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Abstract: In this paper a stochastic model proposes for optimal microgrid energy management with the
aim of minimizing costs and emissions. In this model, uncertainties related to load demand, wind speed
and solar irradiation are modeled with a scenario-based stochastic modeling. By using this, the uncertain
nature of the proposed problem is converted into some deterministic problems. A Hybrid Microgrid
System (HMS) that includes power resources such as wind turbines (WT), photovoltaic panels (PV),
energy storage system (ESS), fuel cell (FC), power only unit (PO) and two types of CHP units and heat
resources such as heat storage (HS) is set up and programmed in both grid-connected and islanded
modes to generate electricity and heat simultaneously. To achieve this goal, network loads will
participate in the demand response program (DRP). Since these two goals are not the same, the multi
objective particle swarm optimization (MOPSO) algorithm is used to yield the best expected Pareto
optimal front. Also, fuzzy-based decision making mechanism is applied to extract the best compromise
considering the set of solutions of Pareto optimal front. Due to the high volume of the simulation output,
the implemented results are shown only for the 13" scenario as most probable scenario that has a higher
probability. Finally, the total cost ($/day) and total emission (kg/day) for three case studies under each
scenario and related expected values are represented.

Keywords: CHP based Micro-grid, demand response program (DRP), Hybrid Heat and Power
Resources, MOPSO Algorithm, Stochastic programming.

1. Introduction
The smart micro-grid will face complexities, both in terms of time scale and in terms of
technology. Communication requires an extensive connection between the devices using the
telecommunications network. In addition, the connection between operating functions such as
distribution management systems with advanced load control is also included in the category
of communication. In this research, the planning of CHP-based micro-grids is considered. In
order to increase its productivity and profit, in addition to generating consumer demand, it also
provides thermal energy at the same time. For the study area, the power demand of the loads
in the system and the required thermal load for different moments during the scheduling period
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can be determined according to the stability in the network and the intelligence of the system.
CHP-based micro-grids can be effective and efficient in planning and operating Micro-grids in
order to provide loads with power and heat simultaneously.

Ref [1] presents a stochastic model predictive control (MPC) framework to optimally schedule
and control the CHP micro-grids with large scale renewable energy resources. A CHP micro-
grid consists of CHP, fuel cell units, wind turbines, PV units, battery/ thermal energy storage
systems (BESS/ TESS), boilers, electric and thermal loads according to the demand response
program. An energy management model based on Mixed-integer linear programming (MILP)
with uncertainty variables is proposed. Ref [2] presents the problem of optimal operation and
real-time management of the micro-grid based on a fuel cell system, CHP, and battery in order
to simultaneously provide energy and heat to the loads by the use of an epsilon-based meta-
heuristic method and Fuzzy satisfying method. In Ref [3], the operation of a smart micro-grid
has been evaluated from an economic and environmental perspective. In this micro-grid,
renewable resources, fuel cell and CHP have been used to simultaneously generate heat and
electricity. In this paper, demand response is used as Interruptible loads on the peak demand.
Moreover, compromising programming has also been used to solve the problem. In [4], the
issue of exploitation of CHP and TES-based micro-grid has been analyzed. In this paper, the
TES system is used to control the uncertainty caused by the presence of wind resources, and
the differential evolution (DE) algorithm is used to solve the proposed model. In Ref [5], the
economically microgrid is planned to provide electric power and heat demand. The combined
heat and power-based microgrid needs strategic placement of distributed generators concerning
optimal size, location, and type. Also the impact of renewable integration in terms of cost and
emission is also investigated. With the focus on the uncertain nature of renewable resources,
the issue of predicting wind speed and solar radiation in an MG has been studied in Ref [6].
Ref [7] proposes an optimal scheduling model for regional energy systems to promote clean
energy consumption. A multi-objective function that combines the economics and
consumption of clean energy is provided. In Ref [8], smart energy management of MG has
been examined in terms of cost reduction and pollution. This paper proposes an approach that
can solve uncertainty with respect to the fuzzy environment of overall MG operation and
uncertainty related to the predicted parameters. The paper [9] proposes an Information Gap
Decision Theory (IGDT) - based model for energy hub management, taking into account the
demand response (DR). The MG consists of CHP and boiler, energy storage and wind turbine
units. The paper [10] aims to optimally design a PV/Wind/Diesel hybrid MG for a small
number of houses considering load uncertainty. In Ref [11], the optimal operation of an MG
consisting of a fuel cell power plant and the CHP system has been studied using the particle
swarm optimization algorithm. In addition, the impact of tariff differences between the
purchase and sale of electrical energy at any time of the day has been investigated. A
mathematical program for the optimal performance of Micro-CHPs in an MG is provided in
Ref [12]. In this context, MG is considered to be connected to the network, which can exchange
electricity with the main network. The aim of this model is to reduce final costs if heat demand
is provided from the network. The concept and role of DR in MG scheduling are critical,
especially with regard to renewable resources. An overview and classification for demand-side
management, which analyzes the different types of demand-side management, is presented in
Ref [13]. In Ref [14], the DR Quick Distribution Algorithm is developed in the Smart Network.
In Ref [15], the effect of DR programs on the voltage stability of electrical systems in the
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presence of accidental wind energy production has been studied. The DR Energy Management
Plan for the industrial facilities which is proposed in Ref [16] describes the benefits of DER.
In Ref [17], a hybrid algorithm, namely JGWO, which combines JAYA and grey wolf
optimizer (GWO), has been proposed. The aim is to solve the unit sizing problem of a hybrid
system (PV-WT-battery) that can meet consumers’ demands at the lowest total annual cost
while considering the maximum allowable probability of power supply loss to ensure system
reliability. An incentive-based management (IBM) program, with real-time pricing (RTP) and
two-sided operation, is presented in [18]. The RTP scheme is proposed for residential load
management in [19], also an automatic scheme for the optimal operation of household
appliances considering an RTP tariff is presented. The authors in [20] present a framework for
economic assessment of storage devices incorporated with photovoltaic (PV) generators
considering nine storage technologies. Simultaneous performance of generation and storage
units are optimized for two different cases based on time of use (TOU) pricing policy and real-
time wholesale of generated power policy. A consumption schedule framework based on game
theory is presented in [21] that integrate renewable energy production. The proposed
optimization scheme in this paper is based on Mixed-integer programming for scheduling the
consumption of residential customers. In [22], it is proposed a two-stage optimization approach
with a hybrid demand response program considering a risk index for MG under uncertainty. A
multi-objective self-scheduling optimization problem of MG considering the DR program is
studied in Ref [23]. This model aims to reduce the final operating cost of the CHP system and
reduce the pollution from production units in MG. Besides, in the proposed DR program, there
is a load that can be removed at intervals. A model for operating an energy hub-based multiple
energy generation micro-grid as combined cooling, heat, and power systems is optimized using
the demand response program is developed in [24-25].

As a research gap and scientific contributions of this research, in this research, In addition to
renewable sources, two different types of CHP units, electrical and thermal storage sources,
and uncertainty in load demand, wind speed, and solar radiation have been taken into account
and stochastic modeling has been done with the scenario-based method and is optimized in a
multi-objective  manner.  This paper aims to optimally scheduling of
FC/CHP/PV/WT/PO/ESS/HS units to meet micro-grid power and heat demands in both the
grid-connected and islanded modes considering uncertainty. The main contributions of the
paper can be summarized as follow:

1- The multi objective approach of problem formulation is adopted for scheduling of a
micro-grid considering cost and emission as two objective functions.

2- Optimizing FC/CHP/PV/WT/PO/ESS/HS units using MOPSO approach to minimize
objective functions and determine the best solution from Pareto front set by fuzzy
decision maker.

3- Scenario-based stochastic modeling of uncertainties in three variables for the load
demand, wind speed and solar irradiance is implemented.

4- The impact of TOU demand response program (DRP) on the micro-grid operation cost
and emission cost is analyzed.

The remainder of this paper is organized as follows. In section 2, uncertainty modeling via
scenario-based approach is described. The problem formulation and power and heat producers
modeling are explained in section 3. The optimization process and the proposed approach also
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objective function structure are described in section 4. The cases study and results are presented
in section 5. Finally, the conclusions are drawn in section 6.

2. Uncertainty modeling via scenario-based approach

Due to the uncertainty in the load demand of micro-grids and the power generation of
renewable energy sources due to wind speed and solar irradiance uncertainties, the design of
micro-grids considering the issue of uncertainty has become one of the main challenges for
distribution system designers. In this paper, scenario generation method is used to cover the
uncertainty of system design parameters. In this method, using Monte Carlo simulation, a
number of random states are generated for the system variables based on the probability
distribution function of the system variables, and then the probability of occurrence of each
state is calculated.

2.1. Scenario generation

Uncertainties are modeled based on their error, which is determined by the probability
distribution function (PDF). For example, a typical continuous PDF along with its
discretization is shown in Figure (1) for load prediction error [26]. The probability distribution
of a random variable is represented by a limited set of scenarios. This method is common in
stochastic programming. In this paper, the load demand, output power of PV and WT levels
for each scenario was presented as a three-level probability distribution function.

A

Probability Density

'
L)
- 2 )
Hp=20, Hp~O Hp Hp +0p Hp +20p
Load Uncertainty

Fig. 1. Typical discretisation of the PDF of the load.

2.2. Scenario reduction
To reduce the computational volume and increase the speed of program execution, scenario
reduction using the backward method has been used. This method guarantees the required
accuracy of the problem despite reducing the computational volume of the problem and
improving the speed of its execution. Scenario reduction is a method to optimally select useful
scenarios from a set of generated scenarios, which reduces the execution time of the algorithm
and also greatly reduces the computational complexity of the problem. The steps of applying
the backward method are as follows [26]:
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Consider &(s = 1,2, ..., Ny) as different Ns scenarios, each with a probability of 7t and DT g
as distance of scenario pair (s, s’). For using the simultaneous backward method following steps
should be applied:

Stepl: Consider S as an initial set of scenarios, DS is the scenarios which should be deleted.
The initial DS is null. Compute the distances of all scenario pairs: DT = DT (&, &), s,s =

1,2,..,Nyas DTy = JZ?=1(17? —v;)?

Step 2: for each scenario k, DTy, = min(DT, '), s,k € S and s" # k, | is the scenario index
which has the minimum distance with scenario k.

Step 3: Calculate PDy , = my, X DT}, k € S. Select d in which PD; = min(PDy),k € S.
Stepd: S=S—-{d},DS=DS —-{d}, n, =m, —my

Step 5: Repeat steps 2—4 till the number is mitigated meet our favorite request.

In this work, the proposed stochastic framework considered three uncertain parameters
including load demand, solar irradiance, and wind speed. The continuous probability density
functions (PDFs) of wind speed, solar irradiance, and loads are used for representing the
uncertainties of these parameters; then, the scenario based method is utilized for generating a
set of scenarios from combinations of these parameters.

2.3. Modeling of Load Demand
The load demand is presented by normal PDF (f;(P,)) for uncertainty modeling, which can
be expressed using the following equations [27]:

1 _(Pa— Ha)®

P = ex —_— 1
fa(Pa) oV Zn p[ 20,7 ] @
The probabilities and generated load scenarios obtained from (1) can be described as follows:
fp‘g}ax 1 (Py — 1g)? dpP @)
Ty, = expl|l———F——
at P[;r'liin de p 20'd2 d
1 (fai” Py (Py — pa)?
Py, =— exp [— dpP 3
S P oN2m P 2047 ¢ )

Three load scenarios are represented in this work. Table (1) provides the probabilities and load
scenarios when p, and a4 are 70 and 10.

Table 1. The generated scenarios of the uncertain parameters

Load Scenario Ty Loading %
1 0.1587 54.7486
2 0.6827 70.0000
3 0.1587 85.2514
Wind Scenario Myind z Wind speed (m/s)
1 0.7902 7.4518
2 0.1694 13.6153
3 0.0404 17.7289
Irradiance Scenario Tsolarm Solar Irradiance (w/m?)
1 0.1605 416.0627
2 0.4412 609.1166
3 0.3983 790.4621
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2.4. Modeling of Wind speed

The uncertainties of wind speed are represented using Weibull PDFs (f,,(v)) which can be
described as follows [27]:

) = (3) OE e, 0<v<o (4)
The wind turbine output power can be provided as follows:
0 0 < vy < Vi OF Vo < Wy

\% — Vi
Py (V) ={ Py X VWO _ VW.I Vei < Vi < Vr (5)
wr wi

Pyr Vwr = Vi < Vo
V., V. and V., are the cut-in, rated, and cut-out speeds, respectively. Py i the rated speed
of the wind turbine.
The probabilities and generated wind speeds can be presented as follows:
ke ke .
nwind,z = f (_) (E)(k—l)e—(v/c) dv (6)

min c

z
max

1 vz k\ k -
v (F) Qe ay ™
T[Wind,z vmin C

c

z

Three scenarios of wind speed are generated in this work. The wind speed scenarios and their
probabilities are listed in Table (1) in the case of selecting ¢ and k to be 10.0434 and 2.5034,
respectively.

2.5. Modeling of Solar Irradiance
The solar irradiance using Beta PDF is represented to uncertainty modeling, which can be given
as follows [27]:

F(a + B) a—-1 -1 .
fG(G)={me x(1-6)FY,  if0<G6<1 0<ap @
0, otherwise
s X (1 + g
p=—pyx(BXETE) o
a=(1-ps)x ((I;S_x‘f)) -1 (10)

The output power from the PV system can be described as follows:
GZ

Psr (7
X
P(G) = Gyeq X X¢

G
P, (—) for G =X,
Gstd

which, Ggqd is set to be 1000W/m?, and X is a certain irradiance point is set to be 120 W/m?2.
Three scenarios can be obtained by dividing the PDF into three intervals. The portability of
solar irradiance for each scenario is given as follows:

) for 0<G <X, (11)

G;’nnax
Tsolarm = fGrrnnin fG (G) dG (12)

_ O @) ety (1 gy
Gm N Ttsolar,m Grrr'llm r(a)+rp) X G X (1 G) )dG

(13)
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The probabilities and generated scenarios of the solar irradiance are provided in Table (1) in
the case of selecting a and S to be 6.38 and 3.43, respectively.

2.6. The Combined Load and Generation Model
To model uncertainties of the load demand, wind speed, and irradiance simultaneously, the
probabilities of these parameters are multiplied together according to (14) as follows [27]:

g = Tg,i X Tyind,k X Wsolar,m (14)
A total of 27 scenarios can be obtained from (14). Table (2) shows the obtained scenarios and
the value of the uncertain parameters and their probabilities.

Table 2. The combined scenarios and their probabilities

Wind Solar
Scenario Loading % speed Irradiance Ty Tyind,z Tsolarm T
(m/s) (w/m?)
S1 54.7486 7.4518 416.0627 0.1587 0.7902 0.1605 0.0201
S2 54.7486 13.6153 416.0627 0.1587 0.1694 0.1605 0.0043
S3 54.7486 17.7289 416.0627 0.1587 0.0404 0.1605 0.0010
S4 54.7486 7.4518 609.1166 0.1587 0.7902 0.4412 0.0553
S5 54.7486 13.6153 609.1166 0.1587 0.1694 0.4412 0.0119
S6 54.7486 17.7289 609.1166 0.1587 0.0404 0.4412 0.0028
S7 54.7486 7.4518 790.4621 0.1587 0.7902 0.3983 0.0499
S8 54.7486 13.6153 790.4621 0.1587 0.1694 0.3983 0.0107
S9 54.7486 17.7289 790.4621 0.1587 0.0404 0.3983 0.0026
S10 70.0000 7.4518 416.0627 0.6827 0.7902 0.1605 0.0866
S11 70.0000 13.6153 416.0627 0.6827 0.1694 0.1605 0.0186
S12 70.0000 17.7289 416.0627 0.6827 0.0404 0.1605 0.0044
S13 70.0000 7.4518 609.1166 0.6827 0.7902 0.4412 0.2380
S14 70.0000 13.6153 609.1166 0.6827 0.1694 0.4412 0.0510
S15 70.0000 17.7289 609.1166 0.6827 0.0404 0.4412 0.0122
S16 70.0000 7.4518 790.4621 0.6827 0.7902 0.3983 0.2149
S17 70.0000 13.6153 790.4621 0.6827 0.1694 0.3983 0.0461
S18 70.0000 17.7289 790.4621 0.6827 0.0404 0.3983 0.0110
S19 85.2514 7.4518 416.0627 0.1587 0.7902 0.1605 0.0201
S20 85.2514 13.6153 416.0627 0.1587 0.1694 0.1605 0.0043
S21 85.2514 17.7289 416.0627 0.1587 0.0404 0.1605 0.0010
S22 85.2514 7.4518 609.1166 0.1587 0.7902 0.4412 0.0553
S23 85.2514 13.6153 609.1166 0.1587 0.1694 0.4412 0.0119
S24 85.2514 17.7289 609.1166 0.1587 0.0404 0.4412 0.0028
S25 85.2514 7.4518 790.4621 0.1587 0.7902 0.3983 0.0499
S26 85.2514 13.6153 790.4621 0.1587 0.1694 0.3983 0.0107
S27 85.2514 17.7289 790.4621 0.1587 0.0404 0.3983 0.0026

3. Problem formulation

Micro-grids can be used to provide energy efficient, low cost and clean. Using electricity and
heat-based micro-grids increases system efficiency and reduces operating costs due to the use
of heat wasted in the power generation process to meet heat demand. Considering the
environmental issues arising from the use of fossil fuels, the minimization of emissions that is
in conflict with economic issues should be considered. In this work, minimizing pollution
emissions while maximizing profits makes it a multi-objective problem. Multiple power and
heat generation units and storage systems such as CHP, FC, ES units, power and heat only
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units, and heat storage in the micro-grid are considered. The structure of two types of CHP-
based micro-grid system is shown in Figure (2) [28]. The main purpose of this work is to
optimally dispatch power and heat in the micro-grid by maximizing total profit and minimizing
emissions, which are conflicting goals. In this way, a multi-objective optimization problem is
achieved when connected to the network and islanded from the network. In the grid-connected
state, it is assumed that due to the generation of electricity and micro-grid heat, energy is
exchanged with the main grid.

- T
Electricity power Thermal Thermal - —_' Distribution
flow supply flow return flow Microgrid network
r
_____________________________________________ O T
Y " |
|
|
|
|
|
HS | ES I
L 4 |
* Electricity ||
load '
J |
|
|
|
|
c Thermal [
load |

______ AT___-_________________________________________|

r r

District heating
network

Fig. 2. Structure of CHP-based micro-grid system

3.1. Demand Response Program (DRP)

By implementing time of use (TOU) DR programs, the load can be shifted from more
expensive time periods to cheaper time periods, which, according to [29], can delay investment
in capacity building and costly energy supply.

TOU-DR program can be formulated by equation (15).

PPR = PP + 1dr, (15)
where, Idrh, is the amount of shifted load from another level to h-th hour load level. ldr,, can
be calculated by using equation (16).

ldry, = DRy, X PP (16)
where, DRy, is the participation factor of the load in DR program at h-th load level and PP is
the initial electric load demand at h-th load level in MWh.

The total amount of shifted load over a daily period is assumed to be equal to zero. This is
expressed in equation (17). At each time period, DRy, is limited by equation (18).
24

Z ldr, = 0
h=1
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DRM™™ < DR, < DRI"** (18)

3.2. Fuel Cell unit

The fuel cell is considered as a production unit, which can generate electricity from natural gas
and methanol hydrogen-containing fuel. The cost of an FC unit includes the cost of fuel and
the efficiency of the fuel to generate electricity expressed as equation (19) [30]:

NFC

i H i
CFC - Z(ﬁnaturul Z iz t iz t) (19)

NFrc,ei TIch
where CFC is the fuel cell generation cost; B4turq: 1S the natural gas cost in $/Kg; Pr¢ ;¢ and
Prc ;¢ are the fuel cell electricity and heat generation of the ith unit at time t respectively; npc ¢;
and ngc 4; are the fuel cell electricity and heat efficiency of ith unit respectively; Ng¢ is the
number of fuel-cell plants.

3.3. CHP unit's model
Two types of CHP units in micro-grid have been included in this paper and the feasible
operating regions (FOR) for each type are shown as Figure (3). CHP's electrical and thermal
production power must be located in the enclosed area formed by points A, B, C, D, E and F.
If you are interested, refer to reference [31].
Total operation cost of a CHP related to both heat and electricity is modeled by equation (20).

C(PFHP HEHPY = a x (PFPP)2 + b X PEHP + ¢+ d x (HEHP)? + e x HEHP

+f x HCHP % PCHP (20)

where a, b, ¢, d, e, and f are cost function coefficients of CHP units, P£** and HSHP are the
power and heat generated by the CHP, respectively.

&P (MW)
AP (MW)
A P— A
B
G
D F
C
(a) H (MWh) (b) H (Mwh)

Fig. 3. Feasible region for CHP units (a) Type 1 (b) Type 2

3.4. Power-only and Heat-only unit
Equations (21) and (22) describe operation constraint of power only and heat-only units,
respectively.

P]fo—min X VhPO < P;o < P}f’o—max X VhPO (21)
HP~™m X VP < HP < HP 7™ x VP (22)
where P9 is generated power from power-only unit at time h in MW, PP0~™mingng pPo-max
are minimum and maximum power limits of power-only unit, H? is generated heat from boiler
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unit at time h (MWth), H?=™"and H?~™%% are minimum and maximum heat limits of boiler

unit.

Cost functions of power-only and heat-only units are described by equations (23) and (24).
C(Py%) = Apo X P;° (23)
C(HP) = A, x HP (24)

where C(P,fo) is cost function of power-only unit at time Ap, is the power price of a power-

only unit in hour h ($/MW h), C(H}) is cost function of boiler unit at time h, and 4, is the

price of power of boiler unit in the h- th hour ($/MWth h).

2.5. Electrical Energy Storage Model

The charge/discharge modes of electrical energy storage (ESS) are modeled as follows:
Pdch (t)

S0C(t) = SOC(t — 1) + (PM)nsT - s (25)
Dch

SOC(t,) = SOC(t;) (26)

ESt, < SOC(t) < Effyy (27)

PN (t) < Epch. Caen (28)

(ch"'(dch <1 (30)

Where SOC(t) is the state of charge at time t, n3f and n3~, are the charging and discharging
efficiencies respectively; P! and P are the charged and discharged power, respectively; the
parameters ESL. and ES%,, are the minimum and maximum capacities of the ESS; and ¢, and
{4cn  are binary variables to show the charge/discharge state of battery. It can be seen in
Equation (25) that the SOC in each hour is obtained by considering the charging and
discharging amounts of the ESS in that hour. Based on Equation (26), the SOC at the beginning
and the end must be equal. The SOC is limited by its bound in Equation (27). The amount of
charging/discharging is limited to the maximum capacity of the ESS in Equations (28) and
(29). According to Equation (30), the charging and discharging modes cannot occur
simultaneously.

3.5. Heat Storage (HS)
The total generated heat is calculated by equation (31).

NcHp
H, = Z HEHP + 1P + HEFC (31)
i=1
By using Bgain/BiossWhich is heat generation loss/excess of the CHP unit during
startup/shutdown period, heat losses during shutdown and startup periods can be modeled by
equation (32). The available heat capacity at each time interval in the heat storage, B, is
expressed by equation (33).
Hy, = Hy, = BiossSU} +Bgain-SD}; i € FC,CHP,b (32)
Bp = (1 —1) X By_y + Hy — HP™ (33)
where, ) is heat loss rate for the heat storage.
By using equation (34), the maximum available capacity of heat storage can be limited.
Bmin < Bh < Bmax
where Bmin=Bmax IS minimum/maximum heat storage capacity in MW.

(34)
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Equations (35) and (36) are applied to model the ramping up/down rates for the heat storage
system.

By_1 =By = Bf:;;ge (35)
By — By < Bpay ¢ (36)
Where B'arge jpdischarge js the maximum charge/discharge rate ofthe storage MWih.

3.6. Start up and shutdown status

The startup and shutdown statuses of each unit can be modeled by equations (37) and (38).
SUl=Vix(1-V},) ieFC,CHP,PO,b (37)
SD} = (1 —-V}) XV}, ieFC,CHP,PO,b (38)

3.7. Power balance
With considering DR program, generated power should meet the load demand at each hour
using equation (39).

NcHp

PhG,byu _ PhG,sell n Z PEHF 4 PFC4PPO4pdisc _ pc _ pPR — .y, (39)
i=1
where, PPR is the electric load demand after applying DR program at h- th load level.

4. Optimization method

4.1. MOPSO algorithm

In this paper, the optimization problem is a continuous problem and also due to the capabilities
of the PSO algorithm in terms of high accuracy and higher convergence rate than other
algorithms, the multi-objective version of this algorithm is used to solve the problem. Multi-
objective problems composed of multiple inconsistent objective functions, and equality and
inequality constraints terms, like the one written below, which should be optimized [32].

3 = > > 4T
Min F(X) = [(X), o (X), .. fin(X)]
Subject to:
gi(X) <0 i=12, .., Nyeq
gi(X)=0i=12..,Ng

(40)

The space within which the objective function is defined is called objective space. In multi-
objective optimization, every two definitions can be described and have two different states
with respect to each other as expressed in equation (41):
e One solution can dominate the other one
¢ No solution can dominate the other solution,
vje{12,..,n} fi(X) < £(X,) 41)
3k e{12,..,n}, fi(X)) < fi(Xy)
By applying the Pareto optimal concepts using fundamental principles in Particle Swarm
Optimization (PSO) algorithm, this algorithm is accustomed to solve multi-objective problems
called Multi-Objective Swarm Particle Optimization (MOPSO) [33]. In MOPSO algorithm, a
repository is employed to save lots of solutions. Repository means an external memory on
which the dominated solutions will be saved. This algorithm first starts to figure employing
a series of random particles. All the population particles are compared with one another during
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a repeated procedure and position of the dominated particles is saved on the repository. All
steps and flowchart of MOPSO algorithm implementation are presented in detail in reference
[32].

4.2. Objective function

In this study, two objective functions are considered in a multi-objective function. It is worth
mentioning that in case of considering the uncertainties in parameters; a set of scenarios will
be generated. Thus, these scenarios should be considered for the efficient solving of problem,
and expected values are used to evaluate the effect of uncertainty in each case study as depicted
in the following equations. In this work, the considered objective function is a multi-objective
function comprising two objective functions which can be presented as follows:

4.2.1. Minimization of Expected Total Cost (T Cost)

The total cost objective function, OF1, is defined as terms such as revenue from the selling
electricity to the grid, the cost of electricity purchased from the upstream grid and the cost of
producing heat, and the cost of energy storage system degradation. Equation (42) describes the

first objective function.
24

OF, = TCostg = Zah x P&

N CHP

+ Z C(PEHP, +HEHP) + Cpe + C(PPO) + C(HP)

. . (42)
+ Z (Ci50-SU} + ;5. SUD)
jEFc,CHP,PO,b
PdlSC
+cre9 Z S x P, | = Ay x P
=1 Mk
NS
ETCost = Z s X TCostg (43)

S=1
where 4, is the price of power at time h in ($/MWh), PF*¢"" and P"* are the amount of
electricity sold and purchased power to or from the network at time h (MWh) c(PEP, +HEP
are the CHP, FC, PO, HO units cost function, respectively, C; sy and C;sp are startup and
shutdown costs of generation facility in dollar, respectively, SU,{ and SD,{ are binary variables
of start-up or shut down status for the units at time h, C,feg is cost for battery degradation in
$/kWh, P,g »and P,ff}fc are charged and discharged power of the battery in kW, respectively.

4.2.1. Minimization of Expected Total Emission (ETEmission)
Pollution emissions of MG, OF2, are considered as the second objective function which is
described by equation (44).
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Nj
OF, = ETEmissiong = Z(E,,C”P + Ef“ + EP° + Ef) (44)
NcHp =t

EFHP = Z NOx;), + S02;), + €02y, = (k{HP + kSHP + k§HP) x PEIP
i=1
Ef = NOxf + S02§ + 02§ = (k¥ + kS + k§) x PFEF°
= NOxf° +5028° + COf° = (kf° + Kk5° + k£°) x PFOEFC
= NOx;¢ + S02[° + COF¢ = (ki + ki€ + k§®) x Py
Ns

ETEmission = Z ng X ETEmissiong (45)

S=1
where ESAP EFC EPO and ES are emission values of each unit in MG (kg/day).

3.3. Fuzzy decision making method

After obtaining the Pareto optimal solution front, planners might have to choose the
simplest compromising solution from among the set of optimal solutions. The fuzzy min-max
method assigns a fuzzy membership function to every solution within the Pareto front which
is within the interval [0, 1]. Equation (46) is employed to urge fuzzy membership functions for
the i-th objective function [33].

1 OF, < OF,™"
f_max _ f_k ]
OFypu = f,lnax—frlnm OF,™" < OF, < OF,™"* (46)
i —Ji
L 0 OF, = OF,™**

In order to obtain the best final solution, the fuzzy decision making method is implemented.
First at all, the minimum value of OF1 and OF2 is obtained, and then the solution with the
maximum value of min (OF1, OF2) as the best final solution is being selected.

5. Simulation results

5.1. Input data

The numerical values of emission, data of the fuel cell unit, data of the energy storage device
and heat storage, the startup and shutdown costs of units and cost function coefficients of CHP
units all are presented in [31]. The FOR data of CHP units are also listed in [31]. Maximum
DR is assumed to be 30%. The pollution coefficients of these power generation units are
considered zero and the cost of selling electricity for photovoltaic panels and wind turbines are
2.584 €ct/kwh and 1.073 €ct/kwh, respectively [33]. Also the maximum projected capacity for
determining the capacity of solar power plants and wind turbines is 1.5 MW and 1.2 MW,
respectively. The base heat and electric demand of MG are shown in Figure (4). In addition,
electric power and heat price are shown in Figure (5).
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Fig. 5. Electric power and heat price

5.2. Test cases

In this paper, three case studies have been taken into account:

Case A: CHP-FC-PV-WT-ESS based MG scheduling in islanded mode;

Case B: CHP-FC-PV-WT-ESS based MG scheduling in grid-connected mode;
Case C: Impact of TOU-DR program implementing on case B.

In Cases B and C, the MG is able to exchange (sell or purchase) power with the upstream
network, according to the market prices as shown in Figure (5).

To solve the optimization problem, at first step MG operator uses MOPSO optimize MG
operation with expected scenario. This was simulated by considering the hourly average values
of load, wind speed, and solar irradiance. Here, it is assumed that the MG operator must buy
all the power produced by the PV/WT at each time of the day. In the second step, risk costs
arising from uncertainty are minimized by the MG operator. The 1000 scenarios were
generated by considering the uncertainty in the MG via Monte Carlo simulations.
Subsequently, 3 scenarios were selected via backward reduction method to each uncertain
variable of load, wind speed, and solar irradiance. From the 27 (3*3*3) generated scenarios,
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expected total cost and expected emission cost were determined. Only the results of the Pareto
solution front related to scenario 13 are presented as the scenario with the highest probability,
and the results of other scenarios after selection by the fuzzy decision-making method and the
selected best compromise solution are shown in Table (6) to calculate the expected total cost
and expected total emissions are used.

Case A: In this case, the islanded mode is taken into account for MG. Table (3) provides the
Pareto optimal solutions for scheduling of MG without consideration of DRP for Case A and
scenario S13. The maximum weakest membership function of 0.6316 is related to Solution
#13. Considering the min-max fuzzy satisfying method, solution #13 is opted as the best
compromise solution. According to Table (3), the cost of MG energy production is equal to
$4403.956. Moreover, the emission is obtained as 60984.88 kg/day. The minimum value of
operation cost of MG is obtained as $4227.101, which is related to solution #1 where the aim
is to minimize the total cost of MG. Also, the minimum amount of emission provided is equal
to 58962.319 kg/day, which is obtained in solution #20 where the minimization of emission is
aimed.

Table 3. Pareto optimal solutions for short-term scheduling of micro-grid without DRP (Case-A) for
scenario s13 as a highest probability

# OF1 ($/day) OF2 (kg/day) OFl,p.u. OFZ,p.u. Min (OFl,p.u., OFz,p.u.)
1 4227.101 64452.02 1.0000 0.0000 0.0000
2 4235.8676 64163.666 0.9835 0.0525 0.0525
3 4244.1936 63874.724 0.9679 0.1052 0.1052
4 4252.5523 63585.54 0.9521 0.1578 0.1578
5 4261.7752 63296.797 0.9348 0.2104 0.2104
6 4276.3422 63007.939 0.9074 0.2631 0.2631
7 4291.9812 62718.826 0.8780 0.3157 0.3157
8 4307.2303 62430.055 0.8493 0.3683 0.3683
9 4322.8506 62141.996 0.8199 0.4208 0.4208
10 4338.6199 61851.76 0.7903 0.4737 0.4737
11 4355.4114 61562.876 0.7587 0.5263 0.5263
12 4384.4309 61273.689 0.7041 0.5790 0.5790
13 4403.956 60984.88 0.6674 0.6316 0.6316
14 4442.949 60695.647 0.5941 0.6843 0.5941
15 4472.1021 60407.017 0.5392 0.7368 0.5392
16 4506.2618 60117.995 0.4750 0.7895 0.4750
17 4569.3486 59829.367 0.3564 0.8421 0.3564
18 4679.5498 59540.568 0.1491 0.8947 0.1491
19 4719.3148 59251.478 0.0743 0.9473 0.0743
20 4758.8403 58962.319 0.0000 1.0000 0.0000

Figure (6) shows the produced power of case A for PV, WT, fuel cell, CHP1, and CHP2 also
power-only units for 24 hours. As output of the optimization program, the production capacity
of solar cells and wind turbines is 0.59 MW and 0.23 MW, respectively. The production curve
of solar cell and wind turbine is shown in this figure for 24 hours. The supplied heat of Case A
in the studied time horizon is illustrated in Figure (7). According to this Figure, the heat
generation of CHP1 is more than those of other production units. CHP2 has less heat generation
than CHP1, since its heat cost is higher than that of CHP1. The boiler and fuel cell units have
produced heat in their capacity limits. As it is obvious in figures (6) and (7), considering the
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time interval at which the fuel cell has not participated in power and heat generation, the

remained capacity of the fuel cell is stored as hydrogen in the hydrogen tank at this time
interval.

5> o0—¢ wo~¢ v —#— Fuel cell
0.8 0—o—0 ¢ —6—cHP1 ]
v —A— CHP2
—O—PV
—O—WT -
—&— Power only

Generated power (MWh)

20 25
Time(h)

Fig. 6. Generated power of the case A

1.5 T T

—#— Fuel cell
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Generated Heat (MWth)

Time(h)
Fig. 7. Generated heat of the case A

Case B: The Pareto optimal solutions in this mode are shown in Table (4) for scenario S13.
The maximum weakest membership function which is equal to 0.7416 is related to solution
#16. Taking into account the min-max fuzzy satisfying method, solution #16 is selected as the
best compromise solution. The cost of MG energy production is equal to $3730.738. The
emission is obtained as 55093.84 kg/day. In solution #1, which is focused on the minimization
of the total cost of MG, the minimum value of MG is obtained as S3702.019, whereas solution
#20 aims to obtain the minimum emission which is equal to 53049.772 kg/day. Total operation
cost of MG in solution #13 (case A) compared to solution #16 (case B) decreased about 15.2%
in comparing with case A, although emission has decreased about 9.6%.

Figures (8), (9) illustrate the generated power and heat of Case B, respectively. As shown in
Figure (8), PV, WT, fuel cell, CHP1, and CHP2 also power-only unit have participated in
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power production in the scheduling for 24 hours. As output of the optimization program, the
production capacity of solar cells and wind turbines is 0.67 MW and 0.34 MW, respectively.
The production curve of solar cell and wind turbine is shown in this Figure for 24 hours.
Considering the interconnection of MG and network, the MG has sold a part of power demand
to the network. Moreover, CHP1 and CHP2 have contributed in power production
continuously.

According to Figure (9), the heat production of CHP1 unit is more than those of other
production units, because generating power and heat by it is cheaper than the other units.

Table 4. Pareto optimal solutions for short-term scheduling of micro-grid without DRP (Case-B) for
scenario s13 as a highest probability

# OF1 ($/day) OF2 (kg/day) OFip.u. OF2p.u. Min (OFl,p.u., OFz,p.u.)
1 3702.019 62492.116 1.0000 0.0000 0.0000
2 3703.3005 62250.364 0.9885 0.0256 0.0256
3 3703.8511 61738.806 0.9835 0.0798 0.0798
4 3704.1196 61227.997 0.9811 0.1339 0.1339
5 3704.5965 60716.822 0.9768 0.1880 0.1880
6 3705.0845 60205.162 0.9724 0.2422 0.2422
7 3705.2673 59693.895 0.9708 0.2963 0.2963
8 3706.0203 59182.443 0.9640 0.3505 0.3505
9 3706.4356 58671.466 0.9603 0.4046 0.4046
10 3707.6484 58159.877 0.9494 0.4588 0.4588
11 3709.3555 57649.056 0.9340 0.5129 0.5129
12 3711.2299 57138.207 0.9171 0.5670 0.5670
13 3713.2289 56627.485 0.8991 0.6211 0.6211
14 3717.1511 56116.492 0.8639 0.6752 0.6752
15 3723.3446 55605.35 0.8081 0.7293 0.7293
16 3730.738 55093.84 0.7416 0.7835 0.7416
17 3740.8601 54583.002 0.6505 0.8376 0.6505
18 3755.9061 54071.861 0.5152 0.8918 0.5152
19 3776.0458 53560.572 0.3340 0.9459 0.3340
20 3813.1642 53049.772 0.0000 1.0000 0.0000

9o a\olo o oo
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—4—— CHP2
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—o—pv
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Fig. 8. Generated power of the case B.
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Case C: This case is analyzed for the determination of DRP’s impact on the solution of MG
scheduling. The Pareto optimal results for third case are presented in Table (5) and scenario
S13. The maximum weakest membership function considering the prepared solutions in this
table is equal to 0.7687, which is related to solution #16. According to the min-max fuzzy
satisfying method, Solution#16 is the best compromise solution. The cost of MG energy
production is equal to $3609.356 and emission is obtained as 54341.95 kg/day. In solution #1,
which is aimed to minimize cost, obtained value is $3594.124. Also, the minimum value of
operation emission is equal to 52712.029 kg/day, which is obtained in solution #20 where the
emission minimization is aimed. By comparing with the second case, total cost in selected
solution has decreased about 1.4% although emission has decreased about 3%. The results
show the effectiveness of the TOU-DR program.

Table 5. Pareto optimal solutions for short-term scheduling of micro-grid considering DRP (Case-C) for
scenario s13 as a highest probability

# OF1 ($/day) OF2 (kg/day) OF1p.u. OF2p.u. Min (OFl,p.u., OFZ,p.u.)
1 3594.124 60189.17 1.0000 0.0000 0.0000
2 3594.1262 60047.954 1.0000 0.0189 0.0189
3 3594.59 59640.15 0.9929 0.0734 0.0734
4 3595.0403 59232.364 0.9861 0.1280 0.1280
5 3596.0522 58825.125 0.9707 0.1824 0.1824
6 3596.6727 58417.864 0.9613 0.2369 0.2369
7 3597.4428 58010.684 0.9496 0.2914 0.2914
8 3598.3417 57603.41 0.9360 0.3458 0.3458
9 3598.8486 57195.287 0.9283 0.4004 0.4004
10 3599.8584 56787.455 0.9129 0.4549 0.4549
11 3600.5629 56379.686 0.9022 0.5095 0.5095
12 3601.5667 55971.641 0.8870 0.5641 0.5641
13 3602.6033 55564.375 0.8713 0.6185 0.6185
14 3603.9396 55156.83 0.8510 0.6730 0.6730
15 3605.9495 54749.498 0.8205 0.7275 0.7275
16 3609.356 54341.95 0.7687 0.7820 0.7687
17 3615.4996 53934.708 0.6755 0.8365 0.6755
18 3621.9587 53527.247 0.5774 0.8910 0.5774
19 3634.8452 53120.039 0.3817 0.9454 0.3817
20 3659.9881 52712.029 0.0000 1.0000 0.0000
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Fig. 10. Generated power of the case C.

Figure (10) illustrates the generated power and heat of case C. As shown in Figure (10), PV,
WT, fuel cell, CHP1, and CHP2 also power-only unit have participated in power production in
the scheduling for 24 hours. As output of the optimization program, the production capacity of
solar cells and wind turbines is 0.62 MW and 0.31 MW, respectively. The production curve of
solar cell and wind turbine is shown in this Figure for 24 hours. Considering the interconnection
of MG and network, the MG has sold a part of power demand to the network also the MG has
purchased a part of power demand from the network. Moreover, CHP1 and CHP2 have
contributed in power production continuously.
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Fig. 11. Generated heat of the case C.

The heat generated of case C, for 24 hours is shown in Figure (11). The participation of CHP1
and fuel cell in the heat generation of MG is obvious, in which CHP1 has produced more heat
than CHP2 due to its low cost function. Additionally, CHP2 and the boiler have less
contribution to the heat generation of MG, since their cost functions are higher than those of

Volume 48 Issue 3 (September 2024)
https://powertechjournal.com




-\ Power System Technology

/Y~ ISSN:1000-3673

Received: 06-06-2024 Revised: 15-07-2024 Accepted: 28-08-2024
other generation units. It should be noted that the generated hydrogen has been stored in the
hydrogen tank.
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Fig. 13. Percentage of electric energy provided by the different components of the HMS for Cases A, B

and C for scenario s13 as a highest probability
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Fig. 14. Demand levels comparison with considering DRP

The contribution of the energy of each component (i.e. Fuel cell, CHP1, CHP2, PV panels,
wind turbine and power only unit) for scenario s13 as a highest probability is given in Figure
(13). The electric power demand with consideration of DRP implementation of case A or case
B in comparison with case C is demonstrated in Figure (14). By applying DR program, load is
shifted from high price period to inexpensive time periods. According to power prices shown
in Figure (5), obviously, high price periods are experienced between h =12 and h = 16. So, DR
programs shift load from these periods to inexpensive periods which are between h =22 and h
= 24. It should be denoted that the amount of these changes in TOU-DR program is limited
about 30%.

Optimal Pareto solutions using MOPSO algorithm as well as selected trade-off solution based
on fuzzy satisfying approach are shown in Figure (15).
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6. Conclusion

In this paper, scheduling of a MG is considered that the MG composed of FC unit, two types
of CHP generating units, power only unit, PV, WT, boiler, ESS and heat storage. A demand
response program (DRP) based on time-of-use is applied to power demands. The uncertainties
related to load demand, wind speed and solar irradiation are modeled with a scenario-based
stochastic modeling and expected values calculation are used to evaluate the effect of
uncertainty in each case study. The proposed cost and emission functions are optimized
simultaneously using MOPSO algorithm to solve the problem. Compromising between the
Pareto front solutions is done using the fuzzy min-max satisfying method. In this study, three
cases are analyzed to confirm the performance of the proposed approach, including islanded
mode, grid connected mode, and the effect of the TOU-DR program on MG scheduling.

For the 27 scenarios, the multi-objective optimization problem was implemented in MATLAB
environment and the best solution was selected from the Pareto solution front by fuzzy decision
making. These selected solutions are shown in Table (6) for three cases (A, B and C) for each
27 scenarios. In Case A, MG is considered in the islanded mode; and the expected cost of
energy production and expected emission cost are achieved 4499.8 $/day and 61242.1 kg/day
respectively. Also, in Case B, MG is in the grid-connected mode and the expected cost of
energy production and expected emission cost are decreased to 3763.6 $/day and 57158.4
kg/day, respectively. Finally by implementing the DR program in Case C, the expected cost of
energy production and expected emission cost are 3632.7 $/day and 56014.4 kg/day,
respectively.

It can be concluded that connecting the MG to the power grid reduces the cost of operation and
the cost of pollution compared to the isolated mode. Also, using demand response programs
helps to further improve these objective functions.
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Table 6. The total cost ($/day) and total Emission (kg/day) for case A, B and C under each scenario and
related expected values

Case A Case B Case C
Scenario [ OF1 OF2 OF2 OF1 OF2

Slday)  (ko/day) OTTI) qnay  (slday)  (kglday)
S1 0.0201 4635.506 61480.76 3829.395 60285.39 3637.147 54570.19
S2 0.0043 4710.852 59914.99 3730.01 53330.21 3642.378 55394.72
S3 0.001 4619.357 62104.85 3847.255 53201.03 3675.171 59150.57
S4 0.0553 4524.526 63429.93 3792.544 57920.99 3685.603 55955.46
S5 0.0119 4461.651 58907.67 3834.579 61001.77 3673.366 59169.5
S6 0.0028 4521.26 58968.44 3757.389 59899.39 3568.785 57184.45
S7 0.0499 4460.692 59991.95 3720.421 54764.15 3658.964 57570.94
S8 0.0107 4576.45 62518.11 3790.889 55805.05 3645.622 56950.12
S9 0.0026 4486.267 60536.11 3846.614 59299.05 3591.379 56968.01
S10 0.0866 4694.652 61300.43 3722.138 56346.28 3646.696 53729.82
S11 0.0186 4563.607 58596.48 3724.21 53961.43 3576.273 60442.26
S12 0.0044 4290.116 61651.08 3711.271 61795.89 3655.666 53736.21
S13 0.238 4403.956 60984.88 3730.738 55093.84 3609.356 54341.95
S14 0.051 4473.845 60348.21 3732.119 57615.13 3633.332 57784.36
S15 0.0122 4450.063 62743.93 3724.888 55169.17 3626.649 56299.75
S16 0.2149 4480.744 61693.01 3826.323 60568.99 3641.805 58696.22
S17 0.0461 4731.023 60947.91 3791.431 57785.82 3635.298 58077.5
S18 0.011 4527.646 62174.24 3735.91 55887.64 3659.393 53444.2
S19 0.0201 4555.719 61944.11 3716.551 58012.13 3630.778 56184.1
S20 0.0043 4393.816 63136.5 3843.625 61129.92 3670.03 55194.38
S21 0.001 4374.869 64360.62 3803.741 56364.97 3595.626 59047.06
S22 0.0553 4426.011 61566.56 3764.478 56187.7 3636.445 52809.49
S23 0.0119 4790.716 63652.67 3761.438 62354.22 3584.729 59213.3
S24 0.0028 4756.234 58725.11 3730.415 53100.11 3587.354 54702.96
S25 0.0499 4443.578 60375.65 3730.942 54123.01 3604.453 53393.77
S26 0.0107 4476.029 59274.14 3791.297 53802.65 3637.283 52758.33
S27 0.0026 4328.805 61377.62 3742.025 57692.54 3641.118 53322.01
Expected value 4499.8 61242.1 3763.6 57158.4 3632.7 56014.4
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