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Integrated energy system (IES) is a viable route to “carbon peak and carbon neutral”. As the basis and cornerstone of economic
operation and security of IES, energy flow calculation (EFC) has been widely studied. Traditional EFC focuses on the single or
distributed slack bus models, which results in the lack of unlimited power to maintain system operation, especially for electric
power grid working in islanded or coupled mode. To deal with this problem, this paper proposes a network-based virtual-slack
bus (VSB) model in EFC. Firstly, considering the anticipated growth of energy conversion units (ECUs) with power adjustment
capacity, the generators and ECUs are together modeled as a virtual slack bus model to reduce the concentrated power burden
of IES. Based on this model, a power sensitivity method is designed to achieve the power sharing among the ECUs, where the
power can be allocated adaptively based on the network conditions. Moreover, the method is helpful to maintain the voltage and
pressure profile of IES. With these changes, a dynamic energy flow analysis including virtual slack bus types is extended for IES.
It can realize the assessment of the system state. Finally, simulation studies illustrate the beneficial roles of the VSB model.
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1 Introduction

With the increasing contradiction between the demand for en-
ergy in industrial production and residential life and environ-
mental friendliness, energy reform technologies represented
by “carbon peak and carbon neutral” [1] and “multi-energy
interconnection” have become the key development direction
of science and technology strategy. Electric power, as an in-
dustry with the highest carbon emissions, has become an in-
evitable choice to replace traditional fossil energy power gen-
eration with “zero carbon emissions” new energy and low-
carbon emission based gas power generation [2]. This also
makes the integrated energy system (IES) [3] with electric-
ity, gas and heat as the main energy carrier and their inter-
nal coupling relationship increasingly complex. Therefore,
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in-depth study on collaborative analysis of multi-energy sys-
tems has become an inevitable trend [4].

Energy flow calculation (EFC), as the cornerstone of
IES studies, calculates state variables such as nodal volt-
age/pressure/temperature, and line transmission flow in IES
based on limited known information. The EFC results are
helpful for judging whether or not the system state is within
the operating limits. Moreover, the obtained results can pro-
vide initial operating conditions for high-level research on
IES, such as planning and optimization [5]. In summary, the
EFC is of great significance to IES.

Traditional energy flow analysis for electric power grid
(EPG) uses a single slack bus (SSB), which is generally ap-
plicable to large-scale interarea power systems or small grid-
connected systems [6]. However, for the EPG working in
islanded mode or coupled mode, the SSB cannot provide un-
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limited and sufficient power to match the total system load
plus power losses. This may exceed the rating of certain gen-
erators and result voltage profile collapse [7]. To address the
issue, a distributed slack bus (DSB) concept was proposed.
The total active power imbalance in EPG is shared among
each generator based on their participation factors. In ref. [8],
a participation factor selected method for distribution power
system was proposed. The method is related to generator do-
mains and can reflect the capacities of distributed generators.
In ref. [9], the participation factors based on optimization cri-
teria were proposed to share the total active power losses. In
ref. [10], a sequence frame-based distributed slack bus model
considering power limit violation was proposed. These work
focus on the distribution power systems that work indepen-
dently, may not be suitable for EPG coupled with natural gas
network (NGN) and district heating network (DHN). For ex-
ample, the main generators of EPG in coupled mode are gas-
fired power generations (GPG) or combined heat and power
(CHP) units. The capacity of GPG and CHP units are mainly
decided by the volume flow extracted from the NGN. How-
ever, the gas-based unit varies its volume flow consumptions
to balance the total active power, which leads to the pressure
fluctuations in NGN and impacts both reliability and safety
of IES [11,12].

To overcome the shortcoming that the existing slack bus
model is not suitable for EPG in coupled model, ref. [13]
considered rapid response ability of GPG in peak regulation,
and firstly used the distributed slack bus model with constant
participation factors for GPG in EFC. On this basis, ref. [14]
added the influence of DHN. Ref. [15] proposed a multi-
slack bus model for both NGN and EPG in EFC. The model
is more accurate compared with the traditional SSB model.
Ref. [12] introduced multiple slack nodes to overcome the
shortcoming of adjusting active power by a single GPG unit,
which avoids the suffering of calculation accuracy in coupled
system with large wind power fluctuation. Ref. [16] pro-
posed a multi-slack bus model in EFC for coupled system
with bi-directional energy conversion. The model integrated
the fast power adjustment ability of GPG and power-to-gas
(P2G) units, and had more practical significance. These work
had achieved the power balance by slack buses based on con-
stant participation factors or optimization criteria. However,
in practice, the network topology and system condition play a
critical role in the participation of generators in serving loads
and losses. On the other hand, the mentioned above based on
the steady-state models of IES [12-16]. The models do not
consider the slow dynamic characteristics of the NGN and
DHN [17], leading to an incomplete and inaccurate assess-
ment of IES. As a result, the flexibility of IES cannot be fully
exploited, which is contrary to the motivation of deploying

IES [18].

Therefore, to efficiently and accurately solve the ac-
tive power balance problem of IES, this paper proposes a
network-based virtual slack bus model for EFC in IES con-
sidering the slow dynamic. The main contributions of this
paper are summarized as follows.

(1) The generators and energy conversion units (ECUs) in
IES with power adjustment capacity are modeled as virtual
slack buses (VSB), which can effectively share the load along
with physical slack. By this way, the concentrated burden of
IES is removed.

(2) For the foresaid VSB model, a power sensitivity
method is designed to achieve the power sharing among the
ECUs. This method not only adaptively allocates the power
based on the network conditions, but also is helpful to main-
tain the voltage and pressure profile of IES.

(3) Based on the proposed VSB model, the bus types are
reclassified for coupled power grid. Then, a dynamic energy
flow analysis including VSB is extended to realize the system
state assessment of IES and stable operation analysis.

This paper is organized as follows: the virtual slack bus
model based on power sensitivity analysis is described in
Sect. 2. The dynamic energy flow analysis with VSB model
is formulated in Sect. 3. Finally, several case studies are car-
ried out on typical systems in Sect. 4, and conclusions are
given in Sect. 5.

2 Network-based virtual slack bus model for
energy conversion units

The virtual slack bus model in this paper mainly takes into
account the advantage of energy conversion units in adjust-
ing active power based on the power sensitivity method. It
enables each energy conversion unit with the functionality
of power adjustment ability as a virtual slack bus. Conse-
quently, the reference slack bus and the virtual slack buses
work together to compensate the active power imbalance.
Assuming that the number of total buses for the electricity
power grid is N,, the nodal active power mismatches AP; and
reactive power mismatches AQ; equations are given by

Ne

AP; =P; - Z IVillVjl(Gij cos 6;j + Bjj sin ), ey
j=1
Ne

AQ: =Qi = > IVillV/(Gyj sin 6 — Bij cos 0;), @)
j=1

where P; and Q; are the scheduled active and reactive power
values injected into bus 7, respectively. |V;| and |V| are volt-
age magnitudes of bus i and j while 6;; is the difference of
voltage angles i and j. G;; and B;; are electricity conductance
and susceptance of transmission line ij, respectively.
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By applying Taylor series expansion to eqs. (1) and (2)
while neglecting higher-order terms, the initial equation can
be obtained as follows:

A6
AV

Hll H12
H21 H22

AP AP
AQ AQ

where [A@, AV]T are the vectors of voltage mismatches. J is
Jacobin matrix consisting of the partial derivatives of P and
Q to A and V, respectively. The matrix of J~! is defined as
H, in which H'!, H'2, H?', H?? are the submatrices. Since
the exchange active power of energy conversion units is al-
ways the focus, the mismatches AP; are separated into active
power contribution AP and load mismatches AP°*? at vir-
tual slack buses. Consequently, the active power and voltage
angle mismatches in virtual slack buses can be written as

=J" = , 3)

R
—AP?
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=S o [+S o )
Aby, AP} AP,
AQ

where Ny is the number of slack buses (Ny—1 virtual slack
buses and one reference bus). S, and S, are submatrices made
up of the elements in H. S| and S, are expressed by
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where subscripts denote elements of J~!'. Since the voltage
and phase angle mismatches are zero in the ideal state [19],
eq. (4) can be written as

[ _Aplzoad ]
APY® —APM
=-[8117'S, : . @)
AP)® APy
AQ
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Therefore, the power sensitivity of virtual slack buses with
respect to load changes can be represented by the power sen-
sitivity matrix

S=-[$11"'S,. (8)

Through the power sensitivity matrix, we can calculate the
power contribution of each unit corresponding to the load
mismatches. It is worth noting that changes in renewable
energy sources injection APRES can be regarded as negative
load, that is —AP'°, The power sensitivity method obtains
the variation state of the power through the internal differen-
tial relation of the Jacobian matrix.

Finally, the scheduled active power P; at virtual slack bus
i is updated by

P;’Sb — P;’Sb,() + AP;/Sb’ (9)

where P;’Sb'o is the set-point of active power of unit at bus i.

The combined heat and power (CHP) and GPG units with
rapid response ability are widely used as generators in IES.
When the GPG or CHP units are modelled as virtual slack
buses, eq. (9) can be expressed as
P[GPG/CHP _ PiGPG/CHP,O + AP?PG/CHP’ (10)
where PSS and PEHP are the generated active power of GPG
and CHP units.

Similarly, the electric load P2G and electric boilers (EB)
units are widely used for electric power adjustment due to
their great flexibility [20,21]. They can be considered as neg-
ative generators. When the P2G or EB units are modelled as
virtual slack buses, eq. (9) can be expressed as
_ leG/EB - _ PIPZG/EB,O +A PfZG/EB’ (11)
where PF?S and PFP are the consumed active power of P2G
and EB units.

Then the power output or input of energy conversion units
PIC’PG, Pl.CHP, leG and PFB are regulated according to their
assigned active power slack AP;’Sb based on the power sen-
sitivity matrix S. With the virtual slack bus model in this
paper, all the energy conversion units with power adjustment
ability instead of the single traditional generator, participate
in power adjustment through AP;’S".

Remark 1: According to eqs. (7)—(11), with the virtual
slack bus model in this paper, all the energy conversion units
with power adjustment ability instead of the traditional gas-
fired generator at single reference bus in IES, participate in
power adjustment through AP}’Sb. This is helpful to remove
the concentrated burden on single reference bus, thus reduc-
ing the impact on the primary side gas network. In addition,
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the P2G and EB units are modeled as negative generation
units to act as virtual slack buses in eq. (11), which helps to
improve the system’s power fluctuation accommodation ca-
pacity by releasing or increasing the units input power. Fi-
nally, the calculated power of each unit at virtual slack bus is
updated with the power sensitivity matrix S, which adaptively
changes with the network parameters and system conditions.

3 Implementation of the VSB model in energy
flow formulation of IES

Based on the proposed VSB model, a power flow model with
new bus types definition is formulated in Sect. 3.1. Since the
VSB solves the power imbalance and limited power capacity
of electric network with ECUs, the ECUs models are intro-
duced in Sect. 3.2. Next, considering the operation of ECUs
will affect the state of NGN and DHN, the dynamic energy
flow models in gas and heat network are introduced in Sects.
3.3 and 3.4, respectively. Finally, a united dynamic energy
flow problem with VSB model is formulated in Sect. 3.5.

3.1 The power flow formulation with proposed VSB
model

The power flow analysis with VSB model reclassifies the bus
into four types, which are reference, virtual slack, voltage-
controlled and load buses. The reference bus, voltage-
controlled bus (PV model) and load buses (PQ model) are
consistent with the traditional power flow analysis. The vir-
tual slack buses are mainly acted by energy conversion units
with adjustable active power, which can be considered as
voltage-controlled and load buses with variable active power,
respectively. Thus, the specific bus types of ECUs under dif-
ferent operating conditions are subdivided as follows:

(1) Participating generators (I~’V bus model);

(2) participating negative generators (FQ bus model);

(3) non-participating generators (PV bus model);

(4) non-participating negative generators (PQ bus model),
where PV bus has following characteristics: 1) The genera-
tion active power P; is adjustable with each iteration. 2) The
magnitude of voltage V; is specified. 3) The phase angle of
voltage 6; is unknown. PQ bus has following characteristics:
1) The consumption active power P; is adjustable with each
iteration. 2) The magnitude of voltage V; is unknown. 3) The
phase angle of voltage 6; is unknown. When all the ECUs
quit participating active power adjustment due to the capac-
ity or operation limit, the VSB type PV or PQ degenerate into
traditional bus type PV or PQ.

Finally, the power balance equations for power flow anal-

ysis based on the new node types are given by

N,
AP = PP+ PP -3 Py,
=1

Vi=1,---,Np, + N5, (12)
Ne
AP; = PP =" Py
j=1
Vi= (N, + Npg+ D, Ne— 1, (13)
Ne
AQi =0 - 0y,
=
Vi=1,--,(N,~ Ny = Ny — 1), (14)

where P;” and Q;” are the specific active and reactive power
values injected into bus i, respectively. Np,,, Np, and Npy are
the number of I~’V, FQ and PV buses, respectively. Z?’; | Pij
and Z]}]:” , Qij are the power transmitted in the line, repre-
sented by the second term in right-hand side of eqs. (1) and

@.

3.2 The energy conversion units (ECUs) model

The energy conversion between the subnetworks occurs in
CHP [14], GPG [5,13, 14], P2G [5,22], EB units [23], which
are modeled as follows:

CHP P (P Lt enP "CHP) (15)
8t GCV; 1cHP
= G/égV,- (ka(PFPOY + kP + k), (16)
= ’%Pﬁ’”, an
PE® = M (18)

1IEB

where eqs. (15) and (16) represent the relationship between
the consumed gas flow M{H" and MTPC and generated active
power of CHP and GPG units, respectively. ¢, is the heat-to-
power ratio of CHP [24]. k,, ks and k, are the heat rate coeffi-
cients of GPG. ncyp, 7p2g and ngp are the energy conversion
efficiency of CHP, P2G and EB units, respectively. p, and
GCV are the density and gross calorific value of natural gas.
Note the units of GCV and p, are MJ/m? and kg/m?, respec-
tively. Thus, the obtained M, ; is kg/s. Eq. (17) gives a uni-
versal formula to express the relationship between consumed
power P}¢ and generated gas flow M}7% of P2G units. For
EBs, electricity is consumed to generate heat power as is
shown in eq. (18). T,; and T,; are the supply and return
temperature of EB. M), is the mass flow in DHN.
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3.3 Dynamic energy flow model in natural gas network

The gas fluid dynamics are specified by one-dimensional par-
tial differential equations (PDEs) including material-balance
equation and the momentum equation, as is shown below:

Ol 4c? oM,

—_—  — =0, 19
o " D2 ox 19
ol 4 M, pu)  8fc MM

o 4 oMy dpa’  8fc MyMi| (20)
dx mD2 ot Ox mD; 11

To obtain the numerical solutions of PDEs, the numerical
method based on implicit trapezoidal rule to approximate gas
dynamics can be found in ref. [25]. Then, the numerical for-
mulations for a pipeline related to time and space segments
are given by

Iy -1, +H§c+1 — I ACM - M =0 (21)
2At, 2At, nD2Ax, ’
H;ill B H?l +2(M8i:+ll B Mg;+1) Z(Mg;ﬂ B Mg;)
Ax, niDZAL, nDZ At
fu(z) t+1 t+1 2qu t+1 t+1
=3ep, W~ T = S = M, ()

where At, and Ax, are the temporal and spatial step size, re-
spectively. II and M, represent the gas pressure and mass
flow rate varying with time and space, respectively. ¢ and ug
are the speed of sound and reference gas flow velocity. D,
and f are the diameter and friction factor of the pipeline.

The calculating results are depended on the time and space
step size Af, and Ax,. In addition, the boundary conditions
of eqs. (21) and (22) need to be set at the ends of pipelines to
obtain a definite solution, including flow and pressure. The
nodal outflow of node i is updated by
Mg = My + M + MJTS — MYS, (23)
where M;i is the gas load flow.

Assuming that the pipelines ki, k», ..., k,, are connected and
intersect at node i, the mass flow into and out of node i should
be balanced, and the pressure should be equal, as shown

My M M M

= + +-ee , 24)
A Ay, Ay, Ay,
n;?d =M = = T, (25)

where A; is the cross-sectional area of pipeline j with node i
as the sending node; Ay, is the cross-sectional area of pipeline
ki; HZT‘d is the pressure at the end of the pipeline k;.

3.4 Dynamic energy flow model in district heating net-
work

The temperature dynamic along the pipeline is focused in dis-
trict heating network. Similarly, the dynamic is specified by
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one-dimensional PDE related to time and space.

Ahphc,,i—f + cthz—i = %(Ta =), (26)
where T is the temperature variable in DHN, 7, is the envi-
ronment temperature, A, and R are the cross section area and
thermal resistance of DHN pipeline, pj, and C), are the density
and specific heat capacity of water.

In order to get the numerical solutions of eq. (26), a char-
acteristic line method with superior computational efficiency
to approximate temperature dynamic can be found in ref.
[26]. In this method, the temperature Tl.Hl is calculated by
the third order Lagrange interpolation polynomial with tem-
perature 77 ,, T{_, T{ and T} , at the previous temporal step.
The final numerical formulation related to time and space
segments is given by

(Axp — a)a(a + Axy) _,

TH = kA, T, + (1 - kAt,) [

—6Ax} =
2Axy, —
N QAx;, — a)a(a + Axh)T,.’_]
2Axi
N Ax; — a)(Ax, — a)(a + Axy) 7t
2Ax; ’
2Ax), — Ax;, —
PRS0~ ) T,-’H}, @7
6Ax;,

where k = 1/(A.pnCpR), a = MAty,[(ppA.), Aty, and Axy, are
the temporal and spatial step size of heat network. M, op-
erate with rated mass flow rate to maintain stable hydraulic
conditions [27]. The solution of eq. (27) needs to combine
the temperature boundary conditions. The supply tempera-
ture at source node and return temperature at sink node are
generally known as Tg,[ and Tg’i. The mixed temperature at
nodes receiving water flow from multiple pipelines or nodes
is unknown, which is calculated by

ST My + 2T My,

T i = :
b 2 (Mg + My,)

(28)

where M), is the water flow from pipeline & into node i; T,i(‘:“d
represents the temperature at the terminal spatial segment of
pipeline k; M},; is the flow injected into node i by source in
supply network, or injected into node i by load in return net-
work. Tl.in is the temperature of M, ;.

3.5 Flowchart of integrated energy flow algorithm

The flowchart in Figure 1 summarizes the steps of the inte-
grated energy flow with proposed VSB model. In the stage 1,
the power generations at virtual slack buses are determined
based on the calculated power sensitivity matrix for adaptive
sharing power among generators. Then, the VSB power flow
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pare the performance of several models in power balancing.
As is shown in Figure 3, the load at each bus increases in turn.

For the SSB and DSB, the active power outputs of electric
generators are regulated based on their assigned participa-
tion factors, which are reported in Table 1. For the proposed
VSB model, the active power values of ECUs are determined
based on the power sensitivities, which are given in Figure 4.

E18 HE,

E22

El E21

E23

Calculate power flow of electric power grid Output energy flow solution at
with egs. (12)-(14) time 7" i
Stage 3: Energy flow in natural

Stage 2: Power flow in electric power grid. oas and heat network.

Figure 1 Flowchart of the united energy flow solution.

is re-established in stage 2, which is used to compensate the
power deviations. Next, if the energy conversion unit violates
its operating limits, node type will be re-defined and power
sensitivities will be updated with the new system conditions.
Then, the calculated energy interaction values of the conver-
sion units are given to heat or gas network to update their
boundary conditions. Finally, the impacts of VSB model on
natural gas and heat network are obtained in stage 3.

In summary, the proposed VSB model based on the power
sensitivity adaptively realizes the power sharing when power
fluctuates. The method combines the advantages of the en-
ergy conversion unit, and balances the power of EPG with
the help of the NGN and DHN.

4 Case studies

In this section, proposed VSB model and its energy flow anal-
ysis will be tested. For the first case study, a 24-bus power
system is utilized to demonstrate the implement and show
the effect of the proposed model. For the second case study,
a much larger system consisting of electric, natural gas and
district heating network is used to show the effects of VSB
model on integrated energy system.

4.1 An illustrative case with VSB model

The effectiveness of VSB model is verified by the simulation
of 24-bus power system [28], as is shown in Figure 2. In this
electric network, five sets of ECUs are located at bus E2, E15,
E16, E18 and E21, respectively, which are defined as virtual
slack buses. A slack generator is located at bus E1 (i.e. single
reference bus). To show the performance of proposed VSB
model, we compare it with two typical methods: 1) single
slack bus (SSB) model in ref. [5]; 2) distributed slack bus
(DSB) model mentioned in refs. [9, 13, 14]. A set of load
changes are presented to simulate power mismatches to com-

@‘}\Renewable energy @ Diesel generator v Load
‘ GPG @Power-to-gas Electric boiler wmm Bus

Figure 2 Schematic diagram of the test system in Sect. 4.1.

~ 127 o9
S o0
S 1of 5 ©
B s 5©
< 0 ©
S o CR
S 4r o
= o}
£ aof o-°
o 0°
o ‘ ‘ | ‘ | | | | | | j
2 4 6 8 10 12 14 16 18 20 22 24
Bus number
Figure 3 The load changes in the 24-bus power system.
Table 1 Participation factors of electric generators
Buses SSB DSB

1 1.0 0.2

2 0.0 0.5

15 0.0 0.2

18 0.0 0.1

z 21
g EB
= 0.8
& apah
Z 0.6
3 16|
g P2G
3 0.4
15}
EB GPG
b 0.2
o GPG
0
2 1516 18 21

Bus number

Figure 4 Power output or input of energy conversion units (MW).
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Figure 4 shows the power sensitivities relationship between
the ECUs and power fluctuations in each bus. The different
value of power sensitivity is represented by the heatmap with
different color, where the highest sensitivity with the amount
of 1 is represented by bright yellow, while zero sensitivity is
represented by white. For instance, the power fluctuations at
bus E2, E15, E18 are controlled by the corresponding ECUs
with the highest sensitivity of 1.

Figure 5 gives the power output of the single slack gener-
ator with different models. For the SSB model (blue bar), all
the participation factors of generators at non-slack buses are
zeros. Thus, the total load and power losses of the power sys-
tem are balanced by the only slack generator. It can be seen
that when the load increases by 12 MW, the generator output
increases from 23.2 to 35.3 MW. The increment of the gener-
ator output power is approximately equal to the increment of
the load. It can also be proved from the outputs of ECUs in
Figure 6(a). All ECUs output constant power and generate or
consume powers regardless of load variations. For the DSB
model (red bar), the active power output of reference bus is
significantly lower than that in SSB model. This is because
the several electric generators work together as slack buses to
balance active power changes. It can be seen from Figure 6(b)
that the GPG? unit connected to bus 2 plays a main regulating
role, which is consistent with the participation factors. How-
ever, due to the constant participation factors, each generator
cannot adjust its active power output flexibly according to
the position and amount of load changes. The GPG? loses its
regulating ability because of the capacity limit when the load
changes increase by 8§ MW, while the other units still operate
at the original participation factor. After that, the power out-
put of reference bus increases because the additional power
changes are still balanced by the single reference bus.

For the VSB model (orange bar), the load changes are
shared together with all ECUs. The power outputs in each
ECU are shown in Figure 6(c). It can be seen that the load

407 T T T

[ SSB model
[ DSB model
[ VSB model

30

20

Power output (MW)

1 2 3 4 5 6 7 8 9 10 11 12
Changes of load (MW)

Figure 5 The power sensitivity relationship between the ECUs (the super-
script is the number of electric bus) and the power fluctuations at different
electric bus.
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changes at bus E2, E15 and E18, are mainly balanced by the
power generation of GPG unit at corresponding buses, which
is consistent with their highest power sensitivities (shown in
Figure 4). The power fluctuations at buses E16 and E21 are
controlled by the corresponding ECUs with lower sensitiv-
ity. This is because the ECUs at the buses reach their oper-
ating limit and do not participate in power regulation there-
after. Hence, the power fluctuations at buses E16 and E21
are compensated by several units. For instance, the power
changes at E16 are mainly balanced by GPG'® and P2G!'®.
Their power sensitivities are represented by yellow (with the
value of 0.8438) and blue (with the value of 0.1522), respec-
tively. Thus, the power output of bus E18 is increased by
6.75 MW and the power input of bus E16 is decreased by
1.22 MW, respectively, as is shown in Figure 6(c). Similarly,
for the buses which are not directly connected with ECU, the
power fluctuations at the buses are compensated by several
units based on the sensitivity.

Therefore, the proposed VSB method is helpful to reduce
the burden of single slack generator. The utilization of ECUs
with power adjustment can effectively address overload and
accommodate more power fluctuations.

4.2 The effect of VSB model on dynamic energy flow re-
sults

In this case, the integrated IEEE 57-bus power system ", Bel-
gian 20-node gas system [29] and a modified 14-node radial
heat network [14] are used, as is shown in Figure 7. The con-
nections between the subnetworks and the ECUs are shown
in Table 2. The CHP unit is installed at bus E1 as the refer-
ence bus, and other ECUs are used as the virtual slack bus.
The conversion efficiency of CHP, P2G and EB are ncyp =
0.895, npag = 0.7, neg = 0.95, respectively. The heat rate
coefficients of GPG units are k,=0.01, kg=4, y=150. Other
considered parameters are as follows: GCV = 40.14 MJ/m?,
pe=0.725 kg/m?, ¢,,=1.266; C,=4182J/kg-K, c=380 m/s, ugy
= 10 m/s, py = 960 kg/m3. The step sizes of NGN and DHN
are At, = Aty, = 30 s, Ax,=500 m, Ax;, = 1000 m.

4.2.1 The effect of using VSB model on energy flow results

To investigate the impact of balancing power with the
VSB model on the total integrated electric-gas-heat system,
stochastic wind power and power demand measured at hourly
intervals are injected into the electric network, as is shown in
Figure 8(a). The data in one week are obtained from En-
erginet.dk, the power transmission system operator in Den-
mark. The stochastic wind power is injected into node E2
and node E9, respectively. The time-series of power demand

1) The standard IEEE 57-bus test system. University of Washington. Available: http://www.ee.washington.edu/research/pstca/, 2022
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Figure 6 Power output of diesel generation (MW).
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Figure 7 Schematic diagram of the test system in Sect. 4.2.

Table 2 Connection of units between the subnetworks in Case 2

H12
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E29
o H14

_)Encrgy
interaction line;

Energy conversion units Electric bus Gas node Heat node

CHP 1 16 10

Gas-fired power generator 3 [§ -
Gas-fired power generator 8 -
Gas-fired power generator 12 15 -
Power-to-gas 33 2 -
Power-to-gas 47 14 -
Electric boiler 29 - 13
Electric boiler 53 - 4

Electric power (p.u.)

Electric power (p.u.)
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Figure 8 The fluctuation of power demand and wind power.

160

is injected into electric network through all load nodes, re-
spectively.

The different energy flow results with VSB and without
VSB model are analyzed from the following aspects: 1) the
active power output of reference bus; 2) voltage profile; 3)
pressure profile; 4) temperature profile.

1) The Active Power Output of Single Reference Bus: Fig-
ure 8(b) shows the active power output of the reference bus.
The case with VSB method reduces the active power supplied
by the reference bus when power demand increases, and has a
maximum 54.3% reduction compared with the result without
VSB method. Furthermore, if the capacity of reference bus
is limited to 8 p.u, the system would overload without with-
out VSB method. But when the power demand decreases, the
output power of reference bus in VSB is generally higher than
that without VSB. This is because when the power demand
fluctuates downward or renewable power fluctuates upward,
the units such as GPG decrease their output, while P2G and
EB increase their consumption based on the power sensitivity
as is shown in Figure 9. In conclusion, the VSB method can
help reduce the burden of reference bus, and has a potential
to decrease the wind curtailment.

2) Voltage Profile: Figure 10 shows the voltage magnitude
and phase angle at the buses which are away from the gener-
ator buses. It can be found that the voltage profile with the
VSB (Figure 10(b) and (d)) is higher than that without VSB
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(Figure 10(a) and (c)). The voltage magnitude and phase an-
gle with VSB model are increased by 0.02 p.u. and 2.24 de-
gree, respectively. Meanwhile, the voltage results with VSB
fluctuate in a smaller range than those without VSB. This is
because, for the results with VSB model, the active power
change in Figure 8 is shared by multiple energy conversion
units. Then, the generation unit at reference bus does not
need to transmit long distance to maintain power balance. It
is also proved by the results of power losses in Figure 11,
that the fluctuation range of power loss from 0.496 to 0.766
p-u. without VSB, is reduced within 0.499-0.717 p.u. with
VSB. This is because in a normal condition, the larger voltage

Energy conversion units

EBZ‘J
P2G*
P2GY D
EBS} ‘
3 8 12 29 33 47 53
Bus number

Figure 9 The power sensitivity relationship between the energy conversion
units (the superscript is the number of electric bus) and the power fluctua-
tions.
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Figure 10  Magnitude of voltage (a) without the VSB, and (b) with the

VSB; phase angle of voltage (c) without the VSB, and (d) with the VSB.
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Figure 11 The power loss in integrated system with VSB versus without
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differences cause the larger current resulting in power losses
[19].

3) Pressure Profile: Just like the voltage is an important
factor for electricity network, the pressure is an important
factor for the safety of gas network. Figure 12 shows the pres-
sure profile at the ends of gas network and coupling nodes. It
can be found that the results without proposed VSB (Figure
12(a)) have a lower pressure profile and a larger fluctuation
range than those of with VSB (Figure 12(b)). This is because
in the model VSB, all the power fluctuations of electric net-
work are balanced by the single CHP installed at node G16 of
gas network, which leads to a larger fluctuation range of flow
demand and pressure at G16. On the contrary, in the model
with VSB, the gas demand at G16 is jointly shared by GPG
units at G3, G6 and G15. Then, the burden of G16 is reduced
and the corresponding pressure fluctuates in a smaller range.
It is worth noting that the maximum pressure difference is
at the terminal of gas network, node G20. The value of the
pressure difference is 13.952 bar at most, which is increased
by 167.4%. The comparison indicates that the use of VSB
method not only reduces the active power output of the refer-
ence bus, but also greatly reduces the burden of gas network
for power balancing, which is more helpful for the reliable
operation for gas network of IES.

4) Temperature Profile: The temperature is a reflection
of the heat network and the coupling units behavior. Fig-
ure 13(a) and (b) shows the nodal supply temperature results
without and with VSB model, respectively. In this simula-
tion, the use of VSB model makes the temperature variation
range of node H4, H13 and their nearby nodes become larger.
According to ref. [27], a higher supply temperature has a
larger heat loss. Hence, the thermal power loss has a larger
fluctuation range in the results with VSB model, as is shown
in Figure 14.

4.2.2 The dynamic process of IES

To demonstrate the effect of the dynamic model on final en-
ergy flow results, two energy flow calculation methods are
compared: 1) the dynamic energy flow calculation in this

P A=)
(==l -

Nodal pressure (bar)
—_ N W
(== -

- G2
——G15 —/ G16 — G20

—G3 T G6 — G14

(=}
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Time (h)

Figure 12 Nodal pressure (a) without the VSB, and (b) with the VSB.
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Figure 14 Thermal power loss of heat network.

paper; 2) traditional steady-state energy flow calculation.
Taking a one hour change of electric load as an example, the
dynamic processes of IES before and after the load change
are analyzed. Table 3 shows the operational state changes
of IES. The detailed partial dynamic process results com-
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parisons between two methods of gas pipelines and heat
pipelines are presented in Figures 15 and 16.

The supply temperature change processes of heat pipelines
connected to CHP node are shown in Figure 15. For the dy-
namic EFC, as the heat power output of CHP units decreases
(shown in column 4 of Table 3), the supply temperature of
H10 decreases at time 1 h (shown in Figure 15(a)). Next, the
supply temperature of H11 at terminal of pipe H10-H11 also
decrease and enter a new steady state at about 1.5 h (shown
in Figure 15(c)). Note that the temperature of H9 (shown
in Figure 15(a)) starts to increase around 1.5 h, as the slack
node HI increases its output in response to the heat power
shortfall of CHP at node H10. Correspondingly, the water
with more heat energy flows from slack node to node H9,
and then, the temperature fluctuation spreads from node H9
to H10 and H11. Finally, the supply temperature of node H10
and H11 increase and reach another new steady state after
about 3.5 h. For the steady-state EFC (shown in Figure 15(b)
and (d)), the results are only represented by several discrete
points to shown the trend. There is no dynamic process, and
all temperature values change at the same time after the net-
work state changes, leading to a lot of dynamic information
missing.

The dynamic gas flow and pressure change processes of
gas pipelines connected to CHP node are compared in Figure
16. The decrease of gas flow consumed by CHP unit at G16
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g3113- §113'
o 2r o 12r
— —
2 111 2 111
= £
éno- g 110
5 109 5109.
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Figure 15 The dynamic process of supply temperature of (a) pipelines 9 and 10, and (c) pipelines 10 and 11. The steady-state supply temperature of (b)

pipelines 9 and 10, and (d) pipelines 10 and 11.
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Table 3 The operating state changes of IES

pload pCHP CHP Fpslack MCHP
Peiod —mw) MWy W) W) (keh)
1o 124.25 40.22 50.28 123.39 1711.8
31 107.45 21.04 26.30 147.36 894.6
(a) ><1O2
Z 58 [ DynamicEFC: Inlet flow of Pipes G15 and G16]|
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Figure 16 (a) The mass flow at the inlet of pipelines; (b) the pressure at
the outlet of pipelines.

causes a difference between the inlet flow and outlet flow of
pipeline 15 and 16. Then, the pressure wave responds firstly,
causing slow decrease of the inlet flow of pipeline 15 and 16.
It can be seen from Figure 16(a), the gas flow reaches a new
steady state about an hour later in the dynamic EFC, while the
inlet flow change is only represented by two discrete points
in the steady-state EFC. The pressure changes sequentially
along pipelines. As is shown in Figure 16(b), the pressure
at node G16 starts to change at 3600 s. Meanwhile, node
G15 and node G14 change at 3660 and 3690 s, respectively.
The results obtained by steady-state EFC are discrete values,
marked with dots to show the trend. This trend is consistent
with dynamic EFC, but there is no dynamic process.

In brief, the dynamic energy flow calculation method con-
siders the state variables over time, while the latter does not.
The dynamic EFC has better characteristics of reflecting both
heat and gas dynamic process, which offers more intact and
comprehensive information for the subsequent optimization
and control of IES.
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5 Conclusions

This paper had proposed the network-based virtual-slack bus
(VSB) model for the electric power grid in integrated en-
ergy system (IES). Based on the power sensitivity analysis
method, the model was implemented by making full use of
the advantage of energy conversion units (ECUs) in adjusting
power to balance power. To implement the proposed VSB
model, the dynamic energy flow analysis had been estab-
lished to realize the system state assessment of IES and stable
operation analysis. Several case studies had been carried out.
With VSB model, the power imbalances caused by changes
of load or renewable were adaptively shared by the ECUs
based on their power sensitivities. Moreover, the burden of
power balancing of single reference bus and the primary en-
ergy side gas network were both reduced, which is helpful to
address the limited capacity problem and accommodate more
power fluctuation. Furthermore, the voltage profile of electric
power grid and pressure profile of gas network are maintained
when the power fluctuate. Therefore, the proposed network-
based VSB method is expected to integrate a high penetration
of renewable energy into electric power grid, especially the
grid operating in coupled mode in the context of dual carbon.
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