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Abstract

Due to the presence of combined heat and power plants (CHP) and thermostatically controlled
loads, heat, natural gas and electric power systems are tightly coupled in community areas
However, the coordination among these systems has not been well considered, especially with
the integration of renewable energy. This paper aims to develop a hierarchical appraach fo
integrated community energy system (ICES). The proposed hierarchical framework is presented
as day-ahead scheduling and two-layer intra-hour adjustment systems. Two objectives, namely
operating cost and tie-line power smoothing, are integrated into the framework. In the intra-hour
schedulingamaster-client structure is designed. The CHP and thermostatically controlled loads
are coordinated by a method with two different time scales in order to execute the schedule and
handle uncertainties from the load demand and the renewable generation. To obtain the optimal
set-points for the CHP, an integrated optimal power flow method (IOPF) is developed, which
also incorporates three-phase electric power flow and natural gas flow constraints. Furthermore
based ora time priority list method, a three-phase demand response approach is proposed to
dispatch HVACsat different phasgeand locations. Numerical studies confirm that the ICES can

be economically operated, and the tie-line power between the ICES and external etvesgy n

can be effectively smoothed.

Keywords Hierarchical management, integrated community energy system (ICES), twedayer

scheduling, integrated optimal power flow (IOPfRyee-phase demand response
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1. Introduction

A tendency as the result of global urbanization is that cities are gaining greater control over
their development, economically, politically, and technologically, which enables new levels of
intelligence [1]. To seize the opportunities and to build sustainable prosperities, integrated
community energy systems (ICES]) e attracting more and more attentions in recent years
where heat, gas and electrical energy are becoming tightly coupled. It has been shtven that
coordination of various energy conversion processes can play a key role in increasing the
intermittent energy penetration level, and economic operation, etc. [3-4]. However, to achieve
these targets is still quite challenging. This is mainly due to the uncertainty of renewable energy
and complex interactions among different energy systems. Therefore, coordination and
management of various energy systems are of significant importance for the integration of
renewable energy and developing better energy management system for the ICES.

Since multiple energy services are required in a community, the integration of varioys energ
systems has been intensively researched, including combined heat and power plants (CHP) [5],
microgrids [6], smart energy systems [7], etc. In [8], a gdnmaodel was presented for a
community-based microgrid, integrating renewable generations and CHP plaiasibined
analysis was proposed for heat and electricity flow dispatch in a small scale energy system with
CHP units [9]. Based on the energy hub (EHub) fhét was first developed for interrelated
energy system description, an integrated optimal energy flow was proposed for multi-carrier
energy network optimization in an island [[L1Furthermore, multiple objective were
incorporated into the community energy system optimization due to various requiremgnts [12
In addition to the energy supply systetnyas shown thattiities and system operators could
integrate loads into both decentralized and centralized energy management systemsrd3-14] a
demand response (DR) could be used to rethe energy consumption and green-house gas
emissions. In [15], a two-stage DR scheduling was proposed to integrate renewable energy into
power systems. Furthermore, the energy market was integrated into the day-ahead and hourly

scheduling system to exchange the DR with variable renewable generation [16].



54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82

Submitted to Applied Energy 3

To implement an integrated management of different resources, distributed generations and
the DR should be coordinated in the energy management system [17]. It has been shown that
the operating cost can be significantly reduced by integrating CHP with the DR in real time
control [18]. However, different response characteristics of the CHP and the DR are not well
considered in previous studies. Moreover, community energy systems are geneeabg@cc
the low voltage distribution network, which is usualynbalanced three-phase system].[19
However, previous studies usually assume that the community system is balanced. Few
discussions have been given to how to manage the loads and generations in three phases.

The hierarchical framework offeesmeasureo handle various objectives and manage the
whole system [20]. In [21], a two-level hierarchical framewatds presented to handle the
uncertainty and to realize an economic generation schedule of microgrids by coordinating
battery energy storage systems and distributed generations (DGs). A hierarchical energy
management system was proposed in [22] for a multi-source multi-product microgrid with
thermal and electrical power storage systeismulti-agent based hierarchical energy
management strategy was implensehby the combination of the autonomous control of
distributed energy resources at the local level with the coordinated energy control at the central
level of the microgrid [23]. The DR was integrated into the microgrid management system by
hierarchical agents [24]. Inspired by the hierarchical framework, this paper aims to develop a
novel coordination and management system for the ICES. Firstly, combined with traditional
day-ahead scheduling system, a master-client structure is integrated into the hourly adjustment
system. The CHP and the DR are dispatched in two time scales in order to handle the long term
and short-term forecast errors. Then an integrated optimal power flow (IOPF) algorithm is
developed for multiple energy system dispatch considering three-phase electric power flow and
gas flow constraints. Two objectives, operating cost and tie-line power smoothing, are integrated
into the hierarchical framework for day-ahead scheduling and intra-hour adjustments.
Furthermoreatraditional time priority list method is extended to a three phase DR approach in
order to utilize the loads in different phases and locations. Numerical tests are performed on a
community energy system obtained from a modified IEEE-37 node system. Experimental

results demonstrate that the proposed hierarchical framasveffiective in interrelated energy
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system management. The methods and algorithms developed in this paper make it possible to
utilize loads and DGs in teephase electric power systems.

The rest of this paper is organized as follows: Section 2 presents an overview of the
community energy system and the proposed hierarchical energy management system. Section 3
presents a detailed description of the hierarchical framework integrating optimal energy flow
and three-phasBR methodology. Section 4 discusses the results for energy cost reduction,
three-phase scheduling, and tie-line power smoothing. Finally, conclusions and

recommendations are given in Section 5.

2. Problem description

2.1. Community configuration and energy service provider

Community energy systems can have diverse topologies. In this paper, the community model
consists of energy service providers and customers. As shown in Fig. 1, buildings and residential
houses areatured as customers. In buildings, the energy service provider obtains electricity and
gas from utilities and supplies both electricity and heat to customers. In residential houses, the
electricity is supplied to satisfy both heat and electricity demands of customers with
thermostatically controlled loads such as heat pumps, air-conditioners, and heating, ventilating,

and air conditioning (HVAC) units.

Luoergy production und consumption y
forecast on different time-scalses i Theee Phase Power Flow
M | Nutural Gas Flaw
e Hecat Flaw

I Commusication

Ltitity for Flectricity

T4

Ltifity for Gan

1

Day-ohead scheduling

' Master Level

Intra-hour dispatch

L) .

Set-points  Constraints Censtrainty | Sci-puoints

§i ¢ Client Level Meter dutu
T."."._me PR CHP marEgement center
managesent system  nuamagement system
(ultra-short term) (short-term)

ICES muanagement system

Fig. 1 Framework of the ICES management system
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The energy service providers own DGs including the CHP and photovoltaic (PV) panels. In
real applications, there may be several possible energy service providers. Three of them are
listed as follows: (1) Customer owned community energy system. This type of customers own
both loads and DGs. The energy supplier only buys energy from utilities without charging the
energy users. Also, there is no charge for the DR. The objective can be set to be operating cost
minimization; (2) Local energy service retailers owned by third parties. They buydrarg
utility and sell energy to customers. The objective is to maximize their profits; and (3) Energy
service provided by utilities. This type of energy providers supply energy directly to custome

The objective is to minimize the loss or some other utility requirements.
2.2.Integrated optimal power flow (IOPF)

As illustrated in Fig. 1, a hierarchical framework is designed to satisfy various requirements
of the energy service provider. With load and renewable generation forecast results, day-ahead
scheduling results are obtained by calling the IOPF program. The intra-hour scheduling system
is further decomposed into a two-layer structure to balance time-varying energy demand and
supply forecast errors in two time scales while meet the requirement of interrelated constraints
between multiple energy systems. At the master level, the IOPF is called to generate set-points
for CHP systems and DR to track load and generation forecast mismatch in both short term and
ultra-short term. At the client level, CHP power exchange boundary and the three-phase DR

operating constraints are calculated and sent to the master.

3. Hierarchical management for the integrated community energy systems
3.1.Integrated optimal power flow (IOPF)

To optimize the interrelated thermal, gas, and electric power systems, an IOPF program is
developed for the ICES. As previously mentioned, economic interests are considered as
objectives of energy service providers. In addition, the impacts of renewable integration on the
external power grid are also taken into account. For type (1) and (2) energy service providers,

they can negotiate with utilities to obtain subsidies by reducing tie-line power fluctuation. For
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128 type (3), smoothing tie-line power is one of the utility requirements. Therefore, different
129  objectives are considered for the two-layered optimization problem to ensure the economic
130 operation and mitigate adverse impacts of renewable energy sources fluctuations on the power
131 quality of the external power grid. The clients in this study consist of CHP systems and DR
132  resources. Considering the diversity of the response time and the capacity of different system
133 components, different scheduling intervals are set for the CHP systems and the DR resources
134 respectively in day-ahead scheduling level. Since the CHP systems are not suitable for frequent
135 adjustment, while DR resources have small regulation range, therefore the CHP systems are
136 used to match the difference between the load and generation forecast results within a short
137  control interval, and the DR resources are used to balance the mismatch between the load and

138 generation forecast results in a ultra-short control interval for guaranting the customer comfort

139 level.

140 3.1.1.0bjectives

141 1) IOPF for day-ahead scheduling

142 To minimize the operating cost, the IOPF program is called to generate set-pointsiter clie

143  The control objective is set as follow

Iue,buy(k) —He sel(k)‘
2

+ Ry (K

144 min| P, , (k)

k k
:ue,buy( );lue sel( ) + iy ( k) Pg’ﬂ ( @ (1)

145 whereF, ,(K) is the gas tie-line poweR, ,(K) is the real electritie-line power, 4, ., (k) and
146 u, (k) represent the electricity prices to purchase and sell respectively at the kil fgryr,

147  represents the gas price at the kth hour. It should be noted that in this paper, DR is doly used

148  short-period mismatch correction and the cost for DR is not considered and can be a future work.

149 2) IOPF for intra-hour dispatch

150 The ICES is connected to the external power grid and gas network, as shown in Fig. 1. In the
151  master level, the IOPF program is called to follow the electric antlegirse power set-points.
152 The objective can be formulated as
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min{a,[ Py BS(R] + 0, BB BB @

where P37'(K) and P;ﬁt( K) are set-points of the electric and gas tie-line power at the kth hour.

we and wg are weighting factors for electric/gas tie-line power tracking, and wigef, the

IOPF program is called to follow only the electiieline power set-points.

3.1.2.Constraints

1) Energy network constraints
The energy network constraints include three phase electric power flow Eg. (3) [2§&sand
flow Eq. (4 [26] and feasibility domain for control variables Eq. (5)-(7).

f.(P,QV,0)=0 (3)
(M, p.ky)=0 (4)
Vmin S\/ia SVmax
Vmin SVib S\/max (5)
Vmin SVic SVmax
pmin < pj < pnax (6)
kv, <Ko kG (7)

whereP, Q represent power at the electric nodeg represent electric node voltagé’, \/ib ,

V. represent three-phase voltage at busiii &d \haxrepresent lower and upper bounds of

bus voltageM represents gas flow;is the gas node presspke, is the compressor ratips

kmax

., arethe

Pmin @and prax represent the lower and upper bounds of gas preslq’g!%ceand

lower and upper bounds of the ratio of compregsor

2) CHP constraints
The clients in this study include the CHP systems and DR resources. To minimize the
customer discomfort, CHP system is used first to balance the mismatch between the day-ahead

scheduling and the load forecast results in a short control interval. The feasibility domain of the
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175 exchange power between the CHP and energy neswk and P, ., (electricity and gas)

176 can be defined as follow:

e,chp— " echp—™ " echp (8)

Pmin < P < Pnax

g,.chp — "gchp— " gchg

{Pmin <P < pr
177

178 where P™ P™ P™ P™ can be obtained from Eq. (11) and Eq.)(12

echp’ "echg " gchp " gch

179 3.1.3.Energy hub model

180 The CHP systems include three operating modes, following the electric load mode, following
181 the thermal load mode, and following hybrid thermal-electric load mode [27]. In this paper, the
182 EHub model is utilized to describe the CHP system under following hybrid thermal-electric load

183 mode incorporating different energy system interactions and component constraints.

M ey

Electricity I H‘: IE L, < Electricity
1l I —_—
|
Input | L | Output
| :
L | - i La
Gas SR R ] g PR » Heat
\  cEP
184 N ———
185 Fig. 2 EHub model topology
186 TheEHub model in this paper is shown in Fig. 2, which is composed of the power transformer

187  microturbine and air-conditioning. The input energy consists of electricity and gas, the output
188 energy consists of electricity and thermal energy. The energy conversion process can be
189 describedhs

190 b | Pe Tee || R (9)
Len (:I-_Ue)*ﬁmC 77(9::P | R
P

L C(ve)

CHP
ge

CHP

191 wheren oh

andrn_ " are the conversion efficiency of gas into electricity and thermal energy

192  through the CHP respectivelyAC is heat/cold energy conversion rate of the air-conditioner

193 Peand R are the power exchanges betwé&g#fub and the electricity/gas networkgeland Len
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are the electric and thermal loads providedEjub. The partition coefficient is used in this

paper, &v, <1, andv, Pe represents the electric power that supplies the electric loads and

(1-v,) Pe represents the supply of electric powethe air-conditioner.

In the CHP systems, the power generation should be equal to the electric load while the
thermal generation can be more than the thermal load by shedding the extra thermal energy
This gives the equality and inequality constraints forEhielb output power {de, Lch and the
required power &, Ly, as illustrated in Eq10).

L =L
(5] ce (10)
L, <L

Considering component capacities, the boundaries for the power exchanges between the CHP
systems and the ICES illustrated in EQ.d@n be expressed as

Pmin — |_ _ Pmax
(Electricity){ &® = ™ (11)
e,chp= I‘e—i_ Pac /77 ac
Pmin :0
(Gag S _ o, o (12)
I:)g,chp: Pmt /ngtzep

3.1.4.Solving algorithm

From the electric power flow model, the gas flow model, and the EHub model, it is known
that there are complex nonlinear relationships between variables in the ICES. Solving the
models as a whole requsieigh memory requirement and may suffer from the slow convergence
problem. It is difi cult to solve the optimization problem using analytical methods. Thus, a
heuristic algorithm, namely particle swarm optimization (PSO) method [28], is used. Denote a
particle positionx =[%,,X,-....%s | and its corresponding flight velocity =[uvy, 0y ,....04 |
in a d-dimensional search space.

Vi =o'V +C 1+ (pbsef — )+ ¢+ g+( gbsgt | (13)
)gtd*lz)gtd +vitd+1,i =12,.nd=12,.m (14)
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where n is the number of particles in a group; m is the number members in a particle; t is the

particle generationy' is the inertia weight factorz@nd e are acceleration constantsand b
are uniformly distributed random numbers in [0,4];is velocity of particle i at iteration t,
V" <yl <V™ X s current position of particle i at iteration X" <x., <X T™; pbest
represents the recorded individual best position of partiaiess represents the recorded
global best position.

In this paper, an IOPF method is proposed based on the PSO algorithm as illustrated in Fig.
3, and the algorithm and procedures are summarized as follows:

Step 1) EHub initialization): Compute EHub control variables Py, andse according to the
thermal and electric loads in the EHub.

Step 2) (Electric power and gas network initialization): Calculate the three-phase power flow
and gas flow separately, and obtain lower and upper bound information for the hybrid gas and
electricity network.

Step 3) (PSO initialization): Set the time counger @. Initialize randomly the individuals of
the population based on the limit of the EH@0)-(12). The initial individuals must be feasible
candidate solutions that satisfy the operating constraints.

Step 4) (Time update): Update the time couhtet + 1.

Step 5) (Hybrid gas and electric power flow computation): Solve gas and electric power flow,
and obtain ICESie-line power and gas consumptions.

Step 6) (Fitness calculation): Calculate the fitness of each individual in the population.

Step 7): Update individual best position and global best position.

Step 8): Update the velocity and position while satisfying constraints (3)-(8) an@.2)0)-

Step 9) (Stop criteria): If the number of iterations reaches the maxirayrthen go to Step
10). Otherwise, go to Step 5).

Step 10): The individual that generates the latest global best position is the optimal solution

with the minimum operating cost.
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|I/7-\\
Ehub initialization ‘
v
Energy network initialization
[ PSO initialization, =0
‘ =t+1 |<7

Call power and gas flow to calculate the electric
and gas tie-line power of the microgrid

global best

[ Fitness calculation and update individual and

Update velocity and position
while satisfying constraints

Fig. 3 Flowchart of the IOPF for the ICES.

3.2. Three-phase demand response dispatch

Various DR resources can be flexibk® provide the needed fast-response services for
scheduling of the ICES. Considering the three-phase unbalanced load and single-phase DGs in
an ICES, a three-phase DR dispatch method is used in this paper to utilize the DR resources in
different phases and at different locations. The existence of line-pack allows natural gas network
to ehandle short-term gas load fluctuations. Thus, DRs are only used to smooth the electric tie-
line power variations. Considering that DR resources are often distributeffieredi phases

and locations, a three-phaB® dispatch algorithm is developed. Three-phase electric power
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253 systems are considered in this study with the emphasis on single{p@asesoupled with
254  unbalanced load.

255 3.2.1.Time series model for thermostatically controlled loads

256 In this paper, heating, ventilating, and air conditioning (HVAC) is studied as thermostatically
257  controlled loads and simplified space heating model [28 used to describe its behaviolrs.

258 Aggregated HVAC loads are utilized as DR resource units in the three-phase dispatch process.
259 When the HVAC is tured on or switched off, the room temperatlrg, at time t can be

260 describedy

rogm roon) e e the HVAC is ON
Tt Tt+l t+l_Tt e MRe the HVAC is OF

room roo

261

{Ttﬂ _Tt+1+QR (1‘t+1+ QR (15)

262 whereT, _represents the room temperature at ttinggC); C represents the equivalent heat

263 capacity (/°C); R represents the equivalent thermal resistai€®W ); Q represents the

264 equivalent heat rate/ ); At represents the time step (1 minute); dpdepresents the ambient

265 temperatureC).

266 The DR units in each phase are prioritized in order based on their room temperatures to
267 generate temperature priority lists (shown in Fig. 4). The upward and down regulatibas of

268 DRs can be expressed based on the ON/OFF statu®/ACHemperature priority lists as

269 described in Eq16) and Eq. (17).

up
PDR a,i Z rated j

270 I:)Iil)JRp b,i Z rated, j (16)
PDulgm Z rated, j

1 For practical application, more complex model and normalization method can béouskee time priority list
method.
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d NDR,a )
own __ j
F)DR,a,i - z I:?ated, i
=m, 1
down "oz j
— ]
271 I:)DR,b,i - z I:r)ated,i (17)
j=my+1
down " i
I:)DR,(:,i = Z I:r)ated,i
j=mg+1

272 wheremis the number of DR units that &fOFF’; Py, ., Pp, ., BE ., and By, Py, R

DR,c,i DR,a,i’ " DRb,i? "DR,c,i
273  are the upward and down regulations for grqui,j., is the average rated power of HVAIDs
274 group i mai, Mbi, M are the numbers of HVACN group i that are‘OFF’ for the three

275 phasesNprai» Nbrpbis Nbrc,iare the numbers of controllablea/ACsin group i for the three

276  phases.

Calculate DR requirement
in each phase
Determine DR requirement in
each group based on group size |
BB
v Calculate the available
Generate regulated regulation capacity in
> machine number in three three-phaseokf each group
phase of each group Indoor temperature 1
gorder | L o
r. L TH,|  Contlsgalsol Rated pover of TCLs
: n=0 Teme machines state e
Phase B A s
3 888 ~9ad
( ¥ N (A A N AN AN
BVIDD DI IDY
I VIVIIY)
=t £ I B SO & P
Growp1 | | i

277
278 Fig. 4 Flowchart of the three-phase DR.
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3.2.2.0bjectives

Due to the compressibility of natural gas, the gas demand fluctuation can be compensated by
the line-pack in the gas network. Therefore, the control objeictitlee ultra-short period is to
smooth the tie-line power for the electric power networks as follows

NCHP NPV,a

PDR,a: Z ALE,a,i_ Z APPV,a,i
i-1 i-1

Nepp Npy b

PDR,b = Z AI-E,b,i_ Z APPV,b,i (18)
i=1 i=1

NCHP NPV,C

PDR,C = Z ALE,c,i_ Z APPV,c,i
i1 i-1

where N, is the number of CHP systemld,,, .. N, ,, N, .are the numbers of photovoltaic
(PVs) plugged in three-phasal, ;. AL ;. AL ., are the short-term three-phase electrical

load forecasting errors of CHP systemhR,, . ;. AR, ;. AR, ; are the short-term forecasting

errorsof theith PV three-phase output.

3.2.3.Algorithm implementation

A group-base®dR approach is proposed to alleviate the communication burden caused by
the unified scheduling for huge volumes of DR resources. This also covers the utilization of the
DR resources in different phases and at different locati2iRsinits are split into groups based
on their distributed locations, and three phase dispatch is implemented based on the DR
requirement in three-phase for each group respectivdlythe client level, the available
regulation capacity of each group in three phases is calculated based on the ON/OFF status of
HVACSs for the master level. In the master le@R requirements (Eq18)) in each group are
calculated based on the group size as shown iflHy.
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P aC i
IDDR,a,i = NIjRY =8
e~ CDR,a,i
297 P - PDR,bCDRbi (19)
DR, i N,
;CDR,b,i
P CC 1
|:)DR,(:,i = NSRY s
Z CDR a,i
i=1
298 where N is the number dDR groups; Gra,» Corp,is Corc, are the capacities of controllable
NDR,a,\ NDthvi NDR,c,i
299 HVACs in group i for three phase€uz,;= Y. PuearCoroi = Z; Pacti-Corei = 2. Pacasi
=t i= =L
300 P,.qiis the average rated power of HVAC units in group i.
301 The feasibility domain is defined by the DR regulation limits
|
Porai < PoraiS FoRai
302 PrlJORV,Vg,ri < R < BRbi (20)
|
Poroi < Prei < BRG

303 whereR,. .., Pryir Pore are the DR power at each phase in group i.
304 The adjusted power in each grol .;. Forpi- Porc; @re converted to the number of HVAC

305 units required to be regulateg, s, &, as illustrated by

Sa,i =| FI)DR,al / I:r)ated,
306 So,i :| I:l>)R,b,i / Fr)atedl (21)
Sc,i =| PDR,CI / rated
307 3.3.Implementation of the hierarchical management algorithm
308 As discussed in Section 2, the hierarchical energy system consists of day-ahead scheduling

309 and intra-hour adjustment. In the day-ahead scheduling, initial set-points are generated for
310 energy hub outputs. A master-client structure is embedded in the intra-hour adjustment system

311 to manage the CHP and the DR in two different time scales. In order to handle the system
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312 unbalance and single phase DG variation, the loads in three phases are managed synthetically.
313 The proposed algorithms introduced as follows (see Fig. 5):
(_ stat )
Construct Houl Forecasts
ONSHUCt HOUTY 1 e Solar radiation
Baseline Load
l ¢ Temperature
Day-ahead scheduling Intra-hour
Forecasts
Initialization l
e Set the control Update ICES Status
step size e Thermal and electric <
s Set control load
objectives ¢ PV output Monitor
|'Two-layered Scheduling i
e N
: :Master Level - N
Lo R Intra-hour Dispatch ’ N
Lo [ 10PF |[ TDR || ¥
i : Upper and lower Upperand | |
o bounds for EHub lower bounds | ! |
: : regulation for DR : !
I e o
| |
| mmlmm e L
0 Set-point for EFHub Set-point for DR |
| @, L
S
L EHub Aggregator - | |
- .
|| Client Level N
_______________________ |
! [
! Temperature- !
! . efficiency o
| Set-points for library for Set-pc:mts:
I MT & AC MT &AC forHV ACT
! [
S R N RN SR |
T S N R 2 :
| |
i CHP Systems HVACs [
! ICES !
314 e
315 Fig. 5 Flowchart of the hierarchical management for the ICES.

316 Step 1) (ICES initialization): Set the control objectives and scheduling periods for CHP
317 systems an®R resources according to the actual operation status of the ICES and the client
318 demand. As mentioned earlier, the control objective is set to minimize the operation cost for

319 day-ahead scheduling (shown in Eq. (1)); the control objective is to follow the electric and gas
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tie-line power set-points for short term intra-day scheduling (shown in Eq. (2)); while for ultra-
short term intra-day scheduling (shown in Eg)), the control objective is to smooth the tie-
line power for the electricity networks.

Step 2) (y-ahead scheduling): Given the load and generation forecasting results (hourly
forecasting), day-ahead scheduling results (24 hour power and gas dispatch signal for the clients
are obtained by the IOPF program.

Step 3) (Update ICES status): Update ICES st&@dqutput/ short term and ultra-short term
load forecast results) based on load and generation short term forecast results (intra-hour
forecast) and measured data.

Step 4) (Intra-day scheduling, including dispatch of CHP systems and three-phase DR
resources): A two-layered scheduling method is proposed to balance time-varying energy
demand and supply while to meet the requirement of interrelated constraints between multiple
energy systems.

At the master level, the main dispatch tasks are:

e For CHP systems, the IOPF is called to generate set-points for CHP systems to follow
the electric and gas tie-line power based on the day-aheddctric and gas tie-line power
schedulingresults and DGs short term forecast results;

e For the DR resources, generate power regulation command fesich phase (described in
Eq. (18)) based on thehree-phase electrical load and DGs ultra-short termforecast
results; Then, determine DR requirements in each group based on group size (described
in Eq. (19)) and the regulation limits(described in Eq. (19)) could be taken into account
in the regulation.

At the client level, the main dispatch tasks are:

e For CHP systems, on one hand, generate set-points for components of CHP systems

based on the EHub model; One the other hand, calculate the feasibility domain of the
power exchange between the CHP and energy netvWgksand F, ., (electricity and

gas) based on thieg. (11) and (12) and upload the upper and lower bounds for CHP
systems to the master level,

e For DR resources, on one hand, calculate the feasibility domain of ti&R regulation
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based orEq. (16) and (17) and upload the upward and down regulations to the master

level; On the other handhe regulated power in each group, Py ., Porpir Porei are

converted to the number of HVAC units required to be regulated? s4,, 55,7, sc.; as illustrated
in Eq. (21).

In this paper, the electrical system is an unbalanced three-phase power system. The software
of Open Distribution System Simulator (OpenDSS) [30] is used to solve the electric power flow
The proposed algorithm has been implemented based on the OpenDSS simulation engine that
calculates three-phase electric power flow and Microsoft Visual C++ that performs the gas flow,
EHub, PSO, and three-phase DR algorithm.

4. Case studies

The test system in Fig. 6 is used to investigate the proposed hierarchical management system.
Based on the solar forecast results as shown in Fig. 7, the output of the PV panels and the CHP
component efficiency can be obtained. To highlight the effectiveness of the proposed method,
only load variations connected to the CHP systems 1 and 2 are considered in this paper. The
ICES investigated in this paper includes the following main components:

e |EEE 37-bus radial distribution feedg31], and the bus voltages subject to the
constraint 0.9v<1.1;

e A 4-node natural gas network, and the gas network data is shown in Table 1. The gas
network used in this paper was initially designed for line-pack studies. Thus, wider

pipelines are utilized in the netwdrkThe upper and lower limits of the compression

ratio arek;" =1.2 andky" =1.8 respectivelythe upper and lower limits of natural gas

pipeline pressure arp™ =0.2 and p™*=1.3, respectively.

2The regulation method of controllable loads (take HVAC as example) is basked commonly used assumption
in inconsistent literatures, etc. the system state at next time step could be peetiatetely based on the system
state in the current time step, and the prediction technique for HVAC Wwedildther studied in the future research
3In order to ensure the gas network pressure level above a certain rangengasies requires customer who use
gas-fired generators to have gas storage devices. However, due to the seguiigments, customers usually
don’t have enough room for gas storage. An alternative way is to install wider pipelines with line-pack as storage.
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Fig. 6 Scheme diagram of the ICES case.

Table 1.
Natural gas network parameters
Pipe Start End Pipeline Pipeline
number node node Diameter(mm) Length(m)
1 1 2 900 500
2 2 3 900 500
3 2 4 900 500
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e Three PV panels are connected to the electric power network via bus 702, 708, and 741.
The rated power of the three PV panels are 1000kW, 60kW (A-phase) and 2000kW. The
actual and forecastl radiation levels are shown in Fig. 7;

0.7 . .
Hourly forecast

— 15 minutes forecast 4
Actual radiation

=
fa)]

=
n
T
1

Solar Radiation(kwm%)
[ Lo
[ T

=
[
T
1

i
.
L

a a00 1000 1500
b

Fig. 7 Solar radiation data.
e Two EHubs, consisting of transformers, microturbines, and air-conditioners, are
connected to bus 725, 731 in the electric power network and node 003, 004 in the gas
network. TheEHub data is presented in Tal2;

Table 2.
EHub Component Capacity
EHub number Value (kW) EHub number Value (kW)
MT 1 300 2 300
AC 1 100 2 100

e Three groups of HVAC units at bus 707, 732, and 735 are used for demand response.
Considering that not all customers would like to participate in the DR program, only a
certain number of HVAC units are incorporated in the DR, as shown in Table. 3. The
rated power of HVACs is 1 kW with a dead band 6€4Customer thermostat settings,

Tset, are set to be 2&. The mean values of C, R, and Q are set to 3593011208
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‘C/W, and 400 W respectively. The parameters C, R, and Q are randomized to create
load diversity.

Table 3.
HVAC number in each phase of the three groups.
Group number Bus number Phase A Phase B Phase C
1 707 210 210 210
2 732 270 270 270
3 735 150 150 150

The electricity and gas from distribution networks are included in the overall simulation. The
energy price used in this paper is taken from PG&BR. [BZ providing renewable generation
smoothing, the local energy supplier can obtain some profits from the utility. In this paper, this
profit is not considered in the economic interests of the local energy sufphiee. the DR is
only used for small adjustment, a fixed subsidy can be used that will not affect the operating
cost optimization. More complex market model and pricing mechanism will be investigated in

future work.

5. Resultsand discussion
5.1.Day-ahead scheduling

The 24 hour profile of the load is presented in Fig. 8 with hourly forecast and short term (15
minutes) forecast results, together with realistic load data. The CHP power input boundaries are
calculated using the EHub model.

At the master leveh the hierarchical scheme, the feasibility domain of the power exchange

between the CHP and the energy netwdrks, and F, ,,, (electricity and gas) are calculated,

and a 24 hour power and gas dispatch signals are generated for the clients in order to minimize
the operating cost by utilizing the IOPF tool. The energy price and the operating cost are shown
in Fig. 9. The 24 hour power and gas dispatch results to minimize the operating cost are shown
as the red solid line and the 24 hour power and gas dispatch results to minimize the electrical
power loss are shown by the blue dotted lines in Fig. 10. The comparison of the two dispatch

results suggests that the operation cost of the ICES can be reduced significantly through the
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417  optimal dispatch. The 24 houagtahead scheduling EHub (EHubl and EHub2) electric/gas
418 regulation signals and the feasibility domain of the exchange power between the CHP and

419 energy networks are depicted in Fig. 11.
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5.2.Intra-hour scheduling

5.2.1.CHP regulation test

Considering that microturbines and air-conditioners are not suitable for frequent adjustment,
the control period for the CHP is set to be 15 minutes. Based on the set-point obtained from the
master level and the short-term load forecast signals as depicted by the black and blue line in
Fig. 8, the CHP input is adjusted within the limits. Since the gas pipeline network can mitigate
the flow fluctuations to some extent due to the gas storage characteristic of the pipeline network,
the IOPF program is called to track the eledigdine power mainly in intra-hour scheduling.
Therefore arelatively large value fowe in Eq. (2) is taken, and gas tie-line power tracking
considered under the natural gas pipeline network constraints.

At the client level, the upper and lower power regulation boundaries for EHub1 an@ EHub
(represented by the black and green dotted lines in Fig. 11) are calculated, based on the load and
DGsshort term forecast results. The boundaries for the CHP systems to the master level are also
calculated for short term dispatoht the master level, the exchange power between the CHP
and electric power/gas networks are regulated to track the electric and gas tie-line power set-
points obtained inal~ahead scheduling for smoothing tieepower fluctuations caused by the
day-ahead forecast errors. The electric/gas regulation signals ablE&hd EHub2 are
described by the cyan solid lines in Fig. 11, which suggests that the CHP can effectively respond
to the intra-hour scheduling commands and the regulation power wilE&hd EHub2 are
within the feasibility domain to guarantee the customer comfort level.

Two scenarios have been developed to verify the effectiveness of the proposed hierarchical
scheduling method for smoothing the electric/gas tie-line power fluctuations as follows:

Scenario I: Intra-hour scheduling of the ICESbased on the day-ahead scheduling results.
The day-ahead scheduling discussed in section 5.1 is shown by the red solid line in Fig. 12, and
theintra-hour scheduling results without short term dispatch of the CHP systems are shown by
the yellow solid line in Fig. 12. When there is electric power /gas energy shortage caused by
day-aheadorecasting errors in the ICES all the energy shortage would be supplied by electrical
power (electric loads are supplied by the electric power network and the thermal loads are

supplied by the ACs in CHP systems) without the short term dispatch of CHP systems, and the
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458  electric/gas tie-line power fluctuations will mainly be reflected in the electric tie-line power
459  fluctuations, which is shown by the yellow solid line in Fig. 12

Hourly schedule
15 min schedule

Day-ahead schedule
3500 - Minute schedule with DR
E 3000
2
=
& 2500
£
‘E 2000
&
1500
0 3 10 15 20
t
460 ®
461 Fig. 12 ICES electric tie-line power.
462 Scenario II: Further conduction of 15 minute ahead scheduling based on the scheduling

463  results taken from Scenarid. The exchange power between the CHP and electric/gas networks
464 is regulated to track theectric and gas tie-line power set-points obtained from the day-ahead
465  scheduling for smoothing the tie-line power fluctuationsThe scheduling results in Scenaridll
466  are shown by the blue solid line in Fig. 12.

467 The comparison of scheduling results in Scenarib and Scenarioll (shown in Fig. 12)
468  suggests that the electric tie-line power fluctuations of the ICES can be reduced to some extend
469  using the short term dispatch of CHP systems. It is worth noting that electric tie-line power
470  fluctuations still exist after the short term dispatch of the CHP systems due to the 15 minutes
471  scheduling period for the CHP system. With the 15 minute scheduling results, the natural gas
472  network pressure is shown in Fig. 13. It can be seen that the obtained gas network pressure are
473 under the permissible range considering gas flow constraints. As previously mentioned, the
474  operator tends to use more gas when the gas price is low. If gas flow constraints are not
475  considered, the scheduling objective cannot be achieved. Moreover, the large amount of gas

476  consumption will affect the gas pressure level of other loads.
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Fig. 13 Natural gas network pressure.

5.2.2.Three-phase DR scheduling test

As previously mentioned, the DR resources are used to balance the load and DG forecasting
mismatch in an ultra-short control period to guarantee the customer comfort level. As another
type of clients, NAC groups are used to compensate the ultra-short term (1 minute) forecasting
mismatch. The initial room temperature and ON/OFF status are set by randomizing each HVAC
for 24 hours.

Scenariolll is developed to verify the effectiveness of the proposed three-phase DR dispatch
method. The dispatch based on the scheduling results from Scinarmonducted to further
smooth the electric tie-line power fluctuations. The specific scheduling procedure is introduced
as follows:

At the master level, the power regulation commands are generatBdR for each phase
(described in Eq18)) based on the three-phase electrical load and DG ultra-short term forecast
results. Then, the DR requirement in each group is determined based on the group size
(described in Eq19)). The DR required power and HVACs temperature of Phase A in the three
groups after DR dispatching are shown in Fig. 14.
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Fig. 14 DR of Phase A in the three groups.

At the client level, the feasibility domain of the DR regulation is calculated first based on the
ON/OFF status of MACsin each group, and the boundaries for the DR regulation are generated
by the client as illustrated in the green and blue area of Fig. 14. The boundaries are uploaded
the master for the short period dispatch.

The simulation results reveal that the DR signals (the black line in Bigrd 4lispatched to
the three groups within the limits. All the HVAG@re operated in the dead band. It is worth
noting that PV outputs increase in 10-15 hours leading to the increase of the electric tie-line
power fluctuations, and the DR required power increases accordingly while the boundaries for
the DR regulation are narrowed in the three groups. The relative voltage at each node of the
HVACs is shown in Fig. 15.

A comparison of the scheduling results in Scenatrio Il (black solid line in Fig. 12), Scenario
| (yellow solid line in Fig. 12) and Scenario Il (blue solid line in Fig. 12) suggests that the tie-
power fluctuations are well smoothed by the DR. A small number of fluctuations shown in the

red lines are due to the DR dispatch signals reaching the boundaries of the HVACSs. In addition
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511 to the tie-line power, the operating cost in the three scenarios are shown in Fig. 16. It can be
512 seen that although there are some mismatch between the set points and the real operating points
513 due to forecast errors, the operating cost is close to the day-ahead schedule. In the meanwhile,
514 the tie-line power fluctuation is significantly reduced as depicted in Fig. 12. Because the DR is
515 not charged in this paper, the intra-hour dispatch with and without DR has almost the same
516 operating cost unless the DR reach its boundaries (see the dashed green line and black line). By
517 providing controllable tie-line response, the energy service provider can earn some profits from
518 utilities and pay customers some money for the DR. Considering the positive effect of the DR
519 on smoothing the tie-line power flow, it is possible for energy service providers to negotiate

520  with both utilities and customers to obtain more profits and reducing operating costs.
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522 Fig. 15 Three-phase voltage of the aggregated loads.
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Fig. 16 Operating cost comparison between the three scenarios.

6. Conclusion

This paper designealhierarchical management system for a community area by scheduling
the CHP and demand response. It allows the operators to coordinate the interrelated power, gas
and heat systems, taking three-phase electric power system characteristics into account. With
the integrated optimal power flow method, optimal operating plan can be generated for CHP in
the day-ahead scheduling. For intra-hour scheduling, a two-layered approach is designed to
follow the day-ahead operating plan, taking into account the uncertainties associated with
renewable generations and loads. To incorporate various device characteristics, CHPs and
demand response are coordinated at two different time scales. At the master level, CHP systems
are dispatched to follow the electric and gadine power set-points within a short-term. A
three-phase demand response method is further presented to smooth the electric tie-line power
fluctuations by managing loads and DGs from various locations and at different phases within

an ultra-short term. At the client level, the operating boundaries for the CHP and the DR are
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generated and transmitted to the upper layer. The set-points from the upper level are then
converted to control signals for each unit.

The developed methodology is applied to a simulated community energy system obtained
from a modified IEEE 37-node system. Numerical results have shown that the proposed
scheduling method can effectively reduce the operating cost while smooth the tie-power power
fluctuations. It is also shown that the amount of data traffic will be significantly reduced as only
the operating boundary information is transmitted. The proposed method can also be used to
meet other requirements for the integrated community energy system, such as minimizing the

energy loss and emissions.
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