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Renewable energy resources are often known as cost-effective and lucrative resources and have been
widely developed due to environmental-economic issues. Renewable energy utilization even in small
scale (e.g., microgrid networks) has attracted significant attention. Energy management in microgrid can
be carried out based on the generating side management or demand side management. In this paper,
portable renewable energy resource are modeled and included in microgrid energy management as a
demand response option. Utilizing such resources could supply the load when microgrid cannot serve
the demand. This paper addresses energy management and scheduling in microgrid including thermal
and electrical loads, renewable energy sources (solar and wind), CHP, conventional energy sources (boiler
and micro turbine), energy storage systems (thermal and electrical ones), and portable renewable energy
resource (PRER). Operational cost of microgrid and air pollution are considered as objective functions.
Uncertainties related to the parameters are incorporated to make a stochastic programming. The pro-
posed problem is expressed as a constrained, multi-objective, linear, and mixed-integer programing.
Augmented Epsilon-constraint method is used to solve the problem. Final results and calculations are
achieved using GAMS24.1.3/CPLEX12.5.1. Simulation results demonstrate the viability and effectiveness
of the proposed method in microgrid energy management.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

Energy management of microgrid is one of most important as-
pects in microgrid operation. This management can be generally
classified into two categories: first, generation side management
and second, demand side management. Most of the previous
studies have worked on generation side management and some
others have studies the demand side management [1,2]. Demand
side management programs are offered to modify consumer de-
mand for energy. In such programs, rather than increasing elec-
tricity generation to meet the demand, demand side management
programs motivate consumers to decrease their consumption of
energy [3]. Demand response programs are the other similar pro-
grams that are designed to modify consumer demand for power.
Demand response programs encourage consumers to make tem-
porary (short-term) reductions in their energy demand in response
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to a signal from the network operator. Normally, demand response
schedules are in the range of 1—4 h. Demand response programs
designed in electrical networks can be classified into two types,
reliability-based (or load-response) and market-based programs
[4]. Reliability-based programs suggest customers with economic
motivations such as lower electricity prices or special bill credits to
modify or change their demand for energy. Reliability-based pro-
grams are mainly classified into three sub-categories: Direct load
control, interruptible programs, and curtailable load programs [4].
In direct load-control programs, network operator is allowed to
turn off the consumers' loads by remote control switches during
periods of peak demand. In interruptible programs, large com-
mercial and industrial customers are considered. These large scale
consumers either have back-up generations that can supple their
loads or their operation process can be shut down during short-
term periods to satisfy the load demand reduction requirements.
In curtailable load programs, the consumers reduce their consumed
energy upon notice from the network operator. The targeted load
size of customers is the key difference between interruptible and
curtailable programs. Where, curtailable programs mainly have a
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Nomenclature

Symbols, indexes and parameters

A

A/

Cep (1)
Crv (1)
CBoiler (t)
Cur (t)
Cwina (t)
Ces (1)
Crs (t)
CBuy (t)
Csen (t)
Cri-cup
Cop-cHp
Cor-wr
Cop-pv
Ccons-wr
Ccons-pv
CM—Boiler
COP—Boiler
Crv-mr
Cop-mr
Crviks
Cselr
CBuy
CFuel
Cop-ks
Cor-1s
Cmrs
DRgew(t)
Eip (1)
Es(t)
EMcpp
EMpr
EMBoiler
EMyc
EFchp
EFpr

EF Boiler
EFyic
Efax
Egnin

F (Cost)

Wind generator blade area (m?)

Wind generator blade area for portable WT (m?)
Total cost of CHP at time t ($)

Total cost of PV at time t ($)

Total cost of boiler at time t ($)

Total cost of MT at time t ($)

Total cost of WT at time t ($)

Total cost of ES at time t ($)

Total cost of TS at time t ($)

Cost of buying at time t ($)

Cost of selling at time t ($)
Maintenance cost of CHP ($)

Operation cost of CHP ($/kWh)

WT operation cost ($/kWh)

PV operation cost ($/kWh)

WT constant cost ($)

PV constant cost ($)

Maintenance cost of boiler ($)
Operation cost of boiler ($/kWh)
Maintenance cost of MT ($)

Operation cost of MT ($/kWh)

ES maintenance cost ($)

Cost of selling ($)

Cost of buying ($)

Cost of fuel ($)

ES operation cost ($/kWh)

TS operation cost ($/kWh)

TS maintenance cost ($)

Demand response revenue ($)

Electrical load demand at time t (kW)
Electrical storage energy at time t (kWh)
Emission of CHP (kg)

Emission of MT (kg)

Emission of boiler (kg)

Emission of main grid (kg)

Emission factor of CHP (kg/Mwah)
Emission factor of MT (kg/Mwah)
Emission factor of boiler (kg/Mwah)
Emission factor of main grid (kg/Mwah)
Maximum electrical storage energy (kWh)
Minimum electrical storage energy (kWh)
Total cost of microgrid ($)

F (Emission) Total pollution of microgrid (kg)

GT ()
GTnocr
GTocr
GTscr
GTscr

NOCT
NOCT
Npys
Npys
N, PVp
Npyp

Solar radiation on tilted module plane (kW/m2) of PV
at time t

Solar radiation in NOCT (normal operating cell
temperature) (kW/m?)

Solar radiation in NOCT (normal operating cell
temperature) (kW/m?) for portable PV

Sozlar radiation in STC (standard test conditions) (kW/
m-)

Solar radiation in STC (standard test conditions) (kW/
m?) for portable PV

Normal operating cell temperature (°C)

Normal operating cell temperature (°C) for portable PV
Number of series cells in PV module

Number of series cells in portable PV module
Number of parallel cells in PV module

Number of parallel cells in portable PV module

Pyc (t)  Main grid power at time t (kW)

Pwr (t) Wind turbine power at time t (kW)

Pyt PORT (t) Portable wind turbine power at time t (kW)
Ppy (t) PV power at time t (kW)

Ppy PORT (t) Portable PV power at time t (KW)

Pcyp (t) CHP power at time t (kW)

Pyt (t)  MT power at time t (kW)

Pgoiter (t) Boiler power at time t (KWheat)

Pgyy (t) Buying power at time t (kW)

Pseyr (t)  Selling power at time t (kW)

Pgatrery POF7(t) Battery power for PRER at time t (kW)
Pes (t)  Electrical storage power at time t (kW)

Prs (t)  Thermal storage power at time t (KWheat)
P™™ ¢ gecn Electrical storage maximum discharge rate
P™% ¢, Electrical storage maximum charge rate
P™™ 1 4ech Thermal storage maximum discharge rate
P™% 1, Thermal storage maximum charge rate

Py Maximum MT power (kW)

PSSy Maximum boiler power (kWheat)

PEE Maximum CHP power (kW)

Pline Line transfer power limit (kW)

Ppy, stc Maximum test power in STC (standard test conditions)
(kW)

P}au stc Maximum test power in STC (standard test conditions)
(kW) for portable PV

Rprer Revenue by PRER ($/kWh)

t Time (h)

T; (t) Cell temperature of PV at time t (°C)

T; ) Cell temperature of portable PV at time t (°C)
TEs (t) Thermal storage energy at time t (KWhpeat)
Tip (t) Thermal load demand at time t (KWheat)

TE®®™  Maximum thermal storage energy (KWhpeat)
TEmin Minimum thermal storage energy (KWhpeat)
TFcup CHP heat to power ratio

Tamp Environmental temperature (°C)

T'amp Environmental temperature (°C) for portable PV
Tistc Reference cell temperature (°C) of PV

T]'-m Reference cell temperature (°C) of portable PV

Ve Wind speed at time t (m/s)

ynem Nominal wind speed (m/s)

v™°m  Nominal wind speed (m/s) for portable WT
yeut-in. - Minimum wind speed (m/s)

veuEin’ Minimum wind speed (m/s) for portable WT
yeutout  Maximum wind speed (m/s)

yeut-out’  NMaximum wind speed (m/s) for portable WT
NcHP CHP generator electrical efficiency

NBoiler Boiler generator electrical efficiency

NBoiler MT generator electrical efficiency

7 ¢ Electrical storage charge efficiency

7" ¢ Electrical storage discharge efficiency

7 ¢ Thermal storage charge efficiency

7" b Thermal storage discharge efficiency

n" Wind generator power coefficient

™ Wind generator power coefficient for portable WT
p Air density (kg/m?)

I Air density (kg/m?) for portable WT

¥ Power-temperature coefficient

4 Power-temperature coefficient for portable PV
0 Time interval

Abbreviations
CHP Cool-Heat-Power
DG Distributed generation
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