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1 | INTRODUCTION
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Abstract

The selection of suitable models and solutions is a fundamental requirement for con-
ducting energy flow analysis in integrated energy systems (IES). However, this task is
challenging due to the vast number of existing models and solutions, making it difficult to
comptrehensively compare scholars' studies with current work. In this paper, we aim to
address this issue by presenting a comprehensive overview of mainstream IES models and
clarifying their relationships, thereby providing guidance for scholars in selecting appro-
priate models. Additionally, we introduce several widely used solvers for solving algebraic
and differential equations, along with their detailed implementations in the energy flow
analysis of IES. Furthermore, we conduct extensive testing and demonstration of these
models and methods in various cases to establish benchmarking datasets. To facilitate
reproducibility, verification and comparisons, we provide open-source access to these
datasets, including system data, analysis settings and implementations of the various
solvers in the mainstream models. Scholars can utilise the provided datasets to reproduce
the results, verify the findings and perform comparative analyses. Moreover, they have the
flexibility to customise these settings according to their specific requirements.
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purposes. Moreover, the high demand for air conditioning
during winter places substantial strain on the secure operation
of the power system (PS). Nonetheless, by effectively managing
the thermal inertia of buildings and heating networks, it is

Driven by escalating energy and environmental concerns,
traditional energy systems are undergoing a transformation,
characterised by increased renewable energy integration,
enhanced energy efficiency and reduced carbon emissions.'
However, most energy systems are currently designed, con-
structed and operated independently, which poses significant
barriers to achieving coordination and exploiting synergies
among them. For instance, the intermittency of renewable
generation often leads to renewable energy curtailment.
Nevertheless, by utilising energy conversion units, surplus
electricity can be efficiently converted into gas or thermal
power, which can then be utilised for gas supply or heating

possible to reduce the electric load during peak periods
without compromising user comfort. Integrated energy sys-
tems (IES) have emerged as a promising solution to address
these challenges, as they facilitate the coordination of multiple
energy flows to enhance energy efficiency and improve oper-
ational flexibility, garnering global attention.” To realise the
aforementioned advantages, accurate and efficient methods for
energy flow analysis including electricity, gas and heat are of
paramount importance.

Formulating appropriate IES models and solving them
under given conditions constitute two fundamental yet
formidable tasks in energy flow analysis. However, these tasks
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present significant challenges. From a physical perspective, the
heterogeneous transport properties of multi-energy flows
introduce multi-timescale dynamics within IES. Although in-
dependent energy subsystems are integrated at specific
coupling units, the bidirectional energy flows give rise to
mutual influences across various timescales, resulting in
exceptionally complex combined analysis. From a mathemat-
ical standpoint, the IES model is described by high-
dimensional partial differential-algebraic equations (PDAEs).
Striking a balance between modelling accuracy and solution
efficiency while ensuring convergence and stability poses a
formidable challenge.’

1.2 | Literature review

In practical applications, the timescales of gas and heating
systems (GS and HS) typically span from tens of minutes to
hours. On the other hand, dynamic processes in the PS, such as
electromagnetic and electromechanical transients, occur within
microseconds to seconds, while static processes generally un-
fold over minutes. As a result, the PS primarily interacts with
the GS and HS on a timescale of minutes. Therefore, the
combined analysis predominantly focuses on the minute-level
timescale and employs the static power flow model. In
contrast, the GS and HS models are classified based on their
respective timescales, giving rise to two types of energy flow
analysis in IES, that is, static analysis and dynamic analysis.
Static energy flow analysis focuses on determining the state
distribution at a single time step. By solving sets of algebraic
equations (AEs) of static GS and HS models, static energy flow
analysis is commonly used for medium- to long-term analysis
like planning or assessment problems and providing initial
values for dynamic analysis. In this regard, different solvers for
AEs were employed for analysis. Reference 4 utilised the
Newton—Raphson (NR) method to calculate energy flows in
heat-electricity IES. Both decoupling and united solutions were
developed to address the problem in IES with different
coupling modes. Reference 5 extended the NR method to
incorporate electricity-heat-gas IES. United solutions were
adopted to solve the nonlinear problem and assess the impact
of bidirectional energy flows. In reference 6, a fixed-point
iteration method was proposed to solve static energy flow in
a distributed manner. Similarly,” implemented a distributed
calculation framework, employing the NR method and hol-
omorphic embedding methods for calculations in different
subsystems. To enhance the efficiency of the decomposed
solution,®”  introduced the topological and component
decoupling methods, respectively, to accelerate the iterative
processes between different subsystems. These methods
improved the efficiency of the decomposed solution.
Dynamic energy flow analysis focuses on capturing the
effects of energy flow dynamics and their interdependencies
across multiple time steps. By solving PDAEs of dynamic GS
and HS models, dynamic energy flow analysis is commonly
used for real-time problems like state estimation, simulation
and economic dispatch. In the literature, references 10 and 11

employed the finite difference method (FDM) for energy flow
optimisation. Specifically, central implicit schemes were used to
discretise dynamic equations in GS and HS, respectively. In
references 12 and 13, the Euler implicit schemes were utilised
for discretisation, incorporating energy flow dynamics to
facilitate renewable energy integration. Reference 14 proposed
a unified formulation for the FDM-based analysis, where the
transfer matrixes of initial and boundary conditions were
derived to avoid the recursion and improve the efficiency. In
reference 15, the method of characteristics (MOC) was
employed to solve PDAEs and a sequential united method was
developed to enhance the robustness and efficiency of the
proposed PDAE solver. In addition to discretisation-based
methods, another type of solver is based on function trans-
formation. These methods transform the original partial dif-
ferential equations (PDEs) into ordinaty differential equations
(ODE?s) in function space. By making certain approximations,
the ODEs in function space are solved and then inverse-
transformed in the time domain. Representative function
transformation methods for dynamic energy flow analysis
include the Fourier transformation, Laplace transformation,
differential transformation, etc. For instance, in references 16
and 17, the Foutier transformation was applied for dynamic
analysis in GS and HS, representing the multi-energy states as
combinations of different sinusoidal components. Reference
18 provides a comprehensive overview of the Fourier-based
energy circuit method in energy management, discussing its
implementation and applications. In references 19 and 20, the
Laplace transformation was adopted to formulate the optimal
energy flow problems in GS and HS. By algebraizing the PDEs
using the Laplacian operator, the energy flow problems were
effectively addressed. The circuit-analogue method based on
the Laplace transformation, along with its applications in low
carbon analysis, is summarised in reference 21. In references 22
and 23, the differential transformation was employed to
reformulate the AEs in PS and the PDAEs in HS, respectively.
This approach enabled the expression of nonlinear equation
sets in IES as recursive equation sets, thereby avoiding the
need for iterations. Contrasting with the aforementioned
studies focusing on energy flow, reference 24 analysed the
exergy distribution in IES and proposed a generalised frame-
work for exergy flow calculation.

Comparative methods for IES analysis are essential for
method verification and performance evaluation. However,
researchers often face challenges in selecting appropriate
benchmarking methods and conducting comprehensive ana-
lyses due to several reasons. Firstly, some simulation settings
are tailored to specific requirements and may not be easily
transferred to other scenarios with similar performance. For
example, the MOC accurately solves PDEs but requires small
time step sizes, making it unsuitable for systems with short
pipelines due to stability constraints.’ Secondly, many research
papers only present selected simulation results for illustration
and comparison, while detailed results are unavailable in the
manuscripts. This can lead to a biased comparison between the
proposed approach and existing methods. Thirdly, the lack of
open-source benchmarking data and simulation settings in
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many research papers makes it challenging to reproduce and
validate the proposed work. Although some studies provide
benchmarking data for IES analysis,” they are primarily
designed for static analysis and the necessary dataset for dy-
namic analysis, such as initial conditions and initial guesses, is
often lacking. To address these challenges, it is crucial for re-
searchers to establish standardised benchmarking datasets and
simulation settings that cover a wide range of IES scenarios.
Open-sourcing such data would facilitate fair and compre-
hensive comparisons between different methods and promote
reproducibility in the field of IES analysis.

1.3 | Contributions and paper organization
To fulfil the mentioned gaps, three targets are raised in this
paper. The first target is introducing different IES models and
comprehensively characterising their correlations. The second
target is to reproduce mainstream solvers for energy flow
analysis in different IESs, thereby providing benchmarking
methods and simulation results for future verification. Finally,
with the benchmarking methods, we comprehensively compare
various IES models to clarify their applicable scope. We aim to
provide scholars with the open-source dataset and method
sheet rather than give preferences to specific models or solvers.
The main contributions of this paper are summarised as
follows.

1. We provide detailed datasets for static and dynamic analysis
of IES, including the system data, simulation settings and
method parameters.

2. We provide the implementation of the benchmarking
methods. A sheet of mainstream methods is comprehen-
sively investigated.

3. We provide a performance comparison of the bench-
marking methods with their detailed simulation results. The
comparison is implemented in several IESs with different
simulation settings.

The remainder of this paper is as follows. Different IES
models are introduced in Section 2. The benchmarking
methods for static and dynamic analysis are given in Sections 3
and 4, respectively. Sections 5 and 6 present the case studies for
model comparisons and methods implementation, respectively.
Section 7 is finalised with a conclusion.

2 | FORMULATION OF IES MODELS

2.1 | Models of PS

At the timescale of minutes during regular operation, the AC
power flow is commonly adopted to describe electric power
flow distribution at buses and branches, as shown below.

Pg;i—Pr; = UZZU}(GU cos 91’]’ + Bl']' sin 91‘]‘) 1,] €O, (l)
]

Qo — Qui=UY _U(Gysin0; — Bj cos 0) i, j€O, (2)
j

pl‘ij = U;U}(Gl] cos 91'/' + Bij sin 91']') - GZ]UlZ Z,] €0, (3)

Ql,ij = l]ll]](GZ] sin (91']‘ - Bl']' cos 91']') + Bz/UZZ l,] €0, (4)

where P and Py are the active power generation and con-
sumption; U and € are the voltage magnitude and phase angle; P;
and Q;are the active and reactive branch power flow; Band X are
the susceptance and reactance; ®, is the bus set in the PS.

2.2 | Models of GS

221 | GS-Modell

Assuming that the gas flow transportation is the isothermal
process and the pipeline inclination is zero, the continuity and
momentum equations and state equations are used to model
the gas flow dynamics, as shown below.

dp  dpv)
5—1— ox =0 (5)
A(pv?) | 0(pv)  Op | AVt
o o Tax oD (6)
p=pc (7)

whete p is the pressure, Pa; p is the density, kg/ m>; v is the
flow velocity, m/s; D is the pipeline diameter, m; g is the
gravity acceleration, m/s’ Ag is the friction factor of the gas
pipeline. The continuity Equation (5) represents mass conset-
vation, where the first and second terms denote mass change
and flux increment. The momentum Equation (6) represents
momentum conservation, where the four terms represent the
momentum increment caused by convection, acceleration,
surface stress and friction resistance. Equation (7) is the ideal
state equation in an isothermal process. Moreover, the density
and flow velocity are linked in the following equation.

q=Svp (8)

whete S is the cross-section area of the pipeline, m? q is the
mass flow rate, kg/s. Replacing p with g, Equations (5) and (6)
can be rewritten as:

op 10q  Aq
+_P+__q g g:
ox Sot 2DSp

o Sax Sa\p ©)

o og 0 (q2>

Besides the distribution along the pipeline, the gas states

should also satisfy the conservation law at the junctions, as
shown below.
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D5 = Pud = 0.0y — KepiePrnao =0 beq)g/e’neq)jg,k (10)

D A=Y 4= dur=0 k€O by, jedy, (11)
z 7

whete ¢, is the node mass flow rate, kg/s; p,4 is the node
pressure, Pa; K, is the compression ratio if node kis a
compressor, else, K & = 1; superscripts 1 and ‘0’ are the
symbols of inlet and outlet variables; @2 ok and @' 1, are the sets
of pipelines ending and starting at node k in the GS; O, is the
node set in the GS.

Since the GS-Modell is too complex for analysis, certain
simplifications should be fitted to the given conditions,
deriving the following four mainstream models.

222 | GS-Model2

Neglecting the convection terms in Equation (9), we have:

2

op coqg_ dp 10q A q*

or Sox ox Sot +ZDSZp

=0 (12)

Meanwhile, Equations (10) and (11) in GS-Model1 remains
unchanged in GS-Model2.

223 | GS-Model3

Further neglecting the acceleration terms of the momentum

equation in (12), GS-Model3 is expressed as:

p AT
a S ax DS

&, co_

=0 (13)

Besides, Equations (10) and (11) in GS-Modell remain
unchanged.

224 | GS-Model4 & 5

The nonlinearity in Equation (12) makes the analysis chal-
lenging. To address this issue, some studies employ methods
such as the average flow velocity to linearise the model, thereby
avoiding convergence and complexity issues while maintaining
certain accuracy. Correspondingly, GS-Model2 and GS-Model3

are linearised as follows.

10q  Aywg
atsa Y Tsa T ops (14)

2
P co_,%P

% o, o
o0 Sox ox 2DS

=0 (15)

whete w is the pre-defined average flow velocity, m/s. Also,
Equations (10) and (11) in GS-Modell remain unchanged in
GS-Model4 and GS-Model5.

225 | GS-Model6

At a larger timescale, the gas flow dynamics turn to be static. In

this condition, Equation (12) can be rewritten into AEs by
neglecting the differential terms regarding t.

d o i
aq:O:}q:constant (P)Z_(p)z_Kng:O

=

dp N A _ _ AL
dx = 2DS%*p ¢ Ds?
(16)

Substituting (10) into (16), all the pipeline pressures in GS-
Model6 can be replaced with node pressures. Therefore,
Equation (16) can be rewritten as follows, while Equation (11)
remains unchanged.

2
4 ndpn —

pfld’k— Koiq: i€ Dy, keO, ,ne®,; (17)

g
where O+- and O
pipeline z in the GS The features of different GS models are
summarised in Table 1.

. are the nodes at the inlet and outlet of

2.3 | Models of HS

The HS is a two-layer system composed of supply and return
networks, wherein the thermal power is carried by the hot
water flow. According to the regulation mode, the HS models
can be categorised into two types. The first type of HS model
corresponds to the quantity regulation mode. Under quantity
regulation mode, the operators adjust the mass flow rate to
satisfy the thermal load, causing the hydraulic and thermal
coupling in the HS model. Another type corresponds to the
quality regulation model. Under this mode, the operators adjust
the water temperature while fixing the mass flow rate.
Consequently, the HS model under quality regulation only
contains thermal parts.

2.3.1 | Hydraulic model

According to reference 26, the pressure and flow changes over
1000 times faster than the temperature variation. The hydraulic
dynamics are considered to be of less significance compared
with the thermal dynamics. Therefore, the hydraulic model is
built in a static form, containing flow continuity equation in
(18), loop pressure equation in (19) and pressure loss equation
in (20).



ZHANG ET AL.

| 5 of 18

TABLE 1 Summary of current integrated energy system models.
Model Formulas Static/dynamic Nonlinear/linear
PS- -4 Static Nonlinear
Model
GS- 9)—(11) Dynamic Nonlinear
Model1
GS- (10)—(12) Dynamic Nonlinear
Model2
GS- (10), (11), (13) Dynamic Nonlinear
Model3
GS- (10}, (11), (14) Dynamic Linear
Model4
GS- (10, (11), (15) Dynamic Linear
Models
GS- (11), (17) Static Nonlinear
Model6
HS- (18)—(24) Dynamic Nonlinear
Model1
HS- (18)—(20), Static Linear in quality
Model2 (22)—(24), (25) regulation; nonlinear in
. quantity regulation
HS- (18)—(20), Dynamic
Model3 (22)-(24), (26)
HS- (18)—(20), Dynamic
Modeld (22)-24), (27)
Am=m,, (18)
BAp=0 (19)
Ap; = K/7imi|mi| 1€ Dy (20)

where A is the node-branch incidence matrix, a; = 1/-1 if
node 7 locates the inlet/outlet of pipeline j, else, ;; = 0; m is
the vector of pipeline mass flow rate in the HS, kg/s; m,,, is
the vector of node mass flow rate in the HS, kg/s; B is the
loop-branch incidence matrix, bi]- = 1/—1 if the loop ¢ has the
same/reverse ditection as pipeline j, else, bij = 0; Kris the
lumped pipeline resistance coefficient; Ap is the vector of
pipeline pressure drop; @y, is the set of pipelines in the HS.

232 | HS-Modell

Besides the hydraulic model, the thermal model is another part
of the HS model. Firstly, the pipeline temperature should
satisfy the energy conservation law. Neglecting the fluid heat
conduction, the corresponding equation is expressed as:

oT oT v

2 Y T o,

T=0 (21)

where T is the pipe temperature that takes ambient tempera-
ture as the reference, °C; C,, is the water specific heat capacity,

J/ (kg - °C); Ay is the pipeline thermal resistance. The terms on
the left side of Equation (21) represent the temperature
variation of an infinitesimal element caused by the inner
energy change, transverse heat input and radial heat loss,
respectively.

Secondly, the hot water flow mixing at the nodes should
also satisfy the energy conservation law, thereby deriving the
following temperature mixing equation.

Tnd’kZmb = Zm]T]O ke @;7, be q)ib,/e’j (S (DZJe (22)
b ]

where @y, is the set of nodes in the HS; @}, and CDi}Lk are the
sets of pipelines ending and starting at node & in the HS; 7,4 is
the node temperature.

Thirdly, the node and pipeline inlet temperatures should
satisfy the continuity equation, as shown below.

T; = Tnd,k ke ®h7j S CDZ‘k (23)

Fourthly, the supply and return temperatures are linked in
Equation (24), which describes the thermal power at nodes.

¢; = Comyg, (Tizd,i - ;d,i) ke o, (24)

whete T, and T, are the node supply and return tempera-
tures, respectively; ¢ is the thermal power.

233 | HS-Model2

Neglecting the temperature variation regarding ¢, Equation (21)
can be simplified as:

dT T

5+Cmﬂb:0=>T°:Tieﬁ% (25)

whete L is the pipeline length, m. Similarly, the other equations
in HS-Model2 are the same as those in HS-Modell.

2.3.4 | HS-Model3

Different from the above models detiving from the PDE, HS-
Model3 directly models the time delay and thermal loss in the
HS and is called lumped model,*® as shown below.

To _ Ti T’flih o L
t t_élpe 5117 -

VAL (26)

where At is the time step size, &y, is the pipeline time delay in
HS-Model3. Meanwhile, hydraulic equations, temperature
mixing equation, temperature continuity equation and thermal
power equation of HS-Model2 are the same as those in HS-
Model1.
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235 | HS-Model4

Another technique to model HS is the node method, which is
defined as HS-Model4. In HS-Model4, the mass flow along the
pipeline is discretised into multiple blocks. Then, the outlet
temperature is computed by averaging the historical inlet
temperature with certain loss coefficients. The typical formula

of HS-Model4 is expressed as:

) =&, i
Ty =Knny . T (27)

where Knyy is the transfer coefficient; &1, and &, are the labels
of time delay in HS-Model4. The formulas of Knyy, y1, and yo,
are given in reference 20.

Except for Equations (27), (18)—(20) and (23), (24) in HS-
Model4 are the same as those in HS-Modell. The features of
different HS models are summarised in Table 1.

2.4 | Models of coupling units

The coupling units in IESs contain the energy conversion and
cogeneration device. Typical cogeneration devices include the
back-pressure and extraction combined heat and power (CHP)
units, whose models are listed below.

¢bp = ”bppbp (28)

o ¢ec - d)ec,lmse

29
Pec,base - Pec ( )

nec

where subscripts ‘bp’ and ‘ec’ are the symbols of back pressure
and extraction CHP units; 7 is the thermal-electric coefficient;
Prase and P, are the rated thermal and electric power output
of the extraction CHP units.

Typical energy conversion devices include the electric
boilers (EB), heat pumps (HP), gas turbines (GT) and power to
gas (P2G) facilities. The EB and HP consume the electric
power to generate thermal power, whose models are:

bepy = NepPebs (/)hp = nbpphp (30)

where subscripts ‘b’ and *hp’ are the symbols of EB and HP;
Nep and 1, are the efficiencies of EB and HP. The GT con-
sumes gas flow to generate electric power, while the P2G
transforms the abundant electric power to generate gas flow.
Their models are:

MpePrg
Pgt = ngzqgtbga Apg = pi (31)
&

where subscripts ‘gz’ and pg’ are the symbols of GT and P2G,
respectively; 75, and 77, are the efficiencies of GT and P2G; bg
is the calorific value of gas.

3 | BENCHMARKING METHODS FOR
ENERGY FLOW ANALYSIS

According to Table 1, dynamics and nonlinearity are two main
features when utilising the IES model for analysis. A common
method to handle these problems is to algebraise PDEs and
then solve the obtained AEs jointly.

3.1 | Solutions for PDEs

This section selects the FDM with the Euler implicit scheme
(M1), FDM with central implicit scheme (M2) and MOC as the
benchmarking PDE solvers. The selection of these methods is
based on the following criteria:

1. Applicability: The three methods are highly applicable
and suitable for both linear and nonlinear cases, making
them versatile choices for solving a wide range of PDE
problems.

2. Incorporation of initial and boundary conditions: All three
methods can explicitly incorporate the initial and boundary
conditions of the PDEs under consideration. This ensures
that the solvers can accurately capture the behaviour of the
system at the initial time and along the boundaries.

3. Uniform format: The formats of simulation settings in the
three methods are the same. This uniformity allows for
establishing comparative trials in a more convincing
manner, as it simplifies the process of evaluating and
comparing the performance of the different solvers.

For simplification, the PDEs in Section 3 are summarised
into the following united form.

%4 6,28~ Ky (u) (32)
ox TRy TR

where u is the vector of state variables to be solved in the
PDEs; K|—Kj ate the constant coefficient matrixes; y(u) is the
function of u.

3.1.1 | Finite difference method

The main steps of FDM are as follows.
1. Grid division. The solution domain is divided into a series

of discrete points to form a grid. Uniform grids are usually
used, as shown below.

— Ax=— (33)

where Ax is the space step size; N, and N, are the numbers
of the space and time steps; I' is the length of the time
period.
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2. Difference approximation. At discrete points, the de-
rivatives are approximated with certain difference quotients.
In M1, the backward difference quotient is used for
approximation, as shown below.

» - .
aulz‘ﬂ ~ U]i+1 - ";H
ot At
+1 +1 +1 ;
aUIiHEUZ‘H_UZ 0<i<N; (34)
ox Ax 0<i<N,
U;‘+1 _ Ui+1
Y\ Ui ) =¥ Uiy

In M2, the central difference quotient is used for approxi-
mation, as shown below.

i+0.5 41 41 1 ]
augt-o.s ~ U]z + u;+21A_t u]z - U]i+1 0<i<N,
outs 4+ d! - — ! .
az;:().; ~ 1+1 er2le 3 1 0<]£]\[z
ooy )y () +y () v ()
y(uis) =
1+0.5 4
(35)

3. Form a difference equation set. Replace the derivatives in
the PDE with the approximations. Then, the PDE is dis-
cretised into a system of AEs.

4. Solve the AE set. Combining with the initial and boundary
conditions, the numerical solution is obtained by solving the
AE sets.

3.1.2 | Method of characteristics

The main steps of MOC are as follows.”’

1. Determine and solve the characteristic equation. This is
obtained by constructing total differentiation of w.

du dxou Ou

au __+_ dx_K1
dt ~ dr ox o

- = 36

dt K, (36)

2. Transform the PDE into ODE along the characteristic line.
Substituting the characteristic equation with the original
PDE, the ODE along the characteristic line is then
obtained.

dUﬁKy, dx K

E*KZY("% &K (37)

3. Solve the ODEs along the characteristic line. The ODEs
are solved along each characteristic line to obtain the
solution.

4. Reconstruct the solution. Finally, the solutions along the
characteristic cutves are combined to teconstruct the so-
lution in the original domain.

3.2 | Solutions for AEs

After algebraizing the PDEs, only AEs remain unsolved in
energy flow analysis, as shown in Equation (38).

F(u)=0 (38)

where fis the AE set of IES models in Table 1.

A typical solver for nonlinear AE sets is the NR method.
The corresponding iterative equation, unbalanced vector and
convergence condition of the NR method are as follows.

Au® — ( ﬂk))‘l AF®)

u® ) = Ap® + Au®
‘Au(k)‘ <e

(39)

where superscript (k) is the number of iterations; € is the
convergence limit; J is the Jacobian matrix of the AE set; Au
and Af are the unbalanced vectors of the state vatiables and
equations.

As for the linear AE set, the solution can be directly ob-
tained using matrix inversion, as shown below.

u=J'f (40)

4 | METHOD IMPLEMENTATION IN
STATIC ANALYSIS

4.1 | Analysis in PS

It is assumed that there are N, buses in the PS, including N
PQ buses, N, PV buses and one slack bus. In this condition,
N, — 1 phase angle and N, voltage magnitude are to be solved.
Cotrespondingly, N, — 1 set of (1) can be built for active powet
balance at PV and PQ buses, N,; set of (2) can be built for
reactive power balance at PQ buses. Since the numbers of
variables and equations are the same, the closure of the
equation set in the PS is guaranteed. Substituting the PS model
into (39), we have:

u=[U 0] f=[fa f] (41)

5 _[ofsou ofi/o0
<~ |ofa/oU of,/ 08
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whete Uis the vector of voltage magnitude of PQ buses; 0 is
the vector of phase angle of PV and PQ buses; £ is the active
power balance equation at PV and PQ buses; £ is the reactive
power balance equation at PQ bus. The detailed expressions of
J. can be found in reference 15.

4.2 | Analysis in GS

Static analysis in GS refers to the utilisation of GS-Modelé.
Similar to the PS analysis, the nodes in the GS are classified
into two types according to the known and unknown variables.
As shown in Table 2, the first type corresponds to the gas
sources with known pressures, the second type corresponds to
the gas loads with known mass flow rates.

Assuming that there are Ny nodes and Nj,; pipelines in the
GS, the variable distribution is presented in Figure 1 including
Ng node pressures, N, node mass flow rates and 2N pipeline
mass flow rates. Correspondingly, N, set of (11) for mass
conservation at nodes (defined as fg;) and Ny, set of (16) for
pipeline equations (defined as f) can be built. To ensure the
closure, Np; boundary conditions are needed, as shown in
Equation (43) (defined as fz).

=0 .
{p"d” Pepi = @;’,] e @éd (43)

Indj = Pgqj =0

where ®7 and ® are the sets of source and load nodes in the
GS, ¢y and @y, are the boundary conditions of node pressures
and mass flow rates.

With these settings, the expressions of (39) in static gas
flow analysis are as follows.

U= [P G Gl hi=[fa fo f]  (44)
0 A -1

TABLE 2 Node variable distribution in gas system.

Node type Known variables Unknown variables
Source node DPnd Gnd
Load node Gnd Pnd
i
q
P
mass flow
rate
4nd DPnd
FIGURE 1 \Variable distribution in the gas system.

4.3 | Analysis in HS

Static analysis in HS refers to the utilisation of HS-Model3 and
is further characterised by regulation mode. It is assumed that
there are N, nodes, Np, pipelines and N; loops in the HS,
including Nj; source nodes, Ny, intermediate nodes and Nj3

load nodes (N, = Nj; + Npp + Nps).

43.1 | Quality regulation

The vatiables in quality-regulated HSs contain Nj, node ther-
mal powet, 2N}, node supply and return temperatures, 2Ny,
pipeline inlet and outlet temperatures in the supply network
and 2Ny, pipeline inlet and outlet temperatutes in the return
network. The variable distribution in the HS is shown in
Figure 2. Similarly, the nodes in quality-regulated HS are
classified into three types for clarification, as shown in Table 3.
Types I and II correspond to the source nodes for power and
temperature regulation, respectively. Type III corresponds to
the load and intermediate nodes.

Accordingly, Nj, + Ny, sets of (22) can be built for energy
conservation at nodes (defined as fy), including Np; + Np,
sets in the supply network and Nj, + Nj; sets in the return
network. 2Np, set of (23) (defined as £;5) and 2Ny, sets of (206)
(defined as fj,3) can be built for pipeline temperature. Nj — Nj,
sets of (24) can be built for thermal power at source and load
nodes (defined as f3,4). Thus, Nj, sets of boundatry conditions
(defined as f,5) are needed as follows, where @21 is the set of
Type 1 nodes in the HS, @,7 and @), are the boundary con-
ditions of node supply temperature and thermal power.

Thyi=®pr; =0 i€ ®ff
S )
Gudj = Prp; =0 JEO,jE B,

In the energy flow analysis of the HS, two methods are
developed, including the united method and decoupling
method. The former constructs a high-dimensional equation
set and solves all the equations together. The latter solves the
equations in supply and return networks separately and con-
verges through iteration. In the united methods, the elements
in Equation (40) are shown below.

n

{ u), = [ T* nrd Ti,s TS Ti.r T ¢]T (47)
f,=1f fis fis fu fis]'

5
T, nd

i J'.g Mya, ¢
2T,/

mass flow rate

supply pipeline
—_— return pipeline

FIGURE 2 Variable distribution in the heating system.
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TABLE 3 Node variable distribution in quality-regulated heating
system.
Node type Known variables Unknown variables
Type 1 T T ¢
Type 11 ¢ Tops T
Type 111 ) T Ty
[ of; of, of; of, T
oT:, T/, oT ETR
ofi O O Of .
oT:, 0TI, OT" oT™
of; of; of; of,
J,= 0 0 19? h3 b% h3 0
aTx,s aTo,s aTm' aTo,r
of; of, of;
Mo 0 0 0o =2
0 nd 0 nd op
Ofjs of;
LR 0 0 0 0 ==
LOT,y op |
(48)

where Jj is the Jacobian matrix in the HS.
The decoupling method in the HS analysis involves the
following detailed steps, as summarised in Figure 3a.

1. Initialise the supply temperatures of Type II nodes as T;jmz.

2. Solve the equations in the supply network and obtain all the
node supply temperatures.

3. Solve the return temperature of the load nodes and then
obtain all the node return temperatures.

4. With the return temperature in Step (3), obtain the calcu—
lated supply temperature of the Type II node as TS scale

5. If TS M and TS scale satisfy (49), the procedute ends else
turn to Step (6).

s, init s,calc R
max| 5" =T | <€ J€

Fige;  (49)
where @7 is the set of the source nodes in the HS.

6. Set Tzdm © as the initialised supply temperatures of Type 11
nodes. Return to Step (2).

4.3.2 | Quantity regulation

Under quantity regulation, the HS model is nonlinear and (39)
is used. In this mode, the nodes are classified into four types, as
shown in Table 4. Types I and II correspond to the source
nodes for power and temperature regulation, respectively.
Types 111 and IV correspond to the intermediate and load
nodes, respectively.

Initialize the supply temperature of Type II
nodes as 7,,;"""

\ Solve all the 7,,;'

l Solve the return temperature of load nodes l

l

l Solve all the T,/

Solve the supply temperature of Type 1T
nodes as T,,i"""

’ Initialize the return temperatures of ‘
init

Type II nodes as T,/

l

Initialize the supply temperatures of
Type IV nodes as 7,,;"""

|

Obtain m, at Type II nodes and Type
IV nodes

!

Solve fis and obtain all the pipeline
mass flow rate m

|

Obtain T,;"““ at Type IV nodes and
T,/ at Type II nodes

(a)

FIGURE 3 Static energy flow analysis in the HS using decoupling
method. (a) Energy flow analysis in the quality-regulated HS; (b) energy
flow analysis in the quantity-regulated HS. HS, heating system.

TABLE 4 Node variable distribution in quantity-regulated heating
system.

Node type Known variables Unknown vatriables
Type 1 T T ¢

Type 11 ¢, T Mg, Try

Type 11 b, Mna Lo T

Type IV o, YZd Mod, YZd

Despite 3N}, + 4N, variables mentioned in Section 4.3.1,
extra Nj, + Ny, vatiables are added in the quantity-regulated
HS, including Nj, node mass flow rate and Nj, pipeline mass
flow rate. Besides f;,; — fy4, N, sets of (18) can be built for
mass conservation and Ny sets of (19) can be built for pressure
balance (defined as fj). Since Ny = N — 1 + Njaccording to
graph theoty, 2N, — 1 sets of boundary conditions are addi-
tionally needed. Therefore, the boundary condition f;5 in
quantity-regulated HS is modified as:

5 .
7:'ld,i - (pr,i = O e @Z

Graj— Prpj =0 JEO, & O] (50)
Myqp =0 X< @Zu

Toap—Pprs=0 b€ ek

na,

where G)mt and @é}d are the sets of the intermediate and load
nodes in the HS, respectively.
Accordingly, the united method for quantity-regulated HSs

differs from for quality-regulated HSs in two aspects. First, m
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and m,,; will be added into uy,. Second, f;5 in reference (50)
and f;¢ will be used to modify Jj. Therefore, the decoupling
method for quantity-regulated HSs are modified below, as
summarised in Figure 3b.

1. Initialise the return temperatures of Type II nodes as T”m[

and the supply temperatures of Type IV nodes as Tz;m .

2. Obtain m,,, at Type II nodes and Type IV nodes using (24).
Solve fs and obtain all the pipeline mass flow rate m.

bl

4. Solve the equations in the supply network and obtain T;flc
at Type IV nodes. Solve the equations in the return network
and obtain TZ;TZZC at Type II nodes.

5. 1F T, T Tl and TS satisfy (51), the pro-
cedure ends; else turn to Step (6).

s,calc s, init . Id
T = T 1€ 0,
max r.calc init | <€ ] (51)
) 7 @O @S
Tnd.j ndj JEO,,]EO,

6. Set TZL;,C“ZC as the initialised return temperatures of Type II
nodes and T;{’;ﬂlc as the initialised supply temperatures of

Type IV nodes. Return to Step (2).

4.4 | Analysis in IES

In an IES, the boundary conditions within a subsystem are
influenced by other subsystems to some extent. In such cases, a
combined analysis is necessary. The framework for IES anal-

ysis can be categorised into two types: independent and
combined frameworks.

44.1 | Independent framework

In this paper, the independent framework refers to an
approach wherein subsystems exchange information only once,
without iteration or modification. Each subsystem is solved
separately, avoiding the need to solve the high-dimensional IES
model. This framework is primarily suitable for unidirectionally
coupled IES or bidirectional weakly coupled IES, where the

coupling units do not participate in power regulation. This
configuration is depicted in Figure 4a,b.

442 | Combined framework

The combined framework in this paper refers to an approach
where subsystems share partial or complete information and
an iterative and modification process takes place between
them. This framework is primarily suitable for bidirectional
intensively coupled IES, where the coupling unit functions as a
slack node to participate in power regulation. This configura-
tion is depicted in Figure 4c.

Subsystem A
o

Subsystem B

Coupling o

units

—> Information exchange
(2)

Subsystem A Subsystem B
o »0

Coupling
Typell | units
node/PV bus® <€ °

—> Information exchange

(b)

Subsystem A Subsystem B
o

»O

Coupling

units
Slack node O < ]

—> Information exchange
(©

FIGURE 4 Typical structure of IES. (a) Unidirectionally coupled IES;
(b) bidirectional weakly coupled IES; (c) bidirectional intensively coupled
IES. IES, integrated energy system.

The combined framework with partial information
sharing is known as the decoupling method. It solves indi-
vidual models of each subsystem and the solutions are
iteratively adjusted at the coupling units to achieve global
convergence. The decoupling method has the following
characteristics:

1. It avoids solving the high-dimensional IES model by
solving subsystem models separately.

2. Information exchange occurs only at the coupling units,
ensuring privacy protection.

3. Developing a universal iteration strategy can be challenging
due to different coupling relationships.

4. Iterations between subsystems require significant compu-
tational burden and may lead to divergence.

The combined framework with complete information
sharing is known as the united method. It combines all the
equations and formulates a high-dimensional Jacobian matrix
for problem solving, as shown below.

Je 0 0 af;/@uc
_ 0 Je 0 ot/ 0 u, 52)
Jo=| o o s ofjou| |
of/ou, ofjou, 0f/ou, Ofj0u.

where £ is the vector of equations at coupling units, J, is the
united Jacobian matrix in static analysis.

The typical framework of the united method is shown in
Figure 3b. It has the following characteristics:

1. It solves a high-dimensional equation set and requires sig-
nificant computational cost and storage capacity.

2. It can effectively mitigate the issue of alternating errors.

3. It trequites complete information sharing and is not
conducive to privacy protection among multiple entities.
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5 | METHOD IMPLEMENTATION IN
DYNAMIC ANALYSIS

In this section, dynamic GS and HS models from Table 1 are
utilised for analysis, introducing two differences compared to
static analysis. Firstly, the states at different time steps are
interrelated, requiring a sequential analysis. Secondly, the
algebraic pipeline models in the GS and HS are replaced with
PDEs, which may introduce discrete pipeline variables into the
analysis.

5.1 | Analysis in GS

According to Table 1, the mainstream dynamic GS models are
described by PDAEs. Thus, the methods described in Sec-
tion 3.1 are initially required to discretise the pipeline equa-
tions, introducing 2(N, + 1) vatiables for each pipeline. In this
condition, the variables in the GS include Ny node pressures,
N, node mass flow rates, Y (N, + 1) pipeline mass flow rates
and Y.(N, + 1) pipeline pressures.

Correspondingly, 2N; 4+ 23 (N, + 1) equations can be
built to ensure the closure. Besides fp; and fg3, 2N, pressure
continuity equations in (10) can be formulated to relate pipe-
line and node pressures (defined as f), YN, algebraic con-
(defined as fpg) and YN, algebraic
momentum equations (defined as fg;) can be formulated to
discretise pipeline equations. Taking GS-Model2 as an example,

feo1 and £, formulated by M1-M3 are given as follows.

tinuity equations

M1: FDM with Euler implicit scheme

+1 i +1
i+1_17/i+1+_ z+1 q7 -0
At S Ax
+1 j+1 '
z+1 -7 i+1_q]i+1_’_/lcz< ’“) -0 (53)
2 j+1
Ax SAt 2DS*pl1
0<i<N,—-1, 0<j<N -1

M2: FDM with central implicit scheme

- - . . . .
plz'+ + ii1_17/z'+1_p/z'+f i+l+ z+1 617 CI/Jr -0
At S Ax
. - . - . . .
P/i+1+ ii1_p/z'_17;+ +ql+ + z+1 q;'+1_q;
Ax SAr
1\ 2 1\ 2 \ 2 N
N A (q/er) +( i+1) +(q7z) +<q/i+l>
2 1 +1 ; ; -
oS\ T AN A A
0<i<N,—-1, 0<j<N -1
(54)

M3: MOC

p/ ]7/1 4 (dﬂ q§_1> AgCZAx (ql +q; 1) o

2
4DS§ p@“ + P/i— .

1<i<N,0<j<N -1
(55)

(q]+1 q]zl-&-l) ﬂgczAx (q]lﬂ + q],+1)2 —0

p]z:+1 _péH 2 1
4DS” Pl

0<i<N,—1,0<<N -1
(56)

With the above equations, dynamic energy flow analysis in the
GS can be performed. For linear scenarios with GS-Model4 or
GS-Model5, Equation (40) is employed. The corresponding
vectors and matrixes are as given in Equations (57) and (58). It
should be noted that the expressions of Ofy1/0p, Ofp1/0q,
Okyp2/0p, Ofy55/0q are determined by the PDE solver and not
listed in this paper.

W=[Py Gu P 9]

(57)
fo=[fa fon fo fy fu]'
0 ot /oq 0 -1
6fg21/6p 8fg21/8q 0 0
]g = 8§22/6p afgzz/aq 0 0
0 0 Ol /0P,y Of3 /0G4
Ofy/Op 0 Ofes /0Py 0
(58)

For nonlinear scenarios with GS-Modell, GS-Model2 and GS-
Model3, Equation (39) is employed for analysis. Meanwhile,
U, £y, J, in Equations (57) and (58) remain unchanged.

5.2 | Analysis in HS

52.1 | Quality regulation
Among various dynamic HS models, HS-Model1 is described
by PDAREs, whereas HS-Model3 and HS-Model4 are described
by AEs. When utilising HS-Model3 or HS-Model4, the distri-
bution of variables and equations remains the same as that in
static analysis and the methods in static analysis in Section 3.3.1
are also suitable for dynamic analysis. The only difference is
replacing (25) with (26) ot (27) to formulate f3.

As for utilising HS-Modell, the methods in Section 3.3.1
are still effective. The only difference is caused by the
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discretisation of pipeline equations in PDE form, thereby
affecting the distribution of variables and equations. In such
cases, (25) is replaced with (59) or (60) ot (61) to formulate £,
as shown below.

M1: FDM with Euler implicit scheme

- » .
T]i+1 =M T]i ) T]i+1 7= Cyml,
rvlAt .
= 0<i<N,—1
rAx 4+ rvAt + vAtAx
(59)
0<j<N -1
B rAx
2= rAx 4+ rvAt + vAtAx
M2: FDM with central implicit scheme
+1 j +1 i
T/i+1 =K T]i + I'LZT]i + ”3T/z‘+1
2rAx + 2rvAt — vAtAx .
M]:r + 2rv. v 0<i<N.—1
2rAx + 2rvAt + vAtAx
(60)
—2rAx + 2rvAt — vAtAx
Ry = <] < M -1
2rAx + 2rvAt + vAtAx
_ 2rAx — 2rvAt — vAtAx
s = 2rAx + 2rvAt + vAtAx
M3: MOC
T f A 0<j<N—1
Accordingly, (47) and (48) are modified as:
r r » 1T
w,= [T,y T,y T° T T,] (62)
f,=[fy fin fis B fis]"
[0f,, /0TS, 06, /0T, 0f, /0T o, /oT" 0
0F, /0TS, 0f,)0T", 0f,/0T" 0f,/0T" 0
J,= 0 0 06, /0T 0f,/0T" 0
01y /0T,y 0fy/0 Ty, 0 0 Ofy /0 ¢
| 06,5 /0T, 0 0 0 of5 /0 |
(63)

Also, the decoupling method for dynamic energy flow
analysis in quality-regulated HSs is accordingly modified, as
shown in Figure 5a.

Set /=0 and perform static analysis

Initialize the supply temperature

«««««

Set r=t+At and
N |update initial guess

Solve the supply temperature of
Type Il nodes as T,,;*““*

Set =0 and perform static analysis

I

Initialize the return temperatures of
,,,,,, it

Type II nodes as T,/

l

Initialize the supply temperatures of]|
Type IV nodes as 7,;*""

l

Obtain m,, at Type II nodes and
Type IV nodes

Set t=t+At and
N update initial
guess

Solve fjs and obtain all the pipeline
mass flow rate m

l

Obtain 7,/ at Type IV nodes
and 7,/“"" at Type Il nodes

(b)

FIGURE 5 Dynamic energy flow analysis in the HS using decoupling
method. (a) Energy flow analysis in the quality-regulated HS; (b) energy
flow analysis in the quantity-regulated HS. HS, heating system.

522 | Quantity regulation

In the context of quantity-regulated HS, the methods for static
analysis are similar to dynamic analysis with a few differences.
These differences can be summarised as follows.

1. Pipeline equations. The static pipeline equation in HS-
Model2 is replaced with those in the dynamic models.
Correspondingly, up, f;3 and Jj, are modified according to
the used model.

2. Updating the initial guess at each time step. In dynamic
analysis, the initial guess for the nonlinear problem needs to
be updated at each time step. There are two common
methods to determine the initial guess for dynamic analysis.
The first method involves performing a static analysis at
each time step and the obtained results are used as the initial
guess for the dynamic analysis. The second method uses the
results of the static analysis as the initial guess for the dy-
namic analysis at £ = 0 and then the results of the dynamic
analysis at time ¢ are used as the initial guess at t = ¢ + 1.

With these differences, the decoupling method and united
method can be adjusted accordingly. Regarding the decoupling
method, the detailed steps are modified as follows and the
procedure is summarised in Figure 5b.

1. Set t = 0 and perform the static analysis.
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2. The results in Step (1) are used as initial guesses for dy-
namic analysis at ¢t = 0.

Obtain m,, of Type II nodes and Type IV nodes at t.
Solve fjs and obtain all the pipeline mass flow rate m at t.

. . . s.calc
5. Solve the equations in the supply network and obtain T,

H

at Type IV nodes at £. Solve the equations in the return
network and obtain TZ’dCHIC at Type II nodes at t.

6. If TO0, T, T:l’;”lc and T;’fflc satisfy (51), turn to Step
(7); else turn to Step (6).

7. Set T;’;’[C as the initialised return temperatures of Type II
nodes and T;’f;lc as the initialised supply temperatures of
Type IV nodes. Return to Step (3).

8. If t > T, the procedure ends. Else, set t = t + At and the

results of Step (4) as the initial guess at ¢, return to Step (3).

5.2.3 | Analysis in IES

Likewise, the frameworks in Section 4.4 also apply to dynamic
energy flow analysis. The differences lie that the static models
of HS and GS should be replaced with the dynamic models in
the framework, along with the corresponding solutions. The
comparisons between the static and dynamic analysis in IESs
are illustrated in Figure 6.

6 | CASE STUDY-MODEL
ILLUSTRATIONS AND METHOD
IMPLEMENTATIONS

This section presents a comprehensive comparison between
vatious IES models. As the PS model is relatively mature in
IES, the compatison mainly focuses on the GS and HS models.

Static PS, HS,
GS models

Input boundary

l—ﬂ Independent/combined framework l

Output u,, ug, uj, u,

(a)

Static PS model,
dynamic GS and

HS models Input boundary conditions at ¢
l—b{ Independent/combined framework ]

Output u,, g, uy, ucatt

Set r=t+At and
update initial guess

FIGURE 6 Energy flow analysis in IESs. (a) Static energy flow analysis
in IESs; (b) dynamic energy flow analysis in IESs. I1ESs, integrated energy

systems.

Opverall, six widely-used cases are investigated in different
scenarios, including 3 HSs and 3 GSs. All the case data (system
topology, simulation settings, initial guesses, detailed results,
etc.) are open-source for reproducing and further utilisation.

6.1 | Comparisons of GS models

In this section, three cases are presented, including a 11-node
GS, a 27-node GS and a 133-node GS, as shown in Figure 7.
Case 1 and Case 3 are collected from GasLib.*® Case 2 is
modified from reference 10. The data of three cases are
summarised in reference 29. We would like to emphasise that
each model has its corresponding applicable scenarios. This
case study aims to showcase the simulation results of different
methods and guide their implementation for scholars, rather
than highlighting the comparison between different models. To
illustrate the comparisons more convincingly, M2 is firstly used
to solve dynamic GS models considering its applicability.
Specifically, @ in GS-Model4 and GS-Model5 is calculated ac-
cording to the methods in reference 3. GS-Model6 is solved
with NR method in Equation (39). The three GSs operate with
constant pressure boundaries. The number of time steps is 720.
The simulation step sizes are shown in Table 4. € is 1077 in
both static and dynamic analysis.

6.1.1 | Case 1: 11-node GS

The more detailed simulation settings and results are open-
source in reference 30. The results are summarised in the
Casel-Result file M2-GS document, including node variables
and pipeline variables at each time step. The initial guesses at

M Source node
® Load node

{274 Compressor

| Source node
® Load node
£ Compressor

M Source node
® Load node

©

FIGURE 7 Test cases of gas systems. (a) GS-Case 1; (b) GS-Case 2;
(c) GS-Case 3. GS, gas system.
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each time step ate provided in the Casel-Settings file. Some of
the Jacobian matrixes J, during the iterative process are pro-
vided in the Casel-Matrix file for references. Specifically, J, in
GS-Model4 and GS-Model5 is constant, while that in the other
models vary at each time step.

Figure 8a—d depicts some of the simulation results. Based
on the simulations, it can be observed that neglecting the
convection and acceleration terms has a negligible impact on
the simulation results in the given scenario. However,
neglecting the nonlinearity and dynamics of gas flow leads to
significant differences. In static models, the simulation results
are independent of At and are solely determined by the
boundary conditions. In this case, the results of static models
reflect the stable states of the variations and keep the same
stepped trajectory as boundary conditions. Nevertheless, these
simplifications contribute to improving efficiency, as they
reduce the dimension of J, in GS-Model6 and eliminate the
need for matrix inversion in GS-Model4 and GS-Model5.

6.1.2 | Case 2: 27-node GS

The detailed results and settings in Case 2 are summarised in
the same manner and provided in the Case2-related files in
reference 30. The performance comparisons in Case 2 are
similar to those in Case 1. The difference is that the dimension
of pipeline variables in Case 2 is much larger than that in Case
1, making the complexity comparison between dynamic and

static models more distinct. Some of the simulation results are
presented in Figure 9.

[—Gs-Modell — GS-Modeld
GS-Model2 —— GS-Modeld —— Gt

0 6 18

12
t(h)

0 6 12 18 2%
1(h)

(©) (d)

FIGURE 8 Results in GS-Case 1. (2) gna1; 0) Prdits (©) Gnazs
(d) number of iterations. GS, gas system.

A
GS-Model3 -~~~ G
GS-Modeld ——GS-Mo

GS-Model3 -~ G
GS-Modeld ——G?

Ll

8 24

ENRNNNNE

(d)

FIGURE 9 Results in GS-Case 2. (3) gnd1; (b) prd27 (©) Gnd2os
(d) number of iterations. GS, gas system.

6.1.3 | Case 3: 133-node GS

Similarly, the results and settings in Case 3 are open-source in
reference 30. According to Figure 10c, the mass flow rate at
sources becomes positive during several periods in the static
model and is impractical, while those in dynamic models
remain negative. This emphasises the significance of modelling
gas flow dynamics in the GS. Moreover, the complexity caused
by pipeline discretisation is more significant than the former
two cases, resulting in a considerable computation burden in
dynamic energy flow analysis.

6.2 | Solution comparisons in GS

With the three GSs, M1 and M3 are also implemented in en-
ergy flow analysis for references. The simulation settings in this
part are almost the same as Section 4.1. The difference is that
the Courant-Friedrichs-Lewy (CFL) condition'” restricts the
selection of Ax and At in M3. Thus, M3 is unsuitable for Case
2 and Case 3 and is only implemented in Case 1, as summarised
in Table 5. The results and settings of M1 and M3 are provided
in the M1-GS and M3-GS documents in reference 30. It should
be noted that M1 diverges in Case 3, hence, the corresponding
results are not provided.

6.3 |

Comparisons of HS models

Three cases in this section include a 35-node HS, a 51-node
HS and a 225-node HS, as shown in Figure 11. Three cases
are obtained from,4’8’9
are provided in reference 29. The HSs are assumed to

respectively. The data of three cases

operate under quality regulation mode because four HS
models mainly differ in thermal part. The decoupling
method is used to solve the HS models. The temperature
distribution in HS-Model3 and HS-Model4 when t — & < 0
is set as the initial condition. The simulation period is 24 h
and At is 120 s. The analytical method in reference 31 is
used to solve HS-Modell, which can avoid the potential
numerical fluctuations caused by FDM. & is 107°°C in both
static and dynamic analysis.
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FIGURE 10 Results in GS-Case 3. (a) @nd205 (b) Prd133 (€) Gnd 795
(d) number of iterations. GS, gas system.
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TABLE 5 Simulation steps of three methods in the gas systems.

Case M1 M2 M3

1 Ax = 2500 m, Ax = 2500 m, Ax = 11,000 m, At =30 s
At =120s At =120 s

2 Ax = 1000 m, Ax = 500 m, Unsuitable for GS with
At =120s At =120s short pipelines

3 Ax = 500 m, —
At =120s
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FIGURE 11 Test cases of heating systems. (a) HS-Case 1; (b) HS-
Case 2; (c) HS-Case 3. HS, heating system.

6.3.1 | Case 1: 35-node HS

In this case, node 31 is the Type I node for power regulation,
while nodes 1 and 32 are the Type II nodes for temperature
regulation. The detailed simulation settings and results are
open-soutce in reference 32 and summarised in the Casel-
Result file in the HS-Model document, including node sup-
ply and return temperatures at each time step. The initial
guesses at each time step are provided in the Casel-Settings
file. Figure 1la—c depicts some of the simulation results.
According to the simulations, we can find that the results of
HS-Model1, HS-Model3 and HS-Model4 are almost the same.

The differences between the three dynamic models mainly

[——Modell ---- Model3
|—— Model2 - Model4

[—— Modell -~ Model3
[—— Model2 -~ Model3

& (MW)

FIGURE 12 Results in HS-Case 1. (@) T5y13 ®) Thyss (©) @315

7
(d) number of iterations. HS, heating system.

exist in the early stage. This is because the temperature dis-
tribution when ¢t — & < 0 is set as the initial condition in HS-
Model3 and HS-Model4, while that in HS-Modell is deter-
mined by both initial condition and the corresponding
transfer loss.

In contrast, the simulated temperatures of HS-Model2
exhibit noticeable disparities compared to the dynamic
models. Despite the simplification of the 67/0t term causing a
delay in temperature variations in the dynamic models, the
simulated thermal power remains nearly identical, particularly
when the temperature variation stabilises, as depicted in
Figure 12c. This can be attributed to the fact that the repre-
sentation of temperature loss in static models is not simplified
and closely resembles that of dynamic models. This charac-
teristic renders static models suitable for relatively coarse an-
alyses that prioritise computational efficiency, such as scenario
reduction in planning problems.

6.3.2 | Case 2: 51-node HS

In this case, node 1 is the Type I node for power regulation.
The results and settings are summarised in the Case2-Result
file of the HS-Model document.”® Some of the results are
shown in Figure 13. According to Figure 13a,d, the results of
the HS-Model2 distinctly lag behind those of HS-Model1, HS-
Model3 and HS-Model4. The time delay varies between
different nodes. For instance, the distance between nodes 1
and 26 is longer than that between nodes 1 and 51, causing the
time delay in Figure 13a larger than that in Figure 13d.

6.3.3 | Case 3: 225-node HS

In this case, node 223 is the Type I node for power regulation,
while nodes 1 and 224 are the Type 1I nodes for temperature
regulation. The results are summarised in the Case3-Result file
of the HS-Model document,” part of which is shown in
Figure 14. The comparisons between four models are similar
to those in Cases 2 and 3. However, the decoupling method
converges much slowly in HS-Model2. In such cases, the united
method may be a better solution.
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TABLE 6 Simulation steps of three methods in the heating systems.

Case 1 2 3

Ax 50 m 50 m 200 m

At 120's 120 5 120 s
6.4 | Solution comparisons in HS

With the three HSs, M1, M2 and M3 are also adopted to solve
the PDEs in HS-Model1 for illustration. The simulation steps
are shown in Table 6. The detailed results are open-source in
the M1-Result, M2-Result and M3-Result files in the HS-
Methods documents for reference 32.

7 | CASE STUDY-ANALYSIS OF IES

This section focuses on the method implementations in the
IES for benchmarking. The analysis is performed in a large-
scale IES composed of a 118-bus PS, a 225-node HS and a
133-node GS. The 118-bus PS is modified from the IEEE
118-bus test system. The 225-node HS and 133-node GS are
from Section 4. Three systems are coupled with one back-
pressure CHP unit, two EBs, five GTs and one P2G. The
parameters and structure of the two cases are given in refer-
ence 29 and Figure 15, respectively. To balance the modelling
accuracy and complexity, GS-Model2 and HS-Modell are

FIGURE 15 Structure of the integrated energy system.

adopted to model the GS and HS, respectively. M2 and
analytical methods in reference 31 atre used to solve GS and HS
models. The simulation petiod is 24 h and At is 120 s.

Since our target is to illustrate the differences between the
independent and combined frameworks in IES analysis, the
coupling relationships between the subsystems are different in
the following two sections. To be specific, nodes 1, 223 and
224 in the HS are connected to buses 27, 54 and 15 in the PS,
wherein buses 27 and 224 are PQ buses and bus 54 is PV bus.
Nodes 79, 90, 98, 130 and 133 in the GS are connected to
buses 59, 49, 61, 12 and 10 in the PS, wherein buses 49, 61, 12
and 10 are PV buses and bus 59 is PQ bus. In Section 6.1, node
89 in the GS is connected to bus 80 in the PS, wherein bus 80
is the PV bus. In Section 6.2, node 89 in the GS is connected
to bus 69 in the PS, wherein bus 69 is the slack bus.

7.1 | Independent framework

In this section, GT5 is connected to bus 80 in the PS and
works as the PV bus. The system in Figure 14 is a bidirectional
weakly coupled IES, wherein no iterations or modifications
exist between the subsystems. The scholars can first solve the
GS and HS models to obtain the operational boundaries and
then solve the PS model. The detailed results and settings are
summarised in the [ESI-Results and IESI-Settings file for
reference 33. Some of the results are depicted in Figure 16.

7.2 | Combined framework

In this section, GT5 is connected to bus 69 in the PS and
works as the slack bus. The system in Figure 15 is a bidirec-
tional intensively coupled IES, wherein the results in the GS
and PS need to iterate until converge. The scholars can
perform the energy flow analysis using the decoupling method,
which involves the following steps.

1. Solve the HS models to obtain the active power generation
at bus 64 and active power load at buses 27 and 15.

2. Initialise the mass flow rate of node 89.

3. Perform the dynamic energy flow analysis in the GS.
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FIGURE 16 Results in bidirectional weakly coupled integrated energy
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4. According to the mass flow rate in Step (2), determine the
active power generation of the slack bus as Plg;’fég.

5. Obtain the active power load at bus 58 and active power
generations at buses 49, 61, 12 and 10.

6. Perform power flow analysis and obtain the calculated
active power generation of the slack bus as 5_129.

it — G“fg9Ls & holds. If so, the

calculations at this time step ends. Else, turn to Step (8).

8. Re-initialise the mass flow rate of node 89 using Pcél% and
return to Step (3). '

7. Determine whether

The detailed results and settings are summarised in the
IES2-Results and IES21-Settings file in reference 32 for refer-
ence. Some of the results are depicted in Figure 17. Specifically,
Figure 17g refers to the iterations between Step (2) and Step (8)
at each time step. Figure 17h refers to the iterations inside Step
(2) at each time step.

8 | CONCLUSIONS

This paper offers a comprehensive analysis of IES from both
modelling and solution perspectives. A detailed overview of
mainstream IES models and their interrelationships are pre-
sented, including six GS models and four HS models. Addi-
tionally, several widely used solvers for PDEs and AEs are
introduced, along with their applications in different sub-
systems of IES. Specifically, their applications in the GSs and
HSs are further categorised according to the nonlinear and
dynamic features. These models and methods are also imple-
mented in different test systems for illustration. The system
data, simulation settings, computational processes and detailed
results are shared as open-source, allowing scholars to easily
design and validate their own specific IES analyses. Moreover,
scholars have the flexibility to choose appropriate models for
specific scenarios, considering factors such as computational
time, numerical performance and solvability requirements. In
this context, the results and solution process presented in this
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FIGURE 17 Results in bidirectional intensively coupled IES. (a) Pg 54;
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(h) iterations in GS. GS, gas system; IES, integrated energy system.

paper can serve as valuable references by adjusting the simu-
lation settings.

Overall, this paper serves as a valuable resource for
scholars seeking a comprehensive understanding of existing
methods for IES analysis and can facilitate customised in-
vestigations and reproducibility in future research.
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