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ARTICLE INFO ABSTRACT

Keywords: Centralized planning of the electricity network, natural gas network and energy hubs (EHs) implicitly assumes

ADMM a vertically integrated structure, which ignores the common independent ownership of different systems.

Distributed optimization A more practical approach should differentiate the electric system, gas system and each EH as separate

E?erg?’ hub stakeholders, and establish a distributed planning framework. Such a distributed planning framework based
anning

on the alternating direction method of multipliers (ADMM) is proposed in this paper, which uses the amount
of electricity and natural gas required by EHs from each node as the decoupling information, and decomposes
the joint planning problem into multiple planning sub-problems, respectively for the electric system, natural
gas system and each EH. To reflect the operation more accurately in the planning stage, unit commitment
is embedded in the planning model as its operation module. Finally, the proposed method is verified on an
illustrative system composed of a modified IEEE RTS 24-bus electric system, Belgian 20-node natural gas system
and four EHs. The case study demonstrates the impacts of unit commitment, gas price and penalty parameters
on the planning scheme and the number of iterations.

Unit commitment

1. Introduction

Coordinating multiple forms of energy in a complementary supply
framework, the integrated energy system (IES) has been expected as the
future energy solution, which has seen applications in various ranges,
from wide-area [1] to regional [2] and community-level [3]. The
integrated manner operating multiple energies requires an integrated
manner of planning the infrastructure. For wide-area energy integra-
tion, therefore, a synergic IES planning framework is actually needed
to develop joint expansion strategies of transmission lines, natural gas
pipelines and site selections for energy hubs (EHs).

There has been a limited literature on the synergic planning of IES
incorporating district EHs in the past few years. It is formulated as a
mixed-integer linear program (MILP) [4] and a two-stage MILP model
to configure the district EHs [5], which yet both ignore the siting of
EHs. However, there has been various work on the synergic planning of
part of the systems such as EHs or the electric and gas systems without
EHs. Topological layering is adopted to build a multi-layer planning
framework of EH [6] to achieve the start-from-scratch planning of
EH’s internal structure by modeling the EH as a directed acyclic graph
(DAG). A synergic planning framework with gas-fired units modeled
as coupling devices is proposed [7], ignoring the precise model of the
electricity and gas network. Then DC power flow and weymouth steady-
state gas flow are adopted to model the electricity and gas network to
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build a bi-level synergic planning framework [8]. A two-stage stochas-
tic planning [9] is proposed to cope with the uncertainty of load while
the investment strategies over the multiple periods in the first-stage
cannot be adjusted with the realization of uncertainty, this limitation
is addressed in the multi-stage stochastic planning (MSSP) with nonan-
ticipativity constraints [10], and branch-and-price algorithm is further
adopted to solve the MSSP more efficiently [11]. Multi-stage robust
synergic planning is also proposed to cope with the uncertainties of
renewable energy and load [12], N-1 security criterion [13] and system
resilience [14]. Although works on the synergic planning is limited,
various synergic operation models of IES with EHs have been widely
studied, e.g., scheduling of IES incorporating districted EHs [15], bi-
level scheduling of IES incorporating district heating systems [16] and
optimal energy flow of gas-electric integrated systems [17].

It is commonly assumed in the existing studies of synergic plan-
ning that the electric system, natural gas system and EHs all belong
to a single stakeholder, who possesses the global information of the
systems to make investment and operation decisions. While the single
stakeholder planning framework is not practicable in the cases that
the three systems are independent of each other, which requires a dis-
tributed optimization framework to differentiate them as independent
stakeholders. However, a holistic distributed planning or scheduling
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Nomenclature

Parameters

A Bus-unit incidence matrix, A,; = 1 if unit i
is connected to the bus n

B Bus-branch incidence matrix, B,;, = 1 if
transmission line [ starts from bus n, B, ; =
—1 if transmission line [ ends at bus n

C Node-gas source incidence matrix, C,, ,, = 1
if gas source w is connected to the node m

D Node-pipeline incidence matrix, D,, , = 1 if
pipeline p starts from node m, D,, , = —1 if
pipeline p ends at node m

H Node-compressor incidence matrix, same
with D

J Node-gas storage incidence matrix, J,, ; = 1
if gas storage s is connected to the node m

?c Capacity of compressor ¢

o Capacity of transmission line [

—ch —dc . .

P, P, Maximum charge and discharge rate of gas
storage s

seg Number of segments in piecewise lineariza-
tion of Weymouth

ff,?f Minimum and maximum output limits of
unit i

s Ty Minimum and maximum pressure of gas
node m

gf p, H,, Minimum and maximum gas flow in

. pipeline p

ng, Fenhc Minimum and maximum input of EH
component

fi,?i Minimum and maximum output limits of
gas source w

I Compression factor of compressor ¢

b Susceptance of transmission line [

LS, Electricity load of EH j in hour t

ng.’[ Natural gas load of EH j in hour t

L?, . Heat load of EH j in hour t

Lfn’, Natural gas load at node m in hour ¢t

Ly, Electricity load at bus n in hour t

RU;, RD; Ramp-up rate and ramp-down rate of unit i

TU;, TD; Minimum uptime and minimum down time
of unit i

w, Coefficient of pipeline p

nfﬁp Energy conversion efficiency of CHP from
gas to electricity

ncg:p Energy conversion efficiency of CHP from
gas to heat

11;‘; Energy conversion efficiency of boilers

”;ig Energy conversion efficiency of P2G de-
vices

of IES with district EHs is still missing. Though several references
have differentiated part of the three systems as separate stakehold-
ers in decision-making, such as distributed planning of the electric
system and natural gas system [18]. Despite the lack of distributed
planning, the distributed operation of IES has been studied, a standard
and a consensus-based ADMM approaches are proposed to build the
distributed scheduling framework [19] of the electric-gas system to

et Charge efficiency of gas storage s

nde Discharge efficiency of gas storage s

ELC, Investment cost of EH at electric node n

GC; Generation cost of unit i

GLC, Investment cost of EH at gas node m

LC, Investment cost of candidate transmission
line [

NC,, Natural gas cost of gas source w

PC, Investment cost of candidate pipeline p

SC; Startup cost of unit i

Sets and indices

¢ € Qcom Compressors

J € Qpy Energy hubs

me€ Qgn Natural gas nodes

n € Qpy ELectric nodes

s € Qs Gas storages

Qcr Set of candidate transmission lines
Qcp Set of candidate gas pipelines

Qg Set of existing transmission lines
Qgpp Set of existing gas pipelines

QGEN Set of units

Qcw Set of natural gas sources
Variables

cfes Gas flow in compressor ¢ in hour t
8/ py Gas flow in pipeline p in hour t
P, Production of unit i in hour t

phe Natural gas that EH j obtained from the gas

m,j.t
node m in hour t

P,‘fﬁe, Electricity that EH j obtained from the
electric node n in hour t

PS“‘;‘ Gas charge rate of gas storage s in hour t

Pfj Gas discharge rate of gas storage s in hour ¢

P,i’t Production of gas source w in hour t

f};?j“, Electricity production of CHP of EH j in

hour t

P:h:l;l . Heat production of CHP of EH j in hour t

P;}‘:p’j’ . Input of CHP of EH j in hour ¢t

Pe‘g’j" Input of boiler of EH j in hour t

Pc‘i)“;, Output of boiler of EH j in hour t

PISNij , Electricity transmitted from the electric
network to EH j’s output side in hour t

P]fN‘N Natural gas transmitted from the gas net-
work to EH j’s output side in hour t

Pl;‘;g’j,t Input of p2g of EH j in hour t

P];’;‘é’j’, Output of P2G of EH j in hour ¢

pfis Power flow on transmission line [ in hour t

s‘fn y Binary variables, taking the value of 1 of EH

j is connected to the gas m

differentiate the two systems as independent stakeholders, then an
ADMM based robust distributed scheduling framework [20] is proposed
to cope with the uncertainty of electrical load and renewable energy.
A distributed optimal energy flow model for multiple EHs [21] is
proposed in which the different district EHs are assigned as separate en-
tities. Some works also regard the multi-regional electric-gas system as
one stakeholder and district EHs as another, e.g. the deterministic dis-
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S Binary variables, taking the value of 1 of EH
j is connected to the electric node n

Socy, Natural gas of gas storage s in hour t

U, Binary variables of commitment of unit i in
hour ¢, taking the value of 1 if committed

v, Binary variables of startup of unit i in hour
t, taking the value of 1 if started up

w;, Binary variables of shutdown of unit i in
hour ¢, taking the value of 1 if shut down

z Binary variables indicating the investment
status of candidate transmission line [

Z, Binary variables indicating the investment
status of candidate pipeline p

Ty Nodal pressure of gas node m in hour t

0, Phase angle of electric node n in hour t

tributed scheduling [22] and adaptive robust distributed planning [23]
of multi-stakeholder IES.

Alternating direction method of multipliers (ADMM) based dis-
tributed optimization framework [24] has been popular to handle
global problems with coordinated local efforts in multi-agent systems.
ADMM generally relaxes the continuous equality coupling constraints
to decompose the primal problem into multiple independent sub-
problems (the variables and constraints of one sub-problem will not
occur in others) with dual multipliers and is known for robust conver-
gence. However, the coupling siting constraints in the joint planning
problem would introduce binary variables in the multipliers update,
which might significantly degrade its convergence performance. In-
stead, in this paper the problem is decoupled by relaxing the power
and gas balance constraints at each EH-node interface, which still sticks
to the relaxation of continuous constraints and keeps the binary siting
variables in the subproblems.

Unit commitment (UC), in which the precise security and real
short-term operation constraints as well as units’ status are modeled,
has been employed as the operation strategy in the electric system
planning [25] to more accurately represent the system operation and
improve the operational flexibility and economy in the planning stage.
Convex relaxation [26] is adopted to reduce the computational burden
introduced by the binary variables representing the commitment status
of units, e.g. in use, start up and shut down, in the UC embedded multi-
period planning problem. IES enhances the interactions among various
energy forms. The gas factors, e.g., natural gas price, production and
pipeline investment strategies will implicitly affect the production of
units. It is hence necessary to embed UC in the IES planning framework
to reflect more accurate operation in the planning stage as well as
improve the operational flexibility.

A UC-embedded distributed IES planning model based on ADMM
is proposed in this paper, in which the planning of the electricity and
natural gas networks and the siting of EHs are achieved simultaneously.
The main contributions of this paper are summarized as follows:

(1) A fully (n+2)-agent (assuming n EHs) distributed planning frame-
work, in which the electric system, the natural gas system and
each EH are assigned as different stakeholders simultaneously, is
proposed in this paper.

(2) Distributed siting is addressed by representing EHs’ site by the en-
ergy flow between EHs and the multi-energy networks, which are
defined as continuous coupling variables to update the Lagrange
multipliers in ADMM.

(3) UC is embedded in the proposed distributed IES planning as an
optimized operation strategy to more accurately model the sys-
tem operation in the planning stage and improve the operational
flexibility and economy.
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Fig. 1. The configuration of energy hub.
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Electricity

The rest of the paper is organized as follows. The IES equipment
model is introduced in Section 2. The synergic centralized and dis-
tributed planning framework of IES are formulated as MILP, respec-
tively, in Sections 3 and 4. Case studies are conducted in Section 5.
Section 6 concludes the paper.

2. IES equipment model
2.1. Energy hub

The configuration of EHs is shown in Fig. 1, where every EH
transforms electricity and natural gas to electricity, gas and heat to
meet the multi-energy load in its output port. The components include
the combined heat and power (CHP), the power to gas (P2G) and the
electric boiler (EB).

(1) Combined heat and power (CHP) units: CHP units convert natural
gas into electricity and heat, and the relationship between the input
and output of the CHP in EH j is:

Ph,out _ . ¢gh Pi"

chp,jt — 'lchp chp,j,t’VjEQEH’Vt’ M

eout __ g€ Pin
chp,j,t — 'lchp” chp,j.r’

VjE€Qpy, Vt, (2)
where the energy conversion efficiency of EH components is considered
as constants.

(2) Electric boiler (EB): The EB converts electricity into heat, and the
relationship between its input and output is:

Poul _ ,¢eh Pin

eb,j,t ~ 'leb”eb,jt’ VJEQEH’ vi. 3

(3) Power to gas (P2G) units: P2G units convert power into natural
gas, and the relationship between the input and output of the P2G in
EHj is:

out cg Pin

p2e.jt ~ Mg p2g,j,r’vj €42, V1. “)

Besides, the input constraint of EH components is:

Pin < Pin <Fin

—ehc ehe,jt =~ ehc

,Vehce{chp, eb, p2g},VjEQpy, V. (5)

(4) Energy balance in output port EHs: EHs must meet the electricity,
heat and gas load on the output side, and the constraints are as follows:

e,out _ .
P T Pinge = L5, = 0.Vj€Qpy, V1, ©
h,out out h _ .
Pchp,j,l + Peb,j,y - ij =0,VjeQpy, Vt, %)
t g g _ .
PO PR~ LS, =0,/ €Q, V1. ®

2.2. Electricity transmission network

Electricity network constraints include the nodal power balance (9),
power flow constraints for existing and candidate transmission lines
(10)-(14), and phase angle constraints (15). For simplicity, DC power
flow is adopted to model the electricity network, and its constraints for
existing and candidate transmission lines are shown in (10)—(14), where
0;, and 0}, represent the phase angle of transmission line I’s start node
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Natural gas source Compressor Gas pipeline  Gas load

Gas storage

Fig. 2. An example of natural gas system.

and end node. Mg, is set 2z X b; .., to ensure the power flow on non-
built lines to be zero, where b, ,,,,, is the largest susceptance of candidate
transmission lines.

2 An,inr_ 2 P:j'?r_L:,r‘F Z B,;pfi;+ z B,pfi;

i€QGEN JE€Qen 1€Qg 1eQcy (C))
=0,Vn € Qgy, V1,
pfiy =6, =0, )bVl € Qg , (10)
-pf <pfi; <pf VI E Qg V1, an
pfig =05, = 6; )by = Mg(1 = z)) <0,V € Oy, V1, 12)
= pfig+ 6, —6; )b — Mg(1 - 2)) < 0,V € Qcy, V1, 13)
—pf1 2 <pfi, Spfy 2V € QL Vi, a4
-7 <0,, <7,Vn € Qpy, V1. (15)

2.3. Natural gas system

The natural gas system is mainly composed of natural gas sources,
gas storages, compressors, gas pipelines and gas loads, as in Fig. 2.

(1) Natural gas sources: the production of gas sources is affected by
environment and mining technologies, (16) ensures that the natural gas
production is within a reasonable range,

PE < PE <P Vw € Qgy. V. (16)

(2) Compressors: The compressor pressurizes the natural gas to cope
with the energy loss during the transmission,

Tes S 6oy Ve € Lcom, V1, 17)

0<cf., ScfeVe € ooy, V. 18)

The compressor model is shown in (17), in which the natural gas con-
sumption of the compressor is ignored. (18) is the capacity constraint
for compressors.

(3) Gas storage: The gas storages can serve as the natural gas source
or load to smooth the load curve and improve the operational flexibility
and economy. Constrains (19)—(21) ensure the charge and discharge
rate and the natural gas stored in the gas storage in the reasonable
range. The natural gas stored in the gas storage in hour ¢ is shown
in (22). Constraint (23) predefines the natural gas stored in the gas
storages in the final hour of the period to be the same as the initial
level to achieve the sustainable use of gas storage.

h
0< P <P Vs € Qg Vi, 19
—d
0< P <P Vs € Qgg, V1, (20)
Soc < Socy, < Soc,Vs € Qgg, V1, 21)
de
Soc,, = Socg,_y +n x P — %,Vs € Qs (22)
’ n

Socgy = Soc,t,Vs € Qgg. (23)
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(4) Natural gas network: Natural gas network constraints include the
nodal gas balance (24), gas flow constraints (25)-(29), and nodal pres-
sure constraints (30). Weymouth steady-state gas transmission model is
adopted, in which the relationship between the gas flow and the nodal
pressure of existing and candidate pipelines is shown in (25)-(27). Mg
is a large positive integer in Big-M method to ensure the gas flow on
non-built pipelines to be zero.

g hfg g
2 CowPpyy— Pt~ Lns T Z D, p8fpe + Z Dy, pefpst

WELGAS JE€LEn PELRp pELCp

Y Hyecfoi+ Y T (P2 = P =0,¥m € Qg Vi,

c€Qcom SEQGs

24
|8/ pil&f ps = wy(nZ, = 72,),Vp € Qpp, Vi, (25)
&/ pilef py = wyml, — m2) = Mg(1 = z,) < 0,¥p € Qcp, Vi, (26)
— 18 pil&f ps + wy(xl, — 72) = M(1 = z,) <0,¥p € Qcp, Vi, 27)
8f S 8fp S8F VD € V1, (28)
8f 2y <8fp < 8f 2, ¥p € Qcp. V1, (29)
L, Sy < T, Ym € Q. VI (30)

3. Synergic IES planning

The synergic centralized network planning of IES incorporating
district EHs can get the global optimal investment and operation strat-
egy, which is a benchmark to verify the effectiveness of the proposed
distributed planning model.

3.1. UC-embedded planning

The IES planning framework relies on its operation on a typical
day, for which UC is employed to more accurately represent the system
operation in the planning. UC constraints consist of units’ production
constraints (31), ramp rate constraints (32) and (33), minimum up and
downtime constraints (34) and (35), and the logic constraint (36) that
reflects the impact of startup/shutdown actions on the status of units.

e
w, P < P <uy P, Vi € Qqpn, V1, (31)
PS = P°_, < RU,Vi € Qqpx. Vi 2 1, (32)
— P&+ PS_| < RD,.Vi € Qguy. V1 > 1, (33)
t
> v S u;,.Vi € Qo V1 € [TU, T, (34)
1t=t-TU,;+1
t
Wiy < 1= uy,, Vi € Qapx, Vi € [TD, T, (35)
tt=t=T D;+1
Uip = Uy = Uiy — W, Vi € Qgpn, V1, (36)

where (34) and (35) also imply that a unit cannot start up and shut
down simultaneously: it can be obtained from (34) that v;, < u,,
and w;, < 1 —u;, from (35), respectively, which combine to become
v +w;, <1[27].

UC, introducing lots of binary variables to more accurately represent
the commitment status of units, will introduce significant computa-
tional burden, especially in the multi-period planning problems since
the planning strategies will be verified on several typical days. Though
the strategies to reduce this computational burden are beyond the
scope of this paper, the optimal solution of the single-period planning
framework proposed in this paper can be obtained in a short period of
time.
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3.2. EH siting

The binary variable 5, issettol if EH j is connected to node n in
the electric system and is set to 0 otherwise; sfn ; with the gas system
is defined similarly. It is assumed that every EH can only be connected
to one single node in the electric and the gas system in (37),(40). The
electricity and gas consumption of EH j in hour t are shown in (39) and
(42). Constraints (38) and (41) ensure the energy obtained from the

. —¢ -8 , ..
disconnected node to be zero, where P, and P, are the EHs’ electricity

and gas input capacity, respectively.

> s <1V € Qpy, (37)
neLpN
- —c
0< P <55 Py, Vn € Qpx, V) € Qpy, Vi, (38)
hfe _ pi i ;
>, Pl =P+ P e+ Pino VI € Qe Vi, (39)
neLpN
> sk S LVj € Qpy, (40)
meQgN
hf =2 .
0< P, % <5 Py.Vm€ Q. Vj € Qg Vi, (41)
hfg _ pi g .
> Pt = Pip o P Vi € Qe V. (42)

megN

3.3. Linearization of natural gas transmission model

Nonlinear constraints (25)—-(27) can be transformed into a linear
form by piecewise linearization, then the original planning model is re-
formulated into an MILP. Refer to [28] for the linearization procedure.
Then constraints (17) and (25)—(30) can be replaced by (43)-(52).

GF,, = w,(PI,, — PI,,),Yp € Qgp. V1, 43)
GF,, — w,(Pl,, — PI,;) - Mg(1 - z,) < 0,Yp € Qcp, V1, (44)
~GF,, +w,(Pl,, — PI,) — Mg(1 - z,) < 0,Yp € Qcp, V1, (45)

seg
GF, =GF, + Y 8, (GF, 141 = GF, ). Vp € Qpp U Qcp, V1, (46)
k=1

seg

8Fpi =8 pii + D 0puk @ prkrr = 8 pii) VD € Qpp U Qcp, V1, (47)
k=1

Opikil S Ppri-k=1,2,...,5€8,Yp € Qpp U Lcp, Vi, (48)

Dok SOpriok=12,...,5eg+1,Yp € Qgp U Lcp, V1, (49)

0<6,x <L k=12, ... seg+1,Vp€ Qgp U Qcp, Vi, (50)

PI, < PI,, <PI,.Vme Q. V1, (51)

2
PI,, <GPPI, Ye € Qeoy, Vi, (52)

.12

where subscript s represents the start node of corresponding existing
and candidate pipelines or compressors, and subscript e represents end
node. PI and GF are auxiliary variables to replace the nonlinear terms
72 and gf|gf|. Auxiliary variables § and ¢ (binary) bundle GF and gf
together in piecewise linearization procedure.
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3.4. Centralized planning model

Then the centralized planning model can be formulated as:

min 2 LC, -z, + 2 PC, -z,

leQcy, PEQRCP
+ 20 Y (GC P +SC-v )+ Y, NC, - P
Vi i€QgeN WEQGW (53)

+ Y LY st ELC,+ Y i -GLC,]

JEQpy n€ELpN megN

s.t. (1)-(16), (18)~(24), (28)-(29), (31)-(52).

The objective (53) is to minimize the total investment and operation
cost. The first two terms represent the investment cost of transmission
lines and gas pipelines. The third term represents the operation cost,
which consists of the generation and startup cost of units and produc-
tion cost of gas sources. The last term represents the investment cost of
EHs. The decision variables include: investment variables of transmis-
sion lines and gas pipelines, siting variables of EHs, commitment and
production of generators, production of gas sources.

Constraints include the electric system constraints, natural gas sys-
tem constraints and EH constraints. Electric system constraints consist
of UC constraints (31)-(36), the nodal power balance (9), DC power
flow and capacity constraints for existing and candidate transmission
lines (10)-(14), and the phase angle constraint (15). Natural gas system
constraints consist of natural gas source constraints (16), compressor
constraints (18) and (52), gas storage constraints (19)-(23), the nodal
gas load balance (24), capacity constraints for the existing and can-
didate gas pipelines(28) and (29), linearized Weymouth steady-state
gas transmission constraints and capacity constraints for existing and
candidate pipelines (43)-(50) and the nodal pressure constraint (51).
EH constraints consist of energy conversion constraints of components
(1)-(5), the multi-energy load balance on output port (6)—(8) and siting
constraints for EHs (37)—(42).

4. Distributed IES planning

ADMM is adopted to relax the energy balance constraints at the
nodes where EHs are connected to the electric system and gas sys-
tem, and decompose the synergic planning into the electric network
planning SP, the natural gas system planning SP, and n EHs siting
SP.,;, j € [1,n] to achieve an (n+2)-stakeholder distributed planning
framework, in which each sub-problem is solved iteratively.

4.1. Coupling variables assignment of ADMM

The binary variables that represent the site of the EHs cannot be
directly defined as coupling variables to update the Lagrangian multi-
plier by gradient ascent in ADMM framework due to its discreteness.
In this paper, continuous variables of EHs Phfe € R7%x"uxT and Phfe ¢
R"e*"e#XT which represent the electricity and natural gas consumption
of all EHs from each node of the electric and gas system, are assigned as
coupling variables. The corresponding coupling variables in the electric
and natural systems are P*" € R"*"enxT and Pgh € R"*"enxT which
represent the electricity and gas that the corresponding systems provide
for EHs in each node.

The information exchange in the ADMM framework can be looked
upon as being processed by the coordinators between the electric
system and EHs (CoEH), as well as between the gas system and EHs
(CoGH), who update the values of coupling variables and Lagrangian
multipliers of each stakeholder. As such, consensus variables Pn® €
RrxmenxT and Pné € R"*"en*T need to be introduced to represent the
synergy between the EHs and the electric system, and between the EHs
and the natural gas system, respectively, which represent the coupling
variables after the coordination in CoEH and CoGH:

P — Pn® = 0,P"¢ — Pn® =0, (59
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Fig. 3. The coupling variables of the distributed IES network planning model in hour t.
operation decisions, given the electricity consumption of EHs after the
. kth iteration. Then the coupling variable Ph4+! will be passed to CoEH
peth _ png = 0, PMfe — pn¢ =0, (55) ping P

Pet" and P"¢, Peth and PY'¢ are bundled by Pn® and Pné in (54) and (55),
which guarantee the energy balance of nodes that EHs are connected
to.

The distributed decision making is graphed in Fig. 3, which shows
the coupling variable matrices. Each entry in the coupling variable
matrices represents the energy flow between the different systems with
its column index j representing the jth EH and row index n representing
the nth node in the electric or gas system. Each column of the coupling
variable matrices P',1fe and Pi'fg then has only one non-zero entry
indicating that each EH can only be connected to only one single node
in the electric and gas system at most as constrained by (37) and (40).
The sum of each row represents the amount of electricity or natural gas
that the systems provide for the EHs through the corresponding nodes.
For example, in Fig. 3 EH1 is determined to connect to node 3 of the
electric system and node 8 of the natural gas system since s5 =1 and
= 1, respectively, and EH1 intends to obtain P from node 3 of the
electric system, and Plg from node 8 of the gas system in hour t.

Each stakeholder maximizes its own benefits independently in dis-
tributed optimization, which might lead to the inability to reach an
agreement on the value of coupling variables, and it is mathematically
denoted as violating (54)-(55). Therefore, each stakeholder needs to
adjust its decision according to the coupling variables given by others.
This negotiation process is imitated by the iteration of ADMM, and the
negotiation target is the convergence condition of ADMM. Then the
sub-problems are formulated as follow.

(1) Electricity network planning problem SP.: The objective of the
electricity network planning sub-problem can be formulated by adding
the Lagrange relaxation term and regularization term to the electric
investment and operation cost in (53):

min 3 GC-PL+ Y Y SCv,+ Y LGz

g
581

Vi i€QGEN Vi i€QGEN 1€Qcy,
ek elh k+1
+z Z z Ai’l]t n,j,t Pnn/t)
Vt jEQEpy n€QpN (56)
Pe eth,k+1 ek 12
+ EZ DD AT )
Vi jEQEpy n€QpN
s.t. (10)-(15), (31)-(36), (57).
h
Z Aanzr Z P:ljr Li,t + Z B, pfi,+ Z B, pfi;
I€EQGEN JEQEH leQg, 1eQcL (57)
=0,Vn € Qgy, V1,

where (57) is the reformulated nodal power balance constraint in the
electricity network planning sub-problem, and (56) is the objective that
ensures the electric system make the most economic investment and

for the (k+1) th iteration.
(2) Natural gas system planning problem SP,:

min ) Y NC,-P5 + ) PC,-

Vi welgw PELcp
gk gth,k+1 g k
+2 Z z Amjth_]I ijt)
Vt jEQpy meLgN (58)
gth k+1 gk \2
Z Z (P, m.jt an,j,t)

Vt jEQEy meEQgN

s.. (16), (18)-(23), (28)-(29), (43)-(52), (59).

Similar to the electric system planning, (59) is the reformulated
nodal gas load balance constraint from (24):

th
Y CowPui= 2 Pafi=Lnit X Duptlpt X, Duptlprt
WERGAS JEQEy PEQEp PEQcp
Y Hpecfor+ Y, Jg(PE = PD)=0,Ym € Q. V1.
c€Qcom SENQGs
(59

(3) EH planning problem SP, ;(j € 2gy): EH is modeled as a single

stakeholder. For EH j, the objective function is:

min ) st - ELC,+ Y sh -GLC,
neeN meQgN
ahek( phfek+] ek Phe hfe,k+1 ek \2
+ Z Z an(Pn_[l = Pn njt)+ 7 Z 2 (Pn,j,t _PnnJJ)
Vi n€Qpn Vi n€pN
e k phfgktl _ phfek+l _ p gk 12
+Z Z mjr mjt mjt)+_z Z (mjl ij)
Vi meQgN Vi meQgN
s.t. (1)-(8), (37)-(42).
(60)

There are n separate entities for n EHs. Therefore, the IES incorporating
district EHs planning model has (n+2) entities.

4.2. Solution procedure

The (n+2) sub-problems are solved in parallel by ADMM. The
solution procedure is put in detail below, which aligns all variables with
the same period, and has hence leaves out the subscript t for simplicity,
e.g., A for ;.

Step 1. The CoEH and CoGH initialize A", A", A¢, 18, Pn®, Pn® and
send them to the electric system, gas system and EHs.

Step 2. Each stakeholder solves their sub-problem and returns the
coupling variables to CoEH and CoGH in parallel:
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Fig. 4. An IES composed of modified IEEE RTS 24-bus system, Belgian 20-node natural gas system and four district EHs.

+ electric system solves SP, to obtain the power that can be supplied
to each node in every hour by power system P"<+! after receiving
the coupling variable Pn®* and sends it back to CoEH;

* gas system solves SP, to obtain the natural gas that can be supplied
to each node in every hour by gas system P&h+1 after receiving the
coupling variable Pn®* and sends it back to CoGH; )

* EH j (j € Qgy) solves SP,, ; to obtain P';fe’kH and Pl;tg’kﬂ (The jth
column of P"e and P"¢) and sends them back to CoEH and CoGH.

Step 3. CoEH and CoGH update the consensus variables by taking
the average value of the coupling variables of different stakeholders via
(61)—(62) and check if the stopping criteria (63)-(66) is satisfied. If yes,
the iteration converges. Otherwise, update the Lagrangian multipliers
by (67)-(70) and go back to step2 until it converges.

Prektl = 05 x (Phfek+! 4 pethictly (61)
Pneht! — 0.5 x (PeA+] 4 pethk+ly (62)
Vieem s apy i win P B = P < e ©3
ey, Pl B = P el P - B < e (68)
e goaVPngs T = PASILIEE - PETI) <6 (69)
vjeQEHI,I\}?n)éQGN,Vt(pglPrﬁT}tkH - Prif?,’rk I phglpﬁfﬁkﬂ B P':’fﬁ;k D<ep ©e)
Ahektl _ ghek 4 o s (phfektl _ ppekely (67)
AR = 4ok 4 5 (PeRAHL _ ppekely, (68)
ahek+l _ ghek o Phe X PNkt _ ppektly (69)
JekHL — gek +py X (peth+l _ ppek+ly (70)

The (n+2) sub-problems each composed of variables defined on all time
periods are solved in each iteration of ADMM, hence return results
of all periods simultaneously when it converges. Though the rigorous
convergence and its proof are beyond the scope of this paper, com-
mon convergence to a feasible and suboptimal solution in the ADMM
application is observed in the problem herein.

Table 1
Parameters of EH components.
EH components n Capacity/MW
- h
CHP M, = 0.6, 75 = 045, 300
EB e =0.75 200
P2G 'ﬁg =0.8 200
Table 2
Parameters of candidate transmission lines.
Start node End node b/s pf1/MW Cost/10*$
1 2 0.000139 175 7.35
1 3 0.001651 175 4.25
2 5 0.001267 175 3.50
11 13 0.000476 500 5.31
16 19 0.001053 500 5.11
19 22 0.000396 500 5.70
Table 3
Parameters of candidate pipelines.
Start node  End node w, 8f /MSCMh! ¢f,/MSCM-h~!  Cost/10*$
2 3 1.395 0 10 4.20
6 7 0.148 -6 0 5.10
4 14 0.659 0 10 6.00
10 11 0.226 0 5 4.50
14 15 3.628 0 25 7.50
11 17 0.051 0 5 3.50
18 19 0.002 0 5 3.50
19 20 0.028 0 4 4.00

5. Case study

The IES shown in Fig. 4 integrating the modified IEEE RTS 24-
bus electric system [29], Belgian 20-node natural gas system [30] and
four EHs is used to verify the effectiveness of the proposed distributed
planning model, with data available in [29] and [30]. The parameters
of EHs’ components, candidate transmission lines and gas pipelines and
investment cost of EHs in each node are given in Tables 1-4, while the
configuration of the EHs is given in Fig. 1. The mixed integer linear
programs of both the centralized synergistic planning and the ADMM-
based distributed planning are solved by CPLEX 12.8.0. Parameters ¢,
and ¢, are both set to 0.001, p, is set to 100, py, is set to 20, p, is set to
800, py, is set to 400, and the number of segments of the linearization
of natural gas transmission function is set to 3.
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Table 4
Investment cost of EHs in electric nodes and gas nodes.
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EN  Cost/10'$ EN  Cost/10°$ EN  Cost/10*$ GN  Cost/10*$ GN  Cost/10'$  GN  Cost/10*$
3 7.75 4 10.70 2 12.00 17 6.50 3 9.20 4 13.10
10 8.13 22 11.00 8 12.25 11 6.90 1 9.75 18 13.35
11 8.34 21 11.30 18 12.31 5 7.20 6 10.80 7 14.40
6 8.85 14 11.50 23 12.38 2 7.50 20 11.00 8 15.00
20 8.91 7 11.80 15 12.40 10 7.75 16 11.35

24 8.97 13 11.65 12 12.50 12 7.90 9 11.50

17 9.10 16 11.85 9 12.80 13 8.25 14 12.00

1 10.00 5 11.92 19 13.00 15 8.75 19 13.00

Table 5

Planning scheme of the two planning approaches.

Centralized planning

ADMM-based planning

Electric system
Natural gas system

lines: 16-19, 11-13

pipelines: 2-3, 4-14, 10-11, 18-19

lines: 1-3, 16-19, 11-13
pipelines: 2-3, 4-14, 10-11, 18-19

EH1 SE: 10, SG: 11 SE: 10, SG: 5

EH2 SE: 20, SG: 2 SE: 3, SG: 2

EH3 SE: 7, SG: 5 SE: 24, SG: 11

EH4 SE: 22, SG: 11 SE: 22, SG: 11
Table 6

Cost of the two planning approaches.

Centralized planning/10*$

ADMM-based planning/10*$

O, of the electric system 32.44 31.40
1, of the electric system 10.42 14.67
O, of the natural gas system 22.56 23.81
I, of the natural gas system 18.20 18.20
I. of EH1 15.03 15.33
I, of EH2 16.41 15.25
1, of EH3 19.00 15.87
I, of EH4 17.90 17.90
Total cost 151.96 152.43(+0.31%)
5.1. Effectiveness of distributed planning model Table 7

The proposed ADMM-based distributed planning model is compared
with the centralized synergic model. The detailed planning scheme
obtained by the two approaches are shown in Table 5 (SE represents the
site in the electric system, and SG represents the site in the gas system),
while their investment and operation costs are shown in Table 6, in
which O, and I, represent the operation cost and investment cost,
respectively.

Decisions reached by the two approaches are similar. Obviously,
the investment decision of the natural gas system in the two planning
approaches are the same with each other, and the nodes selected by EHs
in the gas system are the same as well. The only difference occurs at the
nodes selected by EHs in the electric system, and the investment of a
single transmission line. EH2 is sited to node 3 of the electric system by
the distributed model, which urges the electric system to build line 1-3
to transmit electricity from node 1 to node 3 to satisfy the electricity
consumption of EH2.

The investment and operation cost of the two planning approaches
are close as shown in Table 6. It is assumed that there is a sin-
gle stakeholder in the centralized planning model who possesses all
the information of the whole IES to make investment and operation
decisions and is then able to directly solve for the global optimal
solution. In contrast, the proposed distributed planning model classifies
the electric system, gas system and EHs as separate stakeholders, and
obtains a total cost 0.31% larger than the global optimal solution. This
is because each stakeholder in the distributed planning model adjusts
its investment and operation strategy according to the value of coupling
variables passed by other stakeholders. And the difference of the value
of coupling variables diminishes in the iteration of ADMM algorithm
until it converges. That is, each stakeholder achieves a consensus in
the negotiation and this approach guarantees feasibility.

In summary, the proposed ADMM-based distributed planning model
not only ensures the decision independence of the electric system,

Units status of the two cases.

UNitl © © © 0 O O o o o o o o o o o o ¢ o o o o o 0 O
UC-embedded unit6 o o o o o 0 0 0 0 0 0 0 0 0 0000 000O0O0O0 O
UNit7 © © © 0 © © © O O o o o o o s o o o o o« & 0 O O

UNitl © © © © © O o o o o o o o s s o o ¢ 0O e o 0O
Non-UC

Uunitb o o o o 0 0 0 0 0 0O ¢+ 0 0 0 0 0 O O s & 00 O O

UNit7 © © © 0 0 0 © O » s o s ¢« 0 0 O O e s s & 0 0 O

the gas system and EHs, but also achieves benefits for the multiple
stakeholders simultaneously by obtaining an investment and operation
strategy close to the global optimal solution. As such, the proposed
distributed planning model has its effectiveness verified.

5.2. The impact of UC

A distributed IES planning model embedded with the single period
optimal power flow is performed as a baseline to highlight the advan-
tage of the UC-embedded planning model in better accounting for the
operation status of units.

The resulting units’ status are given in Table 7, in which « represents
that units are online and o means that units are offline. Clearly, in the
non-UC case, unit 6 is online for only an hour in hour 11, unit 1 is only
offline for consecutive two hours in hour 19 and 20, which violates the
minimum up and downtime constraints. In addition, redundant units
would be kept online in the scheduling or multiple period optimal
power flow embedded traditional planning model, which leads to less
economical operation schemes than the UC-embedded planning. In
summary, the proposed UC-embedded planning can more accurately
model the system operation in the planning to attain higher economic
efficiency.
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Table 8
The different siting strategies and total production of all units caused by different
multipliers for the gas price.

Multipliers 0.1 0.5 1 2 5
m o, v v mn
B3 56 5 nm 1 n on
mo w9 woEmowm

Total production of

all units/x10°MW 4.517 4.753 5.627 6.795 6.909

Table 9
The different number of iteration resulting from
different multipliers for the penalty factors.

Multipliers The number of iterations
0.5 225
1 143
2 101
3 130
5 Not converge

50 —— T T T 20
—&— siting cost in the gas system

45 1 —e— siting cost in the electric system 118
40 I total production of all units 116 .
354 414 ;
» 2
S 30 1 412 2
3 g
S 254 110 &
5]

on
£ 20+ 18 &
= =
15 4 46 3
2
10 H 14 &
51 12
0- 0
mul=0.1 mul=0.5 mul=1 mul=2 mul=5
multipliers

Fig. 5. The different siting costs and total production of all units caused by different
multipliers for the gas price..

5.3. The impact of natural gas price

Gas price is altered to show the impact of boundary conditions
on the planning strategy, and the different siting decisions and total
production of all units resulting from the gas price with different
multipliers are shown in Table 8 and Fig. 5. The total production of
all units grows as the natural gas price increases. When the gas price
is 5 times of that in the basic model, EH2 is then determined not to
connect to gas system indicating that it is cheaper to supply its heat
load by the electric boiler rather than CHP. And its obvious in Fig. 5
that the EHs tend to connect to the nodes that have lower siting cost
in the gas system as the gas price increases because of less natural gas
consumption. Similarly, for a low gas price (one tenth of basic model),
EH1 is determined not to connect to electric system indicating that it is
cheaper to supply the heat and electric load by CHP rather than electric
system and electric boiler, and the EHs tend to connect to the nodes that
have lower siting cost in the electric system as the gas price decreases
resulting from less electricity consumption.

Applied Energy 282 (2021) 116090
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Fig. 6. Evolution of primal residual errors resulting from different multipliers for
penalty factors.

5.4. The impact of penalty parameters

The different number of iterations and the evolution of primal
residual errors (err in Fig. 6) resulting from different multipliers for
the penalty parameters p (p,, pp, p, and pp,) are shown in Table 9
and Fig. 6. The minimum number of iterations is 101 when the penalty
parameters are 2 times of that from the basic setting. The number of
iterations increases as the value of penalty parameters decreases be-
cause of the smaller iteration step in the multipliers update. However,
oscillations will be introduced in the multipliers update when the step
size gets too large, so the number of iterations increases when the value
of penalty parameters are larger than 2 times of that from the basic
setting, and ADMM cannot converge when they are 5 times of that from
the basic setting.

6. Conlusion

To achieve independent decision-making of the electric system,
the natural gas system and district EHs in the synergic planning of
them, this paper proposes an ADMM-based distributed multi-energy
network planning and EHs siting model with the object of minimiz-
ing the investment and operation cost, in which the three systems
are assigned as separate stakeholders. To smooth the update of the
Lagrangian multipliers of ADMM, a novel modeling is proposed to relax
the continuous electricity and gas balance constraints at each EH-node
interface instead of binary EH siting constraints. To more accurately
represent the system operation in the planning framework and improve
the operational flexibility, UC is embedded in the proposed distributed
planning framework. Case studies performed on an IES composed of a
modified IEEE RTS 24-bus electric system, the Belgian 20-node natural
gas system and four district EHs show that: (1) the planning results
obtained by the distributed planning are close to the global optimum
obtained by the centralized planning, which verifies the efficiency
of the proposed (n+2)-agent distributed planning framework; and (2)
compared with the single/multi-period optimal power flow, UC models
the system operation more accurately in the planning stage, which
helps improve the economy of the plan.
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