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Abstract—As a type of energy system with bright application
prospects, the integrated energy system (IES) is environmentally
friendly and can improve overall energy efficiency. Tight coupling
between heat and electricity outputs of combined heat and
power (CHP) units limits IES operational flexibility significantly.
To resolve this problem, in this paper, we integrate operating
mode optimization of the natural gas combined cycle CHP unit
(NGCC-CHP) into dispatch of the IES to improve flexibility
of the IES. First, we analyze operational modes of the CHP
units from the perspectives of thermal processes and physical
mechanisms, including the adjustable extraction mode, back-
pressure mode, and switching mode. Next, we propose an explicit
mathematical model for full-mode operation of the CHP units, in
which the heat-electricity feasible region, switching constraints,
and switching costs are all formulated in detail. Finally, a novel
economic dispatch model is proposed for a heat and electricity
IES, which uses the full-mode operation of CHP units to improve
operational flexibility. The Fortuny-Amat transformation is used
to convert the economic dispatch model into a mixed-integer
quadratic programming model, which can then be solved using
commercial solvers. Case studies demonstrate the proposed
method can reduce operational costs and obviously promotes
wind power utilization.

Index Terms—Adjustable extraction mode, back pressure
mode, combined heat and power, economic dispatch, full-mode
operations, integrated energy system, operational flexibility.

NOMENCLATURE

A. Abbreviations

DHN District heating network.

NGCC  Natural gas combined cycle power.

CHP Combined heat and power.

AE Adjustable extraction mode of CHP.

BP Back pressure mode of CHP.

HE-IES Heat and electric integrated energy system.
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ED Economic dispatch.

HRSG Heat recovery steam generators.
GT Gas turbine.

HPC High-pressure cylinder.

IPC Intermediate-pressure cylinder.
LPC Low-pressure cylinder.

SSS Synchro-self-shifting.

B. Indices and Sets

IICHP  Index Set of CHP thermal units.
IeT Index Set of non-CHP thermal units.
v Index Set of wind farms.

P Index Set of power loads.

II, Index Set of pipelines.
T Index Set of the simulation period.

Ikt Index Set of pipelines flowing into the node k.
HE* Index Set of pipelines flowing out of the node k.
®;, Index set of intersection nodes of pipelines.

P, Index set of heat load nodes.

b, Index set of heat source nodes.

C. Parameters and Functions

Qe The range region of CHP in AE mode.

2y The range region of CHP in BP mode.

2chp The range region of CHP.

CLCHP The operation cost of CHP units 1.

CcoT The operation cost of non-CHP units i.

w The penalty cost of abandoned wind power <.

FiOT / B?T Maximum/minimum generation output of
generation unit 4.

13th Available power of wind farm i at period ¢.

Ru;/Rd; Upward/downward ramping capability of
generation unit :.

Suy/Sd; Upward/downward spinning reserve require-
ment of the electric power system at the
period t.

cg® Cost of unit ¢ switching from mode BP to AE.

Ah heat power consumed by flushing the IPC.

o; Penalty factor of wind curtailment of wind
farm 1.

tr/ tlfp Minimum uptime for CHP in mode AE/BP.

tha Operation time for switching from BP to AE.

Ny Maximum mode switching times of CHP.
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Tabm The Ambient temperature at period ¢.

Pws Cw Density and specific heat capacity of water.

Vp, Rp, 0p, &, Parameters of time delay and heat loss of
pipeline p.

N, A;, lp Heat transfer coefficient, cross-sectional area
and length of pipeline p.

My Mass flow in pipeline p.

75/718 Maximum/minimum node temperature in
supply pipelines.

7" /T" Maximum/minimum node temperature in re-
turn pipelines.

Tin/Tin Maximum/minimum indoor temperature.

C(’jq, R’gq Equivalent heat capacity and heat resistance
of heat load at load node k.

T Outdoor temperature at period .

At Time interval of dispatch period.

D. Variables
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Heat production of CHP unit in mode AE/BP
during period t.

Heat production of CHP unit in switching pro-
cess from BP mode to AE mode during period ¢.
Power production of CHP unit in mode AE/BP
during period ¢.

Power of CHP unit in switching process from
BP mode to AE mode during period t.

Heat production of CHP in full-mode operation.
Power production of CHP in full-mode opera-
tion.

Binary variable, 1 if the CHP is running at mode
AE/BP at period ¢ and O otherwise.

Binary variable, 1 if the CHP is switching
from mode BP to mode AE at period ¢ and O
otherwise.

Power output of CHP unit ¢ during period t.
Heat power output of CHP unit ¢ during pe-
riod t.

Binary variable, 1 if the generation ¢ is on at
period t and O otherwise.

Power output of generation unit ¢ during pe-
riod t.

Power output of wind farm ¢ during period ¢.
Power demand of load ¢ during period t.
Binary variable, 1 if the CHP is switched to
mode AE/BP at period ¢ and O otherwise.
Binary variable, 1 if the CHP is switched from
mode AE/BP to other modes at period ¢ and O
otherwise.

Inflow/outflow temperature of water in supply
pipeline p.

Inflow/outflow temperature of water in return
pipeline p.

Temperature of water at node j in supply/return
pipeline.

Heat load at node £ at period ¢ (kW).

Indoor temperature of buildings at load node k
at period t.
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I. INTRODUCTION

HE increasing energy consumption and serious environ-

mental issues humanity faces are driving development
of low-carbon and sustainable energy systems [1]. Integrated
energy system (IES), which applies multi-energy complemen-
tation and energy cascade utilization techniques to improve
overall energy efficiency and renewable energy utilization,
is regarded as a secure, efficient, clean, and flexible energy
system with bright application prospects [2].

Heat and electric integrated energy systems (HE-IES), based
on combined heat and power (CHP) units, is an important form
of IES. Natural gas combined cycle (NGCC) CHP unit has
been used as the primary heat resource among various types of
CHP units in Beijing and other large cities in China because
of its small size, high comprehensive efficiency, and small
environmental impact [3], [4]. However, NGCC-CHP (denoted
simply by CHP in this paper) is operated by following the
thermal load, which affects economy and flexibility of the HE-
IES [5]. Large amounts of wind power will then be abandoned
when CHP power generation meets most electricity demand
during off-peak hours [5], [6].

In order to increase wind power utilization and improve
the energy system’s economic efficiency, it will be necessary
to implement measures that increase flexibility of the HE-
IES with CHP units. A great deal of research has focused on
enhancement of HE-IES flexibility, and the measures required
can be divided into three categories: installation of extra
devices [5], [7]-[9], use of thermal inertia of the heating
system [10]-[13], and use of integrated demand response
programs [14]-[16]. Some researchers focused on optimizing
energy system structure by adding heat-electricity coupling
devices, such as heat pumps, and electric boilers [7], [8]
or energy storage devices such as batteries and heat storage
tanks to the HE-IES [5], [8], [9]. The heating system’s
thermal inertia is reflected in the heat storage capacity and
thermal delay of the heating network and buildings [10]. Using
these heating system characteristics is an effective method
to improve flexibility of the HE-IES, and researchers have
performed valuable work from the perspectives of modeling
methods [10], [11] and optimization strategies [12], [13].

Additionally, an integrated demand response also provides
an effective way to improve system flexibility [14]-[17]. Ref-
erence [14] has used consumers’ flexible thermal and power
demands to provide additional flexibility for the resources
and increase wind power utilization. In [15], both optimal
load-output matching and optimal market participation were
considered in a proposed control model. Reference [16] an-
alyzed 34 engineering cases for electrothermal energy sys-
tems and proposed increasing flexibility of the power-to-
heat demand response via careful adjustment of market rules.
Reference [18] proposed an innovative framework for a multi-
energy management system that incorporates a flexible energy
complementarity strategy to improve operation of multiple
energy prosumers.

Among methods to improve system flexibility proposed
above, installing extra devices requires additional investment,
which will bring additional operational and design burdens due
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to changes in the physical and communication structures. Uti-
lization of the system’s thermal inertia is highly advantageous.
However, flexibility provided by the thermal inertia of DHN
is limited because supply/return temperature constraint cannot
meet the need of IES. Finally, an integrated demand response
requires applicable market rules and participation of multiple
entities and users, which requires further research of relevant
economic policy frameworks and coordination mechanisms.

On the other hand, as an essential component of the HE-
IES, CHP plays an essential role in optimizing scheduling
and improving system flexibility. References [19]-[21] im-
proved operating efficiency and part-load performances of
CHP units by optimizing their operating parameters, e.g.,
compressor pressure ratio and inlet gas turbine temperature.
Reference [22], [23] improve the unit’s operating efficiency
under variable conditions and increase the load variation range
of the CHP by adjusting the recovery mode of waste heat and
improving design of the compressor, respectively. Research
above focused on peak shaving characteristics and part-load
operation performances of CHP units at the device level. Some
other studies analyze flexibility of the CHP unit from the
perspective of operation mode. Reference [24] summarized
technical flexibility and characteristics of different operating
modes of CHP units. Reference [25] simulates electrical and
thermal load characteristics of adjustable extraction (AE) and
back pressure (BP) modes of combined cycle heating units
and optimizes the unit’s operation mode in different heating
periods.

In summary, the above research on improving operational
flexibility of CHP units is mainly focused on equipment
level. However, from the system level of the HE-IES, higher
requirements can be proposed to improve flexibility of the
CHP units. It will thus be necessary to make full use of
the heat-electricity coupling characteristics of CHP units to
expand their operational flexibility. The first research gap to
be addressed is that flexibility of the CHP unit has rarely been
investigated from a HE-IES perspective.

In the dispatch decision of HE-IES, the CHP unit is assumed
to operate in either the AE mode or the BP mode. In fact,
some CHP units (the NGCC-CHP) include both of these
heating modes and can switch between modes without being
shut down [25], [26]. Heat-electricity ratio of the AE mode
can be adjusted within a specific range [27], which means
it cannot achieve the “maximum heating power” because
of minimum cooling flow requirements of the low-pressure
cylinder (LPC) [28]. Heat-electricity ratio of the BP mode
is fixed, meaning that it cannot meet different demands of
the thermal and electrical loads [27]. It is foreseeable that
mode switching ability of CHP will play an essential role in
improving flexibility of the HE-IES.

Existing literature on the economic dispatch (ED) of CHP
units rarely involves the CHP unit’s detailed operating con-
ditions [29], [30]. Characteristics of heat recovery steam
generators (HRSGs) were considered in the ED model in [4],
and results proved this model was better than the traditional
polygonal model. Reference [31] established an ED model
that was suitable for short-term NGCC-CHP load changes
based on power and thermal load control logic during opera-
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tion. Reference [32] first considered internal composition and
physical processes of CHP plants in their dispatch model for
IESs. These studies have considered equipment composition
and the physical properties of CHP units in the ED, making
the operating domain more accurate. However, CHP unit’s
specific heating mode and mode switching during operation
are not involved. Therefore, the second research gap is the
detailed CHP unit model that considers operating mode and
mode switching process has not received sufficient attention.

To close these research gaps, we propose a novel ED model
for the HE-IES that uses full-mode operation of the CHP units
to improve operational flexibility. The main contributions of
this study are summarized as follows.

1) Operating modes of NGCC-CHP are introduced in the
optimization dispatch of HE-IES to expand flexibility re-
sources of HE-IES. We comprehensively expound the oper-
ation modes of CHP units from the perspective of thermal
process and physical mechanism and analyzes the source of
flexibility of this operation mode in HE-IES.

2) We propose an explicit mathematical model of the full-
mode operation of CHP units in which the heat-electricity
feasible region, switching constraints, and switching costs are
all formulated in detail.

3) A novel ED model that uses the full-mode operation of
CHP units is proposed for the HE-IES. The Fortuny-Amat
transformation is used to convert the ED model into a mixed-
integer quadratic programming model.

4) In optimized dispatch of the HE-IES, we consider the
synergy of the heating network, buildings, and proposed full
mode operation mode of CHP to improve flexibility and
economy of the IES.

The remainder of this paper is organized as follows: Sec-
tion II discusses the NGCC-CHP operating mechanism. The
model for full-mode CHP unit operations is given in Sec-
tion III. Section IV establishes an optimal dispatch model that
considers the proposed CHP model, including grid, heating
network, and building constraints. In Section V, results of case
studies demonstrate advantages of the proposed technology.
Section VI summarizes the work.

II. OPERATING MODES OF CHP UNITS
A. Operating Mechanism of NGCC-CHP System

The NGCC-CHP structure mainly comprises the gas tur-
bine(GT), HRSG, steam turbine, and a power plant heat
exchanger [33], as shown in Fig. 1.

GT consumes natural gas to drive the generator to generate
electricity and exhausts flue gas at high temperatures. HRSG
then absorbs waste heat from flue gas to generate steam at a
specific pressure and temperature, which is then used to drive
the steam turbine to generate electricity or heat power.

The CHP’s steam turbine system includes three cylinders: a
high-pressure cylinder (HPC), an intermediate-pressure cylin-
der (IPC), and a low-pressure cylinder (LPC). Rotors of the
HPC and IPC are connected to the LPC’s rotor via the synchro-
self-shifting (SSS) clutch. SSS clutch is a component that
controls the connection state of the IPC and the LPC, which
can cut off or connect to the LPC with IPC without shutdown.
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Fig. 1. Structure and operating mode of NGCC-CHP.

After passing through the HPC and IPC, steam is either
discharged from the pipe on the bottom side of IPC to feed
into the LPC to perform work or is extracted from the IPC into
a heating network heater. The following two operating modes
can be achieved by controlling the SSS clutch and adjusting
valves in the pipelines: the AE mode and the BP mode [25],
[26].

B. Operating Modes of CHP System

1) AE Mode

In AE mode, unit commitment of the CHP is GT, HRSG,
HPC, IPC, and LPC, and the SSS clutch is closed. Exhausted
steam from the IPC is divided into two parts: one part is
supplied to the heating network heater to heat return water,
while the other is supplied to the LPC to generate power. It
should be noted that under low load conditions, steam entering
the LPC would fail to meet its cooling demand when steam
flow is too low. In order to ensure safe operation of the unit,
there is a minimum cooling flow.

2) BP Mode

The LPC is separated from the IPC and generator rotor
in BP mode by disconnecting the SSS clutch. The LPC and
condenser are thus unloaded from the CHP unit in BP mode
(as indicated by the dotted box in Fig. 1). The IPC exhaust
steam is all supplied to the heating network heater.

3) Mode Switching Process

The CHP unit can switch between the two modes above
without shutdown. In switching from AE mode to BP mode,
CHP needs to close valve V1 and disconnect the SSS clutch
to cut off LPC. The entire process takes a short time and does
not consume additional energy.

When BP mode is switched to AE mode, first, the speed of
the LPC needs to be slowly increased from stopped state to
3000 r/min and warmed up at 600 r/min for a while. During
this process, part of the heating steam must be extracted from
the IPC outlet to flush the LPC, which reduces part of the
thermal power. Then, the SSS clutch is connected to the LPC
and the IPC, valve V2 is opened, and the condenser and the
water pump are put into operation. Due to LPC speed up and
warm-up steps, it needs to consume additional thermal power
in the whole switching process.
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4) Comparison of BP Mode and AE Mode

The first difference between AE and BP modes is their
heat-electricity ratios. A CHP unit can adjust heating and
electric power by adjusting the flow rate of steam extracted
from the IPC in AE mode. Increasing the mass flow of steam
from the IPC into the heating network heater will increase
thermal power and reduce electrical power. Therefore, the
heat-electricity ratio is variable in AE mode. However, BP
mode only regulates heating power by adjusting the GT load
rate, and with this change in GT load rate, electric power
will have the same proportion and trend as thermal power.
Therefore, the CHP’s heat-electricity ratio is fixed in the BP
mode.

The second difference between AE and BP modes is the
operating range for thermal and electrical power. AE mode
has a more significant peak electrical power, while BP mode
has an enormous peak value of thermal power. AE mode
cannot achieve “maximum heating power” because of LPC’s
minimum cooling flow requirements. In contrast, BP mode
cannot achieve “maximum electrical power” because of LPC
removal.

C. Flexibility Source by Introducing Operating Modes for
CHP Unit

The existing definition of flexibility generally focuses on the
source load balance capacity of the system from technical and
economic levels. However, different scholars or institutions
have not reached a complete agreement on the understanding
of flexibility [5]. In this paper, we define flexibility as follows:
Flexibility is the ability of a generation unit or a system to
respond to change of demand and supply [24].

Based on the above introduction, the operation modes of
the CHP unit, the mechanism of improving the IES’s opera-
tional flexibility by optimizing the CHP operating modes are
analyzed as follows.

1) Operating range of CHP units is expanded. Compared
with CHP units operating in a single Mode, full-mode opera-
tions of CHP units extend operation range, including increased
upper and lower bounds of both thermal and electrical power.

2) Heat-electricity ratio of CHP units is improved. In terms
of distribution of thermal load and electrical load, full-mode
operations of CHP units can meet different demands of thermal
load and electrical load by switching to AE mode when
necessary. In contrast, in BP mode heat-electricity ratio is
fixed. For example, when HE-IES’s heat load is small, and
electrical load is large, the CHP unit operating only under BP
mode will result in a large amount of heat abandonment. In
terms of matching unit power output and renewable energy
output, full-mode operations of CHP units can provide more
space for wind power utilization. As is indicated by the two
dots ((@, P1) and (@, P»)) on the yellow dashed line in Fig. 2,
minimum electrical power generation in the AE mode is higher
than in BP mode at the same heating power. That means BP
mode can provide more space for renewable energy utilization
when heat load is large.
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Fig. 2. Full safe operation range and mode switching of CHP unit.

III. MODEL FOR FULL-MODE OPERATIONS OF
CHP UNITS

A. Full Model of the CHP System

Full-mode operation model of the CHP unit includes BP
operation model, AE operation model, and switching process
model. Output powers of these models are limited by operating
conditions of GT and steam turbine, including GT maximum
continuous power (GMCP), GT minimum continuous power
(GNCP), and steam turbine maximum extraction (STME). Full
safe operation domain is shown in Fig. 2.

1) Safe Operation Range of mode AE

In AE mode, the safe operation domain of the CHP is a
two-dimensional area encompassing heating load and electrical
power [34], which is shown in Fig. 2.

t_ tpt
{ N ks e 2uU{0.0) )
b1 = &1t
where (2, is the range region of CHP in AE mode.

When GT is in GMCP condition, the CHP unit will have
maximum electric power if no steam extraction (coordinate
point A). In addition, if the CHP unit is simultaneously in
STME condition, it will also have maximum heat supply
(coordinate point B). Similarly, when GT is in GNCP con-
dition, maximum electric power of the unit involves no steam
extraction, and maximum thermal power is in STME condition
(coordinate points C and D). By fitting points A-D in turn, we
can obtain the boundary line for §2,.. In particular, boundary
line BC represents the CHP unit’s thermal power under STME
condition at different GT loads.

2) Safe Operation Range of BP Mode

As shown in Fig. 2, the safe operating range of the BP mode
is a curve encompassing electrical load and heating load [34].
CHP usually operates in the heating-load-following mode, and
heating load is adjusted by varying GT load rate.

{ hip = Eflhﬁ

o Y(hi,pn) € 2, U{(0,00} ()

Pl = €nph
where (2, is the BP mode range region, and working con-
dition points E and F are determined by the GMCP and the
GNCEP, respectively.
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3) Switching Model of CHP Unit

As indicated by the red arrow from points I to II in Fig. 2,
we believe the AE mode can be switched directly to the BP
mode because this process takes a short time and involves zero
energy consumption. However, the switching process from BP
mode to AE mode requires energy consumption. Therefore, we
regard this process as an independent mode, called mode III,
as indicated by the red arrows from II to III to I in Fig. 2.
The model of mode III is given as follows:

{ hin = ety [(hiy ' — Ah) + hig']
Pin = 5%11(27%1_1 +pfﬁ1)
where Ah is heat power consumed to flush the IPC.
4) Full Model of the CHP System
In summary, the model for full-mode operation of the CHP
unit is given by (4).
{ Ry = Pt + hip + hip
Plnp =PI+ P + Pl
Considering full-mode operation of the CHP unit, oper-
ating cost of CHP units is a function of thermal power,

electrical power, and unit switching action, which is given as
follows [11].

3)

“4)

CoMT = [Py hienp) + €V (5)
2 2
f(pf:hpv hf:hp) = alpf)hp + a2pfﬁhp + b hihp + thf:hp
=+ Cpf:hph’zhp +d (6)

where f (pf:hp, hf:hp) is a quadratic function of electricity and
heat productions [11]. The last item of (5) denotes costs of
switching from BP to AE. As illustrated above, the switching
process from BP mode to AE mode is complex and requires
energy consumption.

B. CHP Constraints

CHP constraints include safe operation domain constraints,
switching time constraints between different modes, minimum
uptime/downtime constraints for AE and BP modes, and mode
switching time constraints.

The operational domain of the CHP unit is as follows.

Qchp =2, U pr @] {(0, 0)} (7)

The operating mode of the CHP unit must satisfy the
following logical constraints.

eften+em <1 ®)

During actual operation, after completion of a switching
process, the operator must monitor operation status to ensure
stability and safety of the CHP unit. Subsequent switching can
only be carried out when the unit runs stably for a specified
period. Therefore, the AE mode and the BP mode of the CHP
unit must satisfy uptime and downtime constraints.

t ot < et
{ Zt:‘r_t taieJrl ?C It (9)

t—1 _
€1 — ¢ = Vge = Waye

t—1 (10)

t t t
<
{ Eth—t:;p"Fl Upbp = €11
t
€~ €n

ot ot
= Upp — Wpy
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As mentioned above, it takes some time to switch from
BP mode to AE mode (that is, mode III). The engineering
operation process of Mode III is fixed, and so is time spent in
the operation process.

tha
1
€III _ Zst T t—i—tba T+

Frequent switching of the operation mode is not friendly to
the system crew, so frequency of switching operations must
be limited.

(1)

T
> (ke +vhy) < N (12)
t=1

IV. EcoNOMIC DISPATCH MODEL WITH FULL-MODE
OPERATIONS OF CHP UNITS

A. Objective Function

The objective of the proposed economic dispatch problem
is to minimize total operating cost.

SN et ST ST et Y Y or a3

teT cIICHP teT 4eI10T teT icIIV

In (13), the three terms are operation cost of CHP units,
operation of non-CHP operation thermal units, and penalty
cost of abandoned wind power, respectively. The operation
cost of CHP units is given by (5) and (6).

The penalty cost of the abandoned wind power is defined
as follows:

— i) (14)

B. Constraints

The constraints of the model proposed in this paper include
power system constraints, CHP units’ constraints, district
heating network constraints, and building thermal constraints.
1) Electrical Power System

The power system constraints are given by (15)—(18). Equa-
tion (15) gives the balance for total electric generation and
total load; (16) represents the operation constraint of the non-
CHP units, and renewable energy; (17) represents the ramping
constraints of the generator; and (18) gives spinning reserve
constraints. Other electrical power system constraints, e.g.,
transmission flow limits, voltage limits, and any other optimal
power flow inequality constraints, can be found in [35], [36]

and are omitted here.
+Y Py => PH VteT

Z pCHP+Zp

1€IICHP 1€IIOT 1S3 8 A i€IIP
(15)
{ TPOT < pOT < OTP, T Wi eTOT, 1 e T 16)
0<py\i<P1V¥, VielIV,teT
—Rd; <pl,—pl, , <Ru;, Viem°Tun® teT
(17)

{ ZiEHOT min {Ru’bv ZOt _pz T} > S'Uzt, Vte T

> iemror min { Rd;, pOF — PP} > Sdy, VteT
(18)
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2) District Heating Network Constraints

The node method is used in this paper. Because of its
excellent performance, the node method is used widely to
model the heat dynamics of district heating networks (DHNs)
during operation optimization [36], [37].

Jt—p
p,in

i,tf'yp i, t—yp+1 _
p in

gt
7—p,out T, + 6? p,in
1 ,t _ 17,t t
p out — amb + 5117( P, out 7-amb)

pelIl,, i€ {sr} (19)

Equation (19) describes the pipe temperature distribution,
which is obtained through the node method [37], where
parameters d,, Yy, and &, used in (19) are defined as:

Yo = LPWA;ZP/(mpAt)J
R, = (yp + D), At
5 = (B — puASl,) (11, A)
fp = exp |:7 p)\AAut (719 + 3/2 - )}
Other constraints for DHN include the node temperature

mixing equation, heat power balance equations, and network
topology equation.

T S = > (i) 5 € Bin, i € {51}

peTly ™ peliyt

(20)

2n

C’wmp (Tsky;f - Tﬁ}f) = Qg’t p € H];Jra k S q’sn o)

: Bt k) _ Akt . (22)
CwMyp (Ts,h - Tr,h) - Ql pE Hp 7k S @ln

=7l pellEt, je @y, i€ {s,1} 23)

Equation (21) describes node temperature mixing lim-
its. Equation (22) represents heat power balance at supply
pipelines and return pipelines. Topological constraint of the
heating network is shown in Equation (23). Specifically, pipe
inlet temperature is the temperature of the corresponding node.
Additionally, node temperature is limited to ensure required
heating quality and is shown as follows:

<7 <7 pell, ie{sr} (24)
3) Buildings Constraints

The first-order equivalent thermal parameter model of the
building is used in this paper [10], [38], which is given as

follows:
hgea = a*ryt = VT = (25)
where the parameters used in (25) are illustrated in (26):
1
a =
R]gq ( _At/(Reqcécq))
_ Atk 1
b* = ake ReaCea ok = o (26)
eq

.. . t . ..
In addition, indoor temperature 7" is limited to ensure a
comfortable temperature range for consumers.

kit —
Tin < Tin < Tin 27



1860

4) CHP Constraints

Operational constraints of the CHP unit are given in Sec-
tion II, where (1)—(4) are operating range constraints, and (7)—
(10) are operational logic constraints.

C. Problem Transformation

The compact form of the proposed dispatch model can be
represented as follows:

2TQx + br + ¢

min
s.t. Ax+ Be+Cy<d (a) 28)
Yy =ex (b)
e €{0,1}

where Q is a semi-definite matrix; b, ¢ and d are constant
vectors; A, B, and C are constant matrices.

Among the constraints of the proposed model, constraints
(1)-(4) of CHP unit belongs to constraint of (28b), and other
CHP constraints, power system constraints, heating network
constraints, and building constraints including (5)-(12) and
(15)-(27) belong to constraint of (28a). Constraint of (28b)
is nonlinear due to introduction of boundary variables. The
Fortuny-Amat transformation is used in this paper to solve
the problem [27], [36].

According to the Fortuny-Amat transformation, constraint
(28b) can be similarly transformed to (29).

{—6M§y§sM

r—1—-eM<y<z+(1-e)M @)

where M represents a maximum value, after Fortuny-Amat
transformation, the economic dispatch model becomes a
mixed-integer quadratic programming model.

V. CASE STUDIES

In this section, two systems on different scales are used to
perform case studies. Case I is a six-node heating network
and a six-node grid system. Case II is based on an actual
118-node network in northern China. Time intervals for the
heating network and power grid are 0.5 h and 1 h, respectively,
and dispatch period is 24 h. The reason for using these time
intervals to model the heating system and power system is that
it can meet the requirement of heat power balance between
heat power supply and demand in system operation. Argu-
ments and explanations for selecting time intervals in thermal
and electrical simulation are presented in [37]. Simulation is
performed in MATLAB 2020a, and the solver used is CPLEX.

A. Case I

The structure of case I is shown in Fig. 3. The system in-
cludes a 6-node power grid and a 6-node heating network. The
power system includes two non-CHP units, a wind farm, and
an NGCC-CHP thermal unit. The CHP is a 9FB combined-
cycle unit with an M701F4 GT, a three-pressure reheated
HRSG, and a steam turbine (TC2F-40.5). Main parameters
of the CHP are given in Table I. Peak electric load value is
940 MW, the comfortable indoor temperature is set at 21°C,
and upper and lower temperature limits are set at 19°C and
23°C, respectively.
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Fig. 3. Structure of the HE-IES 6-bus system in Case I.

TABLE I
PARAMETERS OF CHP IN DESIGN HEATING CONDITIONS

Parameters AE mode  BP mode
Gas turbine power (MW) 335.5 335.5
Main steam flow (t/h) 292.5 292.5
Main steam temperature (°C) 523.9 524.1
Main steam pressure (MPa) 12.59 12.60
Reheated steam flow (t/h) 342.4 342.4
Reheated steam temperature (°C) 549.2 548.8
Reheated steam pressure (MPa) 3.36 3.37
Exhaust pressure (kPa) 34 -
Steam power (MW) 157.5 77
Heating extraction steam flow (t/h)  309.8 -
Heat power (MW) 256.5 322.7
Combined cycle power (MW) 493 412.65

1) Comparison of Economic Efficiency

Operating mode status of the CHP unit is shown in Table II.
It can be concluded from Table II that in one dispatch period,
the CHP unit operating mode has been switched twice. At
09:00, the CHP unit switched from BP mode to AE mode,
and it ran in AE mode until 16:00 and switched to BP mode.
The switchable mode does not affect the next dispatch period
because exactly two switching operations were performed
during the dispatch period.

TABLE II
OPERATING MODE STATUS OF CHP

Hour I 2 3 4 5 6 7 8 9 10 11 12
BP o o0 0 o o0 o0 o0 0 o0 0 1 1
AE 1 1 1 1 1 1 1 1 1 O 0 O
switth 0O 0 0 O O O O O O 1 O O
Hour 13 14 15 16 17 18 19 20 21 22 23 24
BP 11 1 1 0 O O O O O 0 O
AE o o o o 1 1 1 1 1 1 1 1
switth 0O 0 0 O O O O O O O O O

To verify the effect on improving economic efficiency
and flexibility of the HE-IES by considering the CHP unit
operating conditions, we compare results of the three CHP
unit operating conditions, i.e., the AE mode (M1), the BP
mode (M2), and switchable mode (M3) over the entire dispatch
period.

Table III shows total operating costs and cost of each
unit when the CHP is running in AE mode (M1), BP mode
(M2), and switchable mode (M3). Compared with M1 and
M2, operating cost of M3 is reduced by 16.84% and 7.66%,
respectively. With regard to operating expenditures of specific
units, the cost of G1&G2 at M1 is lower than at M3. In
contrast, cost of the CHP and especially of wind curtailment
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(a)
Fig. 4. Outputs of CHP units. (a) Electrical power. (b) Heat power.

TABLE III
COSTS UNDER DIFFERENT CHP MODES

Subcase No. M1 M2 M3
Gl1&G2 110.314 168.054  141.539
Cost Wind 41.258 4.863 4.853
(x10% $) CHP 244937  184.170  183.321
Total 396.509 357.088 329.713

is higher than in M3. Higher operating expenditure for M2,
when compared with M3, is reflected in the cost of G1&G2.
Therefore, results show that the overall economic efficiency
of the HE-IES system can be improved significantly by
considering the CHP unit’s operating conditions.

2) Comparison of Dispatch Results

Electrical power and thermal power outputs of CHP units
are illustrated in Fig. 4. We can see electrical power in M1
is higher than in M2 and M3 during the periods from 00:00-
08:00 and 17:00-24:00, as shown in Fig. 4(a). In contrast,
thermal power of M2 is significantly higher than of M1 and
M3 from 10:00-16:00, as shown in Fig. 4(b). Electrical and
thermal power curves of M3 are roughly a combination of
partial electric and thermal curves of M1 and M2. From 0:00—
09:00 and 16:00-24:00, M3’s power curve is similar to M2.
From 9:00-16:00, M3’s power curve is similar to M1.

Wind power utilizations of the three modes are shown in
Fig. 5. During periods from 00:00-08:00 and 16:00-24:00,
M1 has a relatively large amount of wind curtailment. In
connection with higher electrical power output of M1 during
the same period (shown in Fig. 4(a)), we find the increased
electrical power of the CHP limited the system’s capacity to
absorb wind power.

600

Ml ---e--- M2

§ 500 = === M3 ———— Forecast power
2 400
5]
2 300
2
< 200
8
= 100

O | |

0:00 4:00 8:00 12:00 16:00 20:00 24:00

Time (h)

Fig. 5. Wind power utilization comparison of the different CHP modes.

Figure 6 shows heat load at the source node and heat
curtailment of the three subcases. The overall heat load trend in
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Fig. 6. Comparison of heat loads and curtailments of three operating modes.

the three subcases is roughly the same, and slight differences
appear from 08:00-20:00. The reason for fluctuations is that
both the thermal inertia model of the buildings and heating
network model are considered in this paper. Building tem-
perature can fluctuate within a small comfortable temperature
range. In addition, as shown by the bar chart in Fig. 6, only
M2 has significant heat rejection among the three subcases.

3) Explanation and Discussion of Dispatch Results

The above dispatch results provide simulation verification
for flexible source analysis of operation modes of CHP units
in Section II. We can provide a reasonable explanation for the
dispatch results based on operating characteristics of AE mode
and BP mode.

During the periods from 00:00-08:00 and 16:00-24:00,
system heat load is relatively high, and the CHP supplies
heat power to the heating network, following the principle
of “heat-to-electricity.” As explained in Section II, the AE
mode’s minimum electrical power generation is higher than
in the BP mode at the same heating power. If the CHP unit
is running in AE mode at this time, electrical power should
be more significant to ensure required heating power, which
corresponds to the M1 curve characteristics in Fig. 4(a). In
general, during this period, wind power is generally relatively
large. In connection with the high level of wind curtailment
for M1 during the same period (as shown in Fig. 5), we find
the increase of CHP unit’s electrical output has limited the
system’s capacity to absorb wind power.

The heat-electricity ratio of BP mode is constant, which
means that it cannot meet the differential demand between
heat and power supplies. During daytime, electrical load is
high, and forecast wind power at this time is generally low.
Therefore, increasing the CHP unit’s electrical power to meet
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the electrical load demand is necessary. Thermal load is
relatively small during the middle of the day, and if the CHP
unit is running in BP mode at this time, it will inevitably result
in heat losses due to redundancy of heat power. As shown in
Fig. 6, there is high heat curtailment for M2 from 10:00-15:00.
4) Economic Efficiency under Different Wind Power Ratios

To analyze the advantages of the method proposed in this
paper under different application scenarios, we compared sys-
tem economics under various wind power forecast conditions.
Forecast wind power is 50%—-120% of the basic calculation
case.

Wind curtailment and heat curtailment under different fore-
cast power conditions are presented in Fig. 7. The figure
shows that M1 and M2 have opposite phenomena in terms of
curtailment of wind and heat. Specifically, M1 does not have
heat curtailment. The amount of wind curtailment required
increases significantly with high forecast wind powers, but M2
always has a more significant amount of heat curtailment and
requires a small amount of wind curtailment when forecast
wind power is higher.

< 1500

B Wind curtailment B Heat curtailment

M
—
[3®)
=3
S

900
600
300

Wind power (

0
MIM2M3MIM2M3MIM2M3MIM2M3MIM2M3
50% 60% 80% 100% 120%
Wind power compared with basic case (%)

Fig. 7. Wind curtailment and heat curtailment for various forecast wind

power.

There is almost no energy curtailment in M3, except for a
small amount of wind curtailment when forecast wind power
is immense. It shows M3 is better placed to meet differential
heating and power supply demands, which is essential for
realization of thermo-electrolytic coupling and improving the
HE-IES’s flexibility, particularly when the proportion of wind
power is significant.

The operating expenditure of M1 initially decreases slightly
and then increases sharply as the proportion of wind power
increases, while costs of M2 and M3 both show downward
trends, as shown in Fig. 8.

600 50.00
550 Cost of modes: s C\, o Cypy s C 5 _
o Cost reduction: ACy™= &= ACy, 40.00 S
:&—) 200 30.00 &
X 450 g
Z 400 20008
~ 350 ! ! _i i, I 10.00 &
00 LI I T L1o.0

M1M2M3‘M1M2M3M1M2M3M1M2M3MlM2M3

50% 60% 80% 100% 120%
Wll’ld power compared with basic case (%)

Fig. 8. Total costs and improvements in economic efficiency under various
wind power ratios.

Line charts in Fig. 8 show the economic benefits of M3
when compared with M1 and M2. Here, AC);; and ACyo
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are calculated as follows:

Crvis — Cwuiz)

(
ACy; = Ot
Note here that AC); increases obviously, when wind power
is high, but ACy\2 does not change significantly. Overall,
results indicate that IES can absorb more wind power and
improve its economy and flexibility by considering the CHP
operating conditions.

L i=1,2 (30)

B. Case II

The structure in case II includes a 118-bus electric power
system and 10 independent DHNs. Generators contain 34 non-
CHP thermal units, 10 wind farms, and 10 CHPs. A detailed
system diagram is shown in Fig. 9 [39]. In order to assess the
effect of improving IES’s economy and flexibility by consider-
ing full-mode operation of the CHP units, five scenarios with
different load profiles, wind powers, and outdoor temperatures
are simulated.

1) Comparison of Economic Efficiency

Total cost of the IES under different operational conditions
is listed in Table IV. Value of AC)y; and AC)y2 fluctuate from
5.04%-5.94% and 8.91%-9.41%, respectively. ACy; is larger
than ACyy2 in both Cases I and II. We considered the energy
waste in M1 to be wind power, and there is a penalty for wind
curtailment; however, energy waste in M2 is heat power, and
additional heat curtailment cost is only the operating cost of
CHP units.

TABLE IV
COST VALUES UNDER DIFFERENT CHP OPERATION CONDITIONS

Subcase No. Casel Case?2 Case3 Case4 Case5

Chvit 7115.0 7117.9 71062 7111.0 7119.7

Cost (x10% $) Cho 6819.9 6808.9 6881.7 6858.3 6792.1
Chws 64529 64534 6473.1 6473.5 6450.0

ACy1 931% 934% 891% 896% 9.41%

ACost (%) ACyn 538% 5.22% 594% 5.61%  5.04%

2) Comparison of Energy Curtailment and Flexibility

Energy curtailment characteristics of the IES are presented
in Fig. 10 and Table V. AF, is the D-value of abandoned
energy. W, and H, are average values of heat and electric
power abandoned in the five subcases. Values of AW, and
AH, for M1 and M2 are calculated as follows:

(Wa,i—Wa,ms)

AWas= " e (M1,M2} 3D
_ Waus €
- (Hai—Ha s ) » b ’
AT, = (o)

In the five cases, M3 shows an average of 87.6% less wind
curtailment than M1 and 99.42% less heat curtailment than
M2. It is important to note M1 and M2 have high amounts
of heat and wind curtailment, respectively, and M3 has much
less energy curtailment, which shows M3 offers good heating
and power supply flexibility.

3) Computational Cost Analysis

Table VI lists average computation time of three modes of
Case I and Case II. Compared with M2, M1 significantly
increases computational time by 15 times in case I and
120 times in case II. Improvement of computational times
becomes significant with system scale increases.
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Fig. 10. Energy curtailment of IES. (a) Wind curtailment. (b) Heat curtail-
ment.

TABLE V
COST VALUES UNDER DIFFERENT CHP OPERATING CONDITIONS

Subcase No. M1 M2 M3

Energy abandon W, 4045.1 499.1 501.7

(x10% $) H. 0 82439  48.1

AE_a AW, 87.60% —0.53

(%) AH, - 99.42% -
TABLE VI

COMPUTATION TIME BY DIFFERENT CHP MODES

Subcase No. M1 M2 M3
Case [ 0.122 s 0.132s  2.095s
Case 11 1.562s 1.613s 202.167 s

VI. CONCLUSIONS AND PROSPECTS
A. Conclusions

We propose a comprehensive dispatch method that considers

operating mode optimization of natural gas combined cycle
CHP unit to improve flexibility of the IES. A comprehensive
dispatch model of IES involves the CHP full working condi-
tion model, the DHN heat dynamic model, and thermal inertia
model of buildings. The proposed CHP full working condition
model considers AE mode, BP mode, and switching process
mode of the CHP units. Based on theoretical analysis and case
studies, we can obtain the following conclusions:

1) Full mode operation of CHP units can significantly im-
prove economy of the IES and reduce wind power curtailment,
especially when the proportion of wind power in the IES is
significant.

2) By optimizing operating conditions of the CHP unit,
flexibility of IES is significantly improved. The reason is that
full mode operation of CHP units can be better placed to meet
differential heating and power supply demands and realize
further decoupling of electricity and heat.

3) When heat load is large, and the proportion of wind
power is significant in the IES, the CHP unit is suitable to
operate in BP mode. When heat load is small, and power load
is significant in the IES, the CHP is suitable to operate in AE
mode.

B. Prospects

The current work mainly focuses on integrating operating
mode optimization of a natural gas combined-cycle CHP
unit (NGCC-CHP) into the IES dispatch to improve IES’s
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flexibility. Some unresolved challenges are summarized as
follows for further study:

1) As described in Section II, the CHP consists of several
components. This paper does not consider detailed physical
models of each component and CHP performance during the
switching process. It would be interesting to assess these
aspects in future studies.

2) The current work does not consider renewable uncertain-
ties in the IES. How to extend the CHP full mode operation
and the optimal dispatch model proposed in this paper to deal
with the renewable uncertainties will be significant work.
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