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Abstract—The integrated energy system (IES) combined with
electricity and heat networks is a research hotspot in energy field
in recent years. As the foundation of security and economy
analysis of IES, the steady-state multi-carrier energy flow (MEF)
analysis is important but difficult to converge. An integrated
method for solving MEF has been presented and adopted in some
published literatures. In this paper, we investigate the integrated
method and point out its two problems: one is the failure of the
integrated method when energy reverses during iteration in some
exceptional cases; the other is the high sensitivity of the method
to the initial value. Thereafter, the fundamental causes for the two
problems are revealed. Moreover, we modify the integrated
method based on the fundamental causes to deal with the two
problems. The cost and benefit of the modified integrated method
are analyzed as well. Finally, the integrated method and the
modified integrated method are discussed on the basis of
theoretical and simulation results. The results show that with
fewer iteration times and less calculation time, the modified
integrated method has better applicability to exceptional cases
and less sensitivity to the initial value.

Index Terms—Integrated energy system, multi-carrier energy
flow analysis, Combined Heat and Power, integrated method.

. INTRODUCTION

ecently the development of integrated energy system

becomes an important trend in energy field. The increasing
utilization of cogeneration plants continuously enhances the
energy efficiency as well as the consumption of renewable
energy, and strengthens the interdependence of multi-carrier
energies.

Aiming at improving the energy efficiency, increasing
renewable energy consumption and reducing pollution
emission, the corresponding research on IES mainly focuses on
optimal multi-carrier energy flow analysis [1], optimal multi-
carrier energy dispatch [2] and optimal planning based on
energy hub [3]. Being the foundation of the above mentioned
research, steady-state multi-carrier energy flow (MEF) analysis
is important for investment planning and operation decision.

The MEF analysis of IES is still facing many problems,
being difficult to converge is the most important one. Some
efforts have already been made in related field, and the state-of-
the-art achievement can be divided into two aspects: one is the
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decomposed MEF method [4]-[6], which calculates energy
flow for each network independently and combines the
calculation results through alternate iteration; the other is the
integrated MEF method, which formulates the unified
framework of IES combined with electricity, heat network or
gas network and calculates MEF as a whole[6]-[10]. Due to the
passively alternate iteration, the convergence of the
decomposed method is inferior to the integrated method [10].
Thus the integrated method is favored by many researchers and
becomes common in relevant research [11]-[13].

However, we found two problems of the integrated method:
one is the failure of the integrated method in some exceptional
cases; the other is the high sensitivity of the method to the initial
value. Therefore, based on the IES combined with the
electricity and heat network, this paper focuses on investigating
the applicability of the integrated method and modifying it.
Main contributions of this paper are threefold:

* The two problems of the integrated method are
demonstrated. Thereafter, the fundamental causes for
the two problems of the integrated method are revealed.

* The integrated method is modified to deal with the two
problems. The modified integrated method shows better
applicability to exceptional cases and less sensitivity to
the initial value.

* The cost and benefit of the modified integrated method
are analyzed by comparing with the integrated method.
The modified integrated method needs fewer iteration
times and less calculation time.

The remainder of this paper is organized as follows: Section
Il introduces the integrated method. Section Il investigates the
applicability of the integrated method, details the problems of
the integrated method and reveals the fundamental causes for
the problems. Thereafter, the integrated method is modified in
section 1V. The cost and benefit analysis of the modifications
are demonstrated as well. Case studies are performed in Section
V to compare the modified integrated method with the
integrated method. Finally, Section VI concludes this paper.

Il.  THE INTEGRATED MOTHOD

Combined with electricity and district heat network, the IES
model consists of the electricity network model, the district heat



network model (including the hydraulic part and the thermal
part) and coupling components model. In the integrated method,
the electrical power flow equations, the hydraulic equations and
some of the thermal equations were combined and solved
simultaneously by using Newton-Raphson iterative calculation,
and the rest equations are solved separately[6].

A. 1ES Model

The electricity network model is given in (1); the hydraulic
model is given in (2)-(4); the thermal model is given in (5)-(7);
the coupling components model is given in (8)-(10). Detailed
descriptions are available in [6], [10]-[11].
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where T, is the ambient temperature.
B. The Integrated Method

The Newton-Raphson iteration is part of the integrated
method. The corresponding iterative form is given in (12).

x® = x® —J(k)AF (k) (12)

where AF is the deviation shown in (13), among which A® is
corresponding to (2), (5), (8) and (10), Ah is corresponding to
(3) and (4), AP and AQ is corresponding to (1), (8) and (9). And
based on (6)-(7), ATy is calculated via (14) and AT is

calculated via (15), where the high corner mark ‘load’ and
‘source’ represent the type of the starting node for .

AF=[A® Ah AT, AT, AP AQ] (13)
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Besides, in (12), x is the unknown variables as shown in (16);

J is the Jacobian matrix as shown in (17), where AZ=[A®; Ah],
AT=[ATs; ATH], T=[Ts; T/]’; k is the kth iteration.
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After each Newton-Raphson iteration according to (12),
Trasource IS calculated by the updated Trajoad and 1 via (18):

(Z mout )Triigurce = Z (minTr:‘IC:)ad (18)
Thereafter, the updated T ra,source iS input into (12) as parameters
according to (5) and (9). Thus (12) and (18) are solved
alternately in the integrated method.

For brief, the alternately solving of (12) and (18) is called
‘separate calculation of Trasource’ in the following part of this
paper.

Il THE APPLICABILITY OF THE INTEGRATED METHOD

Through the investigation of the integrated method, we
point out the two problems of the method and reveal the
corresponding fundamental causes.

A. Problem One: The Failure of The Integrated Method in
Exceptional Cases

1) Problem Description

The integrated method will fail during the iterative

calculation when one of the two cases occurs:

* The initial value of electrical variables cause the power
injected at the slack bus being negative, which result in
a negative @ at the source node in heat network.

e The initial value of = is far from the convergent
solution, which is very normal because the choice of
initial value of MEF is not as intuitive as those of
electricity network.

2) Fundamental Cause Of The Failure

In the integrated method, due to the separate calculation,
Trasource 1S NOt involved in the Newton-Raphson iteration as
variables, but as parameters. However, (15) is equal to zero only
under the condition that one Traj0ad Can only be determined by
other Traload @aNd Toal0ad. This condition holds only when energy
flows from source nodes to loads, or from load nodes to load
nodes, as illustrated in Fig. 1. In the scenarios where the
condition holds, the integrated method with separate calculation
of Trasource WOrks well.
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Figure 1. Different direction of mass flow rate between node 1 and 2
(a) scenario 1 ; (b) scenario 2.

In fact, considering the direction of energy in the reality, the
condition holds naturally. However, when the two exceptional
cases mentioned above occur, it is possible that energy reverses
and flows from load nodes to source nodes during iterative
calculation, as illustrated in Fig. 2.
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Figure 2. The reverse of energy flow in IES during iteration

In these exceptional cases, Traload, SaY, Traz, IS determined
by Trasource @S given in (19). Thereafter the condition for the
separate calculation of Trasource IS Untenable and the integrated
method fails.
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B. Problem Two: The high Sensitivity Of The Integrated
Method To Initial Value

1) Problem Description

The integrated method is highly sensitive to the initial
value. Since the initial values of MEF is not as intuitive as
those of the electricity network, the convergence of the
integrated method is not satisfying.

2) Fundamental Cause Of The Problem

In the integrated method, as the non-diagonal elements of
Jacobian matrix, 0AT/om is ignored and set as zero.
However, dAT/dm can be set as zero only when the absolute
values of its elements are much smaller than those of the
diagonal elements. But the condition may not be tenable in
some situations. When the condition is not tenable, setting
J0AT /dmn as zero will greatly affect the convergent direction of
the integrated method.

Consider dAT;/dm in Fig. 3 at load node i (0AT,.;/0m
is similar). The ratio of the absolute value of dAT,,/dm toits
corresponding diagonal element is given in (20). According to
[6], the range of m in district heat network is from 0.1 to 5
kg/s. But the range of temperature in supply network is from
97.7°C to 99.1°C. Therefore, consider m as variables and set

Tsi as the middle value of its range. Meanwhile, based on the
range of m, the upper bound value of the diagonal element in

(20) is denoted in (21).
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Figure 3. A general scenario in supply water network
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Replace the diagonal element in (20) by its upper bound
value and re-calculate the ratio. The result is given in Fig. 4.
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Figure 4. The ratio of absolute value
(a) Original view ; (b) Ratio-mass flow rate view.

As shown in Fig. 4(b), with the increase of m, the ratio
decreases to 0, which means that the condition of zero setting
holds. However, even if the diagonal element is replaced by its
upper bound value, the ratio will still reach to 0.8 and above
when min varies under 5 kg/s. Thus, when the 7 is under
5kg/s, the condition is untenable. It is important to note that,
[0.1, 5] is the most common range of r according to [6].
Therefore, normally speaking, the condition of setting dAT/
dm as zero is untenable, and the convergence of the integrated
method is deteriorated, which lead to the high sensitivity to the
initial value.

IV. THE MODIFICATIONS OF THE INTEGRATED METHOD

To overcome the two problems of the integrated method,
we make two corresponding modifications. Moreover, we
analyze the cost and benefit of the modifications qualitatively.

A. The Modifications Of The Integrated Method

The first modification is solving all equations and variables
simultaneously in the Newton-Raphson iteration. Since the
condition of the separate calculation of Trasource IS NOt always



tenable, especially when the exceptional cases occur, thus (18)
should be calculated simultaneously in the Newton-Raphson
iteration via (22), and Trasource Should be added into x via (23):

AF:[A(I) Ah A-I—Sf,load ATrf AP AQ] (22)
X=[M Top T. 0 V] 23)

where ATy :[ATrf,Ioad; ATrf,source], Tra :[Tra,load; Tra,source]- And
AT is calculated via (24) and (25).
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The second modification is calculating the Jacobian non-
diagonal submatrix considering the range of variables. Based
on the most common range of m according to [6], AT /om
in the Jacobian matrix should be calculated exactly.

B. The Cost And Benefit Of The Modifications

As for the cost, the simultaneous calculation of all
equations and variables in Newton-Raphson iteration increases
the dimension of the Jacobian matrix. Moreover, the exact
calculation of the AT /dm increases the number of non-zero
elements in the Jacobian matrix. Therefore, the inverse
computation burden of the Jacobian matrix is increased in each
Newton-Raphson iteration.

As for the benefit, the modifications eliminate the failure
when the exceptional cases occur. Moreover, the modifications
correct the convergent direction, thus the iteration times are
reduced. It’s worth noting that, even though the computation
burden of each iteration is increased, the iteration times are
reduced greatly and the whole computation time is still
decreased. The quantitative verification is given in Section V.

V. CASE STuDY

To compare the integrated method and the modified
integrated method, simulations on a testing IES is conducted.
The schematic diagram of the IES is shown in Fig. 5.
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Figure 5. The schematic diagram of the testing IES

The corresponding parameters are given in Table I. It
worth noting that when the iteration times reach 100, the
calculation is stopped and the case is regarded as divergent.

TABLE I.  CASE PARAMETERS OF THE TESTING IES

Type Parameters Value Parameters Value

PP=-03MW PsP2=-0.55MW
Electricity 0*!=-0.08M Var Q¥P?=-0.1MVar
Network V3=1.05 p.u. V4=1.05 p.u.

0,4=0 rad

DPI=-0.4MW DP=-03MW
Heat DP3=03MW DP=0.3MW

T.=10°C Tr=50°C
Network

Cni=1/0.79 1=0.236W/(m°C)

C,=4.182k] /(kg°C) Cn2=1/0.85
Iteration =107 Nynax=100

A. Applicability Comparison

To expose the failure of the integrated method, 5184
scenarios are chosen based on the initial value set of @ and m.

In Table I1, each € has 4 candidates to choose in its set, and
each m has 3 candidates. Among these scenarios, both
situations which can cause the reverse of energy are included.
Both the integrated method and the modified integrated method
are used to calculate these scenarios. The computation results
are demonstrated in Fig. 6.

TABLE Il.  INITIAL VALUE SET OF PHASE ANGLE AND MASS FLOW RATE
0 Initial Value Set m Initial Value Set
01, 6, 03 {-0.1,0,0.1,0.2} m,, m,,my, m, {1, 1.5, 3}
I Failure Success I Failure Success
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Figure 6. The computation results under different initial value of 6 and m
(a) The integrated method ; (b) The modified integrated method.

As shown in Fig. 6, each point represents a scenario with
relative initial values. A blue colored point indicates that the
method fails in solving the corresponding scenario, and the
yellow colored point indicates the success of the method.
Failure means the energy reverse occurs and the calculation of
the method is terminated. Success means the method can
converge or diverge within the 100 iteration times. In Fig. 6(a),
the integrated method fails in 71.45% of all the scenarios. But
in Fig. 6(b), the modified integrated method can conduct the
calculation for all scenarios.

As for the computation efficiency, the scenarios with the
top ten iteration times of the integrated method are chosen. The
calculating time of this ten scenarios calculated by the two
methods are given in Fig. 7. Such results demonstrate that
although the integrated method reduces computation burden of
each iteration by separately calculating Trasource and setting
JAT/0m as zero, the deteriorated convergence counteracts
the simplification effort. Table 111 gives the comparison results
of the two methods for the whole 5184 scenarios.
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Figure 7. The iteration times and calculating time of the two method in the
scenarios with the top ten iteration times of the integrated method

TABLE Ill. AVERAGE CONVERGENCE CHARACTERISTICS COMPARISON

Comparison Failure A\{erage Avgrage !
Rate Iteration times Calculation Time
The Integrated Method 71.45% 33.91 8.4x107s
The Modified Method 0 17.52 4.4x10%s
Improvement 100% 48.33% 47.62%

B. Initial Value Sensitivity Comparison

To verify the inference that setting dAT/dm zero when
the min is under 5 kg/s is improper and will increase the initial
value sensitivity and further decrease the convergence, only
setting dAT/dm as zero is considered in the integrated
method; (12) and (18) are calculated as a whole in the Newton-
Raphson iteration.

1024 initial value scenarios are forged according to the
initial value set of m as shown in Table IV. Each m has 4
candidate values.

Fig. 8 shows the convergence results of the two methods.
As shown in Fig. 8(a), most of the scenarios are divergent. But
in Fig. 8(b), accurate calculation of dAT/dm greatly reduce
the divergent situations. Table V gives the comparison results
for the two methods for the whole 1024 scenarios.

TABLE IV. INITIAL VALUE SET OF MASS FLOW RATE
m Initial Value Set
m,, My, My, m,, mg {1,15,2,2.5}
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Figure 8. The iteration times under different initial value of mass flow rate
(a) The integrated method; (b) The modified integrated method.

TABLE V. INITIAL VALUE SENSITIVITY COMPARISON
Comparison Divgrgent A\{erage Average ]
Times Iteration times Calculation Time
The Integrated Method 324 21.73 5.9x10%s
The Modified Method 22 13.40 3.7x10%s
Improvement 93.21% 38.33% 37.29%

VI. CONCLUSION

As the common method in multi-carrier energy flow
analysis, the integrated method has two problems: first, the

method will fail when energy reverses during iteration in the
exceptional cases; second, the method is highly sensitive to the
initial value. The fundamental causes for the two problems are
revealed: the former is that the integrated method solves some
equations and variables separately from the Newton-Raphson
iteration; the latter is that the integrated method set part of the
non-diagonal Jacobian submatrix as zero without considering
the range of variables. Based on the fundamental causes, two
modifications of the integrated method are made to deal with
the problems: one is the simultaneous calculation of all the
equations and variables in the Newton-Raphson iteration; the
other is the exact calculation of the Jacobian non-diagonal
submatrix considering the range of variables. Through
theoretical and practical verification, the modified integrated
method eliminates the failure in the exceptional cases and has
less sensitivity to the initial value. Moreover, even though the
modifications increase the computation burden of each iteration,
the iteration times are reduced greatly and the whole
computation time of the modified integrated method is
decreased significantly.
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