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Abstract: With ever-growing interconnections of various kinds of energy sources, the coupling
between a power distribution system (PDS) and a district heating system (DHS) has been
progressively intensified. Thus, it is becoming more and more important to take the PDS and the
DHS as a whole in energy flow analysis. Given this background, a steady state model of DHS is first
presented with hydraulic and thermal sub-models included. Structurally, the presented DHS model
is composed of three major parts, i.e., the straight pipe, four kinds of local pipes, and the radiator.
The impacts of pipeline parameters and the environment temperature on heat losses and pressure
losses are then examined. The term “heat-power flow” is next defined, and the optimal heat-power
flow (OHPF) model formulated as a quadratic planning problem, in which the objective is to minimize
energy losses, including the heat losses and active power losses, and both the operational constraints
of PDS and DHS are respected. The developed OHPF model is solved by the well-established IPOPT
(Interior Point OPTimizer) commercial solver, which is based on the YALMIP/MATLAB toolbox.
Finally, two sample systems are served for demonstrating the characteristics of the proposed models.

Keywords: power distribution system (PDS); district heating system (DHS); steady state model;
optimal heat-power flow (OHPF) model

1. Introduction

With the gradual depletion of fossil energy and the degradation of the environment, renewable
energy generation resources, mainly solar power and wind power, have received extensive
attention [1-3]. On the other hand, combined heat and power (CHP) plants and electric boilers
(EBs) are widely employed [4], which intensifies the coupling between a power distribution system
(PDS) and a district heating system (DHS) concerned. Thus, it is becoming necessary to take the
PDS and DHS as a whole in both planning [5-7] and operation [8,9] aspects. To this end, it is very
demanding to develop mathematical models and analytical methods for energy flows analysis.

The integration of PDS and DHS is discussed in some recent publications. The coupling devices,
i.e.,, the CHP plant and EBs, and heat balance constraints are included in the presented rolling
scheduling strategy for cogeneration units in [10]. In [11], CHP plants, heat storage tanks, and
EBs are co-optimized to enhance the accommodating capability of wind power generation in the PDS
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dispatch. A comprehensive model for small-scale integrated heating and cooling energy systems is
developed in [12] in order to minimize the system operation cost. However, due to the absence of
energy flows analysis, the heat losses and pressure losses in [10-12] are assumed as constants or are
just overlooked. However, these losses are considerable in an actual DHS and have significant impacts
on the distribution of heat flow [13,14].

To address the above mentioned problems, the well-established Newton-Raphson method
has been used in some publications to analyze the heat flow and power flow simultaneously.
A Newton-Raphson based combined analysis method is developed to investigate the performance of
integrated power and heating systems (IPHS) in [15]. The Newton-Raphson method is employed to
simulate the dynamic process of pipe water flow rates, water temperatures, and room air temperatures
in thermal and hydronic systems [16]. The DHS model is described by hydraulic and thermal
sub-models, and the Newton-Raphson method used to solve in [17]. The models and that are methods
presented in [15-17] are feasible for analyzing a DHS in both hydraulic and thermal fields, but the
computational burden is heavy. Moreover, the impacts of pipeline parameters on the losses are not
addressed in [15-17], but represent a very important issue in the planning and operation of DHS.
Pipeline parameters are the most important optimization variables in DHS planning studies [18-21],
and the existing Newton—-Raphson based methods do not address the impacts of pipeline parameters
on expansion and operation costs.

In general, a heating pipe (HP) in a DHS consists of a straight pipe (SP), a local pipe (LP) [22], and
a radiator [23]. It is pointed out in [24] that the LP and radiator play important roles in an actual DHS,
and have impacts on the performance of IPHS as well as the SP. However, to the best of our knowledge,
the LP and radiator have not yet been addressed in the coordinated planning and operation of IPHS.
This is mainly due to the very complicated procedure of solving transient state models. Especially, if
the coordinated planning problem is formulated as a mixed-integer nonlinear programming problem,
then the computational complexity will be very high. To solve the problem efficient, a steady state
model with more components of the HP and access to the existing PDS models is demanding.

Given the above background, an equivalent steady state model is presented in this work with
more components of the HP as well as the combination of the hydraulic sub-model and the thermal one.
In addition, accurate formulas of heat losses and pressure losses are attained, with the influences of
pipeline parameters and the environment temperature being considered. Then, the optimal heat-power
flow (OHPF) model is developed to analyze the energy flows of IPHS. Two sample systems are next
employed to demonstrate the features of the proposed models. It should be mentioned that the
OHPF model could be used in more complicated systems, such as integrated heat-gas-power energy
systems [25], by including the corresponding operational constraints [26].

The rest of this paper is organized as follows: the steady state model of DHS is presented and
simplified in Section 2. An OHPF model that is based on the steady state model is developed in
Section 3. Case studies and simulation results are presented in Section 4. Finally, conclusions are given
in Section 5.

2. The Steady State Model of DHS

The steady state model to be developed for DHS consists of three main parts: the SP model, the
LP model, and the radiator model.

2.1. The SP Model

In [27], a distributed parameter model (DPM) for the SP is presented, with the heat energy of
mass flow and the pressure of pipe node being regarded as the state variables of DHS. The DPM can
be depicted as Figure 1 and is formulated as Equations (1) and (2).

ZL = \/zo/yosinh\/ML (1)
Y = 2(cosh \/ZoyoL — 1) / (v/z0/yosinh/ZoyoL)
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where Z; and Y], are the equivalent pressure resistance and thermal conductance of SP, respectively; ®;
and p; are the inlet heat flow and pressure of SP; @, and p; are the outlet heat flow and pressure of SP;
D, d;, A and L denote the mass flow, inner diameter, friction factor, and length of SP, respectively; p and
c denote the density and specific heat of hot water, respectively; k is the heat transferring coefficient of
the pipe wall; T? is the environment temperature; and, zg and y are the unit pressure resistance and
unit thermal conductance of SP, respectively.

zodx

Dsx+d D (OF

Figure 1. The DPM of SP [27].

In this work, the DPM of SP is employed as an important part of the HP in a DHS. It is pointed
out in [24] that the LP and radiator play important roles in an actual DHS, and have impacts on the
performances of the IPHS and SP. Thus, the modeling of the LP and radiator will be carried out next to
enhance DPM with reference to the existing differential analysis methods for DHS [14,22,23].

2.2. The LP Model and Radiator Model

In the DHS modeling and controlling presented in [24], the detailed models of LPs and radiator
are addressed. Regretfully, these models are mainly transient state models and are hard to compute.
In order to attain a simple steady state model, the typical dual-port network and three-port network
are employed, as shown in Figure 2. In this work, four kinds of LP are included, i.e., the tee pipe,
reducer union, elbow pipe, and valve. Based on a typical DHS, the formulas of the involved pressure
resistances and thermal conductance in Figure 2 can be obtained.

The detailed derivation procedures of some complicated equations are moved to Appendix A, so
as to significantly simplify the presentation in the main body of the paper.
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Figure 2. The steady state model of a typical district heating system (DHS).



Energies 2018, 11, 929 4 0f 19

2.2.1. The Tee Pipe Model

In Figure 2, a typical three-port network is employed to describe the tee pipe. In [24], a detailed
lumped parameter model for the tee pipe is presented, and the pressure resistances of the tee pipe can
be attained by comparing the models in Figure 2 and [24].

{ Z11 = 8K¢Dy?/ (mPdrtp®, ) 3)

Zr1y = 8K¢Dy?/ (m2drp®;2)

where Z71 and Z; are the pressure resistances of the two outlet pipes in the tee pipe, respectively;
K is the local loss coefficient; dr and D; are the inner diameter and inlet mass flow of the tee pipe,
respectively; and, ®; 1 and @, respectively denote the heat flows at the two outlet pipes in the
tee pipe.

2.2.2. The Reducer Union Model and Elbow Pipe Model

In Figure 2, a typical dual-port network is employed to depict the reducer union and the elbow
pipe, respectively. By comparing the reducer union model and the elbow pipe model presented in [24],
the pressure resistances of the reducer union Zr and elbow pipe Zg can be attained as

Zr = SK}D2,12/ (7(2dR14P<D3> 4)

ZE = 8KfD72/<7T2dE4pq>8) (5)

where D, 1 and Dy are, respectively, the inlet mass flows of the reducer union and elbow pipe; K} =

(1 — dr12/dg2%)? denotes the local loss coefficient of the reducer union; dg; and dg are the inlet inner
diameters of the reducer union and elbow pipe, respectively; and, &3 and Pg are, respectively, the
outlet heat flows of the reducer union and elbow pipe.

2.2.3. The Valve Model

In Figure 2, a variable resistor model is used to represent the valve. With reference to
Equations (3)—(5) and some publications [28,29], the variable local loss coefficient Ky is presented
here to formulate the variable pressure resistance of the valve Zy, as shown in Equations (6) and (7).

Zy = 8K;Ds2/ <7T2dv4pq)6) ®)

Kf = Dce_’SK’”Kf (7)

where D5 and Ky, € [0, 1] are, respectively, the mass flow and the opening coefficient of the valve [29];
dy is the inlet inner diameter of the valve; and, « and p are both fitting coefficients. ®g is the outlet
heat flow of the valve.

2.2.4. The Radiator Model

Due to the time coupling between temperature and heat transferring, the present radiator model
is a differential equation [24,30]. This makes thermal analysis in a DHS very complicated. In order to
rebuild a simpler model for the radiator, a two-terminal network is employed, as shown in Figure 2.

Yy = (P — ©7)/p7 = OL/py 8)

where ®¢, @7, L, and Yy denote the inlet heat, outlet heat, heat load, and thermal conductance of the
radiator, respectively; p7 is the pressure of the radiator.



Energies 2018, 11, 929 50f 19

In Equation (8), the thermal conductance of the radiator is expressed by the discrete-time
decoupled heat load ®*, and thus makes the heat flow analysis much easier than the existing differential
model for the radiator.

Based on the above stated three models, an equivalent simplified T-type model can be attained,
as detailed below.

2.3. Simplifications of the DHS Model

Despite the formulas that have been derived, the steady state model in Figure 2 is still
computation-intensive, especially for the heat flow analysis. Therefore, some simplification is
demanded to make the proposed model more tractable. Without loss of generality, a representative HP
is employed to demonstrate the simplification process.

First, a representative HP is transformed into an equivalent 7-type steady state model, as shown
in Figure 3.

O, I/YPij (D_j

~ _3 ! p,l YHlj l pi
A representative HP @ @), pji i

The simplified 7-type model

L&y | |
pi l : Yiij eMij Y Mij : lpj
|

Figure 3. The simplifications of the steady state model of a representative heating pipe (HP).

It is assumed that the composition of the representative HP is uncertain, because the composition
is variable with the structure of HP. Then, the universal formulas of pressure conductance Yp;; and
thermal conductance Yp;; can be attained as

Ypij = 1/ [(Z11ij + erijZrij + evijZvij + €kijZEij) + Zrij] ©)
=1/ [8Dl’j2 (Kf + ERin; + SVi]'tXei'BK”’Kf + SEinf§ / (ﬂzdij4pq>i) + ZLi]}
Yaij = ennijYaij + Yiij = emij®f/ pj + Yij (10)

where ¢g;;, eyij, €gij, and €yy;;, respectively, denote the binary variables (1 or 0) that are indicating
whether or not HP contains the reducer union, valve, elbow pipe, and radiator.

For any specific HP, the binary variables and other parameters in the above equations will become
constants as long as its composition is specified. Therefore, the constants Cy;; and Cy;; could be used
to simplify Equations (9) and (10), respectively. In next, Z;; and Y ;; in Equations (9) and (10) will
be further expanded and simplified. More specifically, “sinh(e)” and “cosh(e)” in Equation (1) are
expanded in Taylor’s series with the high order terms omitted. Thus, Z;; and Y};; can be formulated as

Zuij = [8ADiP L/ (7o) | /@1 = CoyDif? /@ (11)

Y = k(®;/c = DyT°) /p; (12)

where C3;; denotes the constant of the representative HP.
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Then, Yp;; and Yp;j can be formulated as
Ypij = @i/ D (Cyjj + Caij) = Di/CijDif? (13)

YHij = (Czqu)lL] + kCD]/C — kDi]'TO) /p] (14)

where C;; denotes the constant of the representative HP.
Up to now, the simplified 7-type model of the representative HP is attained, as shown in Figure 3.
The heat losses and pressure losses of HP can be formulated as Equations (15) and (16), respectively:

Aq)l] = YHz]p] = <CC21]q)5 + kd; — kCDl']'TO) /(C -+ k) (15)

Apij = @i/ Ypij = CijDyf? (16)

Ad)ij and Apij can be calculated by the constants of the representative HP, i.e., Czi]', Cij, CIDZ-L]-, ¢, and k,
and the environment temperature T. In other words, different pipeline parameters and temperatures
will lead to different optimization strategies for a DHS regarding the coordinated planning and
operation. Note that the heat flow and pressure distribution of a DHS decline during the process of hot
water transferring, which, respectively, due to the heat transfer with the environment and the frictions
of HPs. For the convenience of presentation, A®;; > 0 is used to describe the heat transferring process
from hot water to environment, and Ap;; > 0 represents pressure reduction. Note that the temperature
of hot water is limited to be higher than T9 and the hot water is transferred without additional pressure,
then A®;; and Ap;; are both assumed to be non-negative numbers in this work.

3. The Optimal Heat-Power Flow Model

Based on the simplified 7-type model, a unified analysis method of heat and power flow in the
IPHS will be addressed in this section.

3.1. The Connection Matrix of HP

Traditionally, the DHS adopts a loop structure and consists of two symmetric networks: the
supply pipe network and the return pipe one [12]. Note that hot water is pressured by the circulating
pump (CP) to the loop in a certain direction. To supply the heat demand, the hot water that is drained
out of the CHP plant is transferred through the supply pipes network. After the heating process, hot
water returns back to the CHP plant through the return pipes network. Hence, the mass flow of the
HP can be assumed to be a non-negative number. The symmetric network means that more than one
pipe connecting to the end of any HP in a DHS. Thus, the connection matrix of the HP becomes more
crucial to simulate the distribution of heat flow and formulate the heat flow balance. In order to attain
the connection matrix, an illustration, as shown in Figure 4, is employed:

— > P SO L
o 7 N . T(D
\ (Di s
] ||]|:> — e
. >
Generalized \‘ ‘ ;
\\\ Node E/’ lq)/‘
el -7 l(Dk

Figure 4. Attainment of the HP connection matrix.
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With respect to Figure 4, the connection matrix of the HP can be formulated as

1 I=i
ZGy=< -1 le{jk} VieQl (17)
0 others

where ¢;; donates an element of the HP connection matrix; O is the set of nodes of the DHS; and, ®;,
®; and Py, respectively, donate the inlet heat flow of HP i, HP j, and HP k.

It should be mentioned that the heat flow balance is established in the view of the HP rather than
based on a DHS node. While hot water supplies heat demand by transferring through the radiator
that is connected with a HP, this is significantly different from the situation of the power load that
is connected at a specified bus point. To balance the heat flow, the HP is regarded as a generalized
node, as shown in Figure 4. As to the pressure distribution, the analysis method is similar to the one
that is used in voltage calculation for many years, i.e., the Distflow [31,32]. Referring to [31,32], it is
known that the incidence matrix of the DHS is very vital to the analysis of the pressure distribution.
The incidence matrix can be attained using the method that is presented in [33], and the details of the
method will not be presented here due to the limited space.

3.2. The OHPF Model

Regarding the HP connection matrix, incidence matrixes, and generalized node, the OHPF
model can be formulated mathematically. To coordinate different energy flows, the term “heat-power
flow” is defined and employed in the OHPF model with the heat flow and power flow being
uniformly modelled.

The presented OHPF model is a quadratic constrained optimization problem, as detailed below.

3.2.1. The Objective Function
The objective function of the OHPF model is defined as

min Apgpr =T <(PH Y AP +gp ), APi) (18)
leQlL icQf

{ AD; = (cCy®F + kd; — keDyT0) /(c+k) VI € O 19)

AP; = R;(P2+ Q%) /Vg? VieQf
3.2.2. The Constraints of DHS

The operation constraints of a DHS can be formulated as

Y &® +OCHP + oFF = A9, VIeQl

O m e o (20)
' %H Ai,zPi +pr =Ap Vi, j € Q Vlek
IS

Ap;=CD? vieQl (21)

Z Alipr=0 vieal @)
0<D; <D L

Lovien 23

{ P, <P <P < (23)

p.<pi<p VieQl (24)
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3.2.3. The Constraints of PDS

The operation constraints of a PDS can be formulated as

Y A,] i +P? + PEHP = pCP 4 PEB . pL - vi e OF
jeqr

L ALQ+Q) =Qf vieQP )
jeQl
~P; <P <P
-Qi<Qi<Q VvieQl (26)
VSV<V
AV; = (RiPi + XiQ;)/Vp  Vie QF 27)
S<pS<P;
BrsPP <P yicar (28)
Q<X <Q;

3.2.4. The Constraints of Coupling Devices

The operation constraints of three kinds of coupling devices can be formulated as

pCHP CCHPACHPq)CHP
= CEBAEBDED vlie Qb vie QP (29)
piCP _ Acpplcp / ycp
PEB < PEB < PP vie QP
OCHP < oCHP < FMP yi e b (30)
pcp < pcp <pP wieqt

where Apppr means the optimization objective of the OHPF model; I' is the run time of an IHPS; oL
and QF are, respectively, the set of HPs in the DHS and the set of feeders in the PDS; A®; and Ap,,
respectively, denote the heat losses and the pressure losses of HP I; AP;, and AQ);, respectively, denote
the active and reactive power losses of feeder i; gy and @p, respectively, denote the unit price of heat
power and that of electrical power; ®; is the inlet heat flow of HP ; p; is the pressure at node i; ®F
and Dj, respectively, denote the heat load and mass flow of HP [; C; and Cj;, respectively, denote
the constants of HP [; <I>ZCH P, @B and plCP respectively denote the thermal power output of the CHP
plant, the thermal power output of the EB, and the pressure compensation of the CP in HP [; Aﬁ
and Af j are, respectively, the elements of the incidence matrixes of the DHS and PDS; ®; and @ are,
respectively, the upper and lower heat flow limits of HP [; p; and p. denote the upper and lower limits
of the pressure at node i; P; and Q; are, respectively, the active power and reactive power in feeder i;
P? and Q?, respectively denote the injection active power and reactive power at the power-outflow
terminal of feeder i; PF and QL are, respectively, the active and reactive loads at the power-outflow
terminal of feeder i; PCHP PCP and PfB respectively denote the power output of the CHP plant, the
power demand of the CP, and the power demand of the EB at the power-outflow terminal of feeder
i; CHP is the heat-power ratio of the CHP plants; " is the efficiency factor of the CPs; CFB is the
heat-power ratio of the EBs; P; and Q;, respectively, denote the upper limits of active and reactive
power in feeder i; R;, X; and AV, respectively, denote the resistance, reactance, and voltage losses
of feeder i; Vp is the reference voltage of the PDS; V is the voltage at the power-outflow terminal of
feeder i; R'S and P? respectively denote the upper and lower limits of injection active power at the
power-outflow terminal of feeder i; QZS and QIS denote the upper and lower limits of injection reactive

power at the power-outflow terminal of feeder i; 6?’“”’ and @ HP respectively denote the upper and
lower limits of the thermal power output of the CHP plant in HP [; ﬁfp and pr respectively denote
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the upper and lower limits of the pressure compensation of the CP in HP /; F?B and BZE B denote the
upper and lower limits of the power demand of the EB at the power-outflow terminal of feeder i; AFB,
ACHP and ACP respectively denote the location transformation matrixes of the EBs, the CHP plants,
and the CPs.

In the OHPF model, Equation (18) stands for the optimization objective function with heat
losses and active power losses included; Equation (19) represents the heat losses and active power
losses; Equation (20) represents active power balance and reactive power balance; Equation (21)
represents pressure losses; Equation (22) denotes the mass flow balance; Equations (23) and (24),
respectively, denote the upper and lower output limits of D;, ®; and p;; Equation (25) represents the
active power balance and reactive power balance; Equation (26) represents the constraints of P;, Q;, and
Vi; Equation (27) represents voltage losses; Equation (28) represents the constraints of injection active
and reactive power; Equation (29) represents the models of CHP plants [34], CPs [27], and EBs [35],
sequentially; Equation (30) includes the upper and lower output limits of CHP plants, CPs and EBs.

The well-established IPOPT (Interior Point OPTimizer) commercial solver based on
YALMIP /MATLAB toolbox is employed to solve the developed quadratic OHPF model.

4. Case Studies

Two sample IPHS systems are served for demonstrating the feasibility of the proposed steady
state model as well as the effects of the OHPF model in coordinated operation.

4.1. Sample System 1

The network of the first sample system (sample system 1) is shown in Figure 5, in which the CHP
plants and CPs are employed as coupling devices between PDS and DHS.

110kV/
10.5kV

cirper
o, p

t
DHS LL—re urn

| :Bus — :Line @ :Unit (D :Transformer — :Powerload H :CHP © :CP
— :LSP 57: Teepipe & :Valve _J :Elbow == : Reducer union S : Radiator

Figure 5. The network of sample system 1.

4.1.1. Accuracy of the OHPF Model

The network structure and parameters of sample system 1 are all taken from [24]. Specified
parameters are listed in Table 1.
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Table 1. Specified parameters of sample system 1.

Parameter Value Unit Parameter Value Unit
A 0.326 - 70 —5.000 °C
k 1.056 W/(m-K) K¢ 1.015 -
c 4.186 K]/ (kg-K) x 0.865 -
0 0.935 t/m3 B 0.563 -
V3 10.5 kV CEB 0.15 -
r 1 h CCHP 0.05 -
uct 25.69 kpa/MW ®p 103 $/(MW-h)
oy 377 $/(MW-h) - - -

In order to compare the results between heat-power flow and optimal heat-power flow, the upper
and lower output limits of the coupling devices are first assumed to be the same and take the values
specified in [24]. Since EBs are not addressed in [24], it is assumed that “PIEB = PIEB =0"” and ”@{SB =
CID;SB = 0”. This means that chCHP and plcp are constants and that they cannot be optimized. Thus, the
heat flow and pressure distribution results that were attained by the OHPF model could be used to
compare with those that are presented in [24], as shown in Figure 6.

450 --p of OHPF -a-p in [24]
400 515
Z 350 505 &
= 300 L
2250 495 5
§ 20 485
A

=
475
% BT
0 465
1 2 3 4 5 6 7

The number of HP/node

Figure 6. The heat flow and pressure distribution of DHS in sample system 1.

From Figure 6, it can be found that the optimization results that were attained by the OHPF model
are almost the same as those that are presented in [24]. This means that the accuracy of the OHPF
model is acceptable, although some simplifications have been made to make the steady state model
more tractable, as detailed in Section 2.

4.1.2. Temperature Sensitivity Analysis based on the OHPF Model

To investigate the effect of TY on OHPF, three scenarios with different values of TY, i.e., —15 °C,
—5°C, and 5 °C, are examined. Equation (18) is formulated to minimize the heat losses and active
power losses, with T? remaining unchanged as long as the OHPF model can be successfully solved.
That is because the outputs of the coupling devices could be adjusted in feasible regions to obtain
the same minimum A® and AP, and hence the impacts of T° can be waived. In order to analyze
temperature sensitivity, it is specified that “@ = ¢p = 0" so as to prevent A® and AP from decreasing
during the process of seeking the optimal solution of Equation (18). The optimal values of A®, Ap, D,
AP, and voltage under different scenarios are attained, as shown in Table 2 and Figure 7.
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Table 2. AD, Ap, and D of DHS under different scenarios in sample system 1.

N HP A® (kW) Ap (kpa) D (kg/s)
0.
From To —15°C —5°C 5°C —15°C —5°C 5°C —15°C —5°C 5°C
1 0 ® 61.55 6034 4270 2252 2344  19.83 0.06 0.06 0.04
2 @ @ 34.87 3482 2451 2221 2312 19.56 0.06 0.06 0.04
3 ® ® 31.57 31.08 2291 2.77 2.89 244 0.03 0.03 0.02
4 ® ® 21.63 2154 1580 431 448 3.79 0.03 0.03 0.02
5 ® ® 21.63 2154 1580 1328 1382 11.69 0.03 0.03 0.02
6 ©) ® 17.85 1779  14.60 6.20 6.45 5.46 0.02 0.02 0.01
7 ® 6 17.85 17.79  14.60 6.20 6.45 5.46 0.01 0.01 0.01
BmAPat-15C APat-5 C APat5 C
“+-Vat-15C +Vat-5°C BVats5C
10.60 2.00
10.40 1.80 .
10.20 / 1.60 %
S 140 2
Z 10.00 120 2
% 9.80 1.00 2
3 9.60 : 0.80 2
7 040 \ = 0.60 2
- 040 3
9.20 I 0.20
9.00 T B .w WD 0.00
1 2 3 4 5 6 7 8 9 10 11

The number of line/bus

Figure 7. AP and voltage of PDS in sample system 1.

In Table 2, A® decreases significantly with the increase of T?, and Ap maintains in step with
A®. This is due to more drastic thermal interactions happening at low T°, which increases A® when
hot water is transferred through a HP. Different levels of thermal interactions have impacts on Ap by
decreasing the mass flow in the corresponding HP, but are not as significant as those on A®. When a
lower T? comes along with a higher output of the CHP plant, both in heat and power, different levels
of AP and voltage of PDS will occur, as shown in Figure 7. In summary, the state variables of the OHPF
model, i.e., A®, Ap, D, AP and voltage, are all sensitive to 79,

4.2. Sample System 2

Based on the mentioned methods, a software package named “Multi-Flow” is developed to online
attain the coordinated optimal operation strategy for any IPHS, as shown in Figure 8. In “Multi-Flow”,
the OHPF model is coded in MATLAB, and its reliability and efficiency are tested by numerous sample
systems. Once an IPHS is built up by component modules, optimal heat-power flow can then be carried
out. The involved parameters are included in the menu-bar for setting different simulation scenarios.
MATLAB and YALMIP toolboxes are employed to provide computing services for “Multi-Flow”.

In sample system 2, a larger IPHS is built based on the software “Multi-Flow” that was developed
by us. Three DHSs are integrated into a PDS with three photovoltaic (PV) generating units being
included. The impacts of electric heating on the accommodation capability for PV generation are
examined for three different load-level scenarios. The daily power and heat loads of sample system 2
are given in Figures Al and A2 of Appendix B.

To demonstrate the impacts of different load levels on OHPF, ® and voltage at different time
points, i.e., 5:00, 13:00, and 21:00, are calculated and are shown in Figure 9. The values of ¢y and ¢p
are specified to be 0, as what has been done in sample system 1. Simulation results show that ® of DHS
and the voltage of PDS are both different under various load levels. Specifically, the higher levels of
heat and power loads at 13:00 lead to lower heat flow and smaller voltage fluctuation. This is because a
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higher heat demand will increase the heat outputs of CHP plants. As a result, the power outputs from
CHP plants increase significantly to support the power demand and improve the voltage distribution.
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Figure 8. The network of sample system 2 attained by the software “Multi-Flow”.
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Figure 9. Heat flows and pressure distributions at different time points.

As shown in Figure 8, EBs can be employed to enhance the accommodating capability for PV
power generation. The hourly PV power outputs in a day are shown in Figure A3 of Appendix B.
To attain the optimal operation strategy for sample system 2, Equation (18) is employed to minimize
the operational costs. Moreover, in order to maintain the optimization objective of Equation (18)
as unchanged, electricity purchasing costs are not considered, and the punishment costs for PV
generation curtailment are not included as well. Then, the following three scenarios with different
ratios of the electric load over the heating load are examined to find out the impacts of EBs on the
optimal operation strategy:

(1) S1: No electric heating load;
(2) S2: 50% of the heating load is supplied by EBs; and,
(3)  S3: The heating load is fully supplied by EBs.
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The power outputs of PV units and CHP plants under these three scenarios are attained by the
presented OHPF model, as shown in Figure 10.

H CHP of S1 PV of S1 = CHP of S2 mPVofS2 mCHPofS3 mPV of S3

180
160
140

120
100
80
60
40
20
0

1 234567 8 9101112131415161718192021222324
Time/h

Power/MW

Figure 10. The power outputs of photovoltaic (PV) units and combined heat and power (CHP) plants
under three scenarios.

From Figure 10, it is obvious that the power outputs from the PV units increase with the raise of
the electric-heating ratio. The power outputs of the PV units under these three scenarios are shown in
Figure A3 of Appendix B. The reduced demand of hot water led to a declined thermal power output of
the CHP plant. As a result, the heating flow through the DHS reduced, and the heating losses also
reduced accordingly. In a nutshell, electric heating makes contributions to the economic operation of a
DHS and the accommodation capability enhancement of PV power generation.

Regarding a PDS, heating with EBs could increase the power load demand, and will have impacts
on the PDS planning process. In analyzing the economics of EBs, the costs for expansion planning and
operation should be taken into account. In-depth study will be carried out in the future to figure out
the economics of employing EBs and the coordinated planning for an IHPS.

5. Conclusions

A steady state model for an IPHS is presented in this work, with the impacts of pipeline parameters
and environment temperature being taken into account. In the presented model, various components
of HP are modeled, and the hydraulic sub-model is combined with the thermal one. Then, an
OHPF model is proposed to analyze the performance of an IPHS. Two sample systems are served for
demonstrating the proposed method. It is shown by the simulation results that the accuracy of the
presented OHPF model is acceptable and the optimization results of the OHPF model are sensitive
to environment temperature. The optimal operation strategies that are attained by the OHPF model
are demonstrated with three scenarios under different load levels. The electric heating load makes
contributions to the economic operation of a DHS and the accommodation of PV power generation.

The following issues will be carried out in the future:

(1) The OHPF model will be employed to optimize the coordinated planning and the operation
strategies for integrated heat-gas-power energy systems by including the operation constraints of
the nature gas distribution system.

(2) Modeling of heat storage equipment will be addressed to expand the steady state model that is
presented in this work, and to include more feasible operation modes of IPHSs.

(3) Intelligent traffic networks with various kinds of electric vehicles will be included in the expansion
planning of multi-energy systems and charging infrastructures.
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Nomenclatures

PDS Power distribution system

DHS District heating system

OHPF Optimal heat-power flow

CHP Combined heat and power

EBs Electric boilers

IPHS Integrated power and heating systems

HP Heating pipe

SP Straight pipe

LP Local pipe

DPM Distributed parameter model

CP Circulating pump

PV Photovoltaic

Z;, Equivalent pressure resistance of SP [kpa/kW]
Yr Equivalent thermal conductance of SP [kW /kpa]
(o} Inlet or outlet heat flow of a HP [kW]

p Pressure of a HP [kpa]

D Mass flow of a HP [kg/s]

dp, Inner diameter of SP [m]

A Friction factor of SP

L Length of SP [m]

0 Density of hot water [t/m?]

c Specific heat of hot water [k] /(kg-K)]

k Heat transferring coefficient of the pipe wall [W/(m-K)]
70 Environment temperature [°C]

20 Unit pressure resistance of SP [kpa/kW]

Yo Unit thermal conductance of SP [kW /kpa]

ZT Pressure resistances of outlet pipe in the tee pipe [kpa/kW]

Ky Local loss coefficient

dr Inner diameter of the tee pipe [m]

K}i Local loss coefficient of the reducer union

Zr Pressure resistances of the reducer union [kpa/kW]

Zg Pressure resistances of the elbow pipe [kpa/kW]

dr1 Inner diameter of the reducer union [m]

dg Inner diameter of the elbow pipe [m]

Zy Variable pressure resistance of the valve [kpa/kW]

dy Inlet inner diameter of the valve [m]

«, B Fitting coefficient of the valve

ol Heat load [kW]

Yum Thermal conductance of the radiator [kW /kpa]

ERjj Binary variables that indicating whether or not HP contains the reducer union
evij Binary variables that indicating whether or not HP contains the valve

€Ejj Binary variables that indicating whether or not HP contains the elbow pipe
EMij Binary variables that indicating whether or not HP contains the radiator

Cuijr Caijs Csij, Cij Constants of the representative HP
i An element of the HP connection matrix
Of Set of nodes of the DHS
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AoHPFE

15 0f 19

Optimization objective of the OHPF model [10% $]

Run time of an IHPS [h]

Set of HPs in the DHS

Set of feeders in the PDS

Heat losses of HP I [kW]

Pressure losses of HP I [kpa]

Active power losses of feeder i [MW]

Reactive power losses of feeder i [MVar]

Unit price of heat power [$/(MW-h)]

Unit price of electrical power [$/(MW-h)]

Thermal power output of the CHP plant in HP I/ [kW]

Thermal power output of the EB in HP I [kW]

Pressure compensation of the CP in HP [ [kpa]

Elements of the incidence matrixes of the DHS

Elements of the incidence matrixes of the PDS

Upper and heat flow limit of HP / [kW]

Lower heat flow limit of HP [ [kW]

Upper limit of the pressure at node i [kpa]

Lower limit of the pressure at node i [kpa]

Active power in feeder i [MW]

Reactive power in feeder i [MVar]

Upper limit of active power in feeder i [MW]

Upper limit of reactive power in feeder i [MVar]

Injection active power at the power-outflow terminal of feeder i [MW]
Injection reactive power at the power-outflow terminal of feeder i [MVar]
Active loads at the power-outflow terminal of feeder i [MW]

Reactive loads at the power-outflow terminal of feeder i [MVar]

Power output of the CHP plant at the power-outflow terminal of feeder i [MW]
Power demand of the CP at the power-outflow terminal of feeder i [MW]
Power demand of the EB at the power-outflow terminal of feeder i [MW]
Heat-power ratio of the CHP plants

Efficiency factor of the CPs [kpa/MW]

Heat-power ratio of the EBs

Upper limit of active power in feeder i [MW]

Upper limit of reactive power in feeder i [MVar]

Resistance of feeder i [()/km]

Reactance of feeder i [()/km]

Voltage losses of feeder i [kV]

Reference voltage of the PDS [kV]

Voltage at the power-outflow terminal of feeder i [kV]

Upper limit of injection active power at the power-outflow terminal of feeder i [MW]
Lower limit of injection active power at the power-outflow terminal of feeder i [MW]
Upper limit of injection reactive power at the power-outflow terminal of feeder i [MVar]
Lower limit of injection reactive power at the power-outflow terminal of feeder i [MVar]
Upper limit of the thermal power output of the CHP plant in HP [ [kW]

Lower limit of the thermal power output of the CHP plant in HP [ [kW]

Upper limit of the pressure compensation of the CP in HP I [kpa]

Lower limit of the pressure compensation of the CP in HP I [kpa]

Upper limit of the power demand of the EB at the power-outflow terminal of feeder i [MW]
Lower limit of the power demand of the EB at the power-outflow terminal of feeder i [MW]
Location transformation matrixes of the EBs

Location transformation matrixes of the CHP plants

Location transformation matrixes of the CPs
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Appendix A

Appendix A.1 The Tee Pipe Model

In Figure 2, a typical three-port network is employed to describe the tee pipe and can be formulated as
Equation (A1).

p1— P21 =Z11P2 (A1)

D =Dy +Dyp
p1—p22 = Z12P2p

where @; and p; are respectively the inlet heat flow and pressure of the tee pipe; ®; 1 and &, , respectively denote

the heat flows at the two outlet pipes in the tee pipe; py 1 and p, » are respectively the pressures of the two outlet

pipes in the tee pipe; ZT1 and Z1; are respectively the pressure resistances of the two outlet pipes in the tee pipe.
The tee pipe model in [24] can be expressed as

p1— p21 = 8KyDy?/ (mdrp) (A2)

{ DiHy = Dy1Hy1 + DooHap
P21 = P22

where K is the local loss coefficient; dr is the inner diameter of the inlet pipe; D1, D51 and D> denote the mass

flows of different pipes, respectively; H1, Hp 1 and Hj » denote the enthalpies of different pipes, respectively.
“DH” in Equation (A2) can be replaced by “®” since “® = DH” [4]. Then, Z11 and Z, can be attained by
comparing Equation (A2) with Equation (Al).

{ Z1 = 8K¢Dy?/ (mPdrp®s,1) (A3)

Z1y = 8KyDy?/ (72 p®yy2)

Appendix A.2 The Reducer Union Model and Elbow Pipe Model

In Figure 2, a typical dual-port network is employed to depict the reducer union and the elbow pipe
respectively, and formulated as

Dyy = Ps

’ A4

{ P21 —P3 = ZrPs3 (Ad)
Oy, = Py

{ p7 —ps = ZpPg (A5)

where @, 1 and p; 1 are respectively the inlet heat flow and pressure of the reducer union; ®3 and p3 are respectively
the outlet heat flow and the pressure of the reducer union; ®7 and py are respectively the inlet heat flow and the
pressure of the elbow pipe; ®g and pg are respectively the outlet heat flow and pressure of the elbow pipe; Zg and
Zg are the pressure resistances of the reducer union and elbow pipe, respectively.

By comparing the reducer union model and elbow pipe model presented in [24] (Equations (A6) and (A7)),
Zg and Zg can be attained as

Dy1Hy1 —D3H3; =0 a6
P21 — p3 = 8K;Dap?/ (mPdri*p)
DyH7; — DgHg =0
A7
{ p7 — ps = 8KsD7?/ (m?dE*p) (A7)
Zr = 8K;D3p%/ (mdra*o®s ) (A8)
2o sk (v o

where D, and Hj ; are respectively the inlet mass flow and enthalpy of the reducer union; D3 and Hj are
respectively the outlet mass flow and enthalpy of the reducer union; K} = (1 — dg12/dr2?)? denotes the local

loss coefficient of the reducer union; dg; and dg; are the inlet inner diameter and outlet inner diameter of the
reducer union, respectively; dg, Dy and Hy are the inlet inner diameter, mass flow and enthalpy of the elbow pipe,
respectively; Dg and Hg are respectively the outlet mass flow and the enthalpy of the elbow pipe.

Appendix A.3 The Valve Model

In Figure 2, a variable resistor model, as detailed below, is used to represent the valve:

Ps = Dy
{ p5 — pe = ZvPs (A10)
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where @5 and ps are respectively the inlet heat flow and the pressure of the valve; ®g and pg are respectively the
outlet heat flow and the pressure of the valve; Zy is the variable pressure resistance of the valve.

With reference to Equations (A8) and (A9) and other publications [28,29], the variable local loss coefficient Ky
is presented here to formulate Zy, as shown in Equations (A11) and (A12).

Zy = 8KDs*/ (nzdv4p®6) (A1)
Ky = e PRk (A12)

where D5 and K;;; € [0, 1] are respectively the mass flow and opening coefficient of the valve [29]; dy is the inlet
inner diameter of the valve; « and B are both fitting coefficients.

Appendix B
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Figure Al. Daily active and reactive loads in sample system 2.
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Figure A2. Daily heating loads in sample system 2.
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