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Abstract: With the development of energy internet, integrated energy system can effectively reduce
carbon emissions and improve the utilization of renewable energy. In this paper, a low-carbon
optimal scheduling model of integrated energy system considering heat loss of heat network pipeline
is proposed. Based on the study of concentrating solar power (CSP) plant and heat storage tank
(HS), an optimal scheduling model is established, which takes system operation cost, environmental
pollution and penalty cost of abandoning wind and solar energy as objectives. Through the analysis
of example results, it is proved that the model proposed in this paper can achieve the goal of reliable,
low-carbon and economic operation of the system. At the same time, it shows that CSP unit can
reduce the operation cost of system and increase energy coupling and utilization.

Keywords: heat loss;integrated energy system;concentrating solar power;low-carbon;heat storage
tank;economical dispatch

1. Introduction

With the energy and the environmental pollution intensify day by day, increasing the utilization
rate of renewable energy and reducing the carbon emissions are highlighted. In integrated energy
system (IES), energy conversion equipment such as CSP plant enriches the ways of utilizing renewable
energy for IES and heat storage tank can store heat when there is waste heat in the system and release
heat when the heat load is in short supply, thus reducing the waste heat of the system and further
improving the economy of the system.

The integrated energy system has attracted a large number of researchers’ attention. At present,
the main research directions are to improve the energy efficiency of IES and minimize the operation
cost. Reference [1] proposed a new multi energy flow calculation method for electric-gas-heat
integrated energy system (EGH-IES) based on Newton Raphson method. Reference [2] proposed an IES
collaborative scheduling model with power to gas (P2G) element and analyzed the economic benefits
of wind power consumption, but the network constraints of thermal system were not considered
within the model. Reference [3] proposed an optimal coordination model of combined cooling, heating
and electric power system (CCHP) with different price rate structures and adopted neighborhood
re-dispatch particle swarm optimization (NR-PSO) algorithm. Realizing collaborative dispatch of
multi-district IES is vital for energy-saving and emission-reduction, where the first problem is the
modeling of district heating and cooling network (DHCN). A general energy transfer model of the
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district heating network was proposed in [4] to solve the flow and temperature of the media in the
heating network. Several methods for modeling the heat supply network were proposed in [5] and [6].
However, their models were simple and the degree of simulation was not meticulous. A relatively
complete heat supply network model was established in [7] but it cannot be solved quickly and
concisely. In order to unify the model of power network and heat supply network, the traditional
heating system model has to assume a mixed temperature of backwater and fix the temperature of
return water in the whole return water pipeline at this temperature. The traditional heat supply
network model is not consistent with the actual thermal system, and will cause large calculation
error. An operation optimization model of electricity-heat integrated energy system with heat supply
network constraints was proposed in [8]. Although the temperature difference of backwater nodes is
considered, the calculation model needs to establish a complex correlation matrix, which is slow in
calculation and large in amount of calculation. In recent years, solar thermal power generation, as a
new industry of concentrating solar power, has also been widely concerned. Reference [9] divided
power generation of CSP into three parts: concentrating heat collection, heat storage and power
generation, and established a power grid dispatching model with thermal storage. Reference [10]
further constructed a two-stage stochastic scheduling model composed of day-ahead market and
actual operation. Reference [11] constructed a photovoltaic cogeneration microgrid with demand
response. The modeling method for CSP adopted in [10] and [11] is similar to thermal power units,
which ignored the characteristics of heat accumulation during CSP unit startup.

In view of these problems, firstly, this paper studies the hydraulic and thermal models of the heat
supply network, and puts forward the calculation model of the thermal system power flow considering
the heat loss of the return water pipe network; then establishes a CSP unit model considering the
start-up heat constraint, and analyzes the low-carbon economic operation optimization problem of
the electricity-heat integrated energy system based on former research. The case study shows that the
low-carbon economic dispatch model of integrated energy system established in this paper is correct
and the solution results are effective. At the same time, CSP unit has certain potential in reducing the
production cost of the system and promoting the consumption of renewable energy.

The remainder of this paper is organized as follows. Section II describes a CSP unit model
considering the start-up heat constraint, district heat network (DHN) model considering heat loss and
other units in IES. In Section III establishes a low-carbon economic dispatch model of IES. In Section
IV, case studies are carried out to show the performance of the proposed model. Conclusions are given
in Section V.

2. IES Model

2.1. Model of CSP

2.1.1. Heat balance of solar thermal power generation system

The three parts of CSP unit have the following thermal power balance relations

Qs f
CSP,t = QD

CSP,t + Qin
CSP,t (1)

Qout
CSP,t

ηout
− Qin

CSP,tηin = ∆QCSP,t (2)

Qout
CSP,t = QSU

CSP,t + Qgen
CSP,t (3)

Where,Qs f
CSP,t is the solar heat power received by photothermal unit of CSP at period t; QD

CSP,t represents
the waste heat of CSP; Qin

CSP,t refers to the heat into the heat storage tank by the collector; Qout
CSP,t is

the heat from the heat storage tank into the steam turbine generator; ηin and ηout refer to the heat
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input efficiency and heat output efficiency of the heat storage tank respectively; ∆QCSP,t represents the
change of heat storage tank during t period; QSU

CSP,t is the heat from the collector into the turbine and
Qgen

CSP,t refers to the heat generated by steam turbine.
Equation (3) indicates that part of the heat into the steam turbine is used for start-up and part

of it is used for power generation. If the steam turbine has been started, it is directly used for power
generation.

Heat balance equation of CSP can be obtained by simplifying (1) and (3):

Qs f
CSP,t = QD

CSP,t + Qin
CSP,t − Qout

CSP,t + QSU
CSP,t + Qgen

CSP,t (4)

2.1.2. Constraints of heat storage tank in CSP

The heat inflow and outflow of heat storage tank of CSP unit meet the following constraints:

0 ≤ Qout
CSP,t ≤ Qout

CSP,max (5)

0 ≤ Qin
CSP,t ≤ Qin

CSP,max (6)

Where, Qout
CSP,max and Qin

CSP,max represent the upper limit of heat output and input in a single period of
time for the heat storage tank of CSP unit respectively.

The state of the heat storage tank:

QHS
CSP,t+1 = QHS

CSP,t + Qin
CSP,tηin −

Qout
CSP,t

ηout
(7)

QHS
CSP,min ≤ QHS

CSP,t ≤ QHS
CSP,max (8)

Qin
CSP,t · Qout

CSP,t = 0 (9)

QHS
CSP,1 = QHS

CSP,24 (10)

Where, QHS
CSP,t is the heat stored in the heat storage tank of CSP during period t; QHS

CSP,min and QHS
CSP,max

represent the minimum and maximum allowable heat storage capacity of the heat storage tank
respectively.

2.1.3. Turbine start-stop constraints for solar thermal units

The heat into the steam turbine at any time period shall meet the upper limit constraint, and the
total heat accumulated in that time period shall meet the heat requirements for start-up. Therefore, the
constraints are established as follows:

QSU
CSP,t ≤ yCSP

t · QGenIn
max (11)

QSU
CSP,req ≥ QSU

CSP,t ≥ yCSP
t QSU

CSP,req (12)

QSU
CSP,t + Qgen

CSP,t ≤ QGenIn
max

(
yCSP

t + uCSP
t

)
(13)

Where, yCSP
t is the 0-1 variable for steam turbine start-up; uCSP

t is the 0-1 variable for steam turbine
state; QSU

CSP,req is the heat required for steam turbine start-up.
The constraints of integer variable are listed as follows:

uCSP
1 + zCSP

1 = uCSP
1 (14)

uCSP
t − uCSP

t−1 = yCSP
t−1 − zCSP

t , t = 2, ..., 24 (15)

0 ≤ yCSP
t−1 + zCSP

t ≤ 1 (16)

Where, zCSP
t is the 0-1 variable of steam turbine shutdown.
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The generating power of CSP unit:

PCSP,t = κQgen
CSP,t (17)

Where, κ and PCSP,t are generation factor and output power of CSP.

2.2. Heating Network

In the heating network, the hot water is sent from the heat source to the heat exchanger on the
heat load side by the water supply pipelines. After the hot water transfers heat through the heat
exchanger, then it is sent back to the heat source through the return pipelines for heating again.

2.2.1. Heat exchanger

The model of heat exchanger at heat load is as follows:

Qi,t = Cpmi,t

(
τNS

i,t − τNR
i,t

)
(18)

Where, Qi,t is the heat load of heat node i at period t; τNS
i,t and τNR

i,t respectively represent the node
supply temperature and the node return temperature; Cp is the specific heat capacity of heat medium
in pipeline; mi,t is the mass ow rate of heat node i at period t.

2.2.2. Heat Source

The model of heat source is as follows:

QS
t = CpmS,t

(
τNS

S,t − τNR
S,t

)
(19)

Where, QS
t is the supply heat power of the heat source at period t; τNS

S,t and τNR
S,t respectively represent

the heat source node supply temperature and the node return temperature; mS,t is the mass ow rate of
heat source node at period t.

2.2.3. Temperature Mixing

Mass owing into the same node is mixed, and the temperature of the mixed mass is as follows:

∑
(

τS,out
j · min

j−i

)
= τNS

i · ∑ min
j−i (20)

∑
(

τR,in
j · mout

i−j

)
= τNR

i · ∑ mout
i−j (21)

∑ mout
i−j = ∑ min

j−i (22)

Where, τS,out
j and τR,in

j are mass flow temperature at the outlet of pipeline j in the supply network and

mass flow temperature at the inlet of pipeline j in the return network; min
j−i is the mass flow rate from

pipeline j to heat node i; mout
i−j is the mass flow rate from heat node i to pipeline j.

2.2.4. Temperature Drop

The node temperature of water supply pipeline:

τS,out
j =

(
τS,in

j − τam

)
e
−

λdj
Cpmj + τam (23)

Where, τS,in
j is mass flow temperature at the inlet of pipeline j in the supply network; τam is ambient

temperature; λ is heat transfer coefficient per unit length of pipeline; dj is the length of pipeline j; mj is
the mass flow rate of pipeline j.
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The relationship between the inlet and outlet temperatures of the water supply network is shown
in (23). After taking the heat loss of the return water network into account, the relationship between
the inlet and outlet temperatures of the return water network is as follows:

τR,out
j =

(
τR,in

j − τam

)
e

λdj
Cpmj + τam (24)

Where, τR,out
j and is mass flow temperature considering temperature drop at the outlet of pipeline j in

the return network.

2.2.5. Circulating Water Pump

Circulating water pump maintains heat medium flow in pipes, its model is as follows:

PCWP
t =

QCWP
t

QCWP
max

· PCWP
max (25)

Where, PCWP
t is the electric power consumed by circulating water pump at period t; PCWP

t is the heat
energy transmitted by the circulating water pump at period t; QCWP

max and PCWP
max are respectively the

maximum heat energy that can be transmitted by the circulating water pump and rated power of
circulating water pump.

2.3. Model of Gas Turbine

As the main equipment to provide electric energy in IES, the efficiency of gas turbine is greatly
affected by unit output, and will decrease with the decrease of unit output. In this paper, efficiency of
gas turbine and the corresponding gas consumption of gas turbine are shown as follows:

ηi
GT,t = ai + biPi∗

GT,t + ci(Pi∗
GT,t)

2 + di(Pi∗
GT,t)

3 (26)

Fi
GT,t =

Pi∗
GT,t

ηi
GT,t

(27)

Where, ηi
GT,t is the efficiency of gas turbine i at period t; Pi

GT,t and Pi∗
GT,t are the unit values of generating

power and generating power of gas turbine i at period t; Fi
GT,t is the gas consumption of gas turbine i

at period t; ai, bi, ci, di is the efficiency coefficient of gas turbine i.
The carbon emission of GT is directly proportional to the power generated:

Ti
GT,t = λi

GT,tP
i
GT,t (28)

Where, λi
GT,t is the carbon emission coefficient of the gas turbine i; Ti

GT,t is the carbon emission of gas
turbine i during period t.

2.4. Model of Gas Boiler

The relationship between heat production power and gas consumption of gas fired boiler is as
follows:

QGB,t = FGB,t · ηGB (29)

Where, QGB,t and FGB,t are the heat production power and gas consumption of the gas boiler during
time period t; ηGB is the efficiency of the gas boiler.
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2.5. Model of Waste Heat Boiler

The waste heat boiler can centrally recover the heat generated by the gas turbine, and the heat
power it can provide is as follows:

QWH,t =

[
nGT

∑
i=1

Fi
GT,t(1 − ηi

GT,t)

]
ηWH (30)

Where, QWH,t is the output heat power of waste heat boiler during time period t; ηWH is the efficiency
of waste heat boiler.

2.6. Heat Storage Tank

The heat storage tank can be used to improve the flexibility of CHP units. It is often used to
decouple the rigid constraints of “determining electricity by heat”. The decoupling time is related to
the capacity of the heat storage tank, and the decoupling ability is related to the charging / discharging
power of the heat storage tank [12]. Heat storage tank usually has good thermal insulation, so the heat
dissipation loss of heat storage tank is ignored in this model. The model of heat storage tank:

QHS
t+1 = QHS

t + QHS
in,t − QHS

out,t, t = 1, ..., 23 (31)

0 ≤ QHS
t ≤ QHS

max (32)

0 ≤ QHS
in,t ≤ QHS

in,max (33)

0 ≤ QHS
out,t ≤ QHS

out,max (34)

QHS
in,t · QHS

out,t = 0 (35)

Where, QHS
in,t and QHS

out,t respectively represent the thermal storage / release power of the heat storage
tank at time t; QHS

in,max and QHS
out,max represent the maximum heat storage power and heat release power

of the heat storage tank at time t; QHS
t and QHS

max represent the heat storage capacity of the heat storage
tank at time t and the maximum heat storage capacity of the heat storage tank.

3. Low-Carbon Economical Dispatch of IES

3.1. Objective Function

The low-carbon economic dispatch model established in this paper targets at minimizing total
operating costs, which can be defined as follows:

F = min
(

Cgrid + Cgas + Ceq + Cab + Cw

)
(36)

Where the five terms donate the interaction costs with external power grids, gas purchase costs,
operating costs of various equipment in the IES system, cost of abandoning wind and solar energy,
and penalty costs for carbon emissions, respectively.

The costs of interaction between the system and the external grid can be expressed as the costs of
electricity purchase minus the revenue:

Cgrid =
24

∑
t=1

(
γ

buy
grid,tP

buy
grid,t − γsell

grid,tP
sell
grid,t

)
(37)

Where γ
buy
grid,t and γsell

grid,t represent the electricity purchase and sale price during t period, respectively;

Pbuy
grid,t and Psell

grid,t represent the quantity of electricity purchased and electricity sold during t period,
respectively.
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The gas purchase costs can be defined as follows:

Cgas =
24

∑
t=1

γgas,tG
total
t (38)

Where γgas,t refers to the gas purchase price during t period; Gtotal
t refers to the quantity of gas

purchased during t period.
The operating costs of various equipment in the IES system can be described as follows:

Ceq =
24

∑
t=1

(
γPVPPV,t + γWPPWP,t + γCSPPCSP,t

)
(39)

Where γPV, γWP and γCSP are the operating cost coefficients of photovoltaic power, wind power and
CSP unit, respectively; PPV,t and PWP,t are the power of photovoltaic power and wind power.

The cost of abandoning wind and solar energy can be described as follows:

Cab =
24

∑
t=1

(
γab

[(
P̄WP,t − PWP,t

)
+
(

P̄PV,t − PPV,t
)])

(40)

Where, γab is the penalty coefficient of abandoning wind and solar; P̄WP,andP̄PV,t are respectively the
predicted output power of wind power and photovoltaic power during t period.

The penalty costs for carbon emissions can be described as follows:

Cw = γw

24

∑
t=1

(
λGTPGT,t + λgridPbuy

grid,t + λGBQGB,t

)
(41)

Where, γw is the carbon emission penalty coefficient; λgrid and λGB are respectively the carbon emission
coefficient of thermal power generating units which provide the purchased electricity of IES and the
carbon emission coefficient of gas boilers.

3.2. Constraints

The proposed model is subject to operation constraints of four parts, namely electric power
constraints, heating power constraints, natural gas load constraints and unit constraints.

The electric power constraints are listed as follows:

PPV,t + PWP,t + PGT,t + Pbuy
grid,t + PCSP

t =Pload
t + Psell

grid,t

+ PCWP
t

(42)

Where, Pload
t is the electric load demand of the IES.

The heating power constraints are listed as follows:

Qtherm
GB,t + Qtherm

WH,t = Qtherm
load,t + QD

t (43)

Where, Qtherm
GB,t and Qtherm

WH,t are respectively the heating power provided by the gas boiler and the waste
heat boiler during the t period; Qtherm

load,t is the heating load requirements of the system during the t
period; QD

t represents the waste heat of heating network during the t period.
The natural gas load constraints are listed as follows:

Gtotal
t = GGT,t + GGB,t (44)
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Where GGT,t and GGB,t represent the gas consumption of gas turbine and gas boiler during t period,
respectively.

As for unit constraints, their details can be found in [15].

4. Case Studies

In this paper, a 9-bus power system [13] and 8-bus thermal system [14] shown in Fig. 1 is analysed.
In this example, there are 3 gas turbines, one set of wind and photovoltaic power generation units, two
gas boilers and one waste heat boiler. For the economic and technical parameters of the equipment
mentioned above, which refer to the data in [15]. The case studies are done on a laptop with four
processors at 2.80 GHz with 16 GB of memory. The programs are developed using Matlab R2020a, and
all MILPs and LPs are solved with the solvers of Gurobi 9.1 [16]. The relative gap of the MILP solver is
0.1%.

4.1. Power Supply and Loss In IES

The electric power in IES is mainly supplied by gas turbines and power generation equipment,
and is consumed by electric loads and power-consuming components. The real-time electric power of
the system is shown in Fig. 2.

It can be seen from Fig. 2 that the IES system in the calculation example can meet the electrical load
demand of the system on that day. Moreover, this form of solar energy utilization has an advantage
that other forms of solar energy conversion can’t match. That is, the water heated by solar energy
can be stored in a heat storage, which can still drive the steam turbine a few hours after the sun sets.
Between 0:00 and 8:00, because the amount of light is very small or zero, the PV power generation
during this period is very small. The heat generated by CSP is stored in HS, and when the amount
of light is small or zero, it can still drive the steam turbine to generate electricity. At the same time,
because the cost of purchasing electricity from the grid is relatively small, at this time, the electric
load in the system obtains a larger proportion of the electricity purchased from the external grid After
8:00, with the increase in PV output and the increase in power purchase price, GT units began to
increase output and maintain supply power of a high level to meet the electrical load demand in
the system and the system purchases power from the external grid changes with the electrical load
demand fluctuations to ensure that the economic cost required to maintain electrical power balance is
minimized.

4.2. Thermal Power Supply and Loss in IES

The thermal power in the IES system is mainly provided by GB, WH units and HS, and consumed
by the thermal load. The real-time thermal power of the system is shown in Fig. 3.

It can be seen from Fig. 3 that the IES system meets the heat load demand for that day within the
planned time, but it can be clearly seen in the figure that the heat power of the system exceeds the heat
load demand during the period of 8:00-24:00. There is a certain heat loss power situation. The WH unit
always provides heat power to the system, that is the gas turbine unit heat and power cogeneration,
and the part that is not enough to meet the heat load is provided by GT. HS charges when the heating
power is excessive, and discharges when the heating power is insufficient.

4.3. Real-time Situation of HS in CSP and Heat Network

The charging and discharging heat of HS in CSP in each scheduling period is shown in Fig. 4.
Based on Fig. 4: during 0:00-4:00 and 18:00-24:00, the HS in CSP is exothermic, the thermal power HS
giving out is used for generating electricity. And during 7:00-8:00, 11:00-12:00 and 15:00-17:00, the
HS in CSP is endothermic, thermal power is stored into the HS. The thermal power of HS remains a
constant during 5:00-6:00, 9:00-10:00 and 12:00-14:00 period.

Fig. 5 demonstrates the charging and discharging situation of HS in heat grid in each scheduling
period. Based on Fig. 5: during 4:00-8:00, 12:00-15:00, 17:00-18:00 and 21:00-22:00 the HS is charging.
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During 0:00-3:00, 9:00-11:00, 16:00-17:00, 19:00-20:00 and 23:00-24:00 the HS is discharging. It can
be obtained that the HS helps regulating peak of the system, which means HS would charge when
the thermal power is surplus and it would discharge when the thermal power is insufficient. This
illustrates that the HS in heat grid can regulate the peak and reduce the total operating cost. Therefore,
it’s of necessity to add HS in the proposed model.

4.4. HS in CSP and Capacity of CSP Unit

According to Fig. 6, when the capacity of HS in CSP unit increases, the cost decreases slightly
from 66782.3 yuan to 66032.4 yuan. With respect to the capacity of CSP unit, the cost drops sharply
from 67892.1 yuan to 62981.6 yuan with the increment of the capacity of CSP unit. Fig.6 proves that
larger the capacity of HS and CSP unit is, the lower the cost would be. Therefore, increasing the
capacity of HS appropriately helps reduce the total cost.

4.5. Relationship between the HS in DHS and the Cost of IES

According to Fig. 7, the total operating cost of the proposed model decreases with the increment of
the capacity of HS, which illustrates HS has the potential to reduce the total operating cost. Therefore,
it can be obtained that HS is essential in the model.

4.6. Analysis with CSP and without CSP

It can be seen from Table I that the total cost of IES with CSP is reduced from 6,7892.1 yuan
to 6,6032.4 yuan compared with the IES without CSP. Because the CSP plant participates in the IES,
although the operating cost of equipment is increased, but more the electricity purchasing cost, gas
purchasing cost and penalty costs for carbon emissions are effectively reduced. The utilization rate
of new energy in the system is effectively improved, thus saving non-renewable energy such as gas
boiler power and promoting the economy of the system.

Table 1. Analysis with CSP and without CSP

Cost With CSP Without CSP

Cgrid 13563.31yuan 15193.02yuan
Cgas 39972.48yuan 40206.11yuan
Ceq 1252.429yuan 1034.5yuan
Cab 0 0
Cw 11244.2yuan 11458.49yuan

Total Cost 66032.42yuan 67892.13yuan

5. Conclusion

An Electricity-Heat IES model is presented in this paper, which focuses on the concentrating solar
power unit and heat loss in the DHN. The simulation results for the nine-bus and eight-node system
indicate that the proposed low-carbon economical dispatch model can meet the electrical and thermal
load requirements of the system, increase energy diversity in IES and reduce the operating cost of the
system. An example is given to verify the operation cost of the system with or without CSP unit, and
the effectiveness of CSP unit participating in the system operation is verified.

Based on the proposed low-carbon economical dispatch model of Electricity-Heat IES, several
interesting directions are open for future study. How to design system operation scheme under
uncertainty of solar and wind power is still a note-worthy topic. Because of CSP unit’s small capacity,
its large-scale integration would involve an extensive number of units which can bring about numerous
variables and constraints to the problem, a clustered CSP model would be helpful to reduce the
calculation complexity of the model, which is an interesting issue that needs more study. Another
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important but challenging topic is the bidding planning of energy market considering CSP unit. All
these issues mentioned above are worth further investigating.
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