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Abstract:

Formulating a novel mixed integer linear programprgblem, this paper introduces an
optimal Internet-of-Things-based Energy Managem@aM) framework for general
distribution networks in Smart Cities (SCs), in firesence of shiftable loads. The system’s
decisions are optimally shared between its two rdasigned layers; a “core cloud” and the
“edge clouds”. The EM of a Microgrid (MG), coverky an edge cloud, is directly done by
its operator and the Distributor System Operato8@) is responsible for optimising the
EM of the core cloud. Changing the load consumppaittern, based on market energy
prices, for the edge clouds and their peak loadhdhe framework results in decreasing
the total operation cost of the edge clouds. Usiggoptimal trading power of the MGs
aggregators as the input parameters of the coned atgtimisation problem, the DSO
optimises the network’s total operation cost adslres the optimal scheduling of the
energy storages. The energy storages are chargddwinenergy prices through the
purchasing power from the market and dischargedhigh energy prices to meet the

demand of the network and to satisfy the energuiredq by the edge clouds. As a result,
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the shiftable loads and the energy storages art lms¢he DSO and the MGs to meet the
energy balance with the minimum cost.

Key Words: Energy management, Internet-of-Things, Microgri@ptimal scheduling,
Renewable energy sources.

Nomenclature

Acronyms: er:in* Purchased power from the mar
(kW)
EM Energy management pFout’ Sold power to the market (kW)
DBN Deep belief network PfL,[-I Power demand of MGs (kW)
DR Demand response PfL,t Power demand of feeders (kW
Disco Distribution company PfIgG,nmx Maximum capacity q
transformers (kW)
DG Distributed generation pfFﬂ’”ﬂx Maximum capacity of feede
(kW)
DSO Distribution syster pfﬂgf:in* Purchased power by the MGs
operator h (kW)
GIS Geographical pfﬂgfiouf* Sold power by the MGs (kW)
information systems "
loT Internet-of-things pff’*if?in" Purchased power from the e
clouds (kW)
MG Microgrid pff"i&ouf' Sold power to the edge cloy
' (kW)
MGA Microgrid aggregator Py, Power generation of PVs (kW)
PAR Peak to average ratio p/" Power generation of wind fai
(kW)
PV Photovoltaic a The percentage of load shifti
capacity
RESs Renewable energn%f Efficiency of transformers
sources
SG Smart grid n}?fjcmﬂé‘ /n}{’j_m'gé Efficiency of
discharging/charging
SC Smart city Variables:
WT Wind turbine E}’,}‘ff Stored energy in energy stord
(kwh)
Setg/Indices: pf’:‘j_f?rﬂe Power charging of energy storg
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batt,min
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batt,ini
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batt,max
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Parameters:

Index of feeders pdischarge

fiJt

Index of MGs plin

fit

Index of energy storagq{;"“f

Index of time pMGin

fiit

MG,out
Pf,i.t

SL_ DN
P ‘.

The energy market it

prices (€/kWh)

Maximum capacity of pfsﬁf P
energy storage (kWh)
Minimum capacity of be,?,?
energy storage (kWh)

Initial ~ capacity 0 X/,
energy storage (kWh)
Maximum  power

energy storage (kW)

MG
OXrit
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(kW)

Power discharging of ener
storage (kW)

Purchased power for each feg
(kW)

Sold power from each feed
(kW)

Purchased power by the M
(kW)

Sold power by the MGs (kW)

The amount of shift down load
(kW)
The amount of shift up load (kV]

The binary variable used for
power charging/discharging of
energy storage

The binary variable used in
power trading with the market
The binary variable used
power trading of the MGs wi
the grid

V)

1 Introduction

The traditional power systems face problems sucliossil fuel reduction, low energy

efficiency, and environmental pollution. There isoaa rapid increase in electricity

consumption. High penetration of renewable energyrces (RESs), especially in the

distribution networks, along with on-site energgrage systems is a key solution to these

problems (Ray et al., 2011). The annual install@giacity of photovoltaic (PVs) arrays is

forecasted to reach 100.6 GW and 232.6 GW in lod laigh scenarios respectively in

2022, due to an increase in investment on RESsdrthe world (Watson and Schmela,

2018). The share of the Rooftop PVs reaches 40.2 @&8W 83.7 GW in low and high
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scenarios, respectively (Watson and Schmela, 20@8jalling a large number of smart

metres around the world facilitates the implemeotatof the demand response (DR)

programmes such as shifting loads. For instancaetivere 25.7 M electricity metres

operated by large energy suppliers in domesticetegs across Great Britain until March

2019, from which 7,325,300 of which were smart eeifDeaprtment for Business, 2019).
Integration of RESs-based distributed generatidd&s)), the energy storages, and the
responsive loads along with an efficient energy agament (EM) scheme supported by a
high-level communication and information systencémtrol them refers to the concept of
Microgrid (MG) (Marvasti et al., 2014), which maye lconnected to the distribution

network (Golpira et al., 2019).

In present and future electrical energy systernspitssible to have MGs with shiftable
loads and PVs in distribution networks. Howeveeréhare some challenges and difficulties
in implementing such frameworks, including the peofts of the existing grid in accepting
the RESs, cyber security problems, energy storagecerns, data management,
communication issues, and the stability concerngplémenting such systems in the
distribution networks requires high investment softom the governments and the
consumers. Governments should pay two types ofsdostsuch systems; 1) costs for
preparing the grid in different aspects for thehhpgenetration rate of RESs as well as for
smart consumers and 2) costs of having the sugpbame policies for the consumers and
investors to invest in these energy sources anmticipate in the DR programmes. Such
an active distribution grid needs a smart optinmdérconnection among its autonomous
individuals, to operate in a secure and economicnaa(Mohammadi et al., 201Bince

the implementation of such systems has benefitshi®rgovernment, it will be willing to
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pay the investment costs if it is optimal. For eps&nin the smart city (SC) of Queensland,
Australia, the peak demand and the electricity conion have both reduced up to 46%
by June 2012.

Smart Grids (SGs) can control the production, gmaission, distribution, and
consumption equipment by gathering information frowividuals in a two-way scheme
(Bahramara and Golpira, 2018). They can also useniet-of-Things (loT) technology to
create several additional intelligent services (&fwal., 2011), particularly in the SC since
the SGs play an essential role in data evolutiegeg® and Sushma, 2019) in order to
connect the physical objects with the Internet sradke them smarter (Babar et al., 2019b).
Cloud-based control and management is consequamtimerging field of research (Mital
et al., 2015). Developing the 10T technology in € makes it possible to transfer the
customer’s power demand information to the edgedland provide a demand side EM
programme to schedule the customer’s appliancdsatign The bank of information is also
optimised in a cloud-based server, and the whogetrétity production-distribution
network can be controlled by an IoT cyber-physinatwork technology (Das et al.,
2020). Using such a cloud-based technology can ettsdle a dynamic DR optimisation
and provide a high level of scalability and relldapiat a lower cost while improving the
power grid performance (Yaghmaee Moghaddam e2@L6). Therefore, given the intense
growth and acceptance of the IoT (Babar et al.9apImost research works in recent years
have focused on the applications of the 10T (Spfagi and Golpira, 2018), especially in
the field of the SC (Scuotto et al., 2016).

More like real-life situation, this paper proposas cloud-based electrical energy

scheduling programme of a SC that controls the pawpply and the demand of the
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clustered consumers with a feeder considered fdn ezgion. The feeders are provided to
improve the performance of any individual MG (Patrat al., 2015). In other words,
customers who live in different areas, with theamofeeders, are equipped with their own
MGs to optimise individually. They are further apised regarding their interrelationship
with the distribution company (Disco) as the systenore cloud through the concept of
service layer abstraction. The top core cloud spoesible for performing a centralised
load optimal scheduling at such a multi-region&tte. Therefore, the loT communication
technology is performed in this paper using anmgticloud-based hybrid centralised-
decentralised approach. Since applying such ann@édacommunication infrastructure for
the self-healing grids may enhance power religbdind quality (Haidar et al., 2015), the
optimal structure presented in this paper can traciive not only to the academicians, but
also to the practitioners. Besides, since manyréuaommunications systems will follow
hybrid centralised-decentralised models (Fabia®d,7®, as introduced in this paper, the
suitability and practicability of the framework pented in the paper are further
demonstrated. The information of the system’s dehgde, including the consumption
demands and the MGs generation data are fully fiai®@chto a smart edge cloud. The edge
cloud makes optimal decisions about power consumpsichedule for the appliances.
Afterwards, the optimal load scheduling data of thk regions are forwarded to the
system'’s core cloud to obtain final centralisedisien-making based on the information
obtained from the Disco to provide a minimum mudgion cost. Thus, the proposed
framework allows centralised and decentralised si@eimaking mechanisms, wherein
multiple decision makers independently solve thgatimisation problems. The main

motivations of the paper are as follows. a) Prappsi centralised-decentralised decision-
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making among the district MGs, feeders, and thepmorant units by applying an optimal
cloud-based decision-making mechanism, as a netemywide optimal decision-making
approach, is done in this paper for the first tilnp Recognising the issue that literature
reveals that it is still a challenging issue to eothe concept of the I0T while optimising
the EM under a multi-stage problem in the SC cdntek Providing the optimal energy
balance of the core cloud as the central energyagenof the system as its significant
decision. In such systems, the operator can usettited energy in the storages or the
energy supplied by the Disco in each feeder toedesg the operation costs, while meeting
the demands. d) Obtaining the energy balance foh ealge cloud as a major concern
regarding the separated regions and their own negighgoncerns. This means that using
the approach introduced in this paper, the opedteach MG optimises its own objective
function based on the market prices and the avail@sources. Such a decision is made,
optimally, upon shifting up and down the loads lblasa the amounts of hourly energy
demand and supply. €) Analysing the effect of ahl& load consideration mathematically
in a near real-world application as a significaetfprmance evaluation of not only the
operators of the MGs, but also the core cloud ather major concern of the SC optimal
EM.

The rest of the paper is as follows. Reviewing mhest relevant research is done in
Section Il. The problem is described in Sectiondid the model formulation is developed
in Section IV. Solution results and sensitivity jses are provided in Section V, and the
conclusion and some future research directionpi@gented in Section VI.

2 Literature Review

Integrating the decisions of different functions ansingle optimisation model is an
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efficient approach to deal with the EM problem @.iet al., 2015), especially for the SC.
Some recent research papers have been publisheckie the problem of electrical energy
production-consumption in SCs through such an amroMore recently, a comprehensive
overview of the SG with its general features, fiordlities related technologies, and
characteristics was presented by Tuballa and Abuffi6). They concluded that,
nowadays, the traditional grid has become limitad & needs more features. There are
also opportunities for research in the areas ofgudilow optimisation, battery systems,
cloud computing, and practical large scale RESsgnattion. Morvaj et al. (2011) gave a
good overview over the features and paradigms &duate the existing cities in line with
their opportunity of becoming SCs. Classifying filanning and operation scopes within
the SC, Calvillo et al. (2016) proposed a methogylmr developing an improved energy
model in this context along with some additionakfirecommendations. In their research,
it has been recommended to follow some forms oimogation algorithm with clearly
defined and prioritised objective functions becaiige shown that using such approaches
may significantly improve the expected benefits thé systems under optimisation.
Bulkeley et al. (2016) examined the ways in whieh $C is being put to work for different
ends and through different means. Emphasising enntiportance of the SG and the IoT
contexts in any SC, Kim et al. (2017) and Tanwaale{2018) summarised the role of the
IoT for the development of the SC as one of itsliapfions. There exist a few
mathematical frameworks for using the 10T, espécial SCs and the related areas, where
its most recent applications are well-summarise&afaeipour and Golpira (2018). Laying
stress on the importance of the waste collectidimogation in SCs, Oralhan et al. (2017)

introduced a waste management software-based Ighindogy to optimise waste
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collection to reduce both the cost of collectionl &éme pollution effect on the environment.

Based on the real-time 10T and the geographicarmétion systems (GIS) data, Yang et
al. (2017) optimised the dynamic transportationmoek assignment for an loT-based SC.
Their proposed system is processed by the deegf Ineliwork (DBN) model and K-means

to meet the requirements of high-performance comg@nd economic costs. The model is
particularly useful for optimising traffic netwogdanning in real-time, high-data, low-cost
conditions, as well as promoting the SC’s consioncend development. Developing a
lightweight analytical model, Baz (2018) proposedeav routing metric for the energy-

efficient 10T network over the SCs enabling eacdento estimate the energy consumption
of each possible path and to select the lowestggneath. Hu et al. (2019) proposed the
architecting, implementation, and optimisation afar quality sensing system for a SC,
which provides the real-time and the fine-grain@dgaality map of the area. To do the
optimisation, they simultaneously studied the peaid of power control and location

selection of the sensing system to minimise thetjerror of the real-time and the fine-

grained air quality map.

More specifically, in line with using the IoT teatlogy for the SCs, Yaghmaee
Moghaddam et al. (2016) formulated a two-tier cksaded demand-side management to
control the residential load equipped with the lquawer generation and energy storages.
The aim of the mathematical modelling (Yaghmaee Iaglam et al., 2016) is to
minimise the total purchased energy from the maid gsing demand-side management.
For this purpose, the consumers’ energy consumjgiaptimised in the edge clouds and
then their required energy is supplied by sever@shin the core cloud. The objective of

the core cloud is to minimise the peak to averag® (PAR). In other words, the main
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objective of this study (Yaghmaee Moghaddam et28l1,6) can be simply summarised as
optimally decreasing the purchased power from tl@nngrid. In the proposed model,
presented in this paper, the EM of a SC is modaileasidering the distribution system
operator (DSO) as the core cloud operator and theogrid aggregator (MGA) as the edge
clouds one. The objective of the MGA is to meetehergy balance of the network through
optimal load shifting and trading power with theimgrid. Moreover, the energy balance
of the distribution network is supplied by the D®©Dthe core cloud using the energy
storages’ optimal scheduling. In this paper, the &Nhe distribution network is optimised
so that the DSO can purchase more energy fromritlerglow energy prices to meet the

shifted loads and to charge the energy storages.

3 Problem Description

In this paper, the EM problem of an active disttitm network in a SC is modelled based
on the loT concept. The proposed EM framework iswshin Fig. 1. The distribution
network includes several feeders, each of whiclsistsof different loads, energy storages,
wind turbines (WTs), and several MGs. The MGs areigped with PV arrays and the
percentage of their loads equipped with smart raetaes the capability of shifting their
consumptions regarding the market energy prices.

The distribution network has a hierarchical framewi trade energy and information
from the wholesale energy market to the consummasvice versa as shown in Fig. 2. All
the MGs () in each feeder are operated by the MGA in theeeddgud problem. The MGs
meet their energy balance regarding the energy ehapkices, the demand of the

consumers, and the power generation of the PVslenie on the amount of shifting up
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and down the loads as well as power trading with dmstribution network. All the
information of the MGs is sent to the DSO via th&sM The EM problem of the
distribution network with several feede® {s optimised by the DSO as a core cloud.
Regarding the wholesale market prices, power topdith the MGAs, the output power of
wind turbines, and the demand of the feeders, tB® becides about charging/discharging
the energy storages optimally in each feeder réggrdhich it determines the power
trading with the wholesale markets. The DSO annesirtbe market operator about the

trading power. In this framework, it is assumedt tie measurement sensors are reliable

and it is beyond the scope of this paper to consideprobability of their failures.

Wholesale energy market

A

Core cloud

Distribution System Operator
Feeder 2
Feeder 1

Edge cloud 1
Microgrid Aggregator (MGA)

Microgrid 2
Microgrid 3
"

Fig. 1. The proposed EM framework based on theclmicept

Energy @
storage

Microgrid 1

Shiftable
Loads
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Distribution system operator

discharge pcharge batt WT L
I:)f,j,t ’Pf,j,t ’Ef,j,t’Pf,t ’Pf,t
4 Ct

PMG,inD MG, out”
ft » Pt

Microgrid aggregator

A A
PMG,inD MG, out™
fit o Tfit

Microgrid
PV S DN QS _UP
Pric Pric P

A

L
Pf gt

Consumer

Fig. 2. Flows of power and information in the prepd EM framework

4 Mathematical M odeling

The proposed framework in Fig. 1 is mathematicadlynulated in this section. For this
purpose, at first, the problem of the edge clowd$ormulated to determine the energy
balance for each MG regarding the power generatioVs considering the shiftable
loads. This problem is solved by the MGA in eaclgeedloud. As further illustrated in
Figure 2, the optimal power trading of the MGs witle main grid is considered as the
output decision variable of this stage, which Ww# considered as a parameter in the next
step in the EM problem of the core cloud. The peobbf the core cloud is solved by the
DSO to meet the energy balance of the distributiemvork with the output power of WTSs,
optimal scheduling of energy storages, and powading with the wholesale market

regarding the energy prices. The details of thiglelllng approach are described in the
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following sub-sections.

4.1 The problem of each edge cloud

The operation problem of each edge cloud, whiclukhbe solved by the MGA, is

modeled as (1)-(6).

Minimise  OF " =33 G (113" ~PIi™) (1)
it

The objective function of each MG is describedl3sq model the cost of trading power

with the Disco, where, is the energy market price (€/kWH;;¢"" is the purchased power

by the MGs (kW), and/;7*"" is the sold power by the MGs (kW). The indices of, and

t are used to model the feeders, MGs, and timegotisply.

MG out

PV MG,in, MG , oSL_DN _ 'fiit L WP, oL .

RictRiy iy tRy T =—c— R0 tRy it ()
i

Power balance for each MG in each feeder in each $tep is modeled as (2) where the

sum of the power generation of the PRﬁ}(t), the purchased power by the MG from the
Disco, and the amount of shift down Ioz&gfﬁ(;””) is equal to the sum of the sold power by
the MG, the amount of shift up Ioa@ff(iEUp), and the load of the MGPf,,). In this

equation;]jl’ff is used to model the efficiency of the MGs' transfers.

0< PGS < PO O it 3)
0< P <PYC™ (@-X{)  Ofit (4)
Power trading with the grid is limited by (3) and) (regarding the capacity of the

transformer of each MGDﬂG'”‘“x). Since the MG cannot purchase/sell energy fromhio
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main grid simultaneously, a binary variamé}”,ii) is used in this equation. When the value

of this variable is 1, it means that the MG cansaltl power to the grid and it can only
purchase power from the grid. On the other hand ft = 0 it means that the MG
cannot purchase power from the grid and it can sallypower to the grid.
0<P ™ <aby,, ,0sPSF<aby,, Of it (5)
S PPN =Y PP Ofi (6)

t t

In each MG, the percentage of the load with theabdgy of shifting the load is
modelled as (5), and equation (6) is used to mtdefact that the sum of the shift down
and shift up loads in the operation period musteheal. In fact, the shiftable loads
consume the fixed energy in the operation perindedquation (5)gx is the percentage of
load shifting capacity.

. pMG,in”  5MG,out”
Output: P3¢, Priy

The amount of purchased power by the MGs from tised@ 5™

e ) and the amount of

the sold power by the MGs to the Disdgi”;(g*"““) are considered as the output decision

variables of the edge cloud problem optimisatioheSe variables are considered as the

parameters in the optimisation problem of the cboed.

4.2 The problem of the core cloud

The operation problem of the DSO, as the core ¢lsushodeled as (7)-(16).

Minimise oF®=%"3"¢, [Pﬁ;i" -PFM + PMG"’”‘D - PMG*‘”D} (7)
f ot

The objective function of this problem is modelsd @) where the sum of the costs of the
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purchased power from the market and the edge clandshe sum of the revenue from the

power sold to them is minimised. In this equatiB)fif" is the purchased power for each
feeder (kW) and}i’”” is the sold power from each feeder (kW). As shawtie equation,
the core cloud objective function is defined asiaction of two main terms as: net power

transfer to the feeders{Pffg‘”—Pff{OM) and optimal net power transfer to the MGs

pMein’ _ pMGot” ) \vhich are obtained from the first level of the inpsati
ft fi ; opsation problem,

considering the monetary cost of energy per (‘QL)I’. Given equation (2), the first-level

optimal objective value should be provided congiggthe limitation of the power balance,
whereas the optimisation of the core cloud is remjuired in this level. So, given the
convexity of the problem, the optimal value obtdinfom solving the first-level
optimisation problem is guaranteed. This motivdékesedge clouds, i.e. the decentralized
edge clouds, become willing to operate under theagement of a central core cloud
through the loT approach, because in such a systenoptimality of every single edge
cloud will not be negatively affected. Each of #edouds are solely responsible for the
feeders which are located only within the clouds’erage. From the viewpoint of the core
cloud and its objective function, provided by (if)is logical that the core cloud’s optimal
value is completely related to the optimal valubtamed from the first level optimisation
problem since the edge clouds are included withencore cloud. By this means, given the
convexity of the second level optimisation probleéhe final solution value obtained from
the core cloud is also guaranteed, but with resfethe optimal values provided by the

first level one. This guarantees that there willnmebetter response to the second level
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problem, given the optimal input of the first ley@bblem, which is inevitable. The reason
is that the core cloud is mainly responsible f@ tlllection of extracting information from
the edge clouds (Kasnesis et al., 2019) to managen@nitor the use of the resources and
services in every single edge cloud (Jun et aRPDP0n this way, the core cloud cannot be
optimised unless it receives data from the edgedspwhich is completely provided in the
framework proposed in this paper. The basic idda tsckle a complex problem through
solving a sequence of the easier ones, which caolved using standard methods. Such a
proposed cloud-based architecture is an effectoation that leverages data-centric
communication for scalable and flexible communmatbetween utility and the consumers

(Fang et al., 2012).

charge

S .0

dlscharge d|scharge F.,in MG,out[ _ fl.jt F out MG jn L

§Pf RGBT RN =Y R AR R O (8)
IR

o . 0 ind
Pfl\/‘ItG,out — Z PfM|Gt out PfN,ItG inT Z PfN,li(,;t in 0Of ,t (9)
i

The power balance of the core cloud for each fegdeach time step is modelled as (8)

where the sum of the discharging power of energyages p*scarae

o ), the purchased

power from the market, the output power of the wian in each feeder{;") and the
purchasing power from the edge cIouG]ﬁf*"””) is equal to the sum of the charging
power by energy storage%f”ge) the selling power to the market, the sold poteethe

edge clouds MG”‘ ), and the demand of each fee«jth) The purchased/sold power by

each edge cloud from/to the core cloud equals uhe &f the power trading of the MGs in

that edge cloud with the grid (i.e. the output diexi variables of the previous optimisation
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problem) as modeled in (9). In equation 8, the nolieenergy storage js

F i F, F
O<P["<P™X{, Oft (10)

0< P ™ <PF™(@-Xf,) Oft (11)
For each feeder trading power with the markeinstéd as (11) and (12) regarding the

capacity of each feedé}”’”“x. In these equationﬁ’{t is used as a binary variable to avoid

simultaneous occurrence of the purchased/sold pvamvto the market for each feeder.

0< Pfﬁge < bef}“*”ﬂx 1- x?*'j‘ﬁ"t) Of ,j t (12)

0< PSR ¢ pltuTE B [ ¢ (13)

The power charging/discharging of energy storagesradelled as (12) and (13) where

in each time step the energy storages can onlyhared or discharged in the optimisation
process as modelled using the binary variakijﬂg’j(t). In these equationg{’jfltt'”"“x is the

maximum power of each energy storage (kW).

B < EXY <EXV™ Of, ot (14)
e =Efjat P P Of > (15)
Ebatt _ Ebatt,ini + Pcharge _ Pdischarge Df ' J ,t =1 (16)

fjt = =f,j fojt flt
The stored energy in the energy storagﬁﬁ‘fl() is limited to storages' minimum

(E7 ¢ and maximumf_(fb,?”’m“x) values as (14). The dynamic behaviour of thegner

storages in the operation period is modeled as ¢h8)(16) regarding which they can be

charged in low energy prices of the market and ttey be discharged in high energy

prices to minimise the operation costs of the atoed. In these equations; ;""" is the
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initial capacity of the energy storage (kWh) apﬁj}“hmge /n;ﬁ”gg are the efficiency of

discharging/charging, respectively.

t

Output: RF‘OUID = Z pfF’t,OutD , RF,inD - Z PfF in” Ot
f f

F,in"

The amount of purchased power by the DSO from taeket ¢, ) and the amount of

out”™

the sold power to the marke[EtF(' ) are considered as the final decision variablethef
system.

The model of the edge clouds consists of 13453esiaguations, 9073 single variables,
and 2880 discrete variables and the model of thre ctoud consists of 1513 single
equations, 1153 single variables, and 144 disaat@bles. The models are both solved by
CPLEX solver with GAMS 24.1.2 software. A personamputer with 6GB RAM running
on Intel Core i-5 with a CPU speed of 2.60GHz, &lbperating system is used to solve
the model. Using this system, the computationaé timsolve the model of the edge clouds
and the core cloud is 10.266 sec and 3.188 sepectgely. Therefore, the obtained
computational time for the model is acceptabletti@er energy management problems since
these problems are solved in two main time scadesisting of day-ahead (24 hours) for
the day-ahead energy scheduling problems andineal{usually 5 minutes) for the real-
time energy management ones.

5 Simulation Results
To investigate the effectiveness of the proposethoteand its solution methodology, it

is applied on a distribution network with three méeders. The demand of each feeder is

extracted from (Bahramara et al., 2015). Each feedesists of 20 MGs which supplies 30
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percent of the load of the feeder. The sum of tlergy storages capacity in each feeder is
equal to 1,500MWh. The energy storages have theinmgm power charging and
discharging equal 800kW. The initial and the minmstored energy equal 300kWh,
240kWh, and 150 kWh for feeders 1, 2, and 3, rdspy. It is assumed that there is a
wind farm with the capacity of 5SMW, i.e. 50 windrines with the capacity of 100kW, in
feeders 1 and 2. The output power of the wind fasmshown in Fig. 3. This output is
minimum in hours 1-3 and 22-24 and its maximum oufwer occurrs in hours 7-9, and
13-17.

The demand of each MG is equipped with smart meineshas the potential to shift that
30 percent of its consumption in response to thekebgrices. There are 100 kW PV arrays
in each MG. To obtain the power generation of thleaPrays, the location of the assumed
region, including its latitude and longitude, aratezed to the HOMER software
(Bahramara et al., 2016) regarding which the s@diation and the clearness index of the
region are determined by the software. Then, HOMERulates the output power of the
PV arrays, which is shown in Fig. 4, regarding itentioned input data. As shown in this
figure, the output power of the PV arrays is zerbours 1-7 and 20-24 and their maximum
output power is in hours 11-15. The energy priceabected from the Nordpool energy
market in 02 May 2019 as illustrated in Fig. 5 8radble 1 (Nordpool, 2019). The market
price is low in hours 1-6 and 13-19 and it's higlihe other hours. The maximum capacity
and the efficiency of the distribution transfornoérthe MGs to trade power with the main

grid are 500 kW and 0.98, respectively.
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Table 1: The hourly energy market prices

Time | Energy price| Time | Energy price| Time | Energy price| Time | Energy price
(hour) (E/kWh) (hour) (E/kWh) (hour) (E/KWh) (hour) (E/KWh)

1 0.00192 7 0.02896 13 0.03142 19 0.03701

2 0.00103 8 0.03916 14 0.0319 20 0.03826

3 0.00055 9 0.03999 15 0.0293 21 0.03971

4 0.00047 10 0.03948 16 0.0268 22 0.03991

5 0.00012 11 0.03936 17 0.02655 23 0.03676

6 0.0021 12 0.03732 18 0.02766 24 0.01441

5.1 Results

The energy balance for the edge clouds is shoviigs. 6-8. The operation problem of
the MGs is optimised regarding the market pricesb iggresources. As shown in Figs. 6-8,
the demand of the MGs shifts up in hours 1-7, 13&l®l 24 for the first edge cloud, in
hours 1-7, 12-18, and 24 for the second edge clandiin hours 1-7, 13, 15-18, and 24 for
the third edge cloud regarding the low energy grioé the market in these hours. This
decision increases the purchased power from tlebgrihe MGAs to meet the new energy
consumption. In the other hours for each edge ¢lthuel MGAs decide to decrease their
demand regarding the high energy prices of the etaftherefore, the purchased power by
the MGAs from the market decreases in these htutwurs 8-19, the power generation of
the PV arrays have significant impacts on the endrglance of each edge cloud.
Regarding the generated power of the PV arraystendhifting down of the loads in hours
11 and 12 for the first edge cloud, in hours 10fdf3the second, and in hour 12 for the
third, the behaviour of the trading power with tired changes. In these hours, most of the

MGs sell power to the main grid and the minimumcbased power from the grid by the

MGs is obtained.
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Fig. 8. The energy balance of the third edge cloud

The optimised load consumption, applying the loadtiag for each edge cloud, is
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shown in Figs. 9-11 and Tables 2-4. As shown irs¢h&gures and tables, the load
consumption patterns change regarding the marlexggrprices. For the first edge cloud,

the load consumption increases in hours 1-7, 1318,24 regarding the low amount of the
energy prices and it decreases in other hours thighhigh amount of energy prices.

Therefore, the main reason for the sudden increag®ad consumption at hour 13 is its

low energy price in comparison with the energy gsin the previous hours (hours 8-12)
regarding which the MGA decides to shift the demamnch hours 8-12 to the hours 13-18.

For the second edge cloud, the load consumptidts shom hours 1-7, 12-18, and 24 to

hours 8-11 and 19-23 regarding the energy marke¢grAs presented in Table 3, for the
same amount of load consumption in hours 11 andefgrding the lower amount of the

energy price in hour 12 in comparison with 11, ltteed consumption decreases in hour 11
and it increases in hour 12. For the third edgeidtidhe load consumption shifts from

hours 1-7, 13, 15-18, and 24 to hours 8-12, 14, En@3 regarding the energy market
prices. Since for the same amount of load consumti hours 13 and 14, the energy price
in hour 13 is lower than 14, the load shifts upaur 13 and it shifts down in 14.

This behaviour has changed the hours of the pesk ¢ the second and the third edge
clouds. The peak load of the second and the thige elouds, without shifting the loads,
occur in hour 20 and hours 10-14 except 12, rep@dgt With load shifting, these peak
load hours shift to the hours 18 and 13 for theosdcand the third edge clouds,
respectively. Without considering the ability offtdble loads in MGs, the total cost of all
edge clouds is 1,625.23 €, while optimising thedlcansumption regarding the shiftable
load decreases the total cost of the system t803%, i.e., 14.28% reduction. Therefore,

increasing the ability of the network's load toftsthieir consumption with the market prices
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decreases the total operation cost of the system.
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Fig. 9. The effect of optimal behaviour of shiftalbtbads on the load consumption of the

first edge cloud

Table 2: The results of the shiftable load optirtigafor the first edge cloud

Time (hour) Energy price| Initial load | The amount of shiff The amount of shiff Optimised load
(E/kWh) (kW) up demand (kW) | down demand (kW (kW)
1 0.00192 484.23 145.27 0 629.5
2 0.00103 463.44 139.03 0 602.47
3 0.00055 493.14 147.94 0 641.08
4 0.00047 502.06 150.62 0 652.68
5 0.00012 522.85 156.86 0 679.71
6 0.0021 558.5 167.55 0 726.05
7 0.02896 736.75 221.02 0 957.77
8 0.03916 1,054.6 0 316.39 738.21
9 0.03999 1,348.7 0 404.62 944.08
10 0.03948 1,645.8 0 493.74 1,152.06
11 0.03936 1,746.8 0 524.04 1,222.76
12 0.03732 1,835.9 0 550.78 1,285.12
13 0.03142 1,895.3 566.91 0 2,462.21
14 0.0319 1,883.5 43.579 0 1,927.08
15 0.0293 1,797.3 539.19 0 2,336.49
16 0.0268 1,746.8 524.04 0 2,270.84
17 0.02655 1,841.9 552.56 0 2,394.46
18 0.02766 2,040.9 612.27 0 2,653.17
19 0.03701 1,639.9 0 491.96 1,147.94
20 0.03826 1,449.7 0 434.92 1,014.78
21 0.03971 1,241.8 0 372.53 869.27
22 0.03991 1,051.6 0 315.49 736.11
23 0.03676 754.57 0 226.37 528.2
24 0.01441 546.62 163.99 0 710.61
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Fig. 10. The effect of optimal behaviour of shit@lads on the load consumption of the
second edge cloud

Table 3: The results of the shiftable load optirigsafor the second edge cloud

Time Energy price | Initial load | The amount of shiff The amount of shift| Optimised load
(hour) (E/kWh) (kW) up demand (kW) | down demand (kW) (kW)
1 0.00192 620.885 186.265 0 807.15
2 0.00103 597.119 179.136 0 776.255
3 0.00055 564.441 169.332 0 733.773
4 0.00047 505.026 151.508 0 656.534
5 0.00012 472.348 141.704 0 614.052
6 0.0021 525.821 157.746 0 683.567
7 0.02896 704.066 211.22 0 915.286
8 0.03916 917.959 0 275.388 642.571
9 0.03999 962.52 0 288.756 673.764
10 0.03948 1,015.99 0 304.798 711.192
11 0.03936 1,122.94 0 336.882 786.058
12 0.03732 1,122.94 66.8417 0 1,189.7817
13 0.03142 1,232.86 369.857 0 1,602.717
14 0.0319 1,330.89 399.268 0 1,730.158
15 0.0293 1,354.66 406.397 0 1,761.057
16 0.0268 1,226.92 368.075 0 1,594.995
17 0.02655 1,128.88 338.664 0 1,467.544
18 0.02766 1,452.69 435.808 0 1,888.498
19 0.03701 1,865.62 0 559.687 1,305.933
20 0.03826 2,183.49 0 655.048 1,528.442
21 0.03971 1,972.57 0 591.771 1,380.799
22 0.03991 1,660.64 0 498.193 1,162.447
23 0.03676 1,336.83 0 401.05 935.78
24 0.01441 1,099.17 329.752 0 1,428.922
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Table 4: The results of the shiftable load optimaafor the third edge cloud

Time Energy price | Initial load | The amount of shiff The amount of shift| Optimised load
(hour) (E/kWh) (kW) up demand (kW) | down demand (kW) (kW)
1 0.00192 799.133 239.74 0 1,038.873
2 0.00103 748.63 224.589 0 973.219
3 0.00055 710.01 213.003 0 923.013
4 0.00047 659.507 197.852 0 857.359
5 0.00012 754.572 226.372 0 980.944
6 0.0021 953.612 286.084 0 1,239.696
7 0.02896 1,250.69 375.206 0 1,625.896
8 0.03916 1,675.51 0 502.652 1,172.858
9 0.03999 1,936.93 0 581.08 1,355.85
10 0.03948 2,135.97 0 640.792 1,495.178
11 0.03936 2,135.97 0 640.792 1,495.178
12 0.03732 1,936.93 0 581.08 1,355.85
13 0.03142 2,135.97 632.22 0 2,768.19
14 0.0319 2,135.97 0 308.705 1,827.265
15 0.0293 2,040.91 612.272 0 2,653.182
16 0.0268 1,942.87 582.862 0 2,525.732
17 0.02655 1,639.86 491.957 0 2,131.817
18 0.02766 1,384.37 415.311 0 1,799.681
19 0.03701 1,250.69 0 375.206 875.844
20 0.03826 1,149.68 0 344.905 804.775
21 0.03971 1,045.71 0 313.712 731.998
22 0.03991 950.642 0 285.193 665.449
23 0.03676 594.151 0 178.245 415.906
24 0.01441 849.636 254.891 0 1,104.527

The energy balance of the core cloud is shown gn E2 and the energy balance in the

feeders is illustrated in Figs. 13-15. The operatothe distribution network can use the
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energy storages in each feeder to decrease thatigpecosts to meet the demand of the
network. The power trading of the MGs with the mgiid was optimised in the previous
step (see Figs. 6-8). The MGs sold power to thet igrhours 10-14 and purchased power in
other hours. The energy storages are charged irshu5, 16, and 17 regarding the
market’s low energy prices and they are dischangdoburs 9, 10, 21, and 22 regarding the
high market energy prices. As shown in Figs. 13 Bhdhe large amount of the demand of
feeder 1 and feeder 2 is supplied by the wind nhabiso that their extra power is
transferred to the output of the feeder in hourg,&nd 9 for feeder 1 and in hours 5-7, 9,
and 13 for feeder 2. This is while in feeder 3, eithdoes not have the wind turbine, the
feeder's demand is mostly supplied through purctgagbwer from the market as shown in
Fig. 15.

The dynamic behaviour of energy storages is showiig. 16. The total cost of the core
cloud without energy storages is 4,124.71 €, wiiiletheir presence and with the
optimisation of their dynamic behaviours in the i@ien period, the total cost of the core

cloud reaches 3,932.12 €, i.e. 4.67% reduction.
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Fig. 12. The energy balance of the core cloud
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Fig. 15. The energy balance in feeder 3
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Fig. 16. The optimal behaviour of the energy stesaig the core cloud

5.2 Senditivity analysis

In this sub-section a sensitivity analysis is deménvestigate the effect of load shifting
capability percentage and the capacity of energsages on the results. The sensitivity of
the power trading of the edge clouds to the peaggniof the load shifting capability is
shown in Fig. 17. It is assumed that the maximunowarh of the load shifting capacity of
the MGs is equal to 70 percent of their load, sitiee are several loads that cannot be
shifted to the other hours. In fact, it is impo$sitp assume that all the capacity of the
demand can be shifted in the time period of theamn (i.e., 24 hours in this paper). The
sensitivity of the total shifted load and the tatabkt of the edge clouds to this parameter is
shown in Fig. 18. As shown in Figs. 17 and 18, Bh8A has two main strategies to
decrease the total cost of the edge clouds; 1) Wneepercentage of load shifting capacity
is between 0 and 20, regarding the low amount dfagihe loads, the MGA decides to
decrease the purchased power from the main grithénhours with high energy prices
through shifting the load to the other hours watv lenergy prices. In this strategy the sold

power to the grid by the MGA decreases in the olleerrs. 2) When the percentage of load
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shifting capacity increases from 20 to 70, regagdire high amount of shiftable loads, the
MGA shifts down the loads in the hours with highcprand it consequently sells more
power to the grid in these hours. The shifted dtvaals are supplied in the hours with low
energy prices regarding which the purchased poweah® MGA increases. Therefore, as
the percentage of the load shifting capacity ineesathe total cost of the edge clouds

decreases with the optimal power trading of the M@th the main grid.

65,000 Total purchased power by the edge clouds 6,000
--------- Total sold power by the edge clouds
64,000 5,000
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§ 4,000 i
5 62,000 5
=
2 3,000 ?
61,000 -
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The increased capacity of shiftable loads

Fig. 17. The sensitivity of power trading with tiyed to the capacity of shiftable load
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Fig. 18. The sensitivity of total shifted load asakt of the edge clouds to the capacity of
shiftable load

The sensitivity of the core cloud optimisation'sukés to the capacity of the energy
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storage is shown in Figs. 19 and 20. Increasing diygacity of energy storages in
comparison with the base case, the DSO purchasesenergy from the market to charge
the energy storages in hours with low market priddss, consequently, increases the
purchased power from the market. On the other hidaedstored energy in energy storages

is used by the DSO in the hours with high energgesrwhich leads to decreasing the total

operation cost of the core cloud.
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Fig. 19. The relation between the capacity of epstgrages and the decisions of the DSO
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Fig. 20. The relation between the energy storagpadaty and the total cost of the core
cloud

6 Conclusion

In this paper, an optimal cloud-based EM framewsrlproposed for the distribution

networks in the SCs based on the IoT technology.tlie purpose, the decision-making
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framework of the distribution network is dividedartwo main layers as a “core cloud” and
the “edge clouds”. In each edge cloud, managingtiexgy of several MGs is done by the
MGA operator and the DSO is responsible to manageehergy of the core cloud. The
results show that the load shifting capability lné tMGs decreases the total operation cost
of the edge clouds, approximately by 14.28%. Muweeothe shiftable loads change the
load consumption pattern of the edge clouds andemprently change their peak load
hours. In this regard, two strategies of the MGAdexrrease the total cost of the edge
clouds are analysed considering the low load sigiftapacity (0%-20%) and the high load
shifting capacity (20%-70%). The first strategyulés in decreasing the amount of the
purchased power from the grid in high energy phicars as well as shifting the loads and,
therefore, decreasing the amount of the sold pawdhe grid in the other hours. The
second strategy results in shifting down the laadsgh energy price hours to increase the
amount of the sold power to the grid in these hoamsl increasing the purchased power in
low energy price hours to compensate the shiftaddoAll the aforementioned behaviours
of the MGs occur directly and logically regarditng tmarket energy prices.

The proposed cloud-based structure introduced igyghper is formulated as a mixed
integer linear optimisation problem to obtain artimpl solution using exact solution
approaches. The optimal power trading of the MG#whe main grid is considered as the
output decision variable of the edge clouds, whiltonsidered as a parameter in the
optimisation problem of the core cloud. The DSOirojstes the total operation cost of the
distribution network with optimal scheduling of egg storages in the network. Regarding
the pattern of the energy market prices, the enstgsages are charged in low energy

prices through the purchasing power from the maaket discharged in high energy prices
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to meet the demand of the distribution network smdatisfy the energy required by the
edge clouds. Therefore, the shiftable loads andggnstorages as the flexible energy
resources can be used by the DSO and MGs to nmegeetiergy balance with the minimum
costs.

In this study, the failure rate of the smart sess®Vs systems, energy storages, wind
turbines, and the distribution network as well las tincertainties related to noisiness of
data from the sensors are not modelled in the idecimaking problem, which can be
considered in future studies. Moreover, some athaties can be done as the future works
are as follows:

* The uncertainties of demand, energy prices, PVd,\&f's can be considered in the

model.

* The MGs can participate in the ancillary servicergg markets including reserve and

flexibility besides their participations in the egg market.

* The heat demand can be modeled in the proposed! tiodagh replacing the MGs

considered in this study with multi carrier energystems including heat energy
storages, the electrical and the heat demands, inethiheat and power (CHP), and

combined cooling, heat, and power (CCHP) system.
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» loT-based optimization of smart city energy management under a multi-stage problem.

» Formulating anovel loT-oriented MILP problem to smart city energy management.

» Decision making is shared between layers as edge clouds (MGs) and a core cloud (DSO).
» Obtaining mathematically optimal energy baance of the core and edge clouds.

» Anayzing the effect of the shiftable load consideration in a near real-world application.
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