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Abstract Microgrids have presented themselves as an

effective concept to guarantee a reliable, efficient and

sustainable electricity delivery during the current transition

era from passive to active distribution networks. Moreover,

microgrids could offer effective ancillary services (AS) to

the power utility, although this will not be possible before

the traditional planning and operation methodologies are

updated. Hence, a probabilistic multi-objective microgrid

planning (POMMP) methodology is proposed in this paper

to contemplate the large number of variables, multiple

objectives, and different constraints and uncertainties

involved in the microgrid planning. The planning

methodology is based on the optimal size and location of

energy distributed resources with the goal of minimizing

the mismatch power in islanded mode, while the residual

power for AS provision and the investment and operation

costs of the microgrid in grid-connected mode are

maximized and minimized, respectively. For that purpose,

probabilistic models and a true multi-objective optimiza-

tion problem are implemented in the methodology. The

methodology is tested in an adapted PG&E 69-bus distri-

bution system and the non-dominated sorting genetic

algorithm II (NSGA-II) optimization method and an ana-

lytic hierarchy process for decision-making are used to

solve the optimization problem.

Keywords Microgrid, Ancillary services (AS), Planning,

Multi-objective optimization, Decision-making

1 Introduction

Microgrids are active medium- and low-voltage distri-

bution networks that can operate in either grid-connected

or islanded modes by means of the operation of intercon-

nected distributed energy resources and different loads

[1, 2]. In last decades, the concept of microgrid has drawn

an special attention from academics and stakeholders in

order to not only manage the transition from passive to

active distribution networks but also improve the reliabil-

ity, security, and efficiency of the main utility grids through

the provision of ancillary services (AS) by the microgrids

[3]. In fact, a microgrid might be considered as a flexible

self-controlled entity that can be seen as an aggregated load

or power source by the main grid operators, which gives

rise to a valuable operational resource to the main grid [2].

The implementation of the concept of microgrid leads to

numerous technical and regulatory issues that should be

carefully tackled before the design and planning.

In this direction, many models and methods have been

proposed to solve the active distribution network planning

problem in the last decades. For example, [4] and [5]
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present a complete review of proposed models and opti-

mization approaches for the optimal planning of active

distribution networks. Reference [6] focuses on the com-

putational optimization techniques that are used

particularly for the microgrid planning. It can be remarked

from the conclusion that there are still microgrid planning

aspects without adequate or acute consideration.

For example, despite the plausible capacity of micro-

grids to provide AS to the main utility system and

participate in the electricity market [7], the AS capacity has

been commonly left outside of the planning problem [3].

On the other hand, although the penetration of distributed

energy resources with stochastic behaviour gives rise to a

planning with uncertainties, it has not been widely studied

in the microgrids case [4, 5]. Furthermore, although the

grid-connected and islanded operation modes are relevant

characteristics of the microgrid’s flexible operation, these

are normally considered as separated problems [6].

Moreover, [6] shows that despite the microgrid planning

problem involves several conflictive objectives, most of the

research around is based on mono-objective optimization

strategies. In fact, there are research that considers more

than one objective function, but the set of objective func-

tions are normally transformed into a virtual mono-

objective function [8]. For instance, [9, 10] propose a

probabilistic model to optimally adequate a distribution

network with distributed generation (DG) and distributed

storage (DS), but the methodology with two objective

functions are solved by means of a virtual mono-objective

one. Reference [8] presents a complete review of the multi-

objective planning of distributed energy resources, and

claim that planning optimization problems should be for-

mulated and solved as true-multi-objective strategies due to

their involved complexity. This assertion is reinforced in

[11], where it is solved as a distribution network planning

problem by means of a probabilistic-based DG model and

true-multi-objective strategy. Thus, results in [11] support

the multi-objective strategy convenience, although in this

work the DS penetration, the islanded mode operation, and

an AS capability are not contemplated.

References [12, 13] present a multi-objective stochastic

chance-constrained programming model for the planning

of stand-alone microgrids. In the first one, the net present

cost in the life cycle and pollutant emissions are mini-

mized. In the second one, the generation cost for

distribution companies is minimized and an internal return

rate for DG owners is maximized. However, despite both

works highlight the advantages of a multi-objective strat-

egy, the research is limited to an stand-alone operation, and

the AS are not considered as part of the planning problem.

Moreover, a decision-making strategy over the Pareto-front

to choose the optimal microgrid design from the outcome is

not implemented either.

Regarding the AS provision by microgrids, [7] presents

for the first time an assessment of the technical feasibility

of microgrids to supply AS, which is also amply discussed

in [2]. Nonetheless, most research has been focused on the

operation problem, AS supplying viability, and electricity

market conditioning for the microgrid AS participation

[14–17]. For example, in [18] a system-level assessment

framework has been recently proposed for evaluating the

contribution of microgrids in the power system capacity

planning and the development of policies for AS markets.

Reference [19] develops a microgrid planning model to

simulate the optimal operation of the microgrid and cal-

culate the system cash flow. This model is used to design a

campus microgrid. The reviewed research demonstrates

and highlights the potential of microgrids in the provision

of AS, but they do not completely tackle the technical

considerations from the perspective of microgrid

planning.

A modification of the distributed energy resources -

customer adoption model (DER-CAM) is proposed in [3]

with the proposal of including the stream revenue from the

participation of a microgrid in the AS market. The DER-

CAM is a mathematical model developed to determine

different types and capacities of distributed energy

resources inside of a microgrid and find the optimal dis-

patch of them [3]. The results presented in [3] suggest that

the participation of microgrids in AS markets can affect

their optimal sizing of resources as well as the dispatch of

energy. Nevertheless, [3] proposes a deterministic model

based on a mono-objective cost function, which has been

found as a drawback due to the actual presence of more

than one contradictory objective that cannot be modelled

accurately as a priory in the planning problem [11].

In [1], a probabilistic multi-objective microgrid plan-

ning (POMMP) methodology is proposed to find the

optimal locations and capacities of distributed energy

resources considering three objective functions: the mini-

mization of the power mismatch in islanded mode; the

maximization of the residual active power to be exported to

the main network; and the minimization of the annual

energy losses in grid-connected mode. In this case, the

planning methodology focuses on the technical optimiza-

tion of AS supplying instead of the economic issues, which

is a shortcoming of the research. Nonetheless, the research

shows the advantages of the methodology to solve the

microgrid planning problem.

This paper is the extension of the work in [1], and a

POMMP methodology with technical and economical

objective functions for the expansion or transformation of

existing active or passive distribution networks under the

concept of microgrids with AS capacity is proposed.
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The POMMP methodology enhances the proposal in [1]

by modifying both the microgrid’s mathematical model

and the planning optimization problem as well as including

a decision-making strategy to select the optimal solution

from the Pareto-front outcome. Thus, the main contribu-

tions of the paper are as follows.

1) The vector of decision variables is modified to

enhance the sizing and location of DS resources.

Furthermore, the charging/discharging (C/D) cycles

and operation criteria of DS have been modified based

on the AS provision and a demand management

approach.

2) An economic objective function to minimize the

operation cost of the microgrid is introduced, which

lead to a multi-objective optimization problem with

three objective functions: maximization of the active

power in grid-connected mode; minimization of the

mismatch active power in islanded mode and the

minimization of the operating cost of the microgrid.

3) The set of constraint functions is enhanced to improve

the reliability of methodology.

4) A decision-making stage based on the analytic hier-

archy process (AHP) technique is implemented to

properly choose an optimal microgrid design from the

Pareto-set that is obtained with the non-dominated

sorting genetic algorithm II (NSGA-II) approach. This

decision-making technique is carefully chosen based

on the advantages reported in [20], and the analysis of

other methods such as the simple additive weighting,

the technique for order of preference by similarity to

ideal solution, and the multi-attribute utility theory

(MAUT).

Regarding the AS provision, the proposed POMMP

methodology optimally plans the microgrid to have an AS

capability based on a fully available extra active power

capacity to be exported back to the main grid and to pro-

vide up- and down-frequency regulation, and spinning and

non-spinning operating reserve [3, 21].

This paper is divided in seven sections. In Section 2, the

microgrid mathematical model is presented. The opti-

mization problem is formulated in Section 3 and the

planning methodology is proposed in Section 4. In Sec-

tion 5, the test system Pacific Gas & Electric (PG&E)

69-bus, simulation conditions and two modelled cases

based on two market scenarios: california independent

system operator (CAISO) and PJM Interconnection LLC

(PJM) are explained. In Section 6, the optimal planning

results are found and analyzed using the NSGA-II and

AHP. Finally, the conclusions of the research are

presented.

2 Microgrid mathematical model

In this section, the microgrid mathematical models for

the POMMP methodology are explained.

2.1 Model of dispatchable and non-dispatchable
units

For the POMMP methodology, the microgrid is con-

sidered with dispatchable and non-dispatched DG units

such as photovoltaic (PV) modules, wind turbines (WT)

and microturbines (MT). The PV units c are considered for

the planning as continuos generation technologies, while

the WT and MT units g are modeled as discrete generation

technologies. The set of DG technologies ðc [ gÞ is deno-
ted by j. The DG models are defined based on [1] as:

1) Non-dispatchable DG: PV and WT technologies are

modelled as non-dispatchable units due to their

stochastic operation. Thus, the available active power

is calculated with the probability density function

(PDF) of the primary energies (wind speed and solar

irradiation). The PDFs are build from historical time-

series following the procedure in [1] and [3] along the

planning horizon. The uncertainty in the planning due

to the stochastic performance of the generation units is

considered through Monte Carlo simulation of the

primary energy, which is generated based on the PDF

parameters. Afterwards, the wind speed and solar

irradiation value with the biggest probability during

t are chosen to calculate the available active power.

The transformation functions to calculate the available

active power of WT and PV are shown in (1) and (2),

respectively [1].

Pawt ¼
0 v\vi and v[ vo

Prwt
v� vi
vr � vi

vi � v\vr

Prwt vr � v� vo

8>><
>>: ð1Þ

where Pawt is the available active power output; Prwt is the
rated power; and vi, vr, vo are the cut-in, rated and cut-out

wind speeds, respectively.

Papv ¼
Prpv

G2

GstcRc
0�G\Rc

Prpv
G

Gstc
Rc �G�Gstc

Prpv G[Gstc

8>>>>><
>>>>>:

ð2Þ

where Papv is the available active power output; Prpv is the
equivalent rated power; G is the solar irradiance; Gstc is the

solar irradiance in standar test conditions of 1000 W/m2;

and Rc is an specific irradiation point that accordingly to

[22] is typically 150 W/m2.
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2) Dispatchable DG generation: MTs are modelled as

dispatchable generators without uncertainty. There-

fore, MTs can generate a specified output power with a

certain power factor during the planning horizon [1].

2.2 Model of energy storage systems

The POMMP methodology can be adapted for different

technologies of energy storage systems. Nevertheless, it

has been modelled as a set of lead-acid batteries (BA) as in

[1]. For the model proposed in this paper, binary decision

variables to simulate the operation control of the C/D cycle

of DS are introduced. Hence, in grid-connected operation

mode, the binary operation variables bRDnm;d;h , for selling

frequency down-regulation, and bAuxm;d;h , for supplying AS,

are used [1, 3]. Furthermore, C/D cycles are commanded

by a demand management strategy based on the power

demand-generation rate of microgrid in grid-connected

operation mode and islanded operation mode. This is

shown in (3)–(8), where for the battery k, SOCk is the

battery state of charge; MSCk is the maximum charge;

DODk is the minimum deep of charge; gbak is the battery

efficiency; Pbak is the available battery active power; and

Cbak is the battery capacity.

Subscripts m, d and h describe a time-segment t based
on a month, day, and hour condition along the planning

horizon.

SOCkðt þ 1Þ ¼SOCkðtÞð1� gbak Þ �
Pbak

Cbak
ð3Þ

Pbak ðSOCkÞ ¼
Pch
bak

gchk bchm;d;h ¼ 1

Pdch
bak

=gdchk bdchm;d;h ¼ 1

8><
>: ð4Þ

where Pch
bak

;Pdch
bak

are the battery k C/D power, respec-

tively; and gchk ; gdchk are the battery k input/output

efficiency, respectively.

The binary variables for commanding the C/D cycles are

defined as:

1) Grid-connected mode:

bchm;d;h ¼ 1 SOC�MSC; bRDnm;d;h ¼ 1 or bBpkm;d;h ¼ 1

ð5Þ
bdchm;d;h ¼ 1 SOC�DOD; bAuxm;d;h ¼ 1 or bBpkm;d;h ¼ 0

ð6Þ
2) Islanded mode:

bchm;d;h ¼ 1 SOC�MSC; bBpkm;d;h ¼ 1 ð7Þ
bdchm;d;h ¼ 1 SOC�DOD; bBpkm;d;h ¼ 0 ð8Þ
where bBpkm;d;h is defined in (9).

bBpkm;d;h ¼

1 PDGm;d;h � ðPloadm;d;h þ Plossm;d;hÞ[ 0

or Ploadm;d;h � 1:2Pmin
load

0 PDGm;d;h � ðPloadm;d;h þ Plossm;d;hÞ� 0

or Ploadm;d;h � 0:8Pmax
load

8>>>>>><
>>>>>>:

ð9Þ

where PDGm;d;h is the active power generated by the DG;

Ploadm;d;h is the active power demanded by the load; and

Plossm;d;h are the power losses. bRDnm;d;h and bAuxm;d;h change

their state depending on the market and the main network

operator simulation proposed and explained later.

2.3 Loads profiles and planning horizon

In [3], a time distribution with three different typical

type of days: weekdays (ES), weekends (FS) and peak days

(DP), is used during the planning horizon. Thus, for the

model proposed in this paper, a planning horizon of one

year with these three typical days per month and time

segments of one hour per day is considered. The load

profile for each typical day is found from historical time

series [3, 23].

2.4 Microgrid operation modes and network
operator simulation strategies

The POMMP methodology considers objective func-

tions and operation conditions under grid-connected and

islanded modes. The strategy implemented in [1] for con-

sidering the islanded operation is implemented in POMMP.

On the other hand, there is an inherent difficulty to accu-

rately forecast the network operator request of AS during

the horizon planning, which introduces uncertainties in the

planning process. Therefore, in POMMP an strategy to

consider the AS provision to the main utility grid is pro-

posed. This consists in comparing the clearing prices of

each AS type (up- and down-frequency regulation, spin-

ning reserve and non-spinning reserve) from historical time

series, and the AS with the highest clearing price is chosen

to economically optimize the revenue stream of microgrid.

The strategy is modelled in (10).

Tmax
arm;d;h

¼ maxðTExm;d;h ; SMCPm;d;h ;

NSMCPm;d;h ;RUpMCPm;d;h ;RDnMCPm;d;hÞ
ð10Þ

where Tmax
arm;d;h

is the maximum rate between different ser-

vices to be exported to the grid; TExm;d;h is the regulated

tariff for electricity; and SMCPm;d;h , NSMCPm;d;h , RUpMCPm;d;h ,

RDnMCPm;d;h are the regulated tariffs for spinning reserve,

non-spinning reserve, and up- and down-frequency regu-

lation, respectively. Afterwards, binary values are assigned

to the associated binary variables of each one of the
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possible AS markets in which the microgrid optimally

could participate along the planning horizon. Then, bTExm;d;h
is the binary decision of selling electricity to the stock, and

bSm;d;h , bNSm;d;h , bRUpm;d;h , and bRDnm;d;h are the binary decision

of selling certain type of AS respectively (spinning reserve,

non-spinning reserve, and up- and down-frequency

regulation).

2.4.1 Key aspects

1) It is important to consider that each territory has its

own market rules with different types of energy dis-

patch and different regulations [3].

2) The microgrid is seen by the main utility grid operator

as a generation or load bus that can transfer or

consume electrical energy. Hence, the AS supply is

based on the active power that can be generated or

consumed in the microgrid.

3) The microgrid will be price taker having the clearing

prices in the electricity markets, which it is supposed

to be a proper bid strategy to compete in an open

market [3].

4) The clearing prices of each type of AS represent the

requirements of the electricity market to maintain the

reliability and safety of the power system [3].

3 Multi-objective optimization problem
formulation of microgrid planning

A true-multi-objective optimization model is formed by

the decision variables vector, objective functions, con-

straint functions, and the mathematical model.

Furthermore, the problem is solved in three parts: model

setup, optimization, and decision-making [24]. The

POMMP methodology is proposed as a true-multi-objec-

tive optimization problem with three objective functions,

Nd decision variables, and Nc constraints functions to form

the feasible region as it is described below. The opti-

mization problem is solved with the NSGA-II, while the

chosen optimal solution is selected using the AHP multi-

criteria decision-making technique.

3.1 Objective functions for enhanced POMMP
methodolgy

One of the contributions of this paper is the enhanced

optimization problem for the planning of microgrids with

AS capacity. In this proposal, the residual active power in

grid-connected mode is maximized, the power mismatch in

islanded mode is minimized, and the operation cost in grid-

connected is minimized. Consider j for DG units, k for DS

units, and l for loads. The set of distributed energy

resources ðj [ kÞ is denoted by i. Furthermore, consider the

variables introduced in Section 2.2 for describing the

objective functions f1 and f2.

3.1.1 Microgrid residual power in grid-connected mode

The residual active power in grid-connected mode is

calculated in (11) for Nt time segments t.

f1ðxÞ ¼ � 1

Nt

XNt

t¼1

X
j

PDGj;tðxÞ �
X
k

Pbak;tðxÞ
 "

�
X
l

Ploadl;tðxÞ � PlosstðxÞ
!#

8t
ð11Þ

3.1.2 Microgrid active power mismatch in islanded mode

The objective function is given in (12).

f2ðxÞ ¼ 1

Nt

XNt

t¼1

X
j

PDGj;tðxÞ �
X
k

Pbak;tðxÞ
 "

�
X
lsched

Plshedlsched ;t
ðxÞ � PIlosstðxÞ

!#
8t

ð12Þ

where Plshed is the power demanded by the loads lshed after

a load shedding as a possible demand managing strategy in

islanded mode operation.

3.1.3 Minimization of microgrid operation cost in grid-
connected mode

In POMMP, an economic function is introduced to

enhanced the proposal in [1]. Its objective is to minimize

the operation and investment costs of a microgrid in a

typical year. The main considerations are as follows.

1) Customer’s loads are modelled accordingly to the

planning horizon.

2) Investment costs are annualized based on an interest

rate and the lifespan of the technology.

3) The installed capacity of PV and BA technologies is

sized using continuous decision variables while the

capacity of the MT and WT technologies is sized

through discrete decision variables [3].

The objective function in (13) contains a set of desired

components of costs to be optimally minimized in the

microgrid in a year, including the regulated tariff for public

services, the energy purchasing cost, the operating and

maintenance costs (O&M) for the on-site generation, the

annualized capital costs of the distributed energy resources,

the revenues from sales of electricity and the provision of

AS to the grid.
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f3ðxÞ

¼
X
m

TFm ðaÞ

þ
X
m

X
d

X
h

ULm;d;hTEm;d;h ðbÞ

þ
X
j

X
m

X
d

X
h

GTj;m;d;hðCVCj þ COMVjÞ ðcÞ

þ
X
g

IGg maxðPgðCCCDgAg þ COMFgÞÞ ðdÞ

þ
X
c

ðCFCCcCapcÞAc þ CapcCOMFc ðeÞ

þ
X
k

ðCFCCkCapkÞAk þ CapkCOMFk Þ ðfÞ

�
X
m

X
d

X
h

GSm;d;hTExs;d;hbTExm;d;h ðgÞ

�
X
m

X
d

X
h

GSm;d;hSMCPm;d;hbSm;d;h ðhÞ

�
X
m

X
d

X
h

GSm;d;hNSMCPm;d;hbNSm;d;h ðiÞ

�
X
m

X
d

X
h

GSm;d;hRUpMCPm;d;hbRUpm;d;h ðjÞ

�
X
m

X
d

X
h

GSm;d;hRDnMCPm;d;hbRDnm;d;h ðkÞ

ð13Þ
The generation costs are considered from part (a) to (f) in

(13). Part (a) accounts the fixed operation cost for elec-

tricity in month m, where TFm is the regulated tariff fixed

charge for electricity. Part (b) models the electricity pur-

chased from the power utility, where ULm;d;h is the

electricity purchase at time m, d, and h, and TEm;d;h is the

regulated tariff for electricity. Part (c) relates the variable

operation and maintenance costs of generation, where

GTj;m;d;h is the total power generated by technology j, CVCj is

the generation cost of technology j during month m; and
COMVj is the variable annual operation and maintenance

costs of technology j. Afterwards, parts (d), (e) and

(f) model the fixed annual operation and maintenance costs

for MT/WT, PV and BA respectively. In these parts, IGg is

the number of units of generation technology g installed;

Pg is the active power generated by the technology g;
CCCDg is the turnkey capital cost of generation technology

g; Ac;Ag;Ak are the annuity factor for investments in

technologies c, g and k; COMFc , COMFg ,COMFk are the fixed

annual operation and maintenance costs of technology

c, g and k; CFCCc;k is the fixed capital cost of generation

technology c or k; and Capc and Capk are the rated power

capacity of generation technology c and k.
Furthermore, the generation revenues are considered

from part (g) to (k). Part (g) is the revenue due to the

exported power, where GSm;d;h is the power generated to be

exported at time m, d, and h; TExm;d;h is the regulated tariff

for electricity export at time m, d, and h; and bTExm;d;h is the
binary decision of selling electricity to the stock at time m,
d, and h. Parts (h), (i), (j) and (k) are the revenues due to

AS supplying for spinning reserve, non-spinning reserve,

and up- and down-frequency regulation respectively. In

these parts, SMCPm;d;h , NSMCP, RUpMCP, and RDnMCP are the

regulated tariff for the spinning reserve, non-spinnning

reserve, and up- and down-frequency regulation, respec-

tively, while the binary variables are described in

Section 2.4.

3.2 Decision variables for enhanced POMMP
methodology

The decision variables are organized in the decision

variables vector x and they are divided into two sets:

½xmt; xwt; xpv; xba� with the capacities of the MT, WT, PV,

and BA, respectivelly, and ½xbus;mt; xbus;wt; xbus;pv; xbus;ba�
with the location of the the MT, WT, PV, and BA

respectivelly [1]. It is important to highlight that in [1] the

BA is located and sized based on the PV generation units.

On the contrary, in the POMMP methodology, the decision

variables vector considers a set of variables for the size and

location of BA. This can be seen in (14):

x ¼ ½xmt; xwt; xpv; xba; xbus;mt; xbus;wt; xbus;pv; xbusba � ð14Þ
3.3 Constraints functions for enhanced POMMP

methodology

For the proposed POMMP methodology, different con-

straints are adapted from [1, 3].

1) Energy balance in microgrid: the energy balance

includes the generated, exported, imported, consumed

power and losses in islanded and grid-connected

modes in (15) and (16), where ToPGm;d;h , PAexpm;d;h ,

PAimpm;d;h , ToPDm;d;h , and Plossm;d;h are the total active

power generated, exported, imported, demanded, and

lost, respectively for the microgrid in grid-connected

mode and in islanded mode. Additionally, the voltage

V limits at each node are constrained in (17).
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ToPGm;d;h � PAexpm;d;h þ PAimpm;d;h

¼ ToPDm;d;h þ Plossm;d;h 8m; d; h ð15Þ

ToPGIm;d;h ¼ ToPDIm;d;h þ PlossIm;d;h 8m; d; h ð16Þ
Vmin �VNb;m;d;h �Vmax 8m; d; h ð17Þ
2) Operation limits of distributed generators: the

maximum and minimum operation limits of each

DG, the maximum number of operation hours and the

available physical area for distributed energy

resources installation are considered in (18)-(20).

min
X
g

Pg �GTg;m;d;h � max
X
g

Pg 8m; d; h ð18Þ
X
m

X
d

X
h

GTg;m;d;h � max
X
g

PgHg 8m; d; h ð19Þ

AUNt ;i �ADispNt ;i 8i : i 2 PV ;WTf g ð20Þ
where Hg is the number of hours that the units with tech-

nology g can operate; AUNt;i is the used physical area at the

bus Nt by a technology i; and ADispNt ;i is the available

physical area at the bus Nt by a technology i. Note that the
other variables are part of (13).

3) Operation limits of storage systems: as in the previous

case, the operation limits of storage systems are

constrained. Limits such as energy balance, maximum

and minimum power flow capacity in a given node and

the verification of the scheduled dispatch for the

supply of AS are taken into account in (21)–(30).

SOutk;m;d;h ¼ SOutMRk;m;d;h þ SOutRUPk;m;d;h

þ SOutSk;m;d;h þ SOutNSk;m;d;h 8k;m; d; h ð21Þ

SInk;m;d;h ¼ SInMRk;m;d;h þ SInRDnk;m;d;h 8k;m; d; h ð22Þ
SOCk;m;d;h � Cbatk ¼ SInk;m;d;h � SOutk;m;d;h

þ SOCk;m;d;h�1 � Cbatk ð1� ukÞ 8k;m; d; h ð23Þ

SOCk;m;d;1 ¼ SOCk;m;d;24 8k;m; d ð24Þ
SOCk;m;d;h �MSCk 8k;m; d; h ð25Þ
SOCk;m;d;h � 1 8k;m; d; h ð26Þ
SInk;m;d;h �Cbatk 8k;m; d; h ð27Þ
SOutk;m;d;h �Cbatk 8k;m; d; h ð28Þ
SInk;m;d;h � bchk;m;d;hM 8k;m; d; h ð29Þ
SOutk;m;d;h � bdchk;m;d;hM 8k;m; d; h ð30Þ
where SOutk;m;d;h , SInk;m;d;h , for the battery k , are the input and
output power; SInMRk;m;d;h is the output of battery k for the

internal consumption of the microgrid; SOutSk;m;d;h ,

SOutNSk;m;d;h , SOutMRk;m;d;h , SOutRUPk;m;d;h are the output power of

battery k for the spinning, non-spinning, and up- and down-

frequency regulation, respectively; uk is the losses due to

decay or self-discharge in battery k; and M is an arbitrary

large number for binary considerations. Other variables

linked with (21)–(30) are described in Section 2.2.

4) Export and import of energy to microgrid: it is

guaranteed that there is not incoming and outgoing

energy flow from and to the main grid at the same time

in (31) and (32).

ULm;d;h � bpsm;d;hM 8m; d; h ð31Þ
GSm;d;h �ð1� bpsm;d;hÞM 8m; d; h ð32Þ
where bpsm;d;h is the binary decision of selling or purchasing

electricity to the main grid; ULm;d;h is the electricity pur-

chase; and GSm;d;h is the power generated to be exported.

5) AS: the dispatches of AS are constrained in the

microgrid by the scheduled dispatch, supplying time

window, power capacity and a minimum bid to

participate in each of the energy markets in (33)-

(44). Thus, the binary decisions for the AS supplying

are verified along the horizon planning with (33) to

(36).

Sm;d;h � bSm;d;hM ð33Þ
NSm;d;h � bNSm;d;hM ð34Þ
RUpm;d;h � bRUpm;d;hM ð35Þ
RDnm;d;h � bRDnm;d;hM ð36Þ
where Sm;d;h, NSm;d;h, RUpm;d;h , RDnm;d;h are the total active

power generated for spinning reserve, non-spinning

reserve, and up- and down-frequency regulation,

respectively; and bSm;d;h , bNSm;d;h , bRUpm;d;h , bRDnm;d;h are the

binary decision of selling certain type of AS, respectively.

The AS supplying time is constrained for each type from

(37) to (40), where h0 ¼ h; hþ 1; ::; hþ hf g. For this

purpose, h represents the AS supplying time.X
h0

bSm;d;h �ðbSm;d;h � bSm;d;h�1
Þh ð37Þ

X
h0

bNSm;d;h �ðbNSm;d;h � bNSm;d;h�1
Þh ð38Þ

X
h0

bRUpm;d;h � ðbRUpm;d;h � bRUpm;d;h�1
Þh ð39Þ

X
h0

bRDnm;d;h � ðbRDnm;d;h � bRDnm;d;h�1
Þh ð40Þ

The constrains (41) to (43) are intended to guarantee a

minimum capacity in the microgrid to assure its

participation in the AS markets.
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Sm;d;h � bSm;d;hS
min
Bid ð41Þ

NSm;d;h � bNSm;d;hNS
min
Bid ð42Þ

RUpm;d;h � bRUpm;d;hR
min
Up;Bid ð43Þ

RDnm;d;h � bRDnm;d;hR
min
Dn;Bid ð44Þ

where Smin
Bid , NS

min
Bid , R

min
Up;Bid , and R

min
Dn;Bid are the minimum bid

for spinning and non-spinning reserve market, and up- and

down-frequency regulation markets.

3.4 True-multi-objective optimization and decision-
making algorithms

In this paper, the NSGA-II proposed in [25] has been

used to solve the optimization problem and find the Pareto-

optimal solutions. On the other hand, to enhance the

implementation of the planning methodology, a multi-cri-

teria decision-making based on the AHP strategy is

implemented as the last step to select a solution from the

optimal Pareto-set based on the criteria of decision-maker

[26, 27].

3.4.1 Multi-objective optimization algorithm–NSGA-II

NSGA-II has been amply used in the engineering field

and is presented for the first time in [25]. For solving the

problem with the algorithm, a certain number of individ-

uals p in the population and generations g should be tuned.

3.4.2 Multi-criteria decision-making algorithm–AHP

In the AHP, pairs of criteria and possible solutions are

compared based on a predefined relevance-level scale [27].

The problem is hierarchically discomposed and ranked,

making the decision in a descendant order. The strategy

implemented in this paper is a combination from

[20, 28, 29] approaches as follow.

1) The decision-making is organized as a hierarchic

structure with three levels as shown in Fig. 1. The

main goal is in Level 1. In Level 2, the decision-

making criteria are set as each one of the three

objective functions. In Level 3, the alternatives that

will be evaluated are established. For this purpose,

each criteria has p alternatives, which are each

solution in the Pareto-set for each objective function,

and are the output of the NSGA-II.

2) The objective functions (Level 2) are weighted by

comparing in pairs based on the decision-maker

criteria and the question “how relevant is the objective

function with respect to the other?”. For this purpose

the Saaty’s scale with 9 relevance levels is used [20].

This comparison gives rise to the comparison matrix B

for n ¼ 3 objective functions (45).

B ¼

1 b12 � � � b1n

b21 1 � � � b2n

..

. ..
. ..

.

bn1 bn2 � � � 1

2
66664

3
77775 ð45Þ

where bij is the weight for each pair of objective functions

based on Saaty’s scale and bij ¼ 1=bji.
3) The consistency among the weights is reviewed with

the maximum eigenvalue of B and the consistency

index that is calculated and evaluated as in [20, 29].

4) The normalized relative relevance for each objective

function are calculated based on the geometric mean

(46):

Wi ¼
Qn
i¼1

bij

� �1
n

Pn
i¼1

Qn
i¼1

bij

� �1
n

ð46Þ

Then, the normalized weights give rise to the vector WF ,

with n ¼ 3 in this case (47):

WF ¼ W1 W2 � � � Wn½ �T ð47Þ
5) The alternatives in Level 3 (solutions for each

objective function) are weighted as in 2) following

the Saaty’s scale of 9 degrees. Thus, the solutions are

organized in ascendant or descendant order depending

on the maximisation or minimisation goal, and the

Saaty’s scale is assigned in this order. This gives rise

to the comparison matrix Sp�p for p equals to number

of solutions. Afterwards, 3) and 4) are applied for S,

which leads to a vector WS for each objective function

(48).

To find the best solution from the Pareto surface

Objective
function F1

Objective
function F2

Objective
function F3

Level 1:
main goal

Level 2:
criteria

Level 3:
alternatives

noituloSnoituloS
S1

Solution
S2

Solution
S3 Sp 1

Solution
Sp

Solution
Sn

Fig. 1 Hierarchic structure used for the decision-making
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WS ¼ WS1 WS2 � � � WSp

� �T ð48Þ
6) The ranking of each solution p of the Pareto-solutions

is calculated with (49):

F1 F2 F3

Rp ¼

WS1 WS1 WS1

WS2 WS2 WS2

..

. ..
. ..

.

WSp WSp WSp

2
66664

3
77775

WF1

WF2

WF3

2
64

3
75 ð49Þ

7) Finally, the solution with the highest ranking is chosen

from the optimal Pareto-set of solutions.

4 Microgrids planning methodology

The POMMP methodology is based on the methodology

presented in [1], where t is time segment, p is individual of

the population, g is generation of the population. The

enhanced methodology is presented in Fig. 2. Note that

DER stands for distributed energy resources. The

methodology can be read following the step indexes. In the

methodology, an optimal power dispatch along the plan-

ning horizon is included, and the stochastic operation of the

units is modelled with Monte Carlo simulation of the pri-

mary energy, based on PDFs of the wind speed and solar

irradiation and historical time series in ②–④. Thus, a

simulation of the network operator is executed (②–③) in

order to determine the AS demand from the operator and

then generate the decisions variables vector ⑥. Further-

more, the ⑨, ⑪ and ⑭ have been included to consider the

improvements in the energy storage systems considera-

tions, as well as the ⑧, which represent the binary C/D

variables of the DS based on the market AS demand and

the demand management approach described in Sec-

tion 2.2. Finally, ⑱ introduces the multi-criteria decision-

making approach implemented to choose the most conve-

nient solution from the Pareto-front based on a decision

maker’s criteria and the AHP technique.

5 Modelled cases and decision-making criteria

In this paper, two modelled cases (with information of

two real markets), and the test system PG&E 69-bus are

used to test the POMMP methodology. The test system

used is presented and described in [1] as well as relevant

features of the methodology proposed in [1] that are kept.

For example, the multi-region capability for considering

more than one area of wind-speed and solar irradiation.

Furthermore, the demand time-series for the three typical

days used in the planning were adapted from [1, 30] as well

as the time series for wind speed, solar irradiation that were

taken from the German Meteorological Office (Deutscher

Wetterdienst-DWD). The time series are processed and the

Weibull and Log-normal PDF are defined to describe the

wind speed and global solar irradiation, respectively.

A PDF for each time-segment of one hour of each of the

Stochastic primary
energy simulation
using Monte Carlo

for each t

Start

End

The planning
parameters and
variables limits

are set and loaded

The time series for
each stochastic
primary energy

are loaded 

The time series of
the demand are

loaded
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tariffs are loaded

The PDFs  are
calculated along

the planning
horizon 

The AS and energy
purchase/sale

clearance prices
are set along the
planning horizonThe typical days

of demand are
defined along the
planning horizon

Simulation of the
AS demand by the
main utility grid

operator for each t
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decision variables
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Calculation of the
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Calculation of the
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DER and loads for t

Deterministic
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N
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Y
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Fig. 2 Proposed POMMP methodology
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three typical days of a month (weekdays, weekends and

peak days) were defined for both wind speed and solar

irradiation areas, and the Monte Carlo simulation was set

for 5000 aleatory values.

Other parameters such as the battery efficiency, DOD
and MOD, types of location in the microgrid’s buses,

installation area required by the distributed energy

resources, voltage limits, and the NSGA-II code adaptation

in MATLAB are kept as in [1]. Regarding the NSGA-II

parameters tuning, the population and generations numbers

are set up based on a specific tuning process as p ¼ 1000

individuals and g ¼ 50 generations for the two modelled

cases.

To test the POMMP methodology, the rated power of

the DG and DS technologies are chosen as 31 kW, 120 kW,

100 kW, and 600 kW for MT, WT, PV, and BA, respec-

tively. The lower optimization boundaries are set up as

zero for all the technologies, and the upper boundaries

were defined as 310 kW (10 units) for MT, 1.2 MW (10

units) for WT, 100 kW for PV, and 600 kW for BA. The

number of possible buses with distributed energy resources

in the microgrid is set as a maximum 5 buses for MT, WT,

and BA; and maximum of 10 buses for PV. It is important

to mention that the approach used in [1] regarding the

discrete and continuos sizing of DG and DS was modified

based on [3], where a PV and BA are sized as discrete due

to their modularity and MT and WT as continuous vari-

ables. These limits are chosen with the aim to test the

methodology, although they can be modified depending on

the user requirements.

Two cases were implemented. Case 1 is POMMP for

PJM market and load shedding in islanded operation. Case

2 is POMMP for CAISO market and load shedding in

islanded operation. The load shedding strategy in islanded

operation was adopted as in [1] to demonstrate an addi-

tional planning condition that can be considered with the

POMMP methodology.

5.1 Economical parameter and market description

For this paper, the technical and economic data used to

describe all the distribution energy resources are obtained

from [1, 31, 32]. The specific DG and DS parameters

chosen such as CCCD, COMV, COMF, CFCC, gch, gdch, DOD,
MSC and gba can be consulted in [38] for purposes of result

reproducibility.

Regarding the market data, the cities of San Francisco

and Baltimore belonging to the territory of CAISO and

PJM respectively are selected to implement the model in

locations with different AS rates and market prices as in

[3]. The tariff information used is based on data available

in [31]. Furthermore, the PG & E and Baltimore Gas &

Electric (BG & E) generation rates are selected for the

cities of San Francisco and Baltimore respectively from

[3], and the transmission rates considered in [33] are

added.

The time series of the tariff for exporting energy to the

main utility grid (TEx) is based on the clearing price of the

market. The data are obtained for 2014 from [34] for

CAISO market and from [35] for PJM market.

The tariffs for the AS provision are chosen from 2014

historical time series data of the clearing prices of CAISO

and PJM markets [36, 37]. It must be considered that these

values correspond to the average price of each day-type

planned along the planning horizon.

All the market data used for simulations can also be

consulted in [38].

5.2 Decision-making criteria

For the solution of the POMMP methodology, the

authors take the role of decision-makers in order to apply

the multi-criteria decision-making approach described

before. Therefore, the objective function relevance order

has been defined by the authors for the methodology test

as:

1) F1: residual active power in grid-connected mode.

2) F3: operation cost of the microgrid in grid-connected

mode.

3) F2: mismatch power in islanded mode.

Following the Saaty’s scale in [20], the comparison

matrix for the objective functions that has been defined by

the decision-maker for the two study cases is shown in

(50). Thus, the intensity of importance 1 (equal impor-

tance) is for two criteria (objective functions) that

contribute equally to the main objective of the AHP; 3

(moderate importance) is for an experience and judgment

slightly favor one criteria over another; and 5 (strong

importance) is for an experience and judgment that

strongly favors one criteria over another.

F1 F2 F3

B ¼
F1

F2

F3

b11 b12 b13
b21 b22 b23
b31 b32 b33

2
64

3
75

F1 F2 F3

¼
F1

F2

F3

1 5 3

1=5 1 3

1=3 1=3 1

2
64

3
75

ð50Þ
The comparison matrix for the Pareto-set of solutions

(alternatives) has been built assigning all 9 values of the

Saaty’s scale and solving the procedure described in

Section 3.4.2. Note that the objective relevance order can

be modified based on the other preferences and/or

requirements.
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6 Simulation results and discussion

6.1 Case 1: POMMP for PJM market and load
shedding

The Pareto-optimal results of the POMMP under the

PJM market conditions are presented in Fig. 3, where each

point (individual p) represents a possible optimal solution

for the planning problem in the objective functions space,

and S stands for the solution. Solutions show a range of

possible microgrid designs, whose operation cost can

increase from $0.5 million up to $1.1 million, with a

residual capacity for the AS provision and market partici-

pation up to 1 MW. It can also be analyzed that the

mismatch power in islanded mode can also be considered

as a design criteria if it is set up as a priority criteria in

order to reduce the possible operation problems due to an

installed overcapacity.

In Fig. 3, S41 is the solution of the minimum operation

cost, and S74 and S3 are the first and second best ranked-

solutions from the AHP decision-making strategy outcome.

The objective function results for each solution are pre-

sented in Table 1.

Table 1 shows that between these two solutions, an

increase of 40 kW in the residual power leads to an

increase of $54300 in the operation of the microgrid, which

should be considered. These results support the advantages

of the POMMP methodology with a true-multi-objective

approach because it is possible to analyze the possible

trade-off options. Furthermore, from the POMMP

methodology outcome, it can be seen that a minimum

operation cost can be achieved for the extreme S41 with

$8690400 that is slightly bigger than the 50% of the gen-

eration cost for S74. However, there is no available power

capacity for the AS provision. With the multi-objective

approach, it is possible to find a convenient trade-off

among the objective functions, with an improvement in the

reserve capacity for the AS supplying up to 1011.8 kW

with the S3.

Operational characteristics and market participation

capabilities such as the total energy exported, imported,

generated, demanded, revenues and expenses purchase of

the two best solutions chosen by AHP for the participation

of microgrid in the PJM electricity market, are shown in

the Table 2.

Table 2 shows that, despite the generated, demanded and

imported energies are relatively similar in terms of MWh/

year, the energy purchasing cost will increase 3.15% for

S3. Therefore, it can be claimed that the POMMP can offer

a set of possible solutions with small technical variations

that can give rise to optimal extra savings in the microgrid

operation.

The best solution in terms of the multicriteria decision-

making AHP is S74. The optimal sizing and location of

distributed energy resources for this solution are presented

in Table 3.

Graphically, the PG&E distribution network trans-

formed as a microgrid is shown in Fig. 4.

Comparing it with the results of [1], Fig. 4 shows that

the POMMP methodology gives a set of independently

optimally sized and located BA units, which together with

the demand management approach can offer a better flex-

ibility to the microgrid AS provision.

6.2 Case 2: POMMP for CAISO market and load
shedding in islanded operation

Now, the POMMP methodology is used to plan a

microgrid under the market condition of CAISO. The

optimal Pareto-set of solutions is shown in Fig. 5.
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AHP solutions selection

S3

S41

Pareto-solutions
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Fig. 3 Optimal Pareto-solutions for microgrid planning in Case 1

Table 1 Optimal solutions for microgrid planning in Case 1

Solution f1ðxÞ (kW) f2ðxÞ (kW) f3ðxÞ ($)

S74 972.0 2722.0 1193700

S3 1011.8 2733.5 1248000

Table 2 Operational characteristics and market participation for S74

and S3

Output parameter S74 S3

Total energy generated (MWh/year) 2984.4 3006.5

Total energy demanded (MWh/year) 2268.2 2276.6

Total energy imported (MWh/year) 29.47 29.82

Total energy exported (MWh/year) 680.59 691.78

Income from export of energy ($/year) 4283.2 4364.7

Income from AS provision ($/year) 9348.3 9534.5

Expenses from energy purchasing ($/year) 20047 20679
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Comparing the result of the two cases, it can be analyzed

that, despite that the operation cost keeps relatively

between the same limits, the residual power capacity of the

microgrid to offer AS for the case of the CAISO market is

lower than the PJM case. When the AHP multi-criteria-

decision-making technique was applied, it was found that

the two most convenient decisions are the solution S61 and

S96. The results are shown in Table 4.

Furthermore, it can be seen that a minimum operation

cost can be achieved for the extreme S36 with $943000,

which is smaller than the generation cost for S61 in

$138500. However, there is no available power capacity

for the AS provision. Using the multi-objective approach, it

is possible to find a solution with an improvement in the

reserve capacity for the AS supplying up to 267 kW with

S96.

The operation characteristics for the two solutions are

shown in Table 5. The size and location of the distributed

energy resources for the optimal design in S61 are

described in Table 6.

From the results, it is found that the installed capacity of

distributed energy resources is lower for Case 2 in com-

parison with Case 1. For example, the total energy

generated by the microgrid in Case 2 for the solution S61 is

the 58% of the energy generated by the microgrid in Case 1

for the solution S71. Furthermore, the incomes from the AS

provision are only 21% of the income achieved in Case 1.

Table 3 Optimal capacities DG and DS units for S74

Type Location bus No. of units Capacity (kW)

MT 54 10 212.7

51 6 127.6

39 2 42.5

3 6 127.6

WT 69 8 960

53 8 960

68 10 1200

64 3 360

9 8 960

PVs 42 – 32.8

8 – 72.9

26 – 78.9

35 – 4.7

34 – 91.5

2 – 31.4

37 – 74.4

23 – 22.5

19 – 34.4

58 – 2.0

BA 22 - 481.1

65 – 316.3

41 – 108.5

10 – 170.3

12 – 221.4

WT

1

59

40 57

10 15

55

4593 48
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4236
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Fig. 4 Optimal microgrid with 69 buses
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Fig. 5 Optimal Pareto-solutions for microgrid planning in Case 2

Table 4 Optimal solutions for microgrid planning in Case 2

Solution f1ðxÞ (kW) f2ðxÞ (kW) f3ðxÞ $

S61 100.1 1348.2 1081500

S96 267 1748.5 1208000

Table 5 Operational characteristics and market participation for S61

and S96

Output parameter S61 S96

Total energy generated (MWh/year) 1743.3 1906.6

Total energy demanded (MWh/year) 2175.8 2229.1

Total energy imported (MWh/year) 538.76 463

Total energy exported (MWh/year) 40.4 64.49

Income from export of energy ($/year) 760.8 1742.3

Income from AS provision ($/year) 1971.7 2807.5

Expenses from energy purchasing ($/year) 57185 49048
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7 Conclusion

In this paper, POMMP with three different objective

functions has been proposed in order to enhance the AS

provision to the main utility grid. The methodology is

formulated and solved as a true-multi-objective optimiza-

tion problem, and a multi-criteria decision-making strategy

based on the AHP technique is implemented. In POMMP,

the DS size and location have been defined as individual

decision variables, a C/D approach based on the AS pro-

vision demand is proposed, and a demand management

strategy is formulated. It is corroborated with the results

that POMMP considers the AS market aspects, showing the

relevance of considering the market conditions as part of a

true-multi-objective approach. For example, CAISO mar-

ket offers lower tariffs and conditions for an open AS

provision market compared to the PJM market. Then, the

POMMP methodology plans the microgrid for the CAISO

case with an optimal installed capacity 58% lower than the

one of the optimal solution of the PJM case. Furthermore,

POMMP methodology can consider other demand

management techniques such as load shedding in islanded

operation mode. Future research will be related to the

optimal planning of resources under the same methodology

to supply other types of AS such as voltage regulation.

Furthermore, a wide range of technical questions about the

stability of microgrid and main grid from the planning step

will lead to future research for extending flexible planning

methodologies such as POMMP. This research should

consider a greater interaction of the microgrid with the

main grid. Finally, it is expected that methodologies as

POMMP can be tested under different market conditions,

networks and study cases in order to identify open market

features that can benefit the revenue streams of microgrid

and support their implementation.
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