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Abstract—Conventional industrial microgrids (IMGs) consist
of factories with distributed energy resources (DERs) and electric
loads that rely on combined heat and power (CHP) systems while
the developing IMGs are expected to also include renewable DERs
and plug-in electric vehicles (PEVs) with different vehicle ratings
and charging characteristics. This paper presents an electricity
and heat generation scheduling method coordinated with PEV
charging in an IMG considering photovoltaic (PV) generation
systems coupled with PV storages. The proposed method is based
on dynamic optimal power flow (DOPF) over a 24-hour period
and includes security-constrained optimal power flow (SCOPF),
IMG’s factories constraints, PV storage constraints and PEVs
dynamic charging constraints. It will utilize the generators waste
heat to fulfill thermal requirements while considering the status
of renewable DERs to decrease the overall cost of IMGs. To
demonstrate the effectiveness of the proposed method, detailed
simulation results are presented and analyzed for an 18-bus IMG
consisting of 12 factories and 6 types of PEVs without/with PV
generation systems operating in grid-connected and stand-alone
modes. The main contribution is including PEVs with dynamic
constraints that have changed the nature of scheduling formula-
tion from a simple hourly OPF to a dynamic OPF.

Index Terms—Combined heat and power (CHP), dynamic op-
timal power flow, industrial microgrid, photovoltaic (PV), plug-in
electric vehicle (PEV).

NOMENCLATURE
h Hour index.
1,7 Bus indices.
k Vehicle index.
{ Thermal group index.
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Heat generation via the boiler of the factory
connected to bus ¢ at hour A (kW).

Maximum output of the boiler of the factory
connected to bus i (kKW).

Cost imposed on IMG (8$).

Cost of generating heat via boiler at the
factory connected to bus ¢ at hour 4 (8).

Cost of generating electricity with CHP
system at the factory connected to bus # at
hour £ ($).

Cost of generating electricity with PV
generation system at factory connected to bus
1 at hour A (8).

Thermal power required by group { at hour
h (KW).

Electricity price at hour / in the upstream
network ($/kWh).

Energy stored in PV storage of the factory
connected to bus ¢ at hour A(kWh).

Maximum energy capacity of PV storage at
factory connected to bus ¢ (kWh).

Minimum state of charge of PV storage at
factory connected to bus ¢ (kWh).

Energy stored in vehicle % at the end of hour
h (kWh).

Battery energy capacity of vehicle £ (kWh).

Real and imaginary elements in the :th row
and jth column of node admittance matrix
(mbho).

Gas price ($/kWh).

Purchased electricity by the IMG from the
upstream network at hour & (kW).

Electricity sold to upstream network by the
IMG at hour A (kKW).

Preferred plug-out time of PEV k.

Heat rate of CHP system of the factory
connected to bus ¢ (kJ/kWh).

Number of buses.
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SC

Operation and maintenance variable cost of
CHP system in the factory connected to bus ¢
($/kWh).

Operation and maintenance variable cost of
PV panels in the factory connected to bus ¢
($/kWh).

Overall cost during the schedule period ($).

Active power generation via CHP system of
the factory connected to bus i at hour 2 (kW).

Total active load power at bus ¢ at hour h
(kW).

Active power of the factory connected to bus
¢ at hour A (kW).

Total active power generation at bus ¢ at hour
h (kW).

Power between buses ¢ and j at hour & (kW).

Maximum limit of power flow between buses
¢ and 7 (kKW).

Minimum and maximum active power of the
CHP system of the factory connected to bus
1 (kW).

Predicted PV generation level of the factory
connected to bus ¢ at hour i (kW).

Power charge of PV storage at factory
connected to bus ¢ at hour # (KW).

Maximum power charge of PV storage at the
factory connected to bus ¢ (kW).

Power discharge of PV storage at the factory
connected to bus ¢ at hour A (KkW).

Maximum power discharge of PV storage at
the factory connected to bus ¢ (kW).

Power charge of vehicle % located at the
factory connected to bus ¢ at hour /2 (kW).

Maximum power charge of vehicle & (kW).

Reactive power generation via CHP system
of the factory connected to bus ¢ at hour
(kVAr).

Total reactive load power at bus ¢ at hour A
(kVAr).

Reactive power of the factory connected to
bus ¢ at hour & (kVAr).

Total reactive power generation at bus ¢ at
hour ~ (kVAr).

Minimum and maximum reactive power of
the CHP system of the factory connected to
bus 7 (kKVAr).

Revenue of IMG ($).

Sell coefficient.
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T Number of intervals (hour).

thy {th group of factories that can exchange heat

between themselves.

Vi Voltage of bus ¢ at hour 4 (V).

ymin ymar  Minimum and maximum limits of voltage at
bus # (V).

()[?H r Waste heat factor of the CHP system of the
factory connected to bus .

i Phase angle difference between nodes < and
7 at hour A (radian).

n? Efficiency of boiler of factory connected to
bus ¢.

ntHEE Electric efficiency of CHP system of the
factory connected to bus .

ek Charging efficiency of PV storage at the
factory connected to bus 1.

no-Deh Discharging efficiency of PV storage at the
factory connected to bus .

ny ?attery charging efficiency of electric vehicle

Ah Optimization time interval (hour).

I. INTRODUCTION

NDUSTRIAL microgrids (IMGs) rely on combined heat

and power (CHP) systems to facilitate energy-efficient
power generation by capturing the waste heat. These systems
maintain the heat acquired from power generation and utilize
it for domestic and industrial heating purposes [1]. Heat pro-
duced at moderate temperatures (100-180°C) can also be used
in absorption chillers for cooling [1]. Among various types
of CHP systems, gas turbine, natural gas engine and micro
turbines have major roles in IMGs and industrial parks[2], [3].
Unlike other technologies, they are dispatchable, require lower
investment cost and can continuously generate energy for hun-
dreds of hours [4]. Moreover, they have appealing operational
flexibility such as fast start up time, fast shut down time and
high ramp rate [5]-[8].

Generation scheduling and optimal power flow (OPF) has
been thoroughly investigated in the power systems [9]-[11] and
microgrids (MGs) [12]-[18]. However, this topic has received
limited attention [19], [20] in the developing IMGs due to spe-
cial requirements such as time and energy related charging con-
straints of plug-in electric vehicles (PEVs). Generation sched-
uling and OPF in MGs are easier than the conventional power
systems since: 1) there is rarely a congestion problem as loads
are mostly located near the generators, 2) it is possible to use
generators (DERs) with fewer constraints due to their opera-
tional flexibility, and 3) most generators are designated to sup-
port their own local electric loads with high priorities.

Reference [12] presents a multiagent system for generation
scheduling of microgrids involving two stages: day-ahead and
real-time scheduling. The day-ahead scheduling determines
hourly power settings of DERs from a day-ahead energy market
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without considering network constraints and preparation of
heat. The real-time scheduling updates the power settings of
the DERs by considering the results of the first stage. The main
focus of [13] is to prepare an economic emission load dispatch
in a CHP-based MG on the basis of multi-objective optimiza-
tion compromising between fuel cost and emission without
considering selling and purchasing electricity to/from upstream
network and PEVs charging. In [14], a central and hierarchical
control structure with two market policies is proposed for the
operation of MGs. The first policy aims to minimize the cost
of energy for the end-users without selling energy to the grid,
while the second policy tries to maximize the revenues of the
aggregator, by exchanging power with the grid. References [15]
and [16] present an OPF method for MGs without considering
preparation of heat and exchanging electricity with upstream
network. Also [17] presents an optimization procedure for a
medium-voltage islanded microgrid without considering line
capacity constraints and heat preparation.

With the growing popularity PEVs as more efficient low
emission alternatives to the conventional fuel-based vehicles
[21], it is expected that their application in IMGs will also in-
crease in the near future. References [22]-[24] have studied the
impacts of PEVs and plug-in hybrid electric vehicles (PHEVs)
on the operation of power systems while [25]-[27] have con-
sidered their influences on distribution networks. In [25], a
real-time smart load management control strategy is proposed
for the coordination of PEV charging based on online mini-
mization of total cost of generating energy plus the associated
grid energy losses in a residential distribution system. Refer-
ence [26] describes the basic functions of an electric vehicle
charging service provider and presents a method for planning
PEV charging that includes grid constraints. Also, [27] has
proposed an approach to address the resource management in
a smart grid where distributed generations (DGs), PEVs and
demand response are managed according to vehicle-to-grid
(V2G) users’ profiles and requirements. Reference [18] rep-
resents an optimal MG operation method with several PEV
charge stations which considers network and PEV constraints.

It is expected that the developing IMGs will also incorporate
photovoltaic (PV) generation systems to decrease the overall
cost. Reference [28] states that PV generation as a sustainable
energy recourse should provide up to 12% of electricity de-
mand by 2020, 20% in 2030 and 30% in 2050. Consequently,
in industrial sections where the peak of electricity demand usu-
ally occurs during the daytime, the application of PV genera-
tion systems can have an important role on the IMG operation
within the next few years. While some research works have
been recently initiated to investigate the generation scheduling
problem in power systems and MGs in the presence of PEVs
[18], [22]-[27], no major research has been reported on OPF of
IMGs with PEV charging activities that will require considering
time and energy related dynamic constraints.

The main contribution of this paper is to propose a dynamic
OPF (DOPF) formulation for IMGs that will include both IMG
security and factories constraints while considering PEV time
and energy related charging constraints. In addition, the effect of
PV generation systems coupled with PV storages on generation
scheduling will also be considered. The proposed method will

be implemented in an IMG consisting of 12 factories with CHP
systems, PV generation systems coupled with PV storages and
6 types of PEVs operating in grid-connected and stand-alone
modes.

II. INDUSTRIAL MICROGRIDS WITH PEVS AND PV
GENERATION SYSTEMS COUPLED WITH PV STORAGES

A. Industrial Microgrids (IMGs)

IMGs are typically formed by the corporation of a few fac-
tories with DERs. In this paper, DERs are assumed to be CHP
(e.g., gas turbines, natural gas engines and micro turbines) and
PV generation systems. Each factory is assumed to have elec-
tric loads and some factories may need heat for their production
processes that can be obtained from CHP systems or from the
boilers. IMGs can be connected or disconnected from the up-
stream network. In the stand-alone mode, IMGs must generate
their own required energy to feed the electric loads through the
cooperation of all DG units. In the grid-connected mode, IMGs
are permitted to purchase some of their electric needs from the
upstream network or even sell electricity to upstream network
in some hours of the day. On the other hand, due to the existing
distances between factories, only the ones in the vicinity of each
other can cooperate to procure the thermal needs. Of course,
some factories may not have thermal requirements.

B. Introduction of PEVs in IMGs

Environmental impacts of the petroleum-based transportation
along with the increasing oil prices have led to development of
electric transportation infrastructures. PEVs are highly efficient
and compared with the conventional vehicles have less oper-
ating costs and lower carbon emissions. According to [29], uti-
lization of PEVs in residential, commercial and industrial net-
works are expected to become every popular in the near future.
IMGs and industrial parks usually have heavy and large vehi-
cles such as picker trucks, lift trucks, bucket trucks and delivery
trucks. The replacement of these heavy vehicles with PEVs in
IMGs needs to be carefully investigated as it may have signifi-
cant impacts on the management and operation of the electrical
networks.

C. PV Generation Systems in IMGs

PV systems are being accepted as suitable alternatives to the
conventional energy resources due to environmental concerns
and transmission congestion management issues. PV power cur-
rently represents a low percentage of the global electricity pro-
duction. However, its applications in industrial networks are ex-
pected to grow rapidly since the peaks of most industrial loads
usually coincide with the maximum output of the PV modules.
IMGs can utilize the energy generated by PV plants to minimize
the cost associated with the operation of thermal units.

PV systems are often coupled with PV storages such as bat-
teries (Fig. 1). This configuration allows IMGs to store the ex-
cess generated energy in PV storage elements during off-peak
hours and return it back to the system at appropriate times. This
arrangement can moderately mitigate the stochastic nature of
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Fig. 1. Simplified configuration of PV generation system coupled with PV

storage [30].

the PV production in real time [30] and also increase the profit
by selling the stored energy during peak hours [31].

III. FORMULATION OF ELECTRICITY AND HEAT
GENERATION SCHEDULING IN IMGS

The proposed formulation of electricity and heat scheduling
in an IMG is a DOPF problem over a 24-hour period. This for-
mulation minimizes the overall cost of providing electricity and
heat in an IMG subject to electricity and heat requirements as
well as network security constraints. The presence of PEVs with
high power ratings, time and energy related constraints in IMG
will make the generation scheduling more complicated than the
conventional OPF. Furthermore, installation of PV generation
systems coupled with PV storages may have significant impacts
on the scheduling of IMG. Therefore, a new formulation that
may be utilized by the MG controller (MGC) will be defined
for generation scheduling that will include IMG network secu-
rity constraints, factories constraints and PV storage constraints,
as well as PEVs dynamic constraints while utilizing generators
waste heat to fulfill thermal requirements.

A. Objective Function

The objective function of the proposed DOPF is to minimize
the overall cost during the schedule period (in this paper, the
schedule period is selected to be 24 hours):

Minimize {Overall Cost = Cost — Revenue}. (1)

The cost imposed on IMG is divided into four parts corre-
sponding to the costs of electricity production by CHP systems
[32], heat production by the boilers [33], the total operation cost
of PV generation systems [34], [35] and electricity purchased
from upstream network:

N

Cost = Z Z ('oefzc,{{P + Z Z Coet

i=1 h=1 =1 h=1
N

T
+ Z Z Cosfz v+ Z ep, * gr’i,dl;l"‘y )

i=1 h=1 h=1

where

CHP

P
CHP _ ih
Coaf ( /CHP

?

w}) + PEP oM (3
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1
i1 = “4)
36100
b
Cost]), = lh*gp (5)

Costly =PLY «OMPY. (6)
In (1), the revenue is attained by selling electricity to the up-
stream network during some hours of the day and expressed as

T
Revenue = Z SC * epy, * JrLdW”. (7
h=1

B. Decision Variables

The objective function is minimized by determining the con-
trol variables. In this paper, the decision variables are active and
reactive power generation via CHP systems (PCH P , 70;,‘[ e ),
heat generation via boilers (blyh) purchased and sold elec-
tricity from/to the upstream network (grid,"? , gridi™'), power
charge and discharge of PV storages (PS ch PS Dehy and

ih
: V.ch
power charge of vehicles (F;’;).

C. Problem Constraints

The optimization problem is solved based on the following
equality and inequality constraints:
* Power flow equations

N
lh§ V?}I GL]COSHL_] }1+Buslnau h)

7=1
N

W,h,Z‘G’h(Gi]‘Sine,ﬁ’h —Bijcosﬁ,:jyh) —Q?h—i-Qth =0 (9)

L h +P1Dh =0 (8)

j=1
where
PL h PlC;IHP + PLP;IV + PLShDdl (10)
Ph =P+ PE+ > +PY (11)
ket
Qf, =Qf" (12)
Qi[,)h, = Q7Fh (13)

The predicted supplied PV power P/}'is determined
based on PV specifications (characteristics) and the state
of charge of batteries (PV storages). Equations (10) and
(11) state that the total generated active power at bus ¢
at each hour is resulted from CHP and PV generation
systems and PV storage discharge power while the total
active load power at each bus is the summation of the
factory demand power, PV storage charge power and elec-
tric vehicle charging power. This paper assumes that PV
generation systems and PV storages will not participate in
reactive power generation and consumption.

* Heat requirement for each thermal group[36]

> (of

1ethy

CHP *PCHP +bi,h) > Dlth

1,k

(14)
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Fig. 2. Single-line diagram of the 18-bus IEEE distribution system [40].

TABLE 1
INFORMATION OF THE CHP SYSTEMS
Factory | Generator Pmin | Pmax | OMVAR HR o
Type* [kW] | [kW] | (Eq.3) | (Eq.4) |(Eq.14)
1 GT 500 5000 0.0059 13284 1.84
2 NG 300 3000 0.009 10286 1.2
3 NG 300 3000 0.009 10286 1.2
4 NG 100 1000 0.009 10588 1.36
5 GT 100 1000 0.0096 16438 2.45
6 NG 100 1000 0.0096 16438 2.45
7 NG 30 300 0.013 11613 1.85
8 NG 30 300 0.013 11613 1.85
9 NG 30 300 0.013 11613 1.85
10 NG 10 100 0.018 12000 2.05
11 NG 10 100 0.018 12000 2.05
12 MT 10 100 0.015 13846 1.71

*) GT: gas turbine, NG: natural gas engine, MT: microturbine.

Equation (14) guarantees that the thermal demand of the
[th thermal group at hour ~ will be provided by CHPs and/or
boilers. In other words for each thermal group, the thermal
power produced by CHPs and the boilers at each hour should
be greater than or equal to the required heat [36].

Network Security Constraints:

* Lines capacity
Power flow limits on lines can be formulated as [37]

|Pijn| < P (15)
* Bus voltages
VI <V, S Ve, (16)
Generation Constraints:
* Limit of power generations
Pt < PP < pres a17)

QI <G < Qe (18)
* Heat output limit for boilers
b; p, < b, (19)

PV Storage Constraints [38]:
The PV generation system at each factory is coupled with PV
storage. The following constraints are associated with the PV
storages:

* PV storage energy balance

th — th—l + 7}“9.0}1 * PiA’S".lch * Ah — ' " Pi‘?’.chh * Ah.

i nS-Det
(20)
* PV storage charge and discharge rates
fhch, SPL_S.ch,maJ; (21)
fl},Ddl < PiSADch,,m,ua:. (22)
* PV storage capacity limits
E;jﬂnin S th S E;S’,m,(m:. (23)

PEV Dynamic Constraints:
Finally, the following constraints associated with PEVs are also
included in the DOPF formulation:

* PEV battery energy balance [27]

E{ = Ef oy +ug x Y« Ah. (24)
* PEV battery charge rate [27]
ik < B (25)
* PEV battery capacity limit [27]
By BT (26)
* Preferred PEV plug-out time
E) = E™ YE&Yh = hpo . 27)

Equation (27) guaranties that PEV batteries will be fully
charged before their preferred plug-out times.

The above-mentioned modified DOPF formulation (1)—(7)
and constraints (8)—(27) is a nonlinear programming problem
that can be solved by most optimization methods. In this paper,
the commercial General Algebraic Modeling System software
package (GAMS [39]) is used to solve the DOPF problem using
branch and bound algorithm.

IV. IMG TEST SYSTEM WITH PEVS AND PV GENERATION
SYSTEMS COUPLED WITH PV STORAGES

The test system is an 18-bus, 33-kV [40] IMG consisting of
12 factories with CHP systems, PV generation systems cou-
pled with PV storages and 6 types of PEVs (Fig. 2). The CHP
systems data is given in Table I [41]. All factories cooperate
in generating electricity. However, only neighboring factories
(Fig. 2, groups 1-2) are allowed to participate in acquiring the
required heat. The boilers data and CHP parameters are pro-
vided in Table II and the Appendix, respectively.
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TABLE 11 TABLE IV
INFORMATION OF THE BOILERS INFORMATION OF THE SIMULATED PEVS [42]-[44]
Factory Efficiency Pmax* [kW] e o &
1 0.8 2000 g |« £% E i‘-:m = g Plug-in Time/
2 0.83 1000 PEV Type ] 5 V;?_ =5 g - Prefe_rred
3 0.85 1000 © |£.| E= |E5Z|£32|  [PlueOut
" 5o 00 Z Ez| £2 |E22|E%Z| Time(Eq.27)
: A~ zZe|l BE |22z a
6 0.9 500
PEV-
; 00.885 ;gg Light service L1 40 16 23 1 (4pm/6am)
: vehicles PEV-
9 0.85 200 L2 60 24 4 1 (4pm/6am)
11 0.83 200 Heavy service PEV-11 0 | 170 24 1 (6pm/Sam)
“Y Indicates th 1 vehicles such as HI P
) Indicates thermal power personnel buses, PEV-
delivery trucks, etc. H2 30 85 14 1 (Spm/6am)
Large industrial PEV- (12pm/2pm),
- 15000 N vehicles requiring 11 20 100 100 2 (5pm/6am)
'E 14000 / e \ fast charging such PEV- (11am/1pm),
= 12000 ot b as picker trucks, lift 1 12 200 200 3 (4pm/6pm),
] 10000 7 ARaaeeresy” ., ¥ P trucks, etc. (10pm/6am)
ic o ey, N —
-gi 8000 cmme” ™ Seo- *%eece® RSO0
2 000 2 » ~C prie 1200
£ 4000+ Electrical Load e
| | § 1000
2 2000 - Thermal Load-Group 1 £
GHLSZIETs Thermal Load-Group 2 E 800
7 9 11 13 15 17 19 21 23 1 3 5 3 5
Time of Day 'E <3 600
) ) ) ) S 400
Fig. 3. Forecasted IMG electrical (without PEV charging) and thermal loads. 2
= 200
Ll L.
TABLE 111 7 °o 1 13 15 1719 21 23 1 3 5
FACTORY-LOAD DISTRIBUTION FACTORS Time:of Day
Fig. 4. Predicted PV generation.
F 1 2 3 4 5 6 £ £
actory
Factory load | 0.327 | 0.197 | 0.197 | 0.066 | 0.066 | 0.066
Factory 7 8 9 10 11 12 V. SIMULATION RESULTS
Factory load | 0.02 0.02 0.02 | 0.007 | 0.007 | 0.007 .
To show the performances of the proposed formulation, the

The forecasted IMG electric (without any PEV charging) and
thermal loads are presented in Fig. 3 while Table III shows
load distribution factors of the factories. The simulated PEV
types [42]-[44] and details of their ownerships are presented
in Table IV and the Appendix, respectively. It is assumed that
each PEV has 10% of its total energy when plugged-in and the
charging efficiency is 90%. Fig. 4 shows the 24 hours predicted
PV generation used in the simulations which is based on the
information provided in [45]. The percentages of PV genera-
tion and PV storage associated with factories 1, 2, 3, 4 and
7 are 40%, 30%, 10%, 10%, and 10%, respectively. The in-
stalled PV storage capacity in the IMG is assumed to be 1000
kWh with charging/discharging efficiency of 90%. The opera-
tion and maintenance cost of PV generation system is assumed
to be 0.0058/kWh [34]. The electricity price at the peak hours
(10:00 to 19:00) is 0.17$/kWh, otherwise it is assumed to be
0.09$/kWh while the gas price at all hours is 0.03$/kWh [46].
The IMG will sell the electricity to the upstream network at 90%
of the purchasing price [SC = 0.9 in (7)]. The capacity of the
line connecting IMG to the upstream network is equal to 1500
kW. The voltage limits V" and V;™*¢ in (16) are 0.95 pu and
1.05 pu, respectively.

test system of Fig. 2 is simulated in stand-alone and grid-con-
nected modes without/with considering PEVs and/or PV gen-
eration systems. Eleven case studies (Tables V) are simulated
and analyzed. The first six cases explore the ability of the pro-
posed approach in scheduling the generation units in conven-
tional IMGs. The remaining cases will show the impacts of
PEVs, PV generation systems and PV storages.

A. IMG Generation Scheduling Without PEVs and PV
Generation Systems (Cases 1-6, Table V)

e IMG in Stand-Alone Mode (Cases 1-2,Table V). Case 1
considers the situation that each factory independently pro-
duces its own demand. Obviously, this will be the most ex-
pensive scenario. In Case 2, there is no connection to the
upstream network and MGC manages the IMG through co-
operation of its own factories. Table VI compares the cost
of case studies after the implementation of the proposed
method. The overall cost in Case 1 is $38 422 which is re-
duced to $29 859 for the second case.

* IMG in Grid-Connected Mode (Cases 3—6,Table V): Four
case studies (Cases 3—6, Table V) are considered to investi-
gate the performance of the proposed method in grid-con-
nected mode with the possibility of exchanging electricity
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TABLE V
SIMULATED CASE STUDIES

S(iﬁfig' PEV Coordination Gen:t)r\;tion (S)tli‘ill;itgl;’)’r‘l
IMG in Stand-Alone Mode
- - Independent
2 - - Cooperative
IMG in Grid-Connected Mode (buying electricity)
3 - - Independent
4 - - Cooperative
IMG in Grid-Connected Mode (buying & selling electricity)
5 - - Independent
6 - - Cooperative
7 Uncoordinated - Cooperative
Coordinated, fixed .
8 - Cooperative
charge rate
9 Cogrdinated, - Cooperative
variable charge rate
10 Coordinated, fixed v Cooperative
charge rate
Coordinated, .
1 variable charge rate Y Cooperative

*) Independent: Each factory manages its own systems, Cooperative:

MGC manages the IMG operation with the proposed method.

TABLE VI
COMPARISON OF COSTS AND SAVINGS ASSOCIATED WITH THE CASE STUDIES

Cost Revenue < Thermal Cost of
Case | (Egs. 1 (Egs. 1 Overall Cost Saving PEVs
&2)[s] | &7)[s] | Ea-DISI | |MWH] |Charging[$]

1 38422 - 38422 352.6 -

2 29859 - 29859 378.0 -

3 31565 - 31656 353.7 -

4 29751 - 29751 382.3 -

5 32495 1401 31094 356.2 -

6 30971 1385 29586 385.3 -

7 32667 610 32057 385.3 2471

8 32452 673 31778 385.3 2192

9 32119 594 31525 385.3 1939

10 31863 1601 30262 385.3 676

11 31581 1833 29748 385.3 162

with the upstream network. In all cases, the IMG can pur-
chase electricity from the upstream network while in Cases
5-6 it can also sell the electricity.

Table VII shows the cooperation schedule of the generators
in Case 6 after performing the optimization. Generators 10, 11,
and 12 are merely turned on during the peak interval so that
the IMG can sell more power to the upstream market. It can
also be observed that mostly during the peak hours, all gener-
ators are running at their highest production levels in order to
sell more electricity to the network and gain more profit. This
will naturally minimize the overall IMG cost. For example at
15:00 (Table VII), all generators are generating maximum elec-
tric power and the total cost of electricity production is $1677.
136. In other words, the IMG electricity production cost at this
hour is $0.11/kWh, while the produced electricity surplus is
sold at 0.9%(0.178/kWh) = $0.153/kWh. This revenue can
reduce the cost of supplying heat and electricity in the IMG.
Tables VIII and IX show the amount of purchased and sold

electricity from/to the upstream network at different hours. Ac-
cording to these tables, the IMG prefers to only purchase elec-
tricity from the upstream network when the price is low. Other-
wise, it will sell its excess electricity to increase the profit.

Simulation results also indicate that all boilers of Group 1
are turned off as the required thermal power of this group has
been supplied by the CHP systems. However, the situation is
different with Group 2 as boilers 4 and 6 are also contributing
to fully satisfy the thermal power requirement. Table X presents
the production planning of the boilers of Group 2. According to
the results, the IMG (with thermal energy consumption of 387
MWh in 24 hours) can save 385 MWh of the required heat by
using the CHPs and acquire only about 2 MWh of the required
thermal from its boilers.

The total cost of IMG in Case 6 (including electricity pro-
duction, heat production and selling the electricity) is $30971
while the revenue of selling electricity to the upstream network
is $1385. Therefore, the overall cost is $30971 — $1385 =
$29 586. The important point is that by implementing the pro-
posed optimization with the aim of increasing the profit, the so-
lution will be generated in a way that most of IMG potentials
are utilized. In other words, MGC will sell electricity to the up-
stream network if the cost of generating electricity is cheaper
than the purchased price.

In Case 5, each factory can individually buy/sell electricity
from/to the upstream network (by using 1/12 capacity of the line
connecting IMG to the upstream network) and independently
mange its own systems. In this case and also in Case 3 there is no
guaranty to keep the voltage profiles in acceptable bounds. Note
that if the IMG is only permitted to purchase from the upstream
network (Cases 3 and 4), the final cost of supplying the loads
will be $31 656 and $29 751, respectively.

B. IMG Generation Scheduling With Uncoordinated and
Coordinated PEV Charging Without PV Generation (Cases
7-9, Table V)

The rating and charging characteristics of PEVs in IMG ap-
plications such as picker and lift trucks are different than those
employed in the residential networks as they usually have large
batteries and may require fast charging during peak load hours.
Therefore, their uncoordinated fast charging activities can sig-
nificantly affect the operation of IMGs.

The worst scenario may occur when many PEVs are charged
with a fixed charge rate as soon as arriving at their stations (Case
7). Fig. 5 shows the daily load profile of IMG for Cases 1-9. In
Case 7, uncoordinated PEV charging has increased the loading
level from 15 000 kW (without PEVs) to approximately 18 000
kW (with PEVs) at 16:00. As shown in Fig. 6, this situation re-
sults in overloading of the connecting line between IMG and
network at some hours between 16:00—17:00. Also this uncoor-
dinated charging strategy may affect the voltage profile (Fig. 7,
hour 16:00).

By coordinating PEV charging activities (Cases 8-9), the
proposed method can manage the IMG operation such that the
overall operation cost is reduced while all system constraints
are satisfied. In fact, MGC uses the proposed DOPF to schedule
PEV charging overnight and consequently perform peak load
shaving (Case 8). Furthermore, if MGC chooses the variable
charging strategy, the load profile becomes more flat.
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TABLE VII
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COOPERATION SCHEDULE (IN KW) OF GENERATORS IN THE FACTORIES (CASE 6)

Hour Factory (Generator) Number
1 2 3 4 5 6 7 8 9 10 11 12
7 2663 2814 3000 1000 274 289 0 300 0 0 0 0
8 3343 3000 3000 1000 367 198 105 300 30 0 0 0
9 3536 3000 3000 1000 309 606 183 300 30 0 0 0
10 5000 3000 3000 1000 821 606 300 300 300 100 100 100
11 5000 3000 3000 1000 1000 776 300 300 300 100 100 100
12 5000 3000 3000 1000 1000 868 300 300 300 100 100 100
13 5000 3000 3000 1000 1000 1000 300 300 300 100 100 100
14 5000 3000 3000 1000 1000 1000 300 300 300 100 100 100
15 5000 3000 3000 1000 1000 1000 300 300 300 100 100 100
16 5000 3000 3000 1000 1000 1000 300 300 300 100 100 100
17 5000 3000 3000 1000 1000 1000 300 300 300 100 100 100
18 5000 3000 3000 1000 821 606 300 300 300 100 100 100
19 3478 3000 3000 1000 323 606 0 300 0 0 0 0
20 2935 2814 3000 1000 275 289 0 300 0 0 0 0
21 2491 2325 3000 1000 138 528 141 300 300 0 0 0
22 2391 2465 3000 1000 163 460 0 300 0 0 0 0
23 1848 2332 3000 1000 100 525 0 300 0 0 0 0
24 1848 1812 3000 1000 0 772 0 300 0 0 0 0
1 1735 1950 3000 1000 100 100 83 300 300 0 0 0
2 2120 2154 3000 1000 181 0 0 300 0 0 0 0
3 2120 2154 3000 1000 181 0 0 300 0 0 0 0
4 2120 2154 3000 1000 181 0 0 300 0 0 0 0
5 2120 2545 3000 1000 213 217 0 300 0 0 0 0
6 2663 2814 3000 1000 274 289 0 300 0 0 0 0
18000 1.05 < =
—\\ LS
s 16000 i 1.03 \“ . //
2 14000 4 1.01 AN \ //
E 12000 // 0.99 1 \, 3 - /\\\" N
2 10000 &0 = v = =,
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§ 50001 No PEVs (Case 1-6) = 093 Vil \/
w4000 ++++ Uncoordinated PEVs With Fixed Charge Rates(Case 7) 091 4 xg
E 20004 T Coordinated PEVs With Fixed Charge Rates(Case 8) 089 . _ vi4 r
= = = = Coordinated PEVs With Variable Charge Rates(Case 9) 0.87 V15 "
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Fig. 5. The 24-hour electrical load profile for Cases 1-9.
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Fig. 6. Purchased and sold electricity from/to the upstream network, Case
7. Positive and negative values indicate the sold and purchased electricity,
respectively.
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Fig. 7. Voltage profile in Case 7.
TABLE VIII
PURCHASED ELECTRICITY FROM THE UPSTREAM NETWORK (CASE 6)
Hour 2 3 4 5 6 7
Purchased
Electricity [kKW] 367 367 367 802 825 825
Hour 8 9 19 20 22 23
Elese wp | 73 | e31 | tma | s | 360 | 110
| Maximum Line Capacity
TABLE IX
3 SOLD ELECTRICITY TO THE UPSTREAM NETWORK (CASE 6)
Hour 1 10 11 12 13 14
Blectricity [kw] | 436 | 1500 | 1396 | 1213 | 874 | 684
Hour 15 16 17 18 21 24
Sold
Electricity [kW] 198 198 1154 | 1500 116 90

Fig. 9 compares the overall schedule and power require-

ments for coordinated PEVs with fixed and variable charge
rates. Clearly, the proposed DOPF nicely utilizes the variable

charge strategy to distribute the required power for charging
PEVs and shift them to off peak hours as much as possible.
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respectively.
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Fig. 9. Coordinated charging schedule of PEVs over 24 hours.

TABLE X
PRODUCTION OF THE BOILERS IN GROUP 2 (CASE 6)
Hour 14 15 16 17 | 24
Boiler of Factory 4 [kW] | 267 | 267 | 267 | 20 9
Boiler of Factory 6 [kW] | 267 | 267 | 267 | 20 9
? ™
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Fig. 10. Charge/discharge schedule of PV storages (Case 11). Negative and
positive values indicate the charge and discharge power, respectively.

From Table VI, it can be seen that the overall cost of PEV
operation is considerably reduced from $2471 (uncoordinated)
to $2192 and $1939 for coordinated charging with fixed and
variable charge rates, respectively.

C. IMG Generation Scheduling With PEVs and PV Generation
Systems (Cases 10—11, Table V)

Application of PV generation systems in IMGs is investi-
gated in Case studies 10—11. The proposed method will utilize

PV generation systems coupled with PV storages to optimize
the schedule of selling and buying electricity at the peak hours
(11:00-17:00) in order to minimize the overall cost of IMG
(Fig. 8). This is done by charging PV storage elements during
some hours and selling the stored energy at appropriate times
to increase the profit. Fig. 10 shows the charge and discharge
schedule of PV storages for Case 11. According to the simula-
tion results of this paper, employment of PV generation systems
coupled with PV storages and coordination of PEVs with vari-
able charging rates will result in considerable decrease in vehi-
cles battery charging costs (Table VI, last column) and will also
reduce the overall cost of IMG (Table VI, column 4).

D. Handling Overloading and Low Voltage Situation

As demonstrated in Figs. 8 and 9, MGC can utilize the pro-
posed generation scheduling method to handle overloading and
low voltage situations (Figs. 6 and 7) by considering three strate-
gies: 1) PEV charging with fixed charge rates (Case 8), 2) PEV
charging with variable charge rates (Case 9), or 3) PEV charging
with fixed/variable charge rates and PV generation systems cou-
pled with PV storages (Cases 10—11).

VI. CONCLUSION

A new generation scheduling method coordinated with PEVs
charging based on DOPF is proposed and demonstrated for an
IMG consist of 12 factories with CHP systems, PV generation
systems coupled with PV storages and 6 types of PEVs. The
main capabilities of the proposed coordination approach are as
follows:
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TABLE XI
ASSUMED OWNERSHIPS OF THE SIMULATED PEVS (TABLE V)

PEV Type

Factory [T T2 T HT T 02 ] T 12
1 5 0] 518165
2 4 | 10| 4 | 5 | 4| 4
3 4| 4] 1| 4] 3] 2
4 3 4 | - | 5 | 3 |1
5 3 4 | - | 4 - | -
6 3 4 | - | 4 | 1| -
7 3 4 | - | - |3 | -
8 34| - | -] - -
9 3 4 | - | - | - | -
10 3 4 | - | - | - | -
1 3 4 | - | - | - | -
2 3 4 | - | - | - | -

* Both network security and factories constraints (including
PEVs and PV storages dynamic constraints) are included
in DOPF formulation.

* It minimizes the overall cost of IMG by optimizing the
hourly heat and electricity generation schedules for indi-
vidual factories.

* The optimization problem is subjected to both electric and
thermal requirements considering the possibilities of heat
transfer between adjacent factories.

« It manages the factories such that part of required elec-
tricity is purchased from the upstream network when the
price of electricity is lower than the generation cost. Oth-
erwise, the IMG will sell electricity to increase the overall
profit.

» It considers PEVs with time and energy related constraints
as coordinated loads and optimizes their charging rates in
order to minimize the cost associated with vehicle charging
and to maintain the voltage profile within the acceptable
limits (Table VI, Cases 8—11).

Finally, based on the analyses of this paper, introduction
of PV generation systems coupled with PV storages in IMGs
could have positive effects on their scheduling solution and
minimizing the overall cost (Table VI, Cases 10-11) since
the peak of most industrial electricity loads occur during day-
time and usually coincide with the maximum output of PV
generation.

APPENDIX
OWNERSHIPS OF PEVS AND CHP PARAMETERS

The assumed ownerships of the simulated PEVs (Table IV)
are presented in Table XI.

The thermodynamic parameters of CHP systems used in the

simulations are [32] as follows:

* Heat Rate [HR, (4) and Table I—HR in kilo joule per kilo-
watt hour (kJ/kWh) indicates how much fuel is required to
produce a unit of electric energy. The electric efficiency of
a generation device can be determined by converting HR
to kJ/kJ (dividing by 3600 kJ/kWh) and taking the inverse.

» Waste Heat Factor [«, (14) and Table []—a: is a dimension-
less ratio of energy terms that describes how much useful
heat energy is generated per electric energy produced by a
given generation technology.
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