and operation costs simultaneously. In the proposed model,
each layer emphasizes different characteristics of SIEMS.

2. The thermal and electrical generation flexibilities of the system are
optimized at the second stage to facilitate renewable generation
integration in the distribution systems. However, this layer provides
more flexibility that enhances the ability of SIEMS to manage
unanticipated changes.

3. A hybrid min-max and max-min approach is developed to provide
demand-side flexibility in the last layer. Also, this layer improves the
system efficiency by peak load reduction and load factor
improvement.
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4. Three new indexes are introduced to evaluate the electrical genera-
tion flexibility, thermal-generation flexibility, and demand-side
flexibility of the SIEMS.

2. Smart integrated energy system structure

The proposed structure of the smart integrated energy system is
shown in Fig. 1. The proposed framework integrates the water, cooling,
heating, and electrical sections to enhance the system’s efficiency. In the
proposed structure, the ESS, electric vehicles, and electrical demand-
side management provide the required flexibility in the electrical sec-
tion. In the heating section, the thermal energy storage systems and
thermal DR program are the solutions to create thermal flexibility for the
heating sector. Also, the ice storage conditioner (ISC) and water storage
provide the required flexibility for cooling and water sections, respec-
tively. The CHP unit links the electrical and heating sections together.
The electric chiller (EC) and absorption chiller (AC) connected the
cooling sector to the electrical and heating sectors, respectively. Also,
desalination links the electrical and water sections together. According
to Fig. 1, the SIEMS can supply the required freshwater from the un-
derground resources or desalination unit.

2.1. Electrical and thermal DR programs

The electrical and thermal DR programs are modeled according to
(1)-(4) [31,32]:

> ppir =" ppiden M
t 13

0<PDi'down SMRLi"dOW" L;’[]{i,down (2)
0<PDI" SMRL™ LI} 3)
O + 1< )

Equation (1) shows that the SIEMS participates in the shiftable DR
programs, where the shifted-up and shifted-down powers should be the
same. The bounds of hourly load shifting are limited by (2) and (3).

Water well Main grid
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Finally, Eq. (4) determines the shifted-up or shifted-down modes. The
index iee, h refers to the DR program types, where h, and e show the
thermal and electrical DR programs, respectively.

2.2. Electrical, heat, and cooling energy storage systems

The formulations of energy storage system are demonstrated in (5)—
(10) [33,34].

0P <Pyt EE! " )

0 < Pi‘di""h S Pi,':g;ch E E;"di.yzh (6)
. . . pidisch

ES; = ES,_ + (P;"n"") — ( '7:’ ) 7

By SES|SE,, ®

O<EE'*" + EE/""K1 9

ES, = ES}, (10)

Equations (5) and (6) show the bounds of charging and discharging
powers. The SoC of storage systems is shown in Eq. (7). The minimum
and the maximum stored energy is developed by (8). Equation (9) de-
termines the charging or discharging modes at time t. Finally, Eq. (10)
shows that the final stored energy in storage systems should be the equal
to the initial energy. In the above formulation, the index i€e, h, c refers to
the storage system types, where e, h, and c show the electrical, thermal,
and cooling storage systems, respectively.

2.3. Renewable energy resources

The generating power of photovoltaic panels is calculated by (11). A
stochastic approach is used to handle the solar radiation scenarios. Beta
probability distribution function (PDF) is developed for scenario gen-
eration of solar radiations. The Beta PDF is modeled by (12) to (14) [35].

Electrical hub
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Q
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Fig. 1. Structure of smart integrated system.
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Ha+p)

PDF(x) = NON 1 —x)! (12)

p=t-w(M ) a3

a FP 14)
L—p

where a and f refer to the shape parameters of the gamma function I (a,
B > 0). Equations (13) and (14) show that shape parameters are calcu-
lated by standard deviation § and mean value p.

However, the generating power of wind turbines is deliberated by
(15). The Weibull PDF is considered to generate the related wind speed
scenarios according to (16)-(18).

0’ V:,I_;CMT S V(‘i.wt or ch.wt < Vrz.zi:,wr
" ac,wt Vci.wt .
Pm_ = prvt Vfli = VC-,'M,, ) VCI'WISVf?WISVN’M (15)
prwt , Vrr.wl< Vt('zxc,wzg yeomt
k k—1
PDF(f) =~ @ exp( - @) (16)
Fy —1.086
() 7
u
— 18
CTra+) as)

where k and c refer to the shape parameters of Weibull PDF. Equations
(13) and (14) show that the shape parameters of Weibull PDF that
calculated by standard deviation § and mean value y

2.4. Plug-in electric vehicle

Charging power and discharging power constraints of electric vehi-
cles have been demonstrated in (19) and (20). The state of charge of
electric vehicles at time t is calculated by (21). Equation (22) determines
the acceptable ranges of state of charge. The consumed energy in trav-
eling mode is calculated by (23). Finally, Eq. (24) determines the
charging or discharging modes [36].

OSPff,”h gPan;z‘h prfv'(h (1 9)

OSPizev‘dischSP[:;;di.whPPﬁzv.di.wh (20)
] ] Ppiv,dis(‘h

SOCI)& — SOCIFHI ) (Pf:-v'(llﬂl‘jemh) _ (W) _ Pfj.v.tr (21)

SOCE <SOCT<SOC™, (22)

Pﬁiv.rr _ Afo‘ % ncev (23)

Osppi)jv,z‘h + prcvdi:vh < 1 (24)

2.5. Electrical power balances and other related constraints

The electrical power balance shows that the electrical generation and
load of SIEMS must be the same at each time slot. Equation (25) shows
the electrical power balance in the SIES.
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Pg + Zp va + P‘” + Pe(/lp + PD‘ down + Pe disch + ZP,:?v.di,\-Lh

s™s

_ Zp ¢ + PDe w4 Pe ch + ZP}[)i‘tth + P;’.&c + Plec + P[waler.w

(25)

Also, the generated electricity of the CHP unit is determined by (26).
The input power to ISC is limited by (27). Equation (28) presents the
electrical consumption bounds of electric chiller. Finally, the minimum
and maximum purchasing/selling power from/to the main grid are
presented in (29).

PO = G LHV (26)
OKPgPse @7
0P <Py (28)
— Lia<SPiSLES (29)

2.6. Heating balances and other related constraints

Equation (30) shows that the heat generation and thermal loads of
SIEMS should be equal at each time slot [35].

PP HYOU 4 PDP 4 PRSIt — L PD + P 4 H (30)
tho[ler _ Gimiler LHanailer (31)
Pl — G LHV (32)
0<G " <G (33
0<G <G (34)
O<H“<H, (35)
0< Hf)ailer' < Hliz;iier (36)
PSS = G+ GP 37
O<PF* <y (38)
OSP4 HY'er 4 P — Pt — HKPr (39)

The generating heat by the boiler and CHP is determined by (31) and
(32), respectively. Equations (33) and (34) show the ranges of input gas
to the boiler and CHP, respectively. Also, Eq. (36) limits the input heat to
the AC. Equation (36) limits the generation of thermal power of the
boiler. The imported natural gas and its acceptable ranges are shown in
(37) and (38). Finally, the heat pipe limits have been presented in (39).

2.7. Cooling balances

The cooling power balance of SIEMS is presented in (40). The
charging power of ISC is described in (41). The output cooling of ab-
sorption and electric chillers are shown in (42) and (43), respectively.

C:’r _,’_C;zc +P’c.disr‘h — er (40)
P;.‘Lh — P::.\'{, COPi.\'(' (41)
C:u: — H:u:COPac (42)

C = PECOP* (43)
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2.8. Water balances and other related constraints

The water balance of SIEMS is shown by (44). Also, the electricity
consumption by water section is described in (45) [12].

;u.w 4 Qrdw 4 Q;v,di.\'ch — Q:M,Lh +L;vl (44)

P;mler.w — P’dw +P¢7w.w +P§)s,w (45)

The SIEMS supplies the freshwater through the underground water
and desalination unit. An electric pump is used to mine the underground
water. The consumed power of the water well is defined by (46).

2"p"

46
(3.6 x 10°) (46)

PP — QUL
The electricity consumption and produced freshwater of the desali-
nation are described in (47) and (48), respectively.

le.w — ’,Id,WQiI.w (47)

00" <Qhn (48)

Besides, a water tank is used as the water storage system to create
water flexibility for the SIES. The constraints of water tank are shown as
follows [12].

0<Q;" "< Qi W) o
0<Q; <Oyt Wt 0
e (52)
OSWW» e - wwdisch | )

Equations (49) and (50) describe the charging and discharging water
bounds, respectively. The level of water in storage tank is defined by
(51). The acceptable stored water is shown in (52). Also, Eq. (53) de-
termines the charging and discharging modes. Finally, the power con-
sumption of the storage pump is calculated by (54).

gwpw

S — 54
277 (3.6 x 10°) (54)

P{)S.W — Qlw,ch (L;,w + L:—wl + LL}Z-,W)

3. Multi-layer framework considering generation and demand-
side flexibility

The suggested model considers the operating cost, electrical and
thermal generation flexibility, and demand-side flexibility simulta-
neously to present novel scheduling. In the proposed model, the layers
evaluates the scheduling of the SIEMS from specific perspectives. The
performance of each layer is introduced in the following sub-sections.

3.1. First-layer of the proposed model

This layer focuses on the economic management of the SIEMS. The
SIEMS considers the operation cost of power resources, upstream signal
prices, and flexibility of loads to minimize total daily operation costs.
The cost function of this layer is provided in (55) to (60).

Minimize Cost = Cost#"™ + Cost™" + Cost?"" 4 Cost®PR + Cost/ ™k (55)

Cost"™ =" "p Pix! (56)
t s

Costboiler — ZGﬁmilwlf (57)

t
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Cost™ = "G ¢ (58)
t

COS[HDR — Z (CRZ;dnwnPsz_down + CRZ.’upPsz,up) (59)
t

COS[EDR _ Z(CRZ:imvnPDf.dawn + CR;.ruﬁlee,up) (60)

t

Equation (55) defines the cost function of the first layer. The im-
ported/selling power costs from/to the main grid has been shown in
(56). The operation costs of the boiler and CHP are described in (57) and
(58), respectively. Finally, equations (59) and (60) model the costs of the
thermal and electrical demand-side management, respectively. The
SIEMS performs this scheduling to determine the best operating costs
that is donated by Cost*. The Cost* is imported to the next step to modify
primary scheduling for generation flexibility enhancement.

3.2. Second-layer of the proposed model

The uncertain nature of RES and load demands make new challenges
in the operation scheduling of smart energy systems. The flexibility of
smart energy systems refers to the ability of the system to manage
changes. System flexibility can be achieved in different ways that are
categorized into generation and demand-side solutions. This layer fo-
cuses on the generation side solutions to simultaneously increase the
electrical and thermal generation. More reservation enhances genera-
tion flexibility. Therefore, this layer efforts to maximize the electrical
and thermal spinning reserves while supplying the required demands. At
this layer, the first layer scheduling has been modified according to (61):

Maximum Z [ES¢ + (Poclr — Pov)] + Z [ES) + (PLcw — Prev)]
t t

Subject to : (61)
Cost<yC0sf
Equations (1) — (60)

The first term ES¢ + (P2 — P“) refers to the electrical generation

flexibility (EGF) and the second term ES! +(P:% — P''P) shows the
thermal generation flexibility (TGF). As we can see, the CHP and storage
systems are considered to create generation flexibility, while the up-
stream network, boiler, and RES supply the required demand loads. It is
worth to mention a little margin y > 1 is introduced for the second layer
to keep the optimal operating costs in the acceptable ranges while
increasing the generation flexibility. The optimal generation flexibility
is determined by the second layer which is shown as GF*.

3.3. Third-layer of the proposed model

Similar to the second layer, this layer focuses on the SIEMS flexibility
with the difference that the third layer studies the flexibility of end-
users. The DR programs are the solution to provide flexibility for end-
users. When the generating power of RES changes from the forecasted
values, the customers can reduce their consumption by load shifting.
Therefore, the SIEMS establishes the power balance, and the system
remains stable. The main challenge of DR programs is that their unco-
ordinated implementation may cause new peak loads. The new peak
load is usually created when the electricity prices are low. At these
times, the local resources must generate more power to supply the
required demands. Therefore, the spinning reserve significantly de-
creases, and it has a negative impact on the generation flexibility. For
this reason, this layer effort to reschedule the operation planning of the
SIEMS aiming to uniform load profile. The third stage optimization
problem is defined according to (62):
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Min - Max P¢“* 1 Max - Min P
Subject to :
GF>6GF"
Cost$yCost*
Equations (1) — (61)
polosd — [¢ 4 ppe® — pDLdon

(62)

The optimization problem is modeled as the hybrid min-max and
max-max approaches. The term min-max decreases the peak, while the
term max-min increases the minimum load. Considering both terms
uniforms the load profile. Also, the constant parameter 6 < 1 is defined
to determine the search area in the third layer. Therefore, the final
operation scheduling of SIEMS is determined by this layer. Fig. 2 shows
the relationship between the three layers.

4. Flexibility indexes

In this paper, we introduce three novel indexes to evaluate the per-
formance of different energy scheduling frameworks on the flexibility of
SIMES. To this end, the average electrical generation flexibility index
(AEGFI) and the average thermal generation flexibility index (ATGFI)
are defined by (63) and (64) to show the electrical and thermal gener-
ation flexibility of SIEMS during day-ahead scheduling.
_ P[CHP)

(63)

max

1 & .
AEGFI = — ) SoC¢+ (PCHP
. Z +(

— HE 64)

1 &
ATGFI = — " SoC" + (HSH”
oo+
The large value of two indexes enhances the ability of the SIEMS to
control the uncertainty of renewable resources. Also, we proposed the
average demand-side flexibility during the peak period index (ADFPPI)
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SIEMS participates in demand-side flexibility by load reduction during
peak periods.

5. Case studies and simulation results
5.1. Input data

The proposed multi-layer day-ahead operation framework is tested
on a standard SIES. The maximum energy exchange with grid is assumed
700 kW. The maximum purchased gas from the gas network is 3400 m®.
The characteristics of ice storage, thermal storage, and electrical storage
systems are presented in Table 1. The maximum level of the water
storage system is 19.6 m [12]. The water pump efficiency and the
maximum capacity of the desalination unit are 85% and 25 m3/h,
respectively.

The electrical and thermal efficiencies of the CHP unit are 35% and
45%, respectively. The efficiency and maximum generating heat power
of the boiler are 80% and 20 kW, respectively. Seven scenarios were
generated to consider the probabilistic nature of renewable generation,
loads, and prices. Different scenarios are presented in Figs. 3-6. The
electricity prices are taken from the PJM market [37]. Also, the gas price
is assumed that 22 cents/m> which is taken from [38].

5.2. Case studies
Two following case studies are performed on the SIEMS to show the

efficiency, reliability, and superiority of the proposed multi-layer
framework:

Table 1
Energy storage systems characteristics.

to show the demand-side flexibility of SIEMS by (65). Energy E.. (kWh) E. (kWh) Pih(kw)  Pidich(ew) — pichyidischcog)
storage
Niep
_ base __ pEDR Thermal 10 100 20 20 98
ADERPL = ep Z(P’ i (65 Electrical 10 100 20 20 %
=l Ice storage 800 1800 700 800 95-97
Where t € p denotes to the peak periods. This index shows how the
» 2 Stochastic module First layer: economic
o I
‘3 H & Software: MATLAB Software: GAMS ‘E 3
1 © 8
& g . g
5 5 g Q Step 1: Selecting Beta, Normal, — min Operation cost — g’ :n:: °
~ (") -
cheMl= and Weibull PDF s.t: 5O 5
'S S ) . x€X ~ 8 ¢S
v = Q Step 2: Scenarios generation ° % S
[ (] Q
omn 3T Q Step 3: Scenario reduction method |~ 2 §
S| 8 °F
~ *
Cost
2 11 1]
w | e,ch e,ch;
5 S e ) (R =
:, min — max P}°% + max — min P}°%® - (Priax” = B7)
max
S [+ *
5 Cost < yCost /GF* LEShE 4 Z(ngp Spre
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g | GF > 6GF N e=1 L
& S.t: xeX Cost < yCost*
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§. Third layer: demand-side flexibility Second layer: generation flexibility
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Fig. 2. Multi-layer operation planning framework.
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Fig. 6. Different scenarios for market price.

o Case study 1: In this case study, general operation planning is per-
formed so that SIEMS minimizes the total day-ahead costs consid-
ering the integration of renewable energy, different energy storage
systems, and electrical and thermal DR programs. It is worth
mentioning that the generation and demand-side flexibilities are not
considered objective functions.
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o Case study 2:In this case study, SIEMS performs the suggested
framework Fig. 2 to improve the operating costs, thermal generation
flexibility (TGF), electrical generation flexibility (EGF), and demand-
side flexibility simultaneously. Table 2 shows the simulation results
for case studies.

The simulation results show that the AEGFI reaches from 127.43
kWh to 156.73 kWh in the multi-layer model. Also, the multi-layer
framework increases the ATGFI from 124.25 kWh to 167.29 kWh.
Since the second layer of focuses to increase the generation flexibility,
the AEGFI and ATGFI are improved by 22.98% and 34.64% compared to
case study 1, respectively.

Also, the results show that the multi-layer framework significantly
increases ADFPPI. The ADFPPI in case 1 is 19.39 kWh, while the pro-
posed model increases by 65.75%, and ADFPPI reaches 32.14 kWh.
Table 3 compares the load profile characteristics.

As can be seen, the proposed multi-layer model significantly reduces
the peak load. Given that the third layer attempts to uniform the load
profile, the load factor and peak load have been improved. The peak
load in case 1 is 461.95 kW which has been reduced by the proposed
model by 12.34%. However, the suggested model increases the load
factor by 14.07% through the proposed hybrid -
min-max and max-min approaches. Besides, Table 3 shows when the
uncoordinated DR program was performed, it may generate a new peak
during the off-peak period. When DR programs were not implemented,
the peak load is 449.95 kW while it increased with the uncoordinated
DR program in case 1 to 461.95 kW. It is worth mentioning that
smoothing the load profile increases the system flexibility because the
peak load is reduced. Therefore, the spinning reservation increases
during peak hours, and SIEMS has more capability to control the un-
certainty of RES. Fig. 7 presents the electrical load profile for two case
studies.

Fig. 7 shows that the load profile in case 2 is more uniform than in
case 1. As we can see, case 1 creates a new peak because the electricity
prices are low during off-peak periods. Actually, SIEMS transfers most of
its consumption to the off-peak period to reduce operating costs. While
in the multi-layer model, the load profile has better performance. Figs. 8
and 9 compare the electrical and thermal generation flexibility of case
studies.

The simulation results show that the electrical and thermal flexibility
in case 2 is more than in case 1. According to Fig. 8, SIEMS has no
flexibility during hours 18 to 21 in case study 1, while in the proposed
model, there is at least 100 kWh of flexibility at each time slot. Besides,
in terms of thermal generation flexibility, the suggested approach has
better performance. In case 1 the thermal flexibility at hours 10 and 11 is
zero, while the thermal flexibility of the SIEMS in the proposed model is
more than 100 kWh at each time slot. Therefore, in the suggested
approach, the SIEMS has more capability to manage the uncertainty of
RES and load demand. Also, the flexibility enhancement allows the
SIEMS to be more resilient in emergency situations.

5.3. Energy balances

In this section, the electrical, thermal, cooling, and water balances
for the proposed multi-layer framework are studied. Fig. 10 presents the
electrical power balance.

It can be observed that most of the required electricity energy has
been provided by the main grid and CHP unit because of high effi-
ciencies. Also, it can be easily observed that SIEMS participates in
electrical DR programs and shifts their loads to off-peak hours. These
programs help the peak load reduction and provide a cost-saving op-
portunity for the SIES. Also, the ice storage conditioner is fully charged
when the prices are low. It converts the electrical energy to cooling
energy and discharges the stored cooling energy during peak hours.
However, EESS is fully charged at t1 to t5 to provide maximum flexi-
bility for the SIES. Fig. 11 presents the hourly thermal power balance.
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Table 2
Simulation results of two case studies.
Case studies Cost ($) AEGFI(kWh) ATGFI(kWh) ADPPFI(kWh) Emission (kg)
Case study 1 82499.06 127.43 124.25 19.39 16036.2
Case study 2 86233.37 156.71 167.29 32.14 15997.1
Improvement (%) —4.52 +22.98 +34.64 +65.75 +0.244
chiller. According to Fig. 13, the SIEMS extracts the maximum fresh
Table 3 . L water from the underground water resources by water pump because it
Load profile characteristics. consumes less electricity rather than the desalination. Since the desali-
Case studies Peak Valley PAR (p. LF. ADPPFI(kWh) nation unit consumes more electrical energy, SIEMS utilizes it during
tew) tew) W ) peak times to provide the required fresh water.
Base load 449.95 307.47 1.18 8479 0
Case study 1 461.95 338.22 1.21 82.59 19.39
Case study 2 404.96 338.22 1.06 94.21 32.14 5.4. Sensitivity analysis
Improvement +12.34 0 +12.4 +14.07 +65.75
(%) . . - .
In this section, we present a sensitivity analysis to show the perfor-
mance of the proposed multi-layer model in different conditions. Table 4
shows the impact of gas price on the performance of the suggested
500 approach and single-objective optimization problem. The gas price is
450 changed from 22 cents/m? to 30 cents/m?>, and the simulation results are
presented in Table 4.
§ 400 Results demonstrated that the suggested approach provides more
& 150 electrical and thermal generation flexibility compared to single-
5 Sean _e° N objective framework. According to Table 4, the AEGFI and ATGFI are
£ 300 = improved by at least 24.28% and 38.10% in the proposed model,
~ 50 respectively. These improvements have been achieved because the
200 ==<Without DR ——Casel == Case?2 second layer of the suggested model emphasizes to maximize both

1 3 5 7 9 11 13 15 17 19 21 23
Time (h)

Fig. 7. Load profile of SIES.

Fig. 11 shows that the CHP unit has the largest share of thermal
energy generation due to its high efficiency. Due to its low capacity and
low efficiency, the boiler unit is used to supply a part of thermal energy
at some hours. Also, according to the figure, the TESS is charged during
off-peak hours to SIEMS discharges the stored energy during peak hours.
The cooling and water balances are presented in Figs. 12 and 13,
respectively.

Fig. 12 shows that the electric chiller and ice storage conditioner
supply the required cooling energy for SIES. The ice storage conditioner
is charged during off-peak hours by electrical power. It converts the
electrical energy to cooling energy to supply the required energy during
peak hours. Since the COP of the absorption chiller is less than the
electric chiller, SIEMS prefers to provide the more energy by the electric

300 <

electrical and thermal flexibilities. Table 5 demonstrates the impacts of
electricity prices on the performance of two case studies. The “electricity
price coefficient” has been defined that show the scale of electricity
prices compared to base electricity prices (the base electricity prices are
shown in Fig. 6).

The simulation results show that as the coefficient increases (elec-
tricity price increases), the AEGFI and ATGFI decrease in the single-
objective model. These indexes have been decreased because the
SIEMS prefers to provide the needed energy with local resources to
reduce operating costs. But, in the suggested approach, the-
AEGFI and ATGFI are independent of the electricity prices and fixed at
163.47 kWh and 174.03 kWh, respectively. The simulation results show
that based on different conditions, the suggested approach can improve
the AEGFI and ATGFI by 49.27% and 114.01%, respectively.

The charging and discharging efficiency of EES is increased from
80% to 100% and the simulation results have been presented in Table 6.
As efficiency increases, the cost of SIMES is reduced because ESS will
have less power loss. When the efficiency of ESS is 80%, the operating
cost of SIMES is $ 82618.25, while it has decreased to $ 82471.52 in

Case study 2

200

100

-100

-200

Electrical power (kWh)

13 14 15 16 17 18 19 20 21 22

Case study 1

-300 <

B CHP (Case 1)
B CHP (Case 2)

-400
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Fig. 8. Electrical generation flexibility.
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Fig. 10. Electrical power balance of SIEMS in case2.
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Fig. 13. Water balance of SIEMS in case2.

Table 4
Sensitivity analysis on gas prices.
Gas price (cents/m>) AEGFI(kWh) ATGFI(kWh)
Single objective Proposed multi-layer Improvement Single objective Proposed multi-layer Improvement
22 127.43 163.47 28.28 % 124.25 174.03 40.06 %
24 130.56 163.47 25.21 % 124.76 174.03 39.49 %
26 131.53 163.47 24.28 % 124.47 174.03 39.82 %
28 130.02 163.47 25.73 % 124.65 174.03 39.61 %
30 131.04 163.47 24.75 % 126.02 174.03 38.10 %
Table 5
Sensitivity analysis on electricity prices.
Electricity price coefficient AEGFI(kWh) ATGFI(kWh)
Single objective Proposed multi-layer Improvement Single objective Proposed multi-layer Improvement
1 127.43 163.47 28.28% 124.25 174.03 40.06%
1.1 122.49 163.47 33.46% 117.50 174.03 48.11%
1.2 114.73 163.47 42.48% 110.33 174.03 57.74%
1.3 109.51 163.47 49.27% 95.62 174.03 82.00%
1.4 109.52 163.47 49.26% 81.32 174.03 114.01%

11



H. Karimi and S. Jadid

Applied Energy 339 (2023) 120984

Table 6
Sensitivity analysis on charging/discharging efficiency of ESS.
Charging and discharging efficiency Cost ($) AEGFI(kWh) ATGFI(kWh)
Single objective Proposed multi-layer Improvement Single objective Proposed multi-layer Improvement
80% 82618.25 128.11 163.19 27.38% 124.67 174.03 39.59%
85% 82579.19 127.45 163.26 28.10% 124.67 174.03 39.59%
90% 82541.88 127.12 163.34 28.49% 123.64 174.03 40.76%
95% 82506.07 127.38 163.45 28.32% 123.40 174.03 41.03%
100% 82471.52 129.28 163.57 26.52% 124.46 174.03 39.83%

efficiency 100%. However, the results demonstrated that the flexibility
indexes in the suggested approach are higher than in case study 1
(single-objective optimization). According to Table 6, the suggested
approach improves the AEGFI and ATGFI indexes by at least 26.52% and
39.59%, respectively.

6. Conclusion

This paper suggested a multi-layer operation framework to present
the optimal management for smart integrated energy systems. The
proposed structure integrated the electrical, thermal, cooling, and water
sectors to increase the efficiency of the smart energy system. The multi-
layer framework simultaneously optimizes the operating costs, thermal
generation flexibility, electrical generation flexibility, and demand-side
flexibility. At the first layer, the smart integrated energy system con-
siders the uncertainty of load demand, RES, and signal prices to mini-
mize total operating costs. The second layer tries to increase the thermal
and electrical generation flexibilities to facilitate the integration of
renewable energy resources as much as possible. The third layer applied
the hybrid min-max and max-min approaches to increase the demand-
side flexibility through load profile smoothing. With the uniformity of
the load profile, the integrated energy system will have a suitable
reserve capacity at each time slot, which increases the system’s flexi-
bility. The results illustrate that the stochastic tri-layer framework in-
creases AEGFI, ATGFI, and ADPPFI by 22.98%, 34.64%, and 65.75%,
respectively. Also, it prevents the new peak in the load profile and im-
proves the load factor and peak-to-average ratio to 94.21% and 1.06p.u,
respectively. We will evaluate the tri-layer framework on networked
smart energy systems in the future work.
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