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Abstract
A method for optimal energy and power management of microgrids consisting of mega
buildings, plug-in electric vehicles (PEVs) and renewable energy sources (RES) with low
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Email: fkanellos@tuc.gr considered for the operation scheduling of the microgrid. In case of non-interconnected
operation of the microgrid with the main power grid, the proposed method allows the
microgrid to meet the power demand by the buildings and distribution loads exploiting
only the hosted PEVs, the integrated RES and, if it is necessary or financially optimal,
building auxiliary diesel generators. The primary goal of the suggested algorithm is to
significantly reduce the overall daily cost of the microgrid's operation while simulta-
neously meeting a wide range of constraints. The implementation of the method is based
on the exploitation of a two-level hierarchical multi-agent system (MAS) at the level of
the microgrid. Suitably defined flexibilities of the microgrid's components to change their

power are used to implement optimal power dispatch to them. Detailed simulation results
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1 | INTRODUCTION

The significant growth in building sector energy consumption
and the continuously changing energy sector entails direct
intense economic and environmental consequences. In that
sense, the optimisation of microgrids' operation scheduling
comprising large-scale buildings is becoming an emerging topic
of high research interest. In addition to the grid-connected
mode of operation, microgrids are capable of operating inde-
pendently. A remarkable development full of many new
prospects and challenges for energy management and control
of microgrids is favored by the rapid integration of electric
vehicles (EVs). In addition, bi-directional charging stations
operating under the Vehicle-to-Grid (V2G) technology will be
able to inject electric energy to the microgrid. Consequently,
microgrids comprising EVs may present increased resilience
during grid outages without necessitating an additional in-
vestment in local power generation units.

indicated that a remarkable cost reduction of 27% can be achieved.

building management systems, electric vehicles, energy consumption, energy management systems,
optimisation, particle swarm optimisation, smart power grids

Energy management systems (EMS) for buildings are
mainly limited to the optimisation of single buildings [1-3]
instead of microgrids comprising buildings. Research on
building EMS has paid more attention to the residential
buildings [4—6] than the commercial ones.

Another dimension of the state of the art in building en-
ergy system modeling concerns building load modelling. The
majority of the works do not take into account either the loads
from electric vehicles [7] or the V2G operation [8, 9]. In
several cases, focus is specifically placed on the control and
modelling of either thermal or electrical loads [10, 11]. In
contrast [12, 13], where microgrid islanded operation is not
considered, microgrid autonomous or grid-connected mode is
optimised in Ref. [14-16]. In Ref. [17-19], optimal energy
consumption management by controlling HVAC systems of
commercial buildings is examined. Building thermal behavior is
modeled and the indoor comfort conditions for the occupants
are ensured. In Ref. [20], shiftable heating, cooling and
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electrical loads are considered and load shifting is carried out
due to its importance for the demand-side response. Moreover,
the EMS proposed in Ref. [21] includes the thermal loads of a
commercial building and addresses their electrical loads as
critical and non-critical. The electric grid has been also
modeled in this study and all grid constraints are satisfied.
However, the proposed system does not comprise any
distributed power generation units or energy storage devices as
the building EMS is proposed in Ref. [22, 23].

Significant research has been done so far in coordinated
charging control of PEVs, considering their impact on distri-
bution networks. In Ref. [24], the PEVs ate simulated as an
energy storage system capable of absorbing and supplying
active power. However, the main electric grid has not been
modeled in this work. The arrival time of the PEVs is a sto-
chastic variable, the departure time is a deterministic one and
the different types of building loads have not been modeled
separately. In Re. [25], the proposed optimisation model is
implemented in an office building microgrid connected to the
main grid and considers PEVs and batteries as flexible power
demand resources. PEVs have been used as dynamic energy
storage system. The optimal scheduling of the power that the
EVs should exchange with the electric grid depends on the
electricity price and RES generation. Moteover, EVs' travelling
patterns, power-SoC dynamics and energy storage systems
constraints are used in this work. Despite the extended
research in PEV coordinated management and control, there is
a research gap in the development of methods exploiting
efficient equivalent aggregate battery models for large PEV
populations that guarantee rapid convergence and small
computation time. These models should be developed in a way
that makes them suitable for on-line application. Additionally,
there is a need for the development of suitable real-time al-
gorithms for optimal dispatch of the power setpoint of the
PEV cluster to its PEVs.

Organisation of building prosumers into microgrids
[24, 25] and the applied power and energy management tech-
niques is another important research aspect. Although many
research studies have been conducted for the power manage-
ment of small to medium size buildings [1-6], similar efforts
for large-scale commercial buildings, which are more chal-
lenging to optimise due to their complexity, ate extremely rare.
Moreover, online optimisation algorithms based on efficient
and simple models that provide optimal scheduling and real-
time management and control of large-scale buildings with
guaranteed and rapid convergence, satisfying a vast number of
constraints, cannot be easily found in the literature.

The innovative features of the proposed method are listed
as follows:

® Jt can be applied to highly complex systems comprising
complexes of buildings with hundreds of floors and
charging stations hosting thousands of PEVs while low
computation time is needed.

® A series of microgrid operations like the operation of
building HVAC systems and building non-critical electrical
loads, auxiliary diesel generators operation and the operation

of the aggregate battery of the connected electric vehicles
are jointly optimised for microgrid grid-connected and
autonomous operation, satisfying a large number of tech-
nical, operational and environmental constraints of micro-
grid's operation.

® The proposed algorithm ensures the maximum possible
reduction of the daily operation cost of the microgrid.

® The autonomous operation of the microgrid is ensured,
mainly through the hosted PEVs and RES, reducing the need
for investment to extra auxiliary power generation units.

® An efficient method to dispatch the total demand in thermal
power of the microgrid to the thermal zones of the build-
ings according to their internal temperatures and volumes, is
used.

To the best of the authors' knowledge and after a thorough
review of the literature the features listed above are rately
found in similar systems and no other research work was found
comprising and jointly applying them to microgrids of large-
scale building prosumers.

2 | MAS STRUCTURE AND OPERATION

The operations of the microgrid are organised in a hierarchical
MAS. MAS have been proved to be very efficient in the control
and management of complex systems that might be difficult to
attain by classical centralised control. They can also be effective
for highly complex microgrids of large-scale building pro-
sumers. The developed MAS comprises various categories of
agents placed at different levels as shown in Figure 1. The
agent operations are shown in Figure 2. Specifically, the
examined energy system includes large-scale office buildings,
large PEV parking lots, local power generators, PVs and wind
turbines nearby the buildings. The loads of the examined
microgrid can be supplied from its power sources and the main
electric grid or only by the local power sources in island mode
of operation, that is, diesel generators, RES and the hosted
clusters of PEVs.

21 | Load agents

The agents Thermal Load Agent (TLA) and Electrical Load
Agent (ELA) are associated with the buildings and placed at
the first level of the MAS. They aim to model the thermal zone
loads and building critical and non-critical electrical loads ac-
cording to building specifications, occupancy, types of used
appliances, conditioned space per thermal zone, outdoor
temperature, solar radiation etc. Both thermal and non-critical
electrical loads adjust their power within their operational and
technical constraints. Another type of agent, Parking Dynamic
Aggregate Battery Agent (PDABA), is placed on the lower
level of the developed MAS and assigned with the develop-
ment of an equivalent battery model for all PEVs of the
microgrid. It collects the necessary data from the PEVs ob-
tained by the processing of real-world data [20]. In this study,
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FIGURE 1 Configuration of the microgrid power management system.

PEVs comprise the V2G mode operation. TLA, ELA and
PDABA are also responsible for the optimal dispatch of their
power to the local agents they supervise and control.

2.2 | Energy management level

The main goal of MAS second level is the minimisation of the
total daily operation cost of the microgrid on the assumption
of operation under variable electricity price. It calculates the
most effective operation schedule of the buildings' HVAC and
electrical systems, PEV aggregator and local power generation
units while a large number of constraints of the hosted PEVs,
diesel generators and the building energy systems are satisfied.
In addition, the reactive powers of the PEVs and building local
power generators are suitably scheduled to maintain node
voltages within their boundaries.

In order to minimise the computation time, the operation
scheduling is performed at the highest possible level of inte-
gration, for example, microgrids of buildings and smart power
dispatch techniques ate applied to estimate the power set-

points at component level, for example, thermal zones,
PEVs etc. To achieve this, smart definitions of the flexibility of
the microgrid components to change their power are per-
formed and a new sub-optimisation problem that maximises
the total flexibility of the system is solved to obtain the optimal
power dispatch under all the associated constraints.

3 | MICROGRID COMPONENTS’
MODEL

3.1 | Model of building thermal load agent

A thermal model for the HVAC system of each building
thermal zone is constructed according to the equations shown

below [27, 28]:

drT,,., . . .
: dr = Qex,wall,z + Qin,wﬂll,z + wain,z + Qin,z

+ st,z + Qs z QEC,z (1)

pCZ[/Z

85U8017 SUOLULLOD A1 3cedt[dde ay) Aq psueob a2 saoie YO ‘8sn JO Sa|n. 1oy Akeuq 18Ul IUO 8|1 LD (SUONIPUOD-PUB-SUIB)/W0D" A8 |1 AeIq 1[I UO//SdNY) SUONIPUOD PUe SWLB | 8U1 39S *[6202/€0/TT] uo Akeiqiauliuo A8 ‘9li0 AISPAIIN [eoIuYde 1 A] S602T Z1S9/6r0T 0T/I0p/W00 A8 1M AReIq1jpul UO'Yoessa e 1//:Sany WOy pepeo|umod ‘Z ‘€202 ‘TOY8ITS



KYRIAKOU and KANELLOS 231

Day-Ahead Forecasts

Human, PEV | | Weather Electricity |
Activity & | | Forecast Price Forecast!
| I
Weather [ | | sD3
Forecast | | SD2 |
| | |
SD1 | | |
— | .
|
| ) 1
| PV & WTs | |
1 Generation Model | | Optimal operation of the buildings’ HVAC |
| | | system 1
: | |* Optimal time-shifting of buildings’ total :
| sD4 : | electrical loads |
| | e Optimal operation scheduling of the cluster of |1
: | PEVs, diesel generators and the electric grid : sD7
|
| | |
\ TLA, ELA, PDABA | Load Agents

® Thermal & Electrical model
dispatch implementation
* Optimal active power dispatch

* Estimation of the thermal and electrical
loads of the buildings

T
|
|
|
|
I
|
|
|
|
|
I
Il
|
|
|
|
* Development of a dynamic equivalent :
|
|
|
|
|
|
|

1
|
|
|
battery model for the cluster of the PEVs to each PEV :
|
|
|
|
SD5 SD6 SD8 | )
| Physical
l—l ) Y Layer
] o
Diesel Generator Power set-points Power set-points
Model Parameters application to diesel application to
generators buildings & PEVs Ti
ime
Data Signals
SD1: Number of people;  sp2: Ambient SD4: Buildings’ thermal loads SD5: @og, a1¢, 32¢; Pgmins Pemai  SD7: Optimal Building ~ SD8: Thermal zones’ cooling
Work schedule; PEV temperature;Irradiation; (Pectotsl); Buildings’ Electrical ~ fuel cost; CO2 emissions limits  Thermal & Electrical power set-points; Each
f-xr_rl_val/dwell tlme; PEV Wind speed Loads (Pe); PEYs dynamic SD6: Diesel generators’ Loads; Optimal ac_tlve bm_ldlng ele_ctrlc power set-
initial SoC; Ambient aggregate equivalent battery power set-points power of the equivalent points; Active power set-
temperature; Irradiation  SD3: Electricity Price model aggregate battery points of the PEVs
FIGURE 2 Communication signals sequence.
With, The input vector U is of dimension (2Nz +2) x 1. It is

given in Equation (9) as given below:

Qex,wall,z = ZUwall,y : Fwdll,y : (Zmz - En,z) (2)

yee - -
QEC,l(t)
Qwin,z = ZUwin,y : Fwin,y : (7:)1413 - T;rz,z) (3) :
yes Qren,(t)
. Qin,l (t)
st,z = Zﬂw ‘R - Uwall,y : Fwall,y : IT,z (4) U= : (9)
yetl ’
Qin,NZ(I)
ng,z = ZTwin -8C- Fwin,y I, (5) Tou(t)
yeé L [T(t)
Qin,wﬂll,z = ZUwall,y : Fwall,y . (Tin,nz - 7:'n,z) (6) With
ye€
_ 14 cos 3, 1 —cos p,
By appropriately modifying Equations (1)—(6), the state Iry =1y Ry +1a +1p 2
space system of equations is obtained for each building as (10)
follows:
0
e R, — cose (11)
(t cos 0,
#:Ab Tin(t) + Bp- U (7)
The elements of the matrix Ap with dimension (Nz X N7)
Y(t)=Cp- Tin(t) + Dp- U (8) are calculated in Equations (12)—(13) as follows:
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Ajj= _ZanILy “Foally = ZUWH,,C “ Fyall x 3.2 | Model of building electrical load agent
yeE x€J
_ 1 Z U . F. (12) Building's overall electric power consumption is calculated in
-C,-V, & iy - Sy Equation (23), as given below:
y
1 o . =
—~ 17 Uwall,x . Fwﬂll,xv ]t E N Pel,b Zpellomlvz (23)
Ajj=q P C Ve (13) z
0, JigEN

The dimension of Bp is Ny x (2Nz + 2) and it is calcu-
lated as given in the following equations:

1
By, :m [—IuxNy) LNy Bexow  Brad |
(14)
with
Bex,w,1
BeX,W(NZ><1> = (15)
Bex,w,Nz
Bmd,l
Brad(Nle> = : (16)
Bmd,NZ

The elements of the submatrices Bex,w and Brag of ma-
trix Bp are determined as follows.

Bex,w,z == ZUfwall‘y : Fwall,y + ZUwin,y : Fwin,y (17)
ye€ ye€

Bmd,z = Zﬂw ‘R - Uwall.y ' Fwall,y + ZTwin -SC- Fwin,y
yee yeé

(18)

Considering as output the internal temperatures of the

thermal zones then the matrices Cp and Djp are defined as
given in the following equations:

Chn, x Ny) = T, x ) (19)

Dp(n, x 2N, +2) = Oy x 21, +2) (20)

The system of continuous time Equations (7) and (8)

is converted to discrete time Equations (21) and (22) as
follows:

Tin(k+1)=Apd- Tin(k) + Bpa-U (21)

Y (k) =Cba- Tin(k) + Dpa-U (22)

Where, Py_jpud . is the power consumption of the electrical
loads of the zth thermal zone [29].

It is assumed that the non-critical electrical loads are
defined by the rate 72,,,_c as in Equation (24), as given below:

pnon_cr = Znnon_cr : Pel,b (24)
b

Let us assume that the window of time in which non-
critical loads may be shifted is [Tshifz‘() Topirs f] then the
non-critical loads are optimally adjusted in Equations (25)—
(27), asgivenbelow:

P* (t) _ {nslﬂflf(t) . Pnon_cr(t)v VZ € [Tshlft,o belfff]

non-er Pon_or(t), otherwise
(25)
Nshift,min < Mshift < Mshift,max (26)
Topifef Topifef
Z Pnon_cr(t) A= Z P:on_cr(t) - At (27)
t=Tar0 t=Tgifr0

3.3 |
agent

Parking dynamic aggregate battery

An aggregate battery model for the PEVs is described next. It
is derived using predictions of PEVs' plug-in and dwell times,
charge levels at plug-in time, and battery technical specifica-
tions as described in Ref. [28, 30]. Equations (28)—(31) are used
to estimate the time-varying maximum and minimum limits of
the power and store energy of the equivalent battery.

Ppgpex(t) = D Pruax(is?) (28)
Prpmin(t) = D _Pini; 1) (29)
S0CpBmax(t) = ZSOChigb(i, t) — SoCyfr(t) (30)
S0Cpmin(t) = ZSOCZW(i, t) — SoCy () (31)

The continuous plugging and unplugging of electric vehi-
cles cause a continuous change of the stored energy of the
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aggregate battery which is represented by SoCyir and is
calculated in Equations (32)—(34).

SoCdl-ff(t) = Z (SOC()‘pB(t) - SOCZ7PB(I)) (32)

To:At:t

SOCOVPB(I) = SOCQ(Z) (33)
Vith EV plugged at t

SoC, pp(t) = S0Carger () (34)
Vith EV unplugged at t

Let us assume that the optimal active power the equivalent
battery exchanges with the electric grid is Pyy () and generator
convention is used then the SoC (in kWh) is calculated ac-
cording to Equation (35).

S0Cpp(t) = Popy(t) - gy - AL, Pop(t) <0

SOCPB(I + At) = P (¢
SoCpp(t) — Pop(®) At, Pop(t) 20

Nisch
(35)

The following constraints Equations (36)—(38) should be
satisfied by the equivalent aggregate battery.

SoCpg(Ty) = SoCps (1) (36)
SOCPB’min(t) < SoCpp(t) < SOCPB:mﬂx(t) Vie [76 7}] (37)

Ppgmin(t) < Pope(t) < Ppgmax(t) Vi€ [Ty Tf (38)

3.4 | Operation scheduling of diesel
generator set

The fuel cost of the gth diesel generator at time ¢ is estimated
as follows [28, 31]:

FCy(Py(1)) = ang + arg - Py(t) + azg 'Pg(t)z (39)

The fuel consumption function (kgFuel/h) of the gth
generator is as given below:

_ FCy(Py(v))

FuelCOﬂ(Pg(t)) - FuelCOSZg

(40)

Where, FuelCost, is the cost of the fuel consumed by the
gth generator (m.u./kgFuel).

The mass of the gas emissions of the g th generator pro-
duced in time interval At is calculated as given in the following
equation:

Memg (Pg(t)) = Comg - FuelCon(Py(2)) - At (41)

whete Mg (in kgEmg/h) is the mass of the g th diesel
generator pollutant emission and Cepyg (in kgEmg/kgFuel) is
the conversion factor of fuel mass to emission mass Ems.
Let us consider that st; denotes the state of operation of
the gth generator (if the gth generator operated then sty =1
otherwise st = () then the minimum operation cost of the
diesel generators at time ¢ is obtained by solving the optimi-
sation problem in Equations (42)—(406).
TC(t) =min > (stg(t) - FCy(Py(2))) - At (42)
stg,P,

8 geg

S.t.

Stg(t) ' Pg,min < Pg(t) < Stg(t) : Pg-,maxa Vtvg (43)

torFg — toNg = TON_ming> Vg (44)
toNg — toFFg = TOFF_ming, Vg (45)
sto() - Memg(t) < limEmg, Vg (46)

Where, limEmg (in kg/h) denotes the emissions upper
limit of the gth diesel generator. Minimum allowed duration of
generator continuous operation or not ensured by Equa-
tions (44) and (45), respectively.

3.5 | Distribution network
Let us consider that the state of operation of the microgrid is
denoted with the variable sy;; and the microgrid operates
autonomously for ¢t € [Tﬂ,m_p oo _f].

The power balance between the electric network and the
microgrid of building prosumers is ensured by the following
constraint,

PEC,zoml(t) + Pel(t) + PDNload(t)
= Stgrid(t) : Pgrid(t) + Pupt(t) + PPV(Z)

(47)
+ Pwr(t) + ZStg(t) +Py(1))
g€g
With,
A _J o0, Vte [7:/114:0,0 Eutof}
Stgria(t) = { 1, otherwise 48)

The building diesel-generators and the PEVs' parking lot
are able to regulate their reactive power according to a specific
V-Q droop cutve. Let us consider that Q(t), Q,(¢) denote the
output reactive power of the PEVs' patking lot and the gth
diesel generator at time ¢ Then they can be calculated as given
in the following equations:
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Qg(t) = _R'U,dg : Vdg =+ budg; Qg,min < Qg(t) < Qg,max (49)

Qpy (t) = =Rupev - VeEv + borEv, Qpry min < Qpry (2)

< QPEV,max
(50)

Where, R, 4o, RopEV atre the voltage droops of the diesel
generators and the parking lot of PEVs, Vi, and Vpgy denote
voltage amplitude at the nodes the diesel generators and the
PEV parking lot are connected, respectively. bvﬁdg and by ppy
are constants defined by the operator of the microgrid.

Let us assume that V, @ are the voltage and angle vectors
of distribution network voltages, P, Q ate vectors comprising
the active and reactive powers injected to network nodes and &
is a small positive real number then the iterative process
described by the following pseudocode in Algorithm 1 is
applied to determine the state of operation of the electric
network of the microgrid given that the reactive powers of the
PEV's parking lot and building auxiliary generators are regu-
lated according to Equations (49), (50).

Algorithm 1 Pseudocode to determine the state
operation of the electric network.

Initialize voltage and angle vectors to
v(1),6(1)

k=1; e(1)=5¢;

While e(k) > ¢

Do

k=k+1;

Qg(k) = _Rv,dg . Vdg(k - 1) + bv,dg,QPEv(k)

=~ Ry pgv - Vorv(k— 1) + by pevi:

[V(k), 8(k)] = PowerFlow(V(k—1),P,Q);

e(k) = (V(k) - V(k-1))" - (V(k) - V(k - 1));

end

3.6 | Model of wind power generation
estimation

The electric power generation estimation of the WTs of the
microgrid is provided in Equation (51).

0, I/vcuz,o f <V< I/cm,in

~3
5 V-V, ~
— cutin
Pyr = PWT,nom : 13 13 ) I/cut,in <V < Viom
N = Y cutin

PWT,norm Voom < ? < Vrmz?off
(51)

_ Where Py nom is the nominal electric power of the WTs,
V' is the forecasted wind velocity, Vyon, is the nominal wind
velocity of the WTs and Vi in (th’,,ff) is the cut-in (cut-off)

wind velocity.

3.7 | Model of photovoltaic power
generation estimation

The electric power generation estimation of the PVs of the
microgrid is provided in Equation (52).

~ G
Ppy = npy - Ppy pom - C
ref

—Toy)] (52)

: [1 1K, ( (?W +0.0256 - @)

Where npy is the performance coefficient of the PV power
convertet, Ppy nom is the nominal power of the PV generator,
G is the forecasted solar radiation, Gy is the reference solar
radiation equal to 1000W /m?, T is the panel temperature in
standard test conditions equal to 25°C and K, is a constant
equal to —0.0357°C™".

4 | OPTIMAL OPERATION
SCHEDULING OF THE MICROGRID

EML agent uses Particle Swarm Optimisation (PSO) and
applies it at microgrid scale to facilitate the optimisation
process. PSO is one of the most highly efficient heuristic
methods and its implementation is remarkably simple. PSO
has proved very robust and efficient for application to
complex optimisation problems as it does not depend on the
selected initial point and leads to a global optimum with a
high rate of success. It is difficult to find the global optimum
for large-dimension optimisation problems and formulate
extremely complex objective functions using classical
methods. In the examined problem, the building thermal
model's differential equations, PEVs aggregated model and
distribution network model should be solved within the
optimisation procedure, making its implementation difficult if
classical optimisation techniques are applied. However, using
PSO algorithm, this problem is overcome since the objective
function can be arbitrarily complex and of any form. It can
also be easily adjusted in case that new components need to
be included. Specifically, EML provides the optimal total
electric power demand of the HVAC systems and optimally
shifts building non-critical electrical loads with the purpose of
minimising the building's total daily energy demand and cost.
Moreover, the charging of the hosted PEVs and the opera-
tion of the local power generation units is optimally sched-
uled. The structure of each particle of the swarm with its
different parts comprising the respective decision variables
associated with the optimisation of the aforementioned
microgrid subsystems is given in Figure 3.

Some more information about the particle part concerning
building generators optimisation is provided next. Let us as-
sume that N, is the number of the diesel generators. Each
dimension in this particle patt contains a numbet, S, that takes
values from 0 to 2% —1 and corresponds to the state of
operation of the diesel generators set. This number is
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\ N\ A\

St(1) SH(T) Popt{1) | ... = Popt(T}

AN J

l

Non-critical electrical load
shift coefficient

Total HVAC load of
the buildings

FIGURE 3 Particle structure used by the EML.

transformed to binary number containing the state of opera-
tion of each diesel generator as described in Equation (53).

[st1(2)...stng ()] = dec2bin(round(S(z)),Se [0 2N8 —1]
(53)

Where, dec2bin(round(N(t)) represents the conversion
function of a decimal number to binary.

The augmented cost function used by the PSO including
the applied constraints, are given in Equation (54). The goal of
the optimisation process is the minimisation of the total daily
operation cost of the microgrid according to the electricity
price and the satisfaction of all microgrid's components con-
straints integrated in term (Pen) of the objective function.

TCyc= min
Stgvpgrid.PDpt,

{ (Zpgﬁd(z) CEP(8) + ) 0 sty(t)

t geg
PEC total Mebif

-FCg(Pg(t))) - Ar+ Pen} (54)

S.t. Equations (25)—(27), (36)—(38), (43)—(47).

Sub-optimisation problems are solved in order to optimally
dispatch: (a) the total thermal power to each building thermal
zone, (b) the total power consumed by all microgrid building
electrical loads to each building and (c) the active power
consumed/produced by PEVs aggregator to each separate
PEV. To this end, suitable flexibility indices are developed for
each type of microgrid component.

41 | Optimal power dispatch algorithm

Considering a summer cooling scenario, the thermal model
dispatch is implemented as formulated in Equation (55)—(59).

an,z (t) - Tn inz
axe— Dninz

Tinz(t)=Toninz

max,z— Lmin,z
z

Qpc,(t) = } * QEc0ral(t) (55)

Tmin,z < an,z(t) < Tmax,z (56)

PEC,tozal,min < PEC,Zoml(t) < PEC,tozal,max (57)

l |

Generators States EV Parking Battery
Active Power

PEC,tutal,min,b < PEC,zotal,b(t) < PEC,taml,mﬂx,bv Vbe B (58>

ZPEC,toml,b(t) = PEC,toml(t) (59)
b

QEC,Z QEC,toml

W?PEC,IDMZ = COP (60)

PEC,Z =

If any of the technical limits of the HVAC consumption of a
building is violated, the total power of this building is set equal
to the technical limit violated (P'(t)), and then subtracted from
the total cooling power consumed by all microgrid's buildings
(Prew(t) = P torai(t) — P'(2)). The dispatch of the total ther-
mal power consumption is reapplied and the total powet P,eqy is
dispatched to each thermal zone of the other buildings.

An optimisation problem is solved in order to optimally
dispatch the total power consumed by the buildings' electrical
loads of the microgrid to each individual building, while
satisfying all the technical and operational constraints. The
augmented objective function is given below in Equation (61):

min {Z (Z (njbzf:,b(t) - nsbifc(f))2> } (61)

:
P 7 \ beB

S.t.
Topifef Topifef
Z Pe[‘r”o”vb(t) “Ar= Z P:l,nomb(t) - At, Vbe B
=Taifr0 ="Topifr0
(62)
ijl,nomb(t) = Pjtonc, (t) (63)
beB
with

el ,non,b

) Woites(8) - Petwonp (1) VEE [Tareo Topipes]
)=
Pel,non,b(t), otherwise
(64)

Where, 77, ifeb is the load shifting coefficient and P:l.,n on.
the optimal electric power consumption by the non-critical
loads of bth building of the microgrid.

A last optimisation problem is solved to optimally share

biS

the active power of the microgrid's parking lot to the PEVs
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with target to maximise the sum of PEV flexibilities and satisfy
all PEVs' constraints. The flexibility of a PEV to change its
active power is defined in Ref. [32] and also followed in the
present work. The used augmented objective function is given
below in Equation (65):

max E flexppy (i,t + Ar) (65)
Prpyli)
St.
Prpy (i,8) < Pruax(i), Vi (66)
Prpy(i,8) 2 Ppin(2), Vi (67)

SoCpry (i, t) = Pppy (i, 1) - At < SoChg (i, + At), Vi (68)
SoCppy (i,t) — Pppy, (i, t) - At > S0Cpe (3,2 4+ AL), Vi (69)

ZP;EV(ia t) = Pop(t) (70)

Constraints Equations (68) and (69) ensure that SoC(z, ¢) is
maintained within permissible operation limits and allow each
PEV reach the target of stored energy at its disconnection time.

o B

5 | CASE STUDY

The developed models and algorithms are verified through the
simulation of realistic microgrid operation scenarios. A notable
feature of this work is that the developed methods ate fully
parametric in order to ensutre the application of the finally
developed energy management to energy systems of various
sizes and complexity. Particulatly, the proposed energy system
is able to include buildings scaling from simple residential ones
up to mega office or commercial buildings, buildings with
simple floor plans and a few thermal zones up to buildings
with complex floor plans and large number of thermal zones.
This is achieved by appropriately modifying model parameters,
such as the number of thermal zones and building floors, the
buildings' dimensions and construction characteristics, the
profiles of building thermal and electrical loads for each
building thermal zone.

In this work we have chosen to examine large-scale office
buildings which are more challenging to optimise due to their
complexity. Moreover, in the examined case study, three kinds
of floor plans are selected for demonstration purposes in order
to examine and compate the thermal behavior of buildings
with different characteristics and complexity, as shown in
Figure 4. In our case study, theoretically the decision variables
amount up to 57,220. The single-line of the examined IEEE
33-node electric distribution network is shown in Figure 5.
Tables 1 and 2 include the necessary buildings' model

(c)

FIGURE 4 Floor plans (a) Building 1 (20 floors, 120 thermal zones), (b) Building 2 (40 floors, 360 thermal zones), and (c) Building 3 (70 floors, 770 thermal

zones).
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parameter data. Finally, Table 3 provides the technical speci-
fications of building diesel generators.

Three representative operation scenarios (OSC) of the
examined microgrid were simulated in this study. They are
briefly described next and the major respective information is
tabulated in Table 4.

(1) OSC 1

In this scenario, the goal is to minimise the overall oper-
ation cost of the microgrid.

Power System

Switch

Slack Bus

Microgrid

Building 3

<—I<—i<ﬂ

2) OSC II

In OSCII, in addition to the OSCI microgtid autonomous
operation is also included. It is assumed that a grid power
supply interruption occurs during 15:00 p.m.—18:00 p.m. and
the microgrid should cover its total electric power demand
using only its available resources. Specifically, the EV parking
lot, renewable energy sources and the diesel generators should
supply the building and distribution network loads.

(3) OSC III

In OSC III, no optimisation technique is applied to the
operation of building thermal and electric power systems and
the operation of PEV parking lot is not optimised, too. One
goal is to keep the indoor temperature of all thermal zones of
the buildings close to a constant value. For a fair comparison
between the two operation scenarios, this temperature set
point is set to the median indoor temperature obtained in OSC
I. OSCIII represents the business-as-usual scenario of the
microgrid and is used to estimate the overall operation cost
reduction of the microgrid obtained by the suggested energy
management strategy.

All the indoor temperatures of the thermal zones of the
microgrid buildings are maintained at a fixed predefined tem-
perature value using a PI controller as shown in Equa-
tions (71)—(72):

B"':2 jr — TABLE 2 Non-critical loads data
— T é EEZ;’S’;“SEV':‘ B Building 1 Building 2 Building 3
pvg T— 31 g ohorovoiaic Mpon_cr 0.25 0.25 0.25
T'_ 22 \\’ Wind Turbine Pshif t.min 0.70 0.75 0.65
1! T_ 28 Diesel Generator Pehif t.max 13 1.25 125
Topifemin 07:00 07:00 07:00
FIGURE 5 Single-line diagram of microgrid clectric network. Lifimen 170 1700 10
TABLE 1 Building model data
Thermal zones modelling data
Thermal zones
Building 1 Building 2 Building 3  All thermal zones
Side_1 (m) 10 12 10 p(kg/m®) 1.2 Twinz 1.1°107  ,(°) 90
Side_2 (m) 20 20 20 C,(kWh/ (kg °C)) 1/3600 a,, 186-107 6(°) 11.9
Height (m) 3 3 3 Uyal,(kW/(m?«°C))  2.04-107 SC,  0.54 0.(°) 39.9
Tnin/ Twax CC)  19/27.5 19/27.5 19/27.5 Usin (kW /(m’ «°C))  56-107  p, 0.2 Rse,((m? «°C)/kW) 40
Building parameters
Building 1 Building 2 Building 3
Number of floors 20 40 70
Total number of thermal zones 120 360 770
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TABLE 3 Building auxiliary generators data

Diesel generators parametets

G1 G2 G3
Technical minimum (kW) 285 620 1226
Technical maximum (kW) 1000 2170 4300
Minimum hours for generator being in 1/1 1/1 1/1
operation/out of operation (h)
TABLE 4 Operation scenatios
Operation Scenario I 11 111

HVAC optimisation
Electrical loads optimisation
Electric vehicles optimisation

Diesel generators optimisation

<

v

Renewable energy sources

L
<

Microgtid islanded operation -

Total operation cost (m.u.) 25261 26965 32280

Ambient Temperature(°C)
N n N w w g w
£ (] =] o N (=]

N
N

20
00:00 03:00 06:00 09:00 12:00 15:00 18:00 21:00 00:00
Time of day (hours)

(a)
FIGURE 6 (a) Outdoor temperature (b) Variable electricity price.

9000
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8000 [

7000
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w £ fe: [=2}
(=3 o [=3 (=3
(=3 [=3 (=3 (=3
8 8 8 8

2000

1000 | TN

0 L - 1 L e
00:00 03:00 06:0 09:00 12:00 15:00 18:00 21:00 00:00
Time of day (hours)

(@

W,
IN]
=1
S

Active Power(kW)

Que, (t) =Kp - e(t) + K - / e)-de (D)
() = Ty (£) - T (72)

Moreover, PEVs are assumed to operate in ‘dump’
charging mode in OSC III. More specifically, they charge their
batteries by absorbing the required constant quantity of power
from the main electric grid that is estimated in Equation (73).

Figure 6a depicts the outdoor temperature while electricity
price time series is shown in Figure 6b. Figure 7a depicts the
number of occupants being in each building over time. The
total power consumption of the distribution network loads, PV
and WT power generations are shown in Figure 7b.

The probability density functions (PDFs) depicted in
Figure 8a,b are used to estimate the arrival and dwell times of
the electric vehicles. Figure 9 depicts the total number of PEVs
over time.

Figure 10a,b depict the indoor temperatures of all building
thermal zones for OSC I and OSC 111, respectively. It is shown

0.22

KWh)
o o o o

5 &% oA & @

- N S o [ N
- - .

Electicity Price(m.u./}

o

=3

@
T

o
=
=}

0.04 . . . . . . .
00:00 03:00 06:00 09:00 12:00 15:00 18:00 21:00 00:00
Time of day (hours)

(b)

1800 |- —— photovoltaic unit power generation
Wind generator unit power generation
Distribution Network Load
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FIGURE 7 (a) Forecasted number of occupants (b) Distribution network load, PV and W'T.
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that in OSC I, where the proposed optimisation method is
applied, all indoor temperatures are kept within the desired
temperature limits set by the occupants, they vary over time and
they tend to behave in a similar way. In OSC III, the indoor
temperatures are stabilised near to a predefined constant value.

The total electric power cooling demand of the HVAC sys-
tems for OSC 1 (the same with OSC II) and OSC III are shown
in Figure 11a. The electric power consumption for each building
thermal needs is strongly affected by the ambient temperature
and the number of occupants in the offices. Moreover, in OSC1,
the algorithm increases the total cooling requirements of the
building prosumers when the electricity price takes its minimum
value provided that temperature constraints allow it.

Figure 11b exhibits the total power of the buildings' non-
critical loads obtained in OSC I before and after being opti-
mised. It is verified through the plots that the suggested al-
gorithm aims to suitably shift in time the consumption of non-
critical loads to reduce the operation cost.

Figure 12a,b depict the active power and the total energy of
the aggregate battery of the PEVs together with their bounds
for all examined scenarios. In OSC I, the equivalent battery of

(a) PDF of PEV arrival time and (b) PDF of PEV dwell time.

time(minutes)

(b)

the PEVs absorbs power from the utility grid or injects power
according to the variable electricity price in order to contribute
to the minimisation of the microgrid's overall operation cost.
In OSC II, during autonomous operation, the aggregate bat-
tery of the PEVs is mainly used to meet the energy needs of
the microgrid providing the necessary amount of energy to it.
In OSC 111, PEVs are not subject to any optimisation process
and as it can be seen in the respective figures they only absorb
the necessary amount of power from the gtid in order to
charge their batteries.

The power produced by the diesel generators is shown in
stack form in Figure 13a for OSC II. Each generator is
adjusted to operate as close as possible to its optimal operation
point during the examined time period. In Figure 13b, CO,
emissions of each diesel generator of the microgrid are shown
for OSC II. The algorithm maintains the pollutant emissions of
all auxiliary generators below their limits (only the third diesel
generator was forced to limit its emissions).

The power at the microgrid grid coupling point is given in
Figure 14 for the OSCI-OSCIII. It is observed that in OSC I,
the electric power grid supplies the microgrid with large
amounts of power during the time period when the electricity
price is low, while the opposite happens when the electricity
price is high. Moreover, it can be seen that the electric power
grid does not exchange power with the microgrid during
15:00-18:00 in OSC II as the microgrid is in island operation
during this time period.

Node voltages are shown in Figure 15a,b for OSC I and II,
respectively. Voltage boundaries were set to 1.1 and 0.9 p.u. In
both scenarios, the voltages of the network buses are well
maintained within the predefined limits.

The operation cost of the microgrid obtained for examined
operation scenarios are shown in Table 4. The obtained results
indicate that the total daily microgrid's operation cost can be
significantly reduced by the proposed method, in the range of
27%, with regard to the business-as-usual operation scenario.
It is acknowledged that the buildings and the microgrid could
have conflicted interests regarding the operation cost savings.
To this end and for the sake of fairness, the total profit of the
microgrid can be optimally and faitly allocated to the building
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FIGURE 12 (a) Active power and (b) energy stored of EV aggregate battery with their respective limits (OSC 1, II and 1II).

prosumers and plug-in electric vehicles hosted by the micro-
grid by developing suitable optimisation algorithms. A cost
increase of 1704 m.u./day between OSC I and II is obtained

due to the fact that the microgrid is forced to operate auton-
omously in OSC II during 15:00-18:00 while the electricity
price happens to be the lowest values within this time period.
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FIGURE 13 Auxiliary diesel generators (a) power produced and (b) CO, emissions with their upper limits (OSC 1I).
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In OSC I, the PEVs consume a lot of energy from the main
network during the same time period, while in OSC II, they
inject power to the microgtid in order to supply microgrid
loads. If microgrid's autonomous operation time period was
different and coincided with a high electricity price period, the
microgrid's daily operation cost would rise slightly. Finally, it is
noted that the average time for the execution (load agents
modelling, energy management level) of the proposed method
was 3.5 min. This is a particularly low computation time since
the method is applied to a highly complex optimisation
problem with hundreds of thousands of decision vatiables and
constraints while it allows its online application as it addresses
a power and energy management problem. It should also be
considered that the proposed method deals with a day-ahead
operation scheduling and power management problem;
hence, the required computation time is absolutely satisfactory.
The average time for the execution of a traditional method
(following the steepest gradient descent approach) was 1.2 min.
However, the classical optimisation technique does not ensure

convergence to a global optimum, as it depends highly on the
selected initial point. Moreover, it was shown that our method
managed to reduce the operation by 12.7% more than the
classical method, on average.

The obtained results confirm that the efficient operation of
a very complex microgrid comprising large-scale buildings,
large number of hosted PEVs and RES with very small
computation requirements is ensured by proposed method.

6 | CONCLUSION

An optimal operation scheduling method for complex micro-
grids comprising large-scale buildings, large number of PEVs
and RES is proposed in this paper. Despite the complexity and
the large size of the building prosumers the proposed method
can exploit detailed integrated models of their thermal-
electrical power systems. Moreover, an aggregation technique
is applied to the hosted PEVs without compromising the ac-
curacy of the results while ensuring large reduction of the
required computation time. The proposed method can be
applied to extremely complex building prosumers without the
expected increase in the requited computation time. The
average time for the execution of the proposed method was
3.5 min. This is a particularly low computation time since the
method is applied to a highly complex optimisation problem
with hundreds of thousands of decision vatiables and con-
straints while it allows its online application as it addresses a
power and energy management problem. This is achieved as an
innovative method for the dispatch of total building thermal
needs to the respective building thermal zones and is exploited
in this work. Moreover, the proposed method can be applied to
grid connected or islanded operation of the microgrid of
building prosumers ensuring operation cost minimisation in
both cases while PEVs are exploited as small power generation
units during island operation. It is noted that the method is
designed in a way that allows microgrid operation cost
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minimisation together with the satisfaction of a huge number
of microgtid components' constraints. The implementation of
the method was based on the exploitation of a two-level hi-
erarchical MAS.

A highly complex microgrid of large building prosumers,
PEVs and RES was used to test the proposed method for
different operation scenarios. In our case study, theoretically
the decision variables amount up to 57,220. Detailed simu-
lation results showed that operation cost savings, in the range
of 27%, with regard to business-as-usual operation can be
achieved. A cost increase of 6.32% between OSC I and II is
obtained due to the fact that the microgrid is forced to
operate autonomously in OSC II during 15:00-18:00 hrs,
while the cost of electricity is at its lowest levels at this time.
In OSC I, the PEVs absorb a large amount of energy power
from the main grid during the same time period, whereas in
OSC 1I, they inject power to the microgrid in order to supply
microgrid loads. The cost of the microgrid's daily operation
would increase slightly, in case the microgrid's autonomous
operation period was shifted in time with a high electricity
price period.

NOMENCLATURE

ABBREVIATIONS

EC electric chiller

HVAC heating, ventilation and air conditioning
MAS  multi-agent system

m.u. monetary unit

PB parking equivalent battery

PEV  plug-in electric vehicle

RES  renewable energy sources

SoC state of charge

V2G  vehicle to grid

SETS AND INDICESS
B, b set of the buildings of the microgrid, index indicating
the number of the building

1.06 -
1.04 ¥

1.02

Voltage(p.u.)
o
w
[+

0 5 10 15 20 25
Time(hours)

(b)

set of the external walls of each thermal zone

Q m
oQ

set of the generators of the microgrid, index indicating
the number of the diesel generator

set of the internal walls of each thermal zone

set of the neighboring thermal zones

index indicating the xth internal wall orientation

= =N

index indicating the yth external wall/window ori-
entation
denotes the zth thermal zone of the building

N

PARAMETERS, CONSTANTS AND

VARIABLES

B, surface slop

0,0, incidence, zenith angle, respectively

Twin the glass transmission coefficient of
the windows

Ang, A1g, dog coefficients of the gth generator fuel
cost function

Ay absorbance coefficient of the ext-
ernal surface of the wall

C, the specific heat capacity of the zth
thermal zone

COP HVAC performance coefficient

EP the forecasted electricity price (m.
u./kWh)

Eou1, Evin the area of the total wall/window
surface

FC fuel cost function

L, 0,1 beam, diffuse and total radiation on

horizontal surface, respectively
Ir, the total solar radiation of the zth
thermal zone
charging (discharging) efficiency co-
efficients of the PEV battery
Nopifs coefficient estimated by the optimal
load shifting algorithm

Nehy Misch

N,

A number of the diesel generators of
the microgrid
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N,

Pg

p

P DNload

PEC,zoml.b

PEC,zotal.,mina PEC,tozal,max

Py

Pg,mina Pg,mﬂx

J 2

non_cr
PPB,max ) PPB,min

Ppy
Pyt

P grid
QE C,total

Qec,
Qex,wall,z

Qg maxr R min
Qin,wﬂll,z

Qin,z

QPEV,max’ QPEV,min

Q.

Qe

Qwin,z

7:114:0,07 Y;uzo.f

total number of the thermal zones
of a building

ground reflectance

air density

distribution network load (kW)
electric power consumed by the EC
(kW)

lower and upper limits of the elec-
tric power consumed by the EC
(W)
power produced by the gth
generator

minimum and maximum loading
constraints of the gth diesel gener-
atof, respectively
the  optimal
consumed by the non-critical loads
of all buildings
maximum/minimum powet transfer

electric ~ power

rate of the equivalent battery of the
EV parking lot

Forecasted power generation of the
PV (kW)

forecasted power generation of the
WT (kW)

power of the main electric grid (kW)
total cooling power of the building
(kW)

cooling power generated by the EC
of the zth thermal zone (kW)

heat transfer through the external
walls of the zth thermal zone (kW)
upper and lower limits of the reac-
tive power of the gth generator
heat transfer through the internal
walls of the zth thermal zone (kW)
internal heat gains from people,
appliances and lighting of the zth
thermal zone (kW)

upper and lower limits of the reac-
tive power of the PEVs' patking lot
the whole solar radiation trans-
mitted across the windows of the
zth thermal zone (kW)

heat contribution due to the solar
radiation on the surface of the
external walls of the zth thermal
zone (kW)

heat transfer across the windows of
the zth thermal zone (kW)

the external surface heat resistance
for convection and radiation of the
external wall

the beginning and the end of the
time period where the microgrid
operates autonomously

Tin,nz

Tin

Tmax,z; Tmin,z

LON,g; LOFF g

TON_min,g, TOFF_min.,g

Tous
Lpife0y Tifef

SC
SOCPB

So CPB,max, So CPB,min

SOCOJJB
SOCz,PB

Uwﬂll ’ Usin

V,

indoor temperature of the neigh-
bour thermal zone

indoor temperature (°C) of the zth
thermal zone

the maximum and minimum values
of the indoor temperature of the zth
thermal zone (°C)

time points that gth diesel generator
starts, stops operating, respectively
minimum allowable operation/non-
operation time of the gth diesel
generator

outdoor temperature (°C)

the beginning and the end of the
time period where the non-critical
loads can be shifted in time

the shading
windows
SoC of the equivalent battery (kWh)
of the EV parking lot

max/min stored energy (kWh) of
the equivalent battery of the EV
parking lot

initial SoC (kWh) of the equivalent
battery of the EV parking lot
target energy (kWh) of the equiva-
lent battery of the EV parking lot
heat transfer coefficient of the

coefficient of the

external wall/window of the ther-
mal zone

volume of the air of the zth thermal
zone
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