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Abstract: The contributions of Distributed Energy Generation (DEG) and Distributed Energy
Storage (DES) for Demand Side Management (DSM) purposes in a smart macrogrid or microgrid
cannot be over-emphasized. If not well coordinated, standalone DEG and DES can lead to
under-utilization of energy generation by consumers and financial investments, but a
grid-connection mode of DEG and DES can offer arbitrage opportunities for consumers and utility
provider(s). A grid-connected smart microgrid comprising heterogeneous (active and passive)
smart consumers, electric vehicles and a large-scale energy storage device is considered in this
work. Energy management by each smart entity is carried out by the proposed Microgrid Energy
Management — Distributed Optimization Algorithm (MEM-DOA) installed distributively within
the network according to consumer type. Each smart consumer optimizes its energy consumption,
expenditure and trading for comfort and profit. The proposed model was observed to yield
consumer satisfaction, financial benefits, grid reliability, resilience and sustainability, reduced
investment on peaker plants, reduced Peak-to-Average-Ratio (PAR) demand and associated
environmental benefits. The MEM-DOA also offers participating smart entities energy and tariff
incentives so that passive smart consumers do not benefit more than active smart consumers like in
some previous energy management algorithms.

Keywords: Distributed Energy Generation (DEG); Distributed Energy Storage (DES); Demand Side
Management (DSM); Microgrid Energy Management — Distributed Optimization Algorithm
(MEM-DOA); Smart microgrid

1. Introduction

Smart grid provides an enabling environment for the integration of Distributed Energy
Generation (DEG) and Distributed Energy Storage (DES) for Demand Side Management (DSM)
purposes with mutual benefits to electricity utility providers and consumers. The incorporation of
DEGs and DES devices into the supply mix of the smart grid is expected to help in balancing energy
demand and supply curves in (near) real time. These energy pockets maybe distributed within a
smart grid in consumer premises or as microgrids. A microgrid can be a regional or communal
energy system comprising distributed energy sources (renewable and/or non-renewable) often in
order to optimize power quality, reliability, efficiency and sustainability with accompanying
economic benefits (cheaper cost of energy, local employment generation and economic
development) and environmental benefits (if renewable energy sources are used).

Sustainability2017, 8,x; doi:FOR PEER REVIEW www.mdpi.com/journal/sustainability
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Microgrids would be a common feature in the smart grid either in standalone [1] or
grid-connected [2] mode. Some literatures have shown contributions on DEG [3,4] and DES [5-7] in
the smart grid. However, this work focuses on possible heterogeneous community of smart
consumers with local DEG and DES in a grid-connected smart microgrid with a centralized
large-scale Microgrid Energy Storage (MES) device for arbitrage opportunities. Each smart entity
(smart consumers, MES device and utility) optimizes their benefits in the energy market through
the proposed Microgrid Energy Management — Distributed Optimization Algorithm (MEM-DOA).
The MEM-DOA is made up of energy consumption scheduling, storage and generation
optimization algorithms. The MEM-DOA approach is proposed in order to enhance scalability of
deployment, privacy and security in the smart microgrid. The proposed algorithm can be installed
into the smart meters of consumers, and Energy Management Controller (EMC) of the MES device
and Plug-in Hybrid Electric Vehicles (PHEVs) and the utility grid.

Another advantage of this work over existing literature [3-11] is that it guides against a
situation where passive smart consumers can benefit more than active smart consumers in a smart
grid as in [8]. Also, it encourages the penetration of DEG and DES devices in the future energy web.
This type of architecture can additionally offer grid reliability and stability, financial benefits to all
its smart entities, consumers’ social welfare, reduction in Peak-to-Average-Ratio (PAR) demand and
CO: emissions etc. Grid-connected DEG and DES [2-6,10,11] as will be presented in this work can
offer grid resilience and stability in the face of energy imbalance with ever-growing demand and
certain emergencies.

The rest of the paper is organized as follows: the smart microgrid model is described in Section
II, while its mathematical formulation is presented in Section III. The MEM-DOA problems and the
simulation results are presented in Sections IV and V respectively, while the conclusion is in Section
VI

2. Description of a Smart Microgrid Energy Management Model

This work proposes a model for a Smart Microgrid Energy Management (SMEM) system
comprising heterogeneous consumers who are connected to the utility grid and a large scale
Microgrid Energy Storage (MES) device. A sketch of the proposed grid-connected smart microgrid
energy management architecture is presented in Figure 1. This type of architecture is envisaged as a
possibility in the future, even among residential consumers, with increasing penetration of DEG and
DES in the smart grid.

The  smart  microgrid  has a large scale  DES  installed as a
grid-connected-and-consumer-connected energy storage device providing an alternative centralised
source of power to consumers in the smart microgrid. This MES device can be charged from the grid
or by any active consumer in the microgrid with their excess energy generation or storage at low
price periods and sell back the stored energy to the consumers and grid as the need arises at a higher
price; thereby enhancing profitability in its energy trading.

Passive consumers are connected uni-directionally for energy flow with the grid and MES
device, but bi-directionally for information and communication flow because they neither sell
energy to the grid nor MES device. However, active consumers and PHEVs are connected
bi-directionally with both MES device and the utility grid for energy, information and
communication flows. Hence, a consumer is said to be passive in the SMEM network if it always
buys all its energy consumption, or active if it has the ability to both buy and sell energy in the
network.

Therefore, a consumer in the smart microgrid can either be passive (Type-A) consumer a €
Z,,Z, € A or an active consumer belonging to Wy. The active consumers are further sub-divided
into Type-B consumer a € Z,Z; c Awith DES e.g. in-Home Energy Storage (iHES) device only,
Type-C consumer a € Z;,Z; ¢ A with DEG only, Type-D consumer a € Z,,2Z, ¢ A with iHES
device and DEG; and PHEVsv € V, where W, = Z, UZ,UZ, UV.
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Figure1l. Proposed grid-connected smart microgrid architecture

These consumers’ categories are chosen to reflect the possible different types of consumers that
can exist in a smart grid or smart microgrid. An active consumer meets its local demand at every
time t € T from the energy generated by its local DEG and/or DES, utility grid or MES device
depending on energy prices from these sources at the time that the energy is needed. If the active
consumer demand is greater than the amount of energy available locally from its DEG and/or DES,
then it purchases the difference from the cheaper seller between the grid and MES device. This can
in a way reduce the need for investment on peaker plants by the utilities

3. MEM-DOA Problem Formulation

The proposed model will be made up of appliance consumption scheduling and dissatisfaction
models for all residential consumers belonging to set A =2, U2z UZ;UZ),; energy storage
models for active consumers Zz U Z,, PHEVs v and the microgrid p; and energy production
models for active consumers Z. U 2, and the grid r. Each model is mathematically formulated
and presented in this section. A distributed optimisation approach is observed in this work so that
each smart consumer can autonomously optimize its energy consumption and expenditure.
Sub-sections 3.1, 3.2, and 3.3 in this section are adapted from our previous work in [7].

3.1. Appliance Energy Consumption Scheduling Model

The consumer’s load is categorized into non-shiftable, flexible, interruptible deferrable and
uninterruptible deferrable smart appliances. Let every smart consumer a € A, where A = Z, U
ZpUZ-UZ, in the smart microgrid, have non-shiftable appliances (e.g. lighting, cooking) i € I,
flexible appliances (e.g. air-conditioner) j € J, uninterruptible deferrable appliances (e.g. dish
washer) f € Fand interruptible deferrable appliances (e.g. pool pump) [ € L. The flexible and
deferrable appliances would have their consumption shifted in power and time respectively.
Therefore, all the smart appliances in a consumer premise belong to the set, G=TUJUFUL = Tu
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H, where H = JUF U L. The total appliance load x,, of consumer a at any time t € T, where
T =[1,2,..,t]is given by [7]:
Xat = Qi1 Xait T Xjej Xajt T LferXafe + DieL Xa e
D

The daily load vector for each consumer a € Ais x,; = [X41, %42, ..., Xq;]’, While its total daily

load x, is given as:
Xg = Zte'ﬂ‘xa,t-
)
If the feasible period of operation 7, of any appliance g in the household has a start time

tzg and end time tg,, where T, ={t|t;, <t <t;,}; and g ={i,j,f,1}, Vg € G. Then, total

ag’
energy e, , consumed by any appliance g in the smart home is given by:

3% g VEET,g={i),f,},Vg EG
ag .
0, vVt € ’Il"\Ta_g, g=1{ijf,l},vgeG

®)

A power level constraint is set for each appliance such that:

€ag

X < X g S X9, g ={i,), f,1},Vg € GVt €T, (4)

where x[%" >0, x'* and xJ'9%* are the minimum power level (OFF or standby mode) and
maximum power level of each smart appliance respectively. The total energy x; consumed by all

smart appliances owned by all the consumers in the smart microgrid at a time t is given by:

Xt = ZaEAZgEG €ag,9 = {i,j;f, l}, vt € T. (5)

3.2. Appliance Scheduling Dissatisfaction Model

The dissatisfaction associated with appliance scheduling is modeled in this sub-section for the
schedulable appliances.

3.2.1. Power Shiftable (Flexible) Appliances

The dissatisfaction cost due to scheduling flexible smart appliances in a consumer’s premise
from its nominal load u, ;. toanactualload x,;, with respect to energy tariff and given as [7]:

- S\t
dyj = ag, (ua,j,tet [1 - (M) ]), 0<a,;<1, (6)

Ua,jt

where y, <1, 7.6, <0, y.,6, € Rand a,; is the degree of dissatisfaction of a flexible load
that is tolerable to the consumer. The first and second derivatives of (6) show results that are similar
to satisfaction conditions in [11] and utility conditions in [12].

3.2.2. Time Shiftable Appliances

The dissatisfaction cost incurred by shifting a consumers’ load from its nominal usage period
to an actual period in response to energy price is considered for deferrable loads.

Uninterruptible deferrable appliances can have their start times shifted although same
duration of operation is maintained in the actual time. Hence, dissatisfaction in the start time of the
operation is considered. The dissatisfaction cost function dj ; for an uninterruptible deferrable
load is:

doy = agpltys —tasl 0<Sagp <1LVfEF, ?)
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where t;5 and t;, are the actual and nominal start times of the uninterruptible deferrable
appliance f € F respectively and a,f is the measure of tolerance of such delay/haste to the
consumer by shifting the start time of task. Let the feasible operation period for schedulable
uninterruptible deferrable appliances be T’y = {t|t;} <t < t;'}}.To ensure that the operation of an
uninterruptible deferrable smart appliance continues once it starts without interruption, then the
end time t:i; for the actual task is constrained as:

tar = toy +Nap VfEFVtET,Va€A. ®)

where nominal task duration 70,y = t; ; — tg ;-
The interruptible deferrable appliances can have their task being interrupted during operation
and continued at a later time within the actual feasible period T, = {t|t;] <t < t;;} and 7;1511 +

a,l
Sz Sq _ s 51 82
Toi + -+ T, =73, where T.7,7.7,.

..,Tas_f are possible operation periods of q number of
scheduled sub-tasks within the actual feasible period, 7;,. The dissatisfaction cost of an
interruptible deferrable appliance df, is measured as a function of difference between the nominal

duration 7,; and the actual duration 7, taken to complete the entire task and is given as:
Jttz,l = aa,l |77a,l - 772,1|; 0 < aa,l < 1: vl € L. (9)

wherea, is the tolerance factor to measure the degree to which the consumer can tolerate changes
in the duration taken to complete a task, 14, = |tg, — t5,l,na; = |t;] —ta7l,Vt € T. Therefore,
applying (6), (7) and (9), the total dissatisfaction cost d, in a consumer’s premise, can be defined as
the summation of the load dissatisfaction costs of all shiftable appliances and is given as [7]:

d, = Y je],teT sz,j + Yrerter sz,f + YieLter sz,z ,va. (10)

The values of a,j,a,f aq;,y: and 6, can be varied to model different levels of consumer
dissatisfaction.

3.3. Local Distributed Energy Storage Model

The local DES (e.g. battery) model as in [7] applies only to Type-B active consumer a €
Z5,Z5 € A and Type-D active consumer a € Zp,Z, € A in this smart microgrid model. If b,, is
the energy stored in the battery at time t € Tfor consumer a € {Z3, 25}, then, the battery daily
energy storage scheduling vector b, = [by1,bg 2, ..., bats s bgy). Therefore, b,, can be expressed
in terms of the energy charging profile b;, and energy discharging profile b, as b, = bt —
bz, where bj. bz, >0. The charging efficiency B; and discharging efficiency p; fulfil
conditions 0 < B4 <1 and B; =1 respectively. Therefore, the battery is only effectively charged
and discharged with Bibs, and Bgb;, amount of energy respectively. The charging and
discharging efficiency vector B, =[Bs,—Bs] and per-timeslot storage scheduling vector is
b, = [bs: bs.]'. This implies that Byb,, is the energy charged/discharged at time t € T. Since the
maximum charging/discharging rate bJ*®* of the battery cannot be exceeded at any
charging/discharging time then, the constraint (11) is introduced:

Bibg. < bM*,a € {Z5,2p}, VEET. (11)

The energy leakage rate 1, of the battery is constrained as 0 < 4, < 1. If g,,_, is the charge
level of the battery at time t —1, which was reduced at 4, leakage rate then, the present time
tcharge level can be expressed as: qu; = qg:-1(1 —Ay) + Babar a € {Z5,Zp}, Vt € T. Also, the
charge level q,, of the battery is bounded as 0 < q,; < bg cqp, Where bg 4, is the battery capacity.
Therefore, for every a € {Z,Z)}, smart consumer [7]:

_Qa,t—l(l - Aa) < ﬂ:lba,t < ba,cap - Qa,t—l(l - Aa)- (12)

Also, qq; and initial charge level q,., are related by:

Gai = Gate(1 — Age) + Z§=t0 Aai-toBabas,a € {Zp, Zp}. (13)
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The storage device can go through integer number of charging and discharging cycles, which
oppose fluctuations in the daily energy demand of the consumer. Therefore, q,., and daily final
charge level q,., can be related by:

|Qa,t; - Qa,tol < Oa' Oa € R+'a € {ZB'ZD}HVt €T, (14)

whereQ, is sufficiently a small positive constant. Each battery is assumed to be sufficiently
small compared to the aggregate load so as not to influence tariffs during charging and discharging
periods. Examples of possible local DES devices include lithium-ion batteries, lead-acid batteries
etc.

3.4. Consumer Distributed Energy Generation Model

A consumer’s DEG can be either dispatchable or non-dispatchable energy generator.
Dispatchable generators include micro-turbines, internal combustion engines etc, while
non-dispatchable generators include solar panels, wind turbines etc. Only non-dispatchable
generators are considered in this work due to their associated environmental friendliness and ease
of deployment.

For a non-dispatchable generator owned by consumers a € {Z., Z,}, the DEG production at
time t is g,;. The non-dispatchable generators produce energy based on available intermittent
resources e.g. solar radiation. A consumer can sell its excess local generation to the grid or MES
device and buy back later again at periods when these resources are naturally not available or less
than the quantity required to meet consumer’s demand.

3.5. Microgrid Energy Storage Model

The MES device is modelled similarly to consumers’ DES devices and applies same
explanations and formulations. Therefore, if daily energy storage scheduling vector b, =
[by1: b2y s byes s by ] for the MES device then, (11) — (13) can be adopted and re-written for the
MES device as follows:

Bl.b,. < b0 < Bt < 1,87 = 1,bt,, by, = 0,Vt, (15)
_q[t,t—l(l - /1;1) < ﬂ;lbﬂ,t' < bu,cap - qM,t—l(l - /1/1)' (16)
Qut = Qugt, a- Aﬂ,t) + Zg=t0 Aﬂ,t—toﬂ;tbu,t ,VteT, (17)

The energy charged/discharged by the MES device B,b,, attime t is further simplified as:

Bibu: = (Bubue)” + (Bubu)™ + (Bl byue )4, Wy = (25,2, 2, V}, (18)

where(B,b, )" and (B,b, )"V are the charged/discharged energy by the grid and active
consumers respectively, and (B;l_bw_)zA is the MES discharging profile towards consumer Z,,
(b,:")%4 =0 since consumer a € Z, does not sell energy to the MES device. The quantity of
charge q,, in the MES device at any time t is the aggregate of the charges stored in it by the grid
and active consumers and is given as:

V4 Z Z
Que = Qe + Qs + 4,5 + 9,0 + de (19)

where q;,,, qff, qiﬁ, qilg and q;. are the quantities of charge stored in the MES device by
the grid, consumers a € Z3, a € Z; and a € Zp, and PHEVs respectively.

Some storage devices that can serve as MES devices include Compressed-Air Energy Storage
(CAES), Pumped-Storage Hydroelectric (PSH) etc. The MES device is a form of large-scale energy
storage that can be owned by a private operator or utility provider.

3.6. Plug-in Hybrid Electric Vehicle Battery Model

The PHEVs in the smart microgrid shall be modeled with respect to its battery characteristics
only, and not driving pattern. Let b,, be a PHEV charging/discharging profile at time t; then, the
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daily storage vector for every PHEV battery v € V can be denoted as b, = [by,1,b,,2, ..., by ¢, oo byt ).
Then, storage profile for the PHEV can be modeled as follows:

Byb,: < b, vEV,VLET, (20)
Qut = Que-—1(1 —A,) + Byby,, v EV,VLET, (21)
—qve-1(1 = 2p) < Bubye < bycap = Gue-1(1 = 4), Vv, (22)
Qo = Qoo (1 —Ap0) + Zg=t0 Ay t—t,Bybye, vV EV,VLET, (23)
and
|G, = Queol < Oy, v EV,VLET, (24)

In order to prevent the PHEVs from increasing peak demand beyond grid and MES capacities,
their charging/discharging profiles b,, and hence the load R, =b,, are centrally scheduled
within the microgrid and is constrained by:

0<Y,evRpt < b, VVEV,VLET, (25)

whereb,,; = (b, )" + (b, )" is the maximum energy the PHEVs can draw from the utility grid
and MES device at any timeslot respectively. The PHEVs are modeled as separate aggregate load in
the microgrid without attachment to any particular consumer, although they could also play similar
roles as iHES device in consumer premises depending on their configurations.

4. MEM-DOA Optimization Problems

4.1. Microgrid Energy Storage Cost Model

The MES device buys energy from the grid and active consumers during low price periods and
sells energy back to them at a higher price than purchasing price in order to maximize its profit. If
the charging/discharging load of the MES device R, = b,.,Vt € T, then, the MES daily cost
function C,(R,) is given as:

Cu(Ry) = eer(P3E, tbpe — PEEDY . — P2ibye) 4 = {1, 24, Z¢, Zp}, VL ET, (26)

where Pt and PJf = min(P7f, Py, o Pager Pazye) are the respective selling and buying
prices of the MES and Pg.b,, is its charging/discharging operating cost. Type-A consumers are
passive energy generators in the microgrid and hence, would always buy energy from the MES
device with a penalty price. For instance, the selling price of energy from the MES device to any
buyer P;L, . is given by:

BP e Y u=
s _ | @utPuts ifq,, = by, VtET
Pﬂ_”%f - PBP:]_) if Y bl’—_ ']I*' (27)
wﬂrt wtJ gyt 1 q[,t,t' < u-y,t’ vVt €

where y = {r,Z,,2¢,Zp,v},w,, is a preset MES provider coefficient of profit in order to
maximize reasonable profit for the MES device provider, P, is the buyer’s price penalty for
requesting more energy than contributed to the MES present charge level, qff,t is the energy
contribution by a buyer ¢ to the MES charge level and b, is the amount of energy to be
discharged from the MES device to buyer 4 at time t. The MES selling price (SP) to the passive
consumers would be the highest at every time t € T since they do not have contribution to the
energy stored in the MES device. Also, PSf = min(Pit, Py o Pagor Pazyt), where PPE PSS Pa%
and P.% . are selling prices for grid and active consumers Zj,Z; and 2, respectively. The value
of w,; is constrained as w,,>1 to ensure compliance with rate-of-return on investment
regulations. This would help the MES device provider to set a SP or tariff that is high enough to
attract further capital investment and also low enough so as not to negatively affect customers’

welfare. In this work, a buyer’s price penalty %, is given by:
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max(PfP, ) -
Py,t = min(Psg:) !qg_t < b;j—wy,,ti/y’ = {T', ZA:ZB:ZCtZD}' (28)
~Y,

whereP37 , is the SP of other buyers excluding % at time t. The MEM-DOA for the MES
device is formulated as a linear program and solved using simplex method [14,15]:

in Cu(R,)

s.t. (15) — (19), (26),(27), (28)
P = min(P’F, Pa% 0 Pazy i) Vt € T. (29)

4.2. Utility Cost Model

Let g, .be the energy generation by the electricity utility provider at time tand bounded by the
utility grid maximum energy production capacity g*** be given as:

0<g,: <gr*VvteT.
(30)

The constrain in (30) ensures that all the load from all devices connected to the grid does not
exceed grid capacity at any given time. Also, the load balance on the grid at any time t can be
given as:

8t = Razat T Razpt T Razer + Razpe + Ryuee

@31

Where R, z,: Raz.t and R,z are the total grid loads from consumers Z,,2Z; and Z)
respectively. The utility cost function, C,(g,,) is the cost to the utility for providing g, ,supply and
can be modeled as a non-decreasing convex function using the energy cost function for thermal
generators [3,4,9]:

Ce(8re) = ci(Qre)? + 38y + 5, VL ET, (32)
Where ¢f >0 and ¢f,cf>0. Also, in accordance with rate-of-return on investment
regulations, PSfand utility buying price PEfis modified from [3] and given as:

psP = wr_t@ = w, PP, VEtET, (33)

7t
Where w,, > 1 is a preset utility profit coefficient. This ensures mutual financial benefits
between utility, consumers and MES provider. The total daily cost of electricity vector to the utility
C,is the total cost of generation to meet its load and cost of energy purchases from the active
consumers and MES device, and it is given as:

Cr = Zte’]l‘ (Ct(gr,t) + PrBtI:J (ba,ZB,t - xa,ZB,t - (bu,t+)zB)+ + Pff (ga,ZC,t - xa,Z(;,t - (bu,t+)zc)+ +

+ - —
PEE(8a2p.t + bazpt = Xazpi = (Bt )?P) " + PEL Tuev(bye )" + PEL (b )T) YVt ET. (34)

where(b, . ")?5, (b, )*¢ and (b,,")?P are energy sold to the MES device by consumers Z
and Z, respectively and (b,, )" is energy bought from the MES device by the grid. The
MEM-DOA for the utility grid is formulated as a convex programming problem [16] and solved
using interior-point method [17] as follows:

min C,
art€R

s.t. (30) — (34),
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PrBt = min(P, th'P ZDt'PSPrt) (35)

4.3. Type-A Consumer Cost Model

Since the Type-A consumer is a passive consumer its cost function is basically the cost of
meeting its local demand from the grid or MES device depending on their energy selling prices.
Therefore, the daily cost C,z,(Lqz,) of Type-A smart consumer a € Z,,2Z, C A, is given as:

Caz,(Laz,) = | ZaXaz, T afz,zA' a € Zy, (36)

where Pyy, = min(P, Pty ) = min([PE, PRy, oo, PR [Pihg 1 Pinz a0 Pz asl) =
[Pe%41Pazazr 1 Pag,sl i consumer a €2, purchasing or buying price and Xoz, =
[Xa,24,1) Xa,z42) 1 Xa,z,.] 18 the total appliance load for consumer a € Z, at time t. The MEM-DOA
for Type-A passive consumer shall be formulated as a convex programming problem [16] solved
using interior-point method [17] and is given as:

mlz% Ca,ZA (La,ZA)
Ra,z 4 d5ER

s.t. (1) = (10),

P35, = min(Pi*,P;l, ), a € Z,,Vt €T. (37)

4.4. Type-B Consumer Cost Model

The daily cost function C,z,(R,z,) for each Type-B consumer is given as:

+ + =
Ca,ZB (Ra,ZB) = ZfET PaB,;B,t(xa,ZB,f - ba,ZB,t) - ZtET P(f,}Z)IB,t(ba,ZB,t - xa,ZB,t) + ZtE']T d(tl,ZB ,a € 'ZB' (38)

The MEM-DOA for Type-B active smart consumer is formulated as a convex programming
problem [16] as follows:

mln Ca,ZB (:Ra,ZB)
Razgd5€R

s.t. (1) —(10),(38),
PBY . =min(P3L,P;Y),a € 25, Vt €T,
P‘fyZB,t = ma'x(P‘r,t , Py_t ), ae ZB, vVt €T,

SP ,SP SP
:PZ max(P‘rt PaZCt PaZDt vt) -quB < b[l— (39)
B‘t mln(PSP ngct ngl) t ,}t)) H'_)ZB v

Solving (39) for each Type-B consumer ensures minimised energy consumption and
expenditure from the utility grid at peak times with accompanying consumer maximised
satisfaction.

4.5. Type-C Consumer Cost Model

A Type-C smart consumer a € Z; possesses non-dispatchable DEG locally. Since the
consumer does not have a storage device, it would have to sell out its excess generation during the
day to the grid or MES device. Therefore, the per timeslot load £, ;., and daily cost function
Caz.(Laz,) for Type-C consumer are given by (40) and (41) respectively:

La,Z(;,t = xa,Z(;,t - ga,Z(;,t' ae€ ZC'ZC c A’ (40)

+ + =
Ca,Z(; (La,z(;) = Yter ngc,t(xa,zc,t - ga,ZC,t) — Dter P(f,;(;,t(ga,zc,t - xa,ZC,t) + Yter d(tl,ZC ,a € 2Z;, (41)

where P24 . = min(PS},P;t) and P.% . = max(PEf,Pf) are buying and selling prices
respectively, x,z.. is total appliances demand and g,z.; is generation by consumer a € Z. at
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time t. Each Type-C smart consumer also has its MEM-DOA formulated as a convex programming
problem [16] and solved using interior-point method [17] is given as:

min Ca.Zc (Layzc)
Razpd5ER

s.t. (1) = (10), (41),
PBY . =min(P}, Pty i) a € Z¢, VEET,

Py = max(PE{, PE0),a € Z¢,Vt €T. (42)

a,
4.6. Type-D Consumer Cost Model

The Type-D consumer a € Zpis the active consumer that possesses both non-dispatchable
DEG and DES device in its premise. Its total load L, 3, ;at any time t is given by:

Lozpt = Xazpe + bazpt — 8azpt@ € Zp,Zp C A, (43)

where x5 . is the consumer’s total appliances demand, bgz,, is the energy
charging/discharging profile for its DES device and g,z is the generation from its DEG at time t.
Therefore, the daily cost function C,z,(£,z,) for each Type-D consumer is given as:

+
Ca,ZD (La,ZD) = ZtET ngD,t(xa,ZD,f + ba,ZD,t - ga,ZD,t) - ZtET P(f,IZ):D,t(ga,ZD,t - ba,ZD,t -

+ -
xa,ZD,t) + Yter dfz,zD-
(44)

Where P2 . = min(Pi{,P;t) and P% . = max(PEf,PJ) are consumer a € Z;, buying and
selling prices respectively at time t. Finally, the MEM-DOA for Type-D active smart consumer is
formulated as a convex programming problem [16] and solved using interior-point method [17] as
follows:

m”_?i Ca,ZD (['a,ZD)
:Ra,ZDrda

s.t. (1) — (10), (44),
PEY ¢ =min(P7f, Pty ), a € Zp,VEET,

PS’;DI =max(PEf,PSf),a € Z,,Vt €T. (45)

a,

The solutions to (37), (39), (42) and (45) offer the smart consumers optimized satisfaction,
energy consumption and expenditure with financial savings.
4.7. Plug-in Hybrid Electric Vehicle Battery Storage Cost Model

The MEM-DOA for the PHEVs is centralised within the PHEVs community network, but

distributed in relation with other smart entities in the smart microgrid and is formulated as a linear
programming problem which can be solved using simplex method [14,15]:

min G(R,)

5.t (20) — (25),
RV,f = bV,f’ Vt e T,

SP ,SP SP SP
_ max(Pr,t 'Pa,ZB,t'Pa,ZC,t'Pa,ZD,t)

vt — ; SP pSP SP SP ’
mm(Pr,t 'Pa,ZB,t'Pa,ZC,t'Pa,ZD,t)

ifqy, < b

u-v,t’

bv,t < Ev,t' Bv,t = (Ev,t)r + (Ev,t)#' 0< ZVEV Rv,t < ZUEV Ev,t ,Vt. (46)

Peak-to-Average-Ratio (PAR) demand from the grid can be found using (46) and solved using
simplex method [14,15]:
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¢
Peak demand —_ MA4XYaeaYar

Average demand - %ZaeA teT Yatr )

PAR =

(47)

5. Numerical Results and Discussions

The MEM-DOA simulation was considered for three hundred consumers (one hundred
households in each category of consumer) with residential data obtained from [18] and Time-of-Use
(TOU) pricing tariffs in South Africa adopted [19].

The results of the simulations are presented in Figure 2 (for Type-A and Type-B smart
consumers) and Figure 3 (for Type-C and Type-D smart consumers). Since Type-A smart
consumers are passive smart consumers their MEM-DOA optimises the source of energy supply in
consumer premises, energy consumption and expenditure. For Type-B smart consumers with an
iHES device, consumer load, battery charging/discharging and energy expenditure were optimised.
Type-B MEM-DOA ensures that the battery is only charged at low price/off-peak periods, but
discharged primarily to meet consumer demand at peak/high price periods.

Active smart Type-C and Type-D consumers have their respective local generations and
storage sources of power supply prioritized in the consumer premises. However, since solar
resource is only available in the day and the generation mostly exceeded consumer demand, then
the excess generation was sold mostly to the MES device due to the incentive on energy price
available to it from the MES provider when it wanted to purchase energy from it in the future.

Consumer Type-A Grid Load Consumer Type-B Grid Load
24 : : : : 3 : ‘ ‘ :
29 No DSM No DSM
= | |- DSM with MEM-DOA =95l | = DSM with MEM-DOA
= 2 =
) =
518 5,
= =
g16 g
2 Z
S 14 S 15
512 ST
= =
20 205 | 1]
< < L.
0.6 d
04 L L I L 0 L L L L
5 10 15 20 10 15 20
Time (hrs) Time (hrs)

Figure 2. Average load profiles for Type-A and Type-B smart consumers
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Consumer Type-C Grid Load Consumer Type-D Grid Load
25 3.5
No DSM No DSM
""" DSM with MEM-DOA 3t| =====-DSM with MEM-DOA

Average Energy Consumption (kWh)
Average Energy Consumption (kWh)

Time (hrs) Time (hrs)
Figure 3.  Average load profiles for Type-C and Type-D smart consumers

Type-D smart consumers could store their excess electrical energy generation in their iHES and
use the stored charge at peak times and only energy request from the MES or utility when their
demand exceeds their total local generation and storage levels. The iHES device could be charged
from either the solar panel locally or externally from the grid or MES device and hence offer
consumers more satisfaction and financial savings. The MEM-DOA model has shown to offer
reduction in grid peak demand in all considered scenarios with increasing penetration of DES and
DEG in consumer premises as shown in Figures 2 and 3. There was a lower reduction in grid peak
demand for Type-B than for Type-C smart consumers because Type-C smart consumers do not
have local storage for their excess generation during the day and would have to purchase from the
grid or MES device at peak periods.

Also, the centralised MEM-DOA for the PHEVs ensured that only limited PHEVs were
scheduled to be charged from the grid and MES device at peak periods, while most of the PHEV
loads were scheduled for charging at night (low price period). The aggregate Dbattery
charging/discharging load profile for the hundred PHEVs considered is presented in Figure 4. The
load profile had more consumption at non-peak periods than peak periods as compared to the
nominal (No DSM) scenario where individual PHEVs owner could decide to charge its PHEV in the
evenings especially, upon arrival at home. This MEM-DOA load profile offers the PHEV owners an
average of 18% savings on energy expenditure.
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PHEV Load Profile
100 . . .

No DSM
(LU S DSM with MEM-DOA

Energy Consumption (MWh)

2 4 6 8 10 12 14 16 18 20 22 24
Time (hrs)

Figure 4. PHEV aggregate load profile

Also, box plots are presented in Figure 5 for smart residential consumers Types A to D and
aggregate energy consumption (including PHEV demand) respectively in the smart microgrid
showing the relationship in the consumption distribution between its average and peak values. The
MEM-DOA plots are seen to be better that the initial unscheduled consumption.

It can also be noticed that the aggregate peak demand in the MEM-DOA reduced by 68%
compared to the traditional peak demand. The utility and MES device providers also benefitted
from the proposed MEM-DOA technique by 28% and 33% increase in revenue respectively. The
higher increase in revenue by the MES provider could be due to the consumers preferring most
times to buy from the MES device than the grid due to the price incentive received. Also, the
aggregate PAR demand reduced by 46% from 2.9 to 1.56.

The negative dissatisfaction experienced by all the active consumers (Type-B, Type-C and
Type-D) showed that integration of DES and DEG into consumer premises with centralised energy
storage would offer satisfaction to consumers. The financial savings can also serve as a form of
compensation for the initial investments incurred by the active consumers on DEG and DES
devices. All the passive consumers (Type-A) would be slightly dissatisfied by an average of 0.121
kWh energy consumption daily, but can reduce their dissatisfaction by trading off financial savings.
However, the financial savings observed by all consumers as enhanced by the presence of the
centralised MES, DES and DEG devices in the smart microgrid. For instance, the dissatisfaction for
Type-B consumers is less than for ESDS consumers in [7] due to the inclusion of the MES device
and arbitrage opportunities in this model, although both consumers possess only iHES devices
locally. Active consumers can through financial savings obtain a pay-back in the long-run on their
investments on DES devices and DEG. Consumer dissatisfaction was not considered for the PHEVs
however, their charging/discharging profile can affect the residential consumers dissatisfaction in
amount of energy to be purchased from the MES device, energy prices from grid and MES device,
and price penalties.
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Figure 5. Comparison of consumer type consumption and aggregate grid load

Table 1. Average financial savings and dissatisfaction for the MEM-DOA smart residential consumers

Consumer Type Average Financial Savings Average Dissatisfaction
Consumer Type-A 18% 0.121 kWh
Consumer Type-B 35% -1.289 kWh
Consumer Type-C 32% -0.874 kWh
Consumer Type-D 56% -2.935 kWh

The utility and MES device providers also benefitted from the proposed DSM technique with
MEM-DOA by 34% and 37% increases in revenue respectively. The higher increase in revenue by
the MES provider could be due to consumers preferring at most times to buy from the MES device
rather than the grid because of the price incentive received from contributed storage. In a
competitive energy market that the smart grid would become, more incentives are likely to be
experienced, which could lead to lower tariffs from electricity utility providers.

6. Conclusion

In this work, a DSM technique employing a price-incentivized energy trading in a
grid-connected smart microgrid among smart consumers, a centralized MES and utility grid was
presented. The smart consumers were either passive (no local DEG or DES) or active (with at least
one of DEG and DES locally) consumers. Distributed optimization algorithm was employed to
enhance scalability, consumer privacy and security. The proposed distributed algorithm called
MEM-DOA for each type of participating smart entity resides within consumers’ smart meters, and
EMC for utility and MES providers. The results of the simulations showed financial savings for all
participating entities. It further offered a reduced PAR demand and peak demand when compared
with the traditional aggregate residential load profile. This algorithm ensures that the active
consumers benefit more from the energy trading than passive consumers so they could have faster
returns on investment. This consequentially would encourage the DES and DEG manufacturing
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industry as more consumers will become willing to partronise them. Commercial and industrial
consumers can be included in future work.
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