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Abstract—Industrial parks (IPs) play a crucial role in facilitat-
ing economic efficiency and comprehensive energy utilization in
the industrial age. At the same time, multi-energy coupling and
management of various types of energy in IP have become serious
challenges. In this paper, combined heat and power unit (CHP)
model considering operation mode switching characteristics is
formulated by exploring its internal composition to improve
output flexibility of the energy supply side. Then, heat and
electricity integrated energy system (HE-IES) optimal dispatch
and pricing model are established, taking electricity and heat
demand response strategy and steam thermal inertia property
into account. Based on the above models, a mixed-integer bilinear
programming framework is designed to coordinate the day-ahead
operation and pricing strategy of the HE-IES in the IP. The
scenario study is carried out on a practical industrial park
in Southern China. Numerical results indicate the proposed
mechanism can effectively improve IP’s energy utilization and
economic efficiency.

Index Terms—CHP mode switching, demand response,
Industrial park, pricing strategy, steam heating network.

I. INTRODUCTION

OWADAYS, industrial parks (IPs) thrive and have be-

come a vital pattern to construct modern industry [1]-
[3]. IP is an integrated energy system (IES) involving the-
production, delivery, and utilization of multi-energy sources.
Meanwhile, an increasing proportion of renewable energy is
integrated into IPs. Its substantial variation and intermittence
bring significant challenges to system dispatch. Therefore, the
coupling of hybrid energy types, the variable operation state
of generation units, changeable demands and irrational energy
utilization have become serious issues, which put forward
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higher requirements for the operation and dispatch of HE-IES.

Combined heat and power (CHP) unit is an essential energy
supply equipment in HE-IES that can generate electricity and
steam simultaneously [3]. While CHP units usually operate
with “heating supply priority”, which weakens the flexibility
and economy of the HE-IES [4]. Some studies [5]-[8] have
focused on the effect of efficiency improvement considering
the commitment of flexible devices with CHP units at the
system level of the HE-IES. In [5], the impact of using
thermal energy storage considering heat transfer to increase the
operational flexibility of CHP was analyzed. The commitment
of CHP units in the industrial plant was investigated in [6].
Literature [8] discussed the comprehensive effect of CHP
units and other energy devices on IES flexibility and REs
accommodation. The proposed model of the cogeneration unit
schedules thermal and electrical output considering feasible
conditions and available data to minimize total operating costs
in the plant [9]. However, the internal composition of the CHP
unit was simplified or ignored in the above studies. Some other
studies [10] analyzed the operation performance of CHP units
of the IES from the device level. The internal structure and
physical processes of the CHP unit in the dispatch model of
IES were first considered in [11]. An economic scheduling
model for CHP with logical control was established [10].
Reference [12] regulated key variables in different components
to explore the flexibility of CHP plants. By installing bypass
systems in turbines or heat storage tanks, the regulation and
energy decoupling ability of CHP plants has been significantly
improved [13]. However, the mode-switching process was
not considered in the above studies. Modeling of physical
structures and processes of components in CHP plants has
laid a good foundation for the flexibility exploration of CHP
plants. In current research on optimized scheduling of HE-
IES, the CHP unit operates either in adjustable extraction
(AE) mode or in back pressure (BP) mode [14]-[16]. In fact,
specific CHP units can switch operation modes without being
shut down [10], [17]. Thus, a CHP model considering mode
switching processes was applied in this paper to improve the
output flexibility of the CHP units for a larger feasible opera-
tion range, further enhancing economy and energy utilization
efficiency in IP.

The physical heating characteristic was broadly adopted to
promote operational flexibility and efficiency of HE-IES [18]—
[23]. Considering the temporary mismatch between heat de-
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mand and supply in thermal systems, the heating network
model utilized heat storage property [18]. District heating
network (DHN) model in IES optimal dispatch considering
flow and temperature details inside the plant was formulated
in [19], [20]. A more accurate and practical thermal dynamic
model in DHN was explored to describe storage capacity
adequately [21]. The economic dispatch model taking building
thermal inertia into account was developed in [22], [23].
However, the works mentioned above mainly consider heat
hydraulics as heat transfer mediums in pipelines or utilize heat-
building storage properties. As a matter of fact, industrial heat
demands usually involve high temperatures and high-pressure
steam [24]. Some studies have been done on steam pipe net-
work operation [25]-[27], establishing the simulation model
to analyze and optimize steam flows in steam heating network
(SHN). At the same time, the above models contain nonconvex
terms and are complicated, degrading the solvability of the
optimization model. Therefore, this paper derives a steam
pipe optimization model through some simplifications and
approximations. Based on this model, a joint steam and elec-
tricity dispatch model is established considering the hydraulic
inertia of SHNs. Additionally, energy storage characteristics
of steam pipelines can buffer heat output and demand without
comprising strict heat balance constraints, contributing to a
higher ability to adjust energy supply and demand.

IP is a complex energy system with various energy forms
and flexible and adjustable capacity. Demand response (DR)
technology can adjust output planning of multi-energy gen-
eration systems and demand configuration of consumers in
HE-IES [28]. Therefore, a more reasonable thermoelectric
ratio will be obtained, increasing theincome of IPO. A DR
model is developed to achieve abetter economic dispatch
scheme for various electric devices in IP [29]. Time-of-use
(TOU) and reward-based DR programs are utilized for DR
aggregators to trade DR volumes in electricity markets in
IPs [30]. However, as an essential demand type in HE-IES,
heat energy property is less considered in the above studies.
In [4], factories in the IP are incentivized to change electricity
and heat load based on theproposed DR scheme. An integrated
demand response (IDR) model considering load-shedding and
resource-shifting of hybrid energy is designed to maximize the
economic efficiency of multiparty in IPs [31]. Although some
research has been done on the implementation of IDR in IES,
the interaction between energy generation and the dynamic
price of both heat and electricity in IPs still deserves further
exploration.

The main contributions of this paper are as follows:

1) A detailed model for switchable CHP unit considering
mode switching rule during transition processes will be dis-
cussed, and internal physical composition is investigated under
each mode in detail.

2) A simplified steam pipe model is developed, and its
effectiveness is validated. Based on this model, a steam-
and-electricity-integrated dispatch model with thermal steam
storage property in IPs is established, aiming to maximize
profit of industrial park operator (IPO) and minimize cost of
industrial park consumers (IPCs).
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3) The pricing mechanism is integrated into the above
model, in which the relationship between energy generation
and the dynamic price of electricity and heat is studied.

The remainder of this paper is organized as follows. Sec-
tion II discusses operating mechanism and develops the model
of switchable CHP unit. Optimal operation and pricing mech-
anism considering IDR program in HE-IES is formulated in
Section III. Section IV demonstrates feasibility of developed
model and method by conducting scenario studies on a practi-
cal industrial park. Finally, conclusions are drawn in Section V.

II. MODELING OF SWITCHABLE CHP
A. Operation Mechanism of CHP Units

According to the difference in exhausted steam pressure, the
CHP unit can be classified into BP and AE modes. Flexibility
of CHP can be explored by modeling the physical process
with internal composition of CHP. Fig. 1 displays simplified
but typical structure of a switchable CHP unit, which mainly
comprises boiler, steam turbine, as well as auxiliary compo-
nents. Steam turbine of CHP unit contains a high-pressure
cylinder (HPC), an intermediate-pressure cylinder (IPC), and
a low-pressure cylinder (LPC) [11].

V1 is adjustable in AE mod
is adjustable in mode 1o eam

Vi

Electricity

LPC ~ !

LP steam

Steam turbine

Fig. 1. The simplified structure of the switchable CHP system.

The switching between AE (mode I) and BP (mode II)
modes can be realized by controlling and adjusting the valves
of different pipelines. The valve after IPC (i.e., V1) is off for
BP mode. The boiler consumes coal to generate steam, which
works sequentially in the HPC, IPC, and LPC. Exhaust steam
from the turbine is all supplied to the SHN. In other words,
the back-pressure CHP unit uses low-pressure (LP) steam for
heat supply. For AE mode, V1 is on and can be adjusted.
Control of the opening degree of V1 can determine the mass
flow of steam extracted from the IPC, delivering both LP
and medium-pressure (MP) steam for heat supply. Therefore,
the thermoelectric ratio in BP mode is fixed, providing little
flexibility to various multi-energy demands. In comparison, the
thermoelectric ratio of AE mode is more flexible by adjusting
the physical structure of the CHP unit.

Thus, it is a foreseeable method to make full use of
thecombination of two operation modes. Our paper assumed
flexibility as the ability of energy supply units to respond to
changing load demands and energy outputs [13].

B. Operation Region of Switchable CHP System

Safe operation region of switchable CHP unit is illustrated
in Fig. 2, which shows flexibility of heat and electricity
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Fig. 2. The operation region of switchable CHP.

production. Heat and electricity output power of model is
limited by operating conditions of the boiler and steam turbine,
which include boiler maximum continuous rating (BMCR),
gas turbine minimum continuous rating (BNCR), and steam
turbine maximum extraction (STME).
1) Safe Operation Range of AE Mode

For AE mode, its feasible operating domain is a two-
dimensional area surrounded by several operational curves as
depicted in line ABCD. Operation constraints are listed in

(D-@.

jtpjt SpT <5Ttp1t’ Vi, t (1)

el b, <hl, <el h”,Vzt )

P;t > maX{bBNCR -G vh;tv bi,() + Ciym i,t}? vi,t  (3)
piy < (OPMR =i uhi ), Vit )

where subscript ¢ is the time of scheduling periods. 7 is the
index of the CHP unit. 2CHP is the set of indices of CHP
units. T is the set of indices of scheduling periods.{ can be I
or II, indicating operational constraints in mode I or II. p;t
and h;t are the electricity and heat output of CHP unit 7 at
time ¢ under mode f. E;fyt is a binary variable denoting the
operation state of CHP unit ¢ at time ¢ under mode {, of which
value 1 is online state and value O is offline state. T%T . /EZT , and
pT / hl ;¢ are maximum and minimum electricity/heat output
Values of CHP unit ¢ at time ¢. ¢;, and c; ,, are slopes of
operation boundary curve AB and BC. bBMCR bPNCR " and
bio are intercepts of operation curves AB, CD, and BC.
2) Safe Operation Range of BP Mode

For BP mode, electricity output change with heat output
linearly, operating on line EF. Its operation domain complies
with constraints (1)—(2) and (5).

p»ILIt = ni,vhgt + bi,v7 VZ, t (5)

where n; ,, is the thermoelectric ratio of the CHP unit. b; ,, is
the intercept of curve EF.
3) Full Model of the CHP System

In summary, the whole output of the switchable CHP unit
is shown in (6). Equation (7) denotes it runs in no more than
one mode in each period.
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hCHP = hL, 4 hIL
”+e”§1 Vi, t (7

where pff'¥ and h{P" are the output of electricity and heat
of CHP unit ¢ at time ¢.
4) Startup and Shutdown Time Constraints

The minimum startup and shutdown time constraints for
AE/BP mode of CHP unit are described as (8).

T=t—t) " +1 ) Virt ®)
T T —
Eit —Cit—1 = Sit —Cit
where sjt is a binary variable, of which value 1 means the

CHP unit ¢ is switched to mode t at period ¢ and O otherwise.
e;r’t is binary variable, of which value 1 means the CHP unit
i is switched from mode f at period ¢ and 0 otherwise. t' is
minimum online time for CHP unit ¢ in mode f.
5) Switch Times Constraint

Maximum switching times between different modes of CHP

units during the whole scheduling period are described as (9).
ZZ 0%% + o <N, Vi,t )

where N represents the maximum mode switching times of
the switchable CHP unit.

III. COMBINED ELECTRICITY AND STEAM DISPATCH AND
PRICING MODEL IN THE INDUSTRIAL PARK

In this section, SHN model considering operation thermal
inertia characteristics is formulated first. Then, the IDR pro-
gram with heat and electricity load adjustment and dynamic
pricing is introduced. Based on above model, joint electricity
and steam dispatch model aims to optimize economic effi-
ciency of both TPO and IPCs. Thus, the proposed mixed-
integer bilinear problem with multi-objective is solved through
certain linearization approaches.

A. SHN Constraints

Pipeline modeling and topology constraints modeling are
taken into account to establish the SHN model, which is then
simplified and solved.

1) Steam Pipeline Modeling

Many existing studies have been done on modeling of
steam pipelines [25]-[27]. In general, unsteady steam flow in
pipeline can be described by conservation equations of mass,
momentum, and energy, state equation, and enthalpy equation.
However, these equations are too complex for optimization, so
simplifications are necessary [24].

Simplification 1. Diameter of pipes is negligible compared
with length of steam pipelines. Furthermore, steam parameters
in the section are considered to be uniformly distributed. Thus,
steam in a pipeline is always viewed as a single-phase one-
dimensional steady flow in steam transportation model [24].

Simplification 2. Steam in SHN, which usually runs in a
fixed and narrow range, exhibits characteristics close to ideal
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gas. Therefore, we employ the ideal gas formula to construct
an approximate SHN model with acceptable error.
Based on Newton’s second law of motion, the momentum
conservation equation of steam in pipelines can be written as:
A(pv?)  O(pv) OP \v?

oz ot T ap T9smO+egy

where p is steam density. v is steam flow velocity. P is steam
pressure. x is the length along the pipe axis. ¢ is time. 6 is the
angle between the pipe direction and the horizontal direction.
A is the friction coefficient. d is the internal diameter of the
pipe. g is the acceleration of gravity.

Schematic diagram for simplified steam network is depicted
in Fig. 3. In (10), first term is inertia term, second term is
convection term, and fourth term is gravity term. According
to model assumptions and actual situation, the three terms
above can be ignored. Specific reasons and detailed formula
derivation processes are provided in Appendix A. Hence,
simplified expression of momentum conservation equation is
as (11).

=0 (10)

., 1.2337d5,, (1 (P}, — P2 ) + pa (Pt — Prt)]
Jhit = AjkLjkojk
Vi kit (11

where ) is the friction resistance coefficient of pipe jk.
Ly, is the length of pipe jk. Considering influence of local
resistance loss of the pipe, flow efficiency factor ojp is
introduced. Reference [32] gives the specific value of o
under different pipe pressure. d;j, is the internal diameter of
pipe jk. P;; and Py ; denote the inlet and outlet pressure of
pipe jk at time t. Values of p; and py can be referred to in
Appendix A. Q1., = (Qj¢ + Qk.¢)/2 is the average steam
flow in pipe jk at time ¢. (), ; and Q)+ are the inlet and outlet
steam flow rate of pipe jk at time .

Node k

Fig. 3. Schematic diagram for the steam pipe.

Nonlinear terms (i.e., average flow squared @ik,t and pres-
sure squared Pﬁt) must be linearized to reach global optimal-
ity. Then, the piecewise linearization method is applied, and
(11) is transformed into (12). Detailed approximation process
and related parameters are given in Appendix B.

F(Qj+) + F(Qk.t)
2
_ 1.2337d5 (i (F(Pyp) — F(Prt)) + p2(Pje — Pio)]
)\jijkejk
Vi, k.t (12)

2) Topology Constraints
Similar to the circuit principle, each node in the SHN
satisfies the KCL constraint, i.e., the sum of steam injected
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into each node is zero. Subsequently, the node equation of
node j can be described as (13).

> Qui— Y Qi+ Q=0 ikt

kegin jengut

13)

where ()m and ()O“t represent the set of pipes flowing into
and out of node j at time t. Qlo"d denotes the injected steam
load of node j at time t.
3) Energy Storage Capacity

Concerning the pipe pack, a certain amount of steam can
be stored in the pipe due to difference between inlet and
outlet flow. Thus, pipe inventory Sj;: complies with mass
conservation as shown in (14). More specific calculation
processes can be referred to [28].

Sik < Sjrt = Sjki—1+Qji — Que < Sjr, Vi, kit (14)

where S ik and §j , denote the minimum and maximum storage
level of pipe jk.
4) Variables Upper and Lower Limits

Each node in SHN has lower and upper pressure, tempera-
ture, and load bounds.

P, <P, <P, Vit
T, < Ty, < Ty, Vit
Qlodd < Qload Qload

where T, is the nodal temperature of node j at time ¢. P;
and P; represent the minimum and maximum values of nodal
pressure of node j. T'; and T'; represent the minimum and
maximum values of the nodal temperature of node j. Qload

and Qj represent the minimum and maximum values of
nodal load of node j.

5) Heat Balance Constraints

Z hCHP

i€ QCHP

5)

> Qo (16)
Equation (16) means the sum of thermal output of all
centralized heat sources is equal to the sum of inlet steam

flow of all steam pipes connected to heat sources at each time,
which is described by > Qo ;.

B. Electrical Power System Constraints

The model we established pays more attention to flexible
output scheduling of source-side energy supply equipment
(such as CHP units) and energy response of load-side demand.
Additionally, IP is a small-scale integrated energy system in
which safe operation conditions can be met without consider-
ing voltage and capacity problems accurately. Therefore, the
electrical power system is treated as a single-node model.
Power system constraints are given by (17)—(25). Equation
(17) shows the balance constraints for total electric supply
and demand. Equation (18) shows ramping up and down rate
constraints of CHP units. Equation (19) indicates photovoltaic
consumption constraint. Equations (20)—(25) present electrical
energy storage (EES) system constraints.

> ot oY + o =t P, Vit

i€ CHP

a7
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—Rd; < piy'" — piit < Ruy, Vit (18)
0<ptV < prVmex vy (19)

0 < pSH < pCH maxugH’vt (20)

0 < pP"S < p) BRI vt @1

ulH 4 4P <1, vt (22)

Eppr = By + 0™ — (1/6PF)pP", v (23)
EM < By < EP® Wt (24)

Ey = Er (25)

where pCHP represents electricity produced by CHP unit i at
time ¢. pI'V is photovoltaic power generation at time ¢. pS't
and pDIS are charging and discharging power of the EES at
time ¢. pP denotes forecast electrical load at time ¢. uS™ and
uPS are charging and discharging states of the EES at time .
E, is the electric storage capacity of the EES at time ¢. Ru;
and Rd; represent the maximum ramp-up-and-down rates of
CHP unit i. p.™™ and pP™>™** are the maximum charging
and discharging power of the EES at time ¢. " and 6P'S are
charging and discharging efficiencies of the EES. E" and
E;"®* are minimum and maximum capacities of the EES at
time ¢. Ey and Et are initial and last storage capacities in the
EES.

C. Electricity and heat DR Constraints

Price-based IDR program is a mechanism for encouraging
consumers to dynamically manage their energy consumptions
in response to time-varying prices of electricity and heat
power, thereby optimizing energy supply structure and im-
proving interests of multiparty in IP. At the same time, optimal
output combination of each energy supply equipment can be
solved. Responsive demand is regarded as elastic to energy
prices.

pt =Py —l—ptR Vit

pt :C%pt7pt :(l_ae
hy = hy + bR, Vit

o, Vit

PR = ahP, A = (1 —a,)RP, vt (26)
Bt =
Y, 5\e,t <Ay
R A s NP W W= W
pPR, - A > ey
RPR —
R Mt < Mg
BPR = s (07— HP), D € Mg < N Ve
Q?R At > Aht
(27)
Z ~DR Zp?R Vit
Z hPR Z KPR vt (28)

Z;\e,t pt +ﬁPR < Z)\e tpt ) Vt
t

CSEE JOURNAL OF POWER AND ENERGY SYSTEMS, VOL. 10, NO. 5, SEPTEMBER 2024

> Ana(hy +RPR) <37 Nahp, vt (29)
t t

where A ;/Ap; and 5\6,5 / S\ht indicate initial and dynamic
electricity/heat prices at time ¢. pPT/ h is the response result
of price-sensitive electricity/heat load at time ¢, «./ay, de-
notes the predetermined proportion of flexible electricity/heat
load. )\, t/)\h o and A, ¢ /Xy are threshold prices. pP® /™

and pPR/B, " are minimal and maximal values of flexible
electrlclty loads Equation (26) denotes forecast electricity/heat
load. pP /hP consists of a fixed part pf' /hY and a flexible part

DR /hDR The relationship between electricity/heat dynamic
price and flexible load at each period can be expressed as
continuous non-linear functions in (27) [33]. Equation (28)
means the whole amount of energy consumption over the
day is constant. Electricity/heat expenditure should be reduced
after utilizing the DR program, as shown in (III-C).

D. Objective Function

The comprehensive objective function is to maximize the
profit of IPO and minimize the energy purchasing cost of IPCs.
Profit can be described as the difference between energy sale
revenue and the cost of fuel consumption and CHP operation.

CRetail _ _ CST

CCHP

max f; = (30)

where CRetail represents the energy sale revenue of IPO.
CCHP indicates coal consumed by CHP units; CST is start-up
and shut-down cost of CHP units.

R N R SR
J
> % a (EP + )’

teT 4
+0 (P + eopi) + e

T = Cst Z Z Si,t + Si,t)’ Vi, t
t

where a, b and c are cost coefficients of coal consumption
of CHP units. ¢y, is the cost of the unit switching operation
process.

The energy purchasing cost of IPCs is described as follows.

Retail
> Ci

teT

CCHP

3D

min fo = (32)

Different weights are usually set for each target, convert-
ing a multi-objective optimization problem into a compound
single-objective optimization problem. The weight objective
function can be written as (33)[34].

F =min{—ay f1 + a2 f2}

where a1 + ao = 1; if preference parameters are set, optimal
function F' can be achieved.

Finally, the mixed-integer bilinear optimization problem can
be formulated as:

(33)

min(_alfl + oz fa)

{pz HP hCHP )\e Jty S\hA,t7 S;tv S%,It} (34)



ZHAO et al.: OPTIMAL DISPATCH AND PRICING OF INDUSTRIAL PARKS CONSIDERING CHP MODE SWITCHING AND DEMAND RESPONSE

Subject to
(H-(9), (12)—~I-C).

IV. CASE STUDY
A. Test System and Scenarios

Simulation is performed on the HE-IES of a practical In-
dustrial Park in Wuxi, China, actual data is used. The average
power load is 25 MW and the peak power load is 30 MW.
A large amount of industrial heat (steam) is needed during
processing and production, and it consumes with more than
900,000 t annual heat consumption. The simplified topology
of the system is shown in Fig. 4(a). The electric power
network consists of 4 MW/32 MWh energy storage power
stations and 19 MW PV power stations. The SHN, which
has four steam pipelines with a total length of 20.69 km
and 15 heat load nodes, is coupled with the EPN at node
1 through committed CHP units. Fig. 4(b) shows the detailed
composition of committed CHP units, comprised of 3 steam

D Industrial plant [E] Green area
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boilers, two back-pressure CHP units, two switchable CHP
units, and steam pipes. Available PV power and total electricity
and steam load curves are shown in Fig. 5. Relevant network
parameters are provided in Table I, and pipeline information
can be obtained from Appendix B.

TABLE I
EQUIPMENT PARAMETERS

Parameter  Value  Parameter  Value  Parameter  Value (MW)
pBNCR 3 bi0 0.5 Epax 8
pPMOR s 022 Epin 2
Civw 0.1 oCH 0.91 pCH max g
Ciom 022  ¢DIS 0.90 p?ls’ma" 6

All tests are performed on a computer with eight processors
running at 3.60 GHz with 16 GB of memory. Programs are
coded under MATLAB 2020a environment and programmed
with YALMIP by calling GUROBI.

Five scenarios are discussed to verify the effectiveness of

D Office space =~ —— Steam pipe
D Enterprise
Jo
11
_ 14
15 [N
13 \\./ CHP units
12
(a)
1# 2# 3#
Boiller Boiller Boiller
} [ ‘ ‘ Electric load
‘ - - ,
i Valve3 I
_______________________ - i |
i a4 il # : | 61 % @{‘7 TTTTTTTTTTTTTTS
| ! |
i_Turbine @ HTurbine @ | Turbine @ | l Valve6 :
i i i 1
| Motorl || Motor2 | Valvel Motor3 : : |
T R NG TS B DXDX N *
Valve2
| ave i Valved Motor4 i
1 I
I
cms UL s
Condensate CHP4
Main steam
Steam

(b)

Fig. 4. The topology of practical IP and the detailed commitment of centralized CHP plants.

of centralized CHP plants.

(a) The topology of practical IP. (b) The detailed commitment
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Fig. 5. Profiles of (a) electricity load and PV power forecast output and (b)
steam load.

TABLE 1T
TEST SCENARIOS
Scenario  Mode Switch DR Mechanism  Characteristic of SHN
1 - — —
2 v -
3 v - v
4 - v v
5 v v v

the proposed model as listed in Table II.

In scenarios 1-2, heat dispatch follows heat balance con-
straints (i.e., the sum of heat output of committed CHP is
equal to heat demand at each dispatch period) as shown in
(35). While scenarios 3-5 satisfy the operational constraints
of SHN stated in (12)—(16).

CHP D
Z hi,t =hy
1€2cup
D load
h =2 Q%
J
B. Effect of CHP Mode Switch Mechanism

Table III presents the performance comparison of scenarios
1-5. Profit represents the total operating profit of IPO. Payoff
denotes the energy purchasing cost of IPCs. Coal indicates the
total fuel cost of CHP units. PV represents the total energy
utilization of photovoltaic farms over the scheduling horizon.
As shown in Table III, the optimal profits of IPO in Scenarios
1 and 2 are $39,938.47 and $49,455.12. The operating costs
of CHP units in Scenarios 1 and 2 are $206,645.01 and
$193,982.36. Thus, the optimal profit of IPO is increased by
23.82%, and the operating cost of CHP units declines by
6.13% after considering the switching mechanism of CHP
units. Moreover, the PV curtailment in Scenario 2 is saved
by 12.63% compared with Scenario 1. The increase of PV
accommodation gains from mode switching capability of CHP
units. Scheduling results of Scenario 1 and Scenario 2 are
shown in Figs. 6 and 7.

Table IV presents the operating mode and switching status
of CHP3 and CHP4 units at each dispatch interval. It can be

(33)
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TABLE III
RESULTS COMPARISON OF THE FIVE SCENARIOS

Scenario  Profit (x 105 $) Payoff (x10% $) Coal (x10% $) PV (%)

1 39.94 246.58 206.64 42.31
2 49.46 246.58 193.98 54.94
3 79.86 226.83 146.16 99.30
4 85.45 240.92 155.48 84.26
5 103.82 240.01 135.40 100.00

seen from Table IV that in a dispatch period, the operation
mode of CHP4 unit has been switched twice. At 6:00, CHP4
switches from mode AE to mode BP and runs in mode BP
until 17:00. Then it switches to mode AE. Scheduling results
can be explained by results in Table IV, which consider the
operating characteristics of the switchable CHP unit. When
steam demand pertains to a high level with relatively low
electricity demand, CHP3 and CHP4 can operate under mode
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TABLE IV
OPERATING MODE STATUS OF CHP

Hour CHP3 CHP4 Hour CHP3 CHP4 Hour CHP3 CHP4
AE BP AE BP AE BP AE BP AE BP AE BP
1 o 1 1 0 ]9 0O 1 0 1 17 0 1 0 1
2 0o 1 1 010 0 1 0 1 18 1 0 1 O
3 o 1 1 0|11 0 1 0 1 19 1 0 1 O
4 o 1 1 0 2 0 1 0 1 20 1 0 1 O
5 0o 1 1 0 |/13 0 1 0 1 21 1 0 1 O
6 0o 1 0 1 4 0 1 0 1 22 1 0 1 O
7 0 1 0 1 I5 0 1 0 1 230 1 1 O
8 0 1 0 1 16 0 1 0 1 240 1 1 O

BP with lower electricity output. Thus, aggregated CHP units
decrease electricity output (under the same steam demand level
as Scenario 1) to meet both electricity and steam demands, and
there is more room for PV power accommodation, leading to
lower operating cost of CHP units and higher profit for IPO
in Scenario 2. While in Scenario 1, electricity and heat output
are limited by their technology boundaries.

Scenarios 4 and 5 in Table III show the effect of the mode
switching mechanism on energy scheduling and the interests of
all parties after considering the energy storage characteristics
of the SHN. The optimal profit of IPO in scenario 5 is
$18,370 more than that in scenario 4, increased by 21.49%.
Compared with scenario 4, PV accommodation in scenario
5 increases by 15.74%. While the energy purchasing cost
of IPCs and the operating cost of CHP units decrease by
$910 and $20,080 in scenario 5 (fell by 0.40% and 12.91%),
respectively, compared with scenario 4. Thus, considering the
mode transition processes the CHP unit contributes to the
improvement of energy utilization and economic efficiency.

C. The Storage Characteristic of SHN

In Scenario 2, the total steam output of CHP and total
steam demand maintain balance at each hour. At the peak
time of PV (10:00-14:00), the CHP unit retains a high-power
output due to the fixed steam output, as shown in Fig. 7.
Although CHP3 and CHP4 switch to BP mode (which means
generating less electricity output when satisfying the same
steam demand), there is still a significant PV curtailment. In
comparison, the joint dispatch mode utilizing the heat storage
characteristic of SHN in Scenario 3 obtains more flexibility. As
shown in Figs. 8, before the peak time of PV, aggregated CHP
units enhance their total output to meet the increasing flexible
electricity demand, and excess steam is stored in the SHN.
Then, stored steam is released at the peak time of PV (10:00-
14:00), which provides a larger power gap for PV utilization
and helps decrease the output of the CHP units, reducing the
coal consumption cost of CHP units. Under constraints of
SHN operation, the actual steam demand shifts to the period
of low steam price, so the purchasing cost of IPCs is reduced.
Consequently, the profit of IPO is increased. These results
imply that the flexibility enhancement in HE-IES is owing to
the energy storage capability in pipelines in SHN.

D. Effect of IDR Mechanism on System Performance

It can be observed in Fig. 9 that after applying the DR
program of energy demand and price in Scenario 5, the profit
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Fig. 8. Scheduling results in Scenario 3. (a) Electricity power output and

forecast electricity load. (b) Heat power output and forecast heat load.

of IPO increased by 30.01% compared with that in Scenario
3. Moreover, the fuel cost of CHP units in Scenario 5 declines
by 7.34% compared with that in Scenario 3. Note, in Fig. 9(b),
electricity prices show a rise in 0:00-11:00 and 17:00-24:00
while a reduction from 11:00 to 17:00, compared with the
initial price. Correspondingly, flexible electricity loads mainly
move from 17:00-24:00 to 6:00-17:00, as shown in Fig. 9(a).
In Fig. 9(d), it is obvious heat price directly relates to steam
demand, which indicates heat price falls when demand for
heat load is high. The CHP units increase heat output at
low-price periods and store excess steam. Heat output is
decreased flexibly at high-price periods, and stored steam is
released, as shown in Fig. 9(c). Thus, more PV power can be
accommodated as more flexible demands shift to the midday
hour, and the energy purchase cost of IPCs can be saved
effectively. Additionally, when flexible demands increased,
corresponding prices declined within the given limit, meeting
the goal of optimizing the economic efficiency of both IPO
and IPCs.

In Fig. 10(a), bars denote the difference between total
steam output and demand, representing the state of charge
in SHN. Accordingly, average pressure in SHN weighted by
corresponding pipeline mass flow varies with stored energy, as
shown by the curve in Fig. 10(b). When the steam difference is
negative, indicating total steam output is lower than the steam
load, the SHN is discharged, and pressure drops. When the
heat difference is positive, the SHN is charged, and pressure
is raised, indicating an increase in the internal energy of
pipeline steam. Thus, the SHN functions as energy storage to
buffer heat output and demand, as well as decouples generation
dispatch of CHPs and heat demand, providing more flexibility
without compromising strict heat balance constraints.

Moreover, the optimal result of the SHN model used in
this paper is compared with the simulation results of a more
accurate model. Compared with practical measured data, the
biases of the simulation model as control are acceptable in
most cases. Thus, it can be used to measure the accuracy
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Fig. 10. Operating results in Scenario 5. (a) Steam storage and pressure in
SHN. (b) Pressure error between the proposed model in this paper and the
accurate simulation model.

and effectiveness of the model proposed in this paper. See
Appendix D for details of this model. Fig. 10(b) displays the
pressure of all pipelines at certain hours under two models.
From Fig. 10(b), the error between the proposed model and
the accurate simulation model is within £0.2%, validating the
feasibility of the proposed SHN model in this paper.

V. CONCLUSION AND FUTURE DIRECTIONS

The joint dispatch and pricing model of IES in this paper
comprises the CHP mode switching model, the thermal inertia
model of SHN, and the IDR model. Through theoretical
analysis and case study, the following conclusions can be
drawn:

1) Considering the mode transition processes of the CHP

unit can significantly improve the flexibility of energy supply.

2) The inertia characteristic of steam pipeline in SHN can
buffer heat output and demand during operation period, and
schedule of device output becomes more flexible.

3) The IDR program of demand and price contributes to
more elastic energy supply and demand relationship. Corre-
sponding change of price can increase economy.

The case study of practical IP indicates the proposed
mechanism provides the IES with higher operating flexibility,
resulting in higher operation and economic efficiency, more
photovoltaic accommodation, and less coal consumption.

Based on the proposed joint dispatch model, several inter-
esting directions are open for future study.

1) How to form a more accurate SHN and solve the highly
complicated dispatch model more effectively are still note-
worthy topics.

2) It will be a significant task to extend the proposed model
and improve calculation efficiency under the condition of
uncertain renewable power generation and electric and steam
demands in the IES.

APPENDIX A

Certain terms can be ignored for the following reasons.

1) Given the steady flow state of steam in pipelines, steam
parameters have nothing to do with time ¢ and are consistent
at any time, so the inertia term can be ignored.

2) From the engineering point of view, the convection term
in the formula is meaningful only when the gas flow velocity
is very high (close to the speed of sound). While the flow
velocity of steam in the steam heating system is generally
much smaller than the speed of sound, the convection term
can also be ignored.

3) According to actual steam heating system parameters,
when elevation difference of steam pipe network is not large,
gravity term can also be ignored.
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Based on the statements above, the momentum balance
equation of steady steam flow can be simplified as:

oP \v?

oz P 2d

The mass flow of steam has the following relationship with
steam density, flow velocity and internal diameter.

=0 (A1)

mpvd?
= A =
Q= pv 1

Equation (A1) can be transformed into (A3) by replacing v
in terms of (A2).

(A2)

A 2
OP+p 2dpA?

In general, steam density p is influenced by pressure P
and temperature 7', which greatly increases the complexity
of solving the equation. When steam is saturated, p can be
regarded as the function of P alone. Thus, p can be eliminated
by using the relation between p and P of saturated steam.
Therefore, the fitting relation between p and P is used in this
paper, and the fitting value is piecewise linearized. In each
pressure range, the relative error of the fitting relation is within
+2%. The expression is as follows.

Ox =0 (A3)

p= P+ jio (Ad)
where 117 and po can be obtained by looking at Table V [32].

TABLE Al
FITTING COEFFICIENT VALUE OF SATURATED STEAM

Pressure Range (MPa) p1 (x107%)  po (x1079)
0.10-0.32 5.2353 0.0816
0.32-0.70 5.0221 0.1517
0.70-1.00 4.9283 0.2173
1.00-2.00 4.9008 0.2465
2.00-2.60 4.9262 0.1992

Based on the above approximation approach, the differential
equation (A3) can be reformulated as (11) by replacing A with
A = m(d/2)? and integrating.

APPENDIX B

Note constraint (11) contains quadratic terms. Therefore,
a piecewise approximation method depicted in Fig. Bl is
adopted for linearization to handle the problem. For pipe flow
@; and node pressure P;, the upper and lower limits of their
values can be obtained according to parameters of practical
system, and segment interval can be adjusted according to
actual conditions.

Taking @; as example, value interval [QM™ QM is
divided into K-1 segments, and K discrete points satisfy:
QMY = Qi1 < Qiz < - < Qi g = QM. The function
value is FI(Q; 1) = Q7 ,, k € [, K].

The specific approximation process is as follows.

F(Qix) ~ F(Qin) + > _[F(Qiks1) — F(Qin)lok (BI)
kes

Qi ~Qin+ Y (Qikt1— Qik)dk

keK-1

(B2)
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where K is the number of discrete points. J; denotes a
continuous variable ranging in [0, 1]. ¢4 is a binary variable,
used to ensure linearized segments can fill the entire value
space continuously from left to right.

APPENDIX C

TABLE CI
SHN PARAMETERS

Pipe ID  From To Length (m) Diameter (m) Fraction Factor
1 1 2 1510.36 0.8 0.551
2 2 3 1165.64 0.8 0.395
3 3 4 1990.89 0.8 0.531
4 1 5 1489.97 0.8 0.75
5 5 6 1429.17 0.8 0.566
6 6 7 1486.86 0.8 0.75
7 1 8 1388.03 0.8 0.742
8 8 9 1365.4 0.8 0.887
9 9 10 1510.36 0.8 0.551
10 10 11 1165.64 0.8 0.395
11 1 12 1510.36 0.8 0.551
12 12 13 1665.64 0.8 0.395
13 13 14 1790.89 0.8 0.531
14 14 15 1165.64 0.8 0.395
APPENDIX D

Reference [35] demonstrated the method to set up the syn-
thetic model of steam pipeline network based on the hydraulic-
thermal model of single pipe, and proposed an algorithm based
on Newton-Raphson method to simulate the static flow rate
distribution of steam network. The modeling method can be
general for most steam pipeline networks.

q=Cp(P} —P5) (BS)
D3p
o jFm
Cri = 1o5% 108AqP; (1 + )L (BO)
q=Cr(Ty —T) (B7)
2
Cp = 278cpq (BS)

(1+8)aL
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q=CpATP = C,A'T (B9)
AC;ATP+Q =0 (B10)
AC:ATT+Q =0 (B11)

where ¢ is the mass flow rate. P, and P, are input and output
steam pressure. D is the inner diameter of the pipe. p,, is
the weighted mean density of steam. A is the coefficient of
the frictional resistance. L is the length of the pipe. 7 is the
equivalent length coefficient. 3 is the equivalent length coeffi-
cient induced by the appendix of pipes, valves, and supports.
According to the different ways of pipes being laid, the value
can be selected as 0.15-0.25. ¢, is the specific heat capacity
at constant pressure. ¢ is the amount of heat loss along unit
pipe length. Matrix A represents relationship between the i-
th node and the j-th pipe. P = (PZ P%,---,P2)T, P
(i = 1,---,m) is the absolute pressure of the i-th node.
T = (T3, T%,--- ,T2)Y, T;(i = 1,--- ,m) is the i-th node
temperature. Q = (Q2?,Q3%,--- ,Q2)%, Q;, (i=1,--- ,m) is
the flow rate of the i-th node. For steam sources the sign is
minus, and for the consumer the sign is positive, otherwise,
the value is 0. ¢ = (1,92, -+ ,qp)", ¢, (j = 1,--- ,p) is the
flow rate of the j-th pipe. C;; = diag(Cp1,Cpa2,- - ,Cpp) T,
Cpj, (j = 1,---,p) is the parameter of the j-th pipe
determined by (B6); Cx = diag(Ct1,Cra2, -+, C1p)T, Crj,
(j = 1,---,p) is the parameter of the j-th pipe determined
by (B8). (B5)-(B8) describe the hydraulic-thermal model of
single pipe. (B9)—(B11) describe the synthetic model for steam
pipe network.
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