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a b s t r a c t

Operation optimization is a critical issue in the management of the multi-source large-scale urban
centralized heating system (UCHS). A major challenge is to deal with the complex topological structure
of its heating network. We investigate the operation enhancement of UCHS from the view of network
splitting. We carry out the network splitting analysis of UCHS by establishing its heating network
model and corresponding simulation platform based on graph theory. We validate the model against
experimental data in a city located in northern China, and further use the model to show the
effectiveness of network splitting by calculating its energy consumption indices under different
splitting schemes. Simulation results show that the optimal network splitting scheme could improve
the load distribution among the heating sources and reduce the operation cost. We apply the scheme
during the 2018–2019 heating season and compare the results with the previous season operated by
its existing scheme. The optimized scheme reduces heat supply requirements for heating sources and
improves the load distribution among heating sources. With the weather condition change considered,
seasonal accumulated area specific daily heat supply is reduced by 3.9%. Overall, seasonal natural gas
consumption is reduced by 16.8%.

© 2020 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

1.1. Background

So far, most of China’s northern cities have built urban cen-
tralized heating systems (UCHS) (Zhang et al., 2015; Wang et al.,
2008). According to Liu’s research, the demand of urban resi-
dents on heating water keeps growing and more buildings adopt
the centralized heating system to supply 24 h hot water in
north China (Liu, 2011). These systems use water as the working
medium to deliver heat from the heating sources to the heating
substations (which further provides hot water to end-users such
as residential communities) (Feng et al., 2014), as shown in Fig. 1.
The heating system could be divided into a primary loop and
a secondary loop. The primary loop connects the distributed
heating sources and heating substations. The loops are connected
through plate heat exchangers located in the heating substations,
where the secondary loop water is heat up by the primary loop.
In the secondary loop, heating substations deliver heat to the
end-users through plate heat exchangers and the corresponding
secondary loops, as shown in Fig. 1. The working medium in

∗ Corresponding author.
E-mail address: xiaojie.lin@zju.edu.cn (X. Lin).

both primary and secondary loop is water. During the operation,
UCHS controls the water supply temperature in the secondary
loop by adjusting the regulating valve in the primary water loop
(Lu et al., 2001). Due to the difficulties of maintaining the thermal
and hydraulic balance in the secondary loop, a fixed water supply
temperature in the secondary loop is desirable. However, during
the heating season, the weather conditions could vary. Usually in
the beginning and end of the period outside temperature can be
almost the same, while it can be much lower in the middle of the
period, during coldest months.

The conventional operation control approach is to break up the
operation problems into a series of preset scenarios. The heating
system is managed in such a manner that the heating sources
have a fixed set of supply temperatures and water flow rates
based on these scenarios. The heating system is adjusted merely
based on ‘‘temperature control’’ approach to avoid hydraulic im-
balance (Jiang, 2006; Lei and Zou, 2008). The heating substations
are distributed in the covered heating area and are controlled by
local feedback actuators such as pumps and valves. This method
is robust and straightforward per its nature. However, such an
approach does not take the coupling effect between the thermal
and hydraulic balance into consideration. It does not consider the
coordination of all components of the heating system, such as the
heating sources and end-user demands. During the heating sea-
son, UCHS tends to cause overheating. For example, as found in
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Nomenclature

Symbols

D relationship matrix between the nodes
and the section of the heating system

C relationship matrix between the loops
and the section of the heating system.

Qs flow rate of the network node
Qes flow rate of the network section
Ps pressure of the network node
∆Pes pressure drop of the network section
∆Pesj pressure drop of the water supply jth

section
λsj resistance coefficient of the water sup-

ply jth section
ξsj local resistance factor of the water

supply jth section
dsj inner diameter of the water supply jth

section
qesj mass flow of the water supply jth

section
ρ density of the working medium
m amount of water supply node in the

heating system
n amount of water supply section in the

heating system
∆psub pressure drop of the heating substation
Ps water supply pressure
∆pesj pressure drop of the water supply jth

section
Pri pressure of water return pipeline

Acronyms

CHP combined heating and power
DCS distributed control system
DSM demand side management
SCADA supervisory control and data acquisi-

tion
UCHS urban centralized heating system

Subscript

i serial number of node connection
j serial number of section connection

the report from Tsinghua University, the average overheating rate
in China northern cities ranges from 10% to 20% (Tsinghua Uni-
versity, 2019). Once the system is affected by extreme weather
conditions (such as snowstorms) and the operation condition falls
out of the preset scenarios, this approach could fail to set up the
new thermal and hydraulic balance of the heating system.

Another drawback of such an approach is the lack of opera-
tional flexibility or optimization capability since the scenarios are
usually set up long before the heating season. Such an operation
approach has been put into place since the 1970s, even though
UCHS has become increasingly complex. The conventional oper-
ation dispatch approach has come up with a series of challenges
since the 1990s. For example, Hu et al. found that such an ap-
proach is not designed to cooperate with cogeneration units such
as combined heat and power (CHP) units, resulting in excessively
high primary energy consumption (Hu et al., 2010). Liu found out

that this heating source is in a low-load operating condition for
most of the heating season (part-load operation ratio less than
50% or even lower), leading to a low heating efficiency (Liu, 2016).

However, UCHS keeps expanding in China during the last
decade in terms of heating area. According to published statistics
(Department of Planning, Financing and Foreign Affairs Ministry
of Housing and Urban-Rural Development, 2018), China’s UCHS
heating area has grown rapidly in the past decade, with an
average annual growth rate of 13%. By 2016, the total heating
area of UCHS in northern China had reached about 13 billion
square meters (NDRC, 2017). Currently, the trend is to have a
coal-fired boiler. Meanwhile, more diverse heating sources such
as industrial waste heat recovery, natural gas boilers, biomass
boilers, and solar energy are connected to UCHS. The increase
of heating area and heating source diversity together constitute
a new operation challenge that could not be addressed by the
conventional approach. Therefore, the analysis and optimization
of the operation scheme of UCHS nowadays become a critical
issue.

In the existing studies, some researchers focus on different
aspects such as heating demand-side management (DSM), source
side load dispatching optimization, and energy system transport
analysis to improve the ability of operation. As Zia et al. pointed
out, the goal of these efforts is to find out an optimal operation
technology to ensure economical, sustainable, and reliable op-
eration of the heating system subject to operational constraints
(Zia et al., 2018). In heating DSM research, researchers focus on
heating efficiency and users’ demand. For example, Cai et al. pro-
posed a realistic DSM mechanism to improve system efficiency
and manage congestion issues from the view of building modeling
(Cai et al., 2018). An example of the application of heating DSM
technologies could also be found in the ‘‘4th Generation District
Heating’’ systems developed in Nordic countries, where operators
carry out dispatch schemes in a ‘‘smart’’ way (Pakere et al., 2018;
Gao et al., 2017). As for load dispatching optimization in the
heating sources and storage, Liu et al. proposed to change the
current operation mode where power plants manage CHP and
heating companies manage UCHS to a new one (Liu, 2015). The
new mode allows power plants to carry out peak-shaving and
manage primary networks, while heating companies deal with
secondary networks and provide heating to end-users. Köfinger
et al. proposed to combine the utilization of storage device and
heating source in a sequential approach that effectively uses
thermal storage as a short-term buffer used in both summer
and winter (Köfinger et al., 2018). In the meanwhile, UCHS is
closely related to building energy consumption. Therefore, re-
searchers from the field of building energy systems also inspected
UCHS operation from the view of transport capability, where it
is investigated from a general perspective of energy systems. For
instance, Postnikov et al. from the perspective of fault recovery
rate, proposed a method to determine the optimal reliability-
related parameters of heating system components to improve
heating reliability (Postnikov et al., 2017). Wang et al. proposed
optimization strategies for the planning of a multi-energy system
and formulated it as a mixed-integer linear programming prob-
lem based on graph theory (Wang et al., 2018). A good summary
of these studies could be found in IEA’s ‘‘Energy in Buildings and
Communities Programme Annex 67’’ (Jensen, 2016).

However, the discussion of UCHS operation from the view
of network management is less found when compared to DSM,
source side load dispatching optimization, and energy system
transport analysis studies. From the view of network manage-
ment, the operation of UCHS is to find an ‘‘ideal path’’ for the
heating sources to deliver hot water to the substations and fur-
ther the end-users with the constraints of pressure, mass flow
rate distribution and pump/valve operation limits. In this area,
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Fig. 1. Sketch map of the primary loop and the secondary loop.

similar to the grid study, some researchers have derived and
investigated the ideas of flexibility and reliability. Zhong et al.
quantified UCHS’s capability of delivering heat to substations
under different operating scenarios from the perspective of flex-
ibility (Zhong et al., 2019). Shan et al. identified the laws of
the reliability and availability for the district heating network,
focusing on the failure-safe operation (Shan et al., 2017).

A typical UCHS network management operation is network
splitting, where the heating network is split and divided into
regions through disassembling/disengagement valves and pumps.
The following effects can be achieved through network splitting:

• It can change the water pressure distribution of the whole
network and helps to reach the hydraulic rebalance;

• The operation scheme can be changed and the appropriate
scheme can save energy consumption of the entire heating
system;

• The faulty components in the heat network can be blocked
by network splitting to improve the reliability of the whole
network;

For example, Jiang et al. divided the heating network into several
regions through valve operation to adjust the hydraulic balance
of each region (Jiang et al., 2018). Fan et al. and Fang et al. split
heating sources in the network according to different operating
conditions, thereby reducing energy consumption and heating
costs (Fan et al., 2015; Fang et al., 2016). Qin and Jiang proposed
to install regulating valves at proper positions on the main sup-
port line or the looped line and adjust the outputs of the heat
sources to enhance the operation scheme (Qin and Jiang, 1999,

2001). Wang split the network and isolated the fault components
to minimize the impact of component failure on the operation
to improve the reliability of the heat network (Wang, 2010).
It should be noted that network splitting of large-scale UCHS
has been implied but rarely investigated by researchers from
the area of district heating systems, where the operation studies
start from modeling of such systems. Since modeling is also
part of basis of this study, it is worthwhile including modeling
studies of district heating systems. Allegrini et al. reviewed the
modeling approaches and tools addressing district-level energy
systems and assessed their competences (Allegrini et al., 2015).
Gabrielaitiene et al. developed a complete model for a district
heating system in Denmark covering a total heating pipe length of
five kilometers via node method and compared the results against
commercial tool TERMIS (Gabrielaitiene et al., 2007). Tol and
Svendsen developed an optimization method for the design of
a low-energy district heating system in Denmark to reduce heat
loss, which is highly useful in pipe dimensioning (Tol and Svend-
sen, 2012). Vigrants and Blumberga developed a district heating
system model to search for optimal thermal-hydraulic designs
(Vigants and Blumberga, 2011). Nikula et al. proposed a dynamic
process simulator and the corresponding event-based controllers
in order to demonstrate the effectiveness of the model-based
dispatch solutions in a district heating system (Nikula et al.,
2014). Similarly, Guelpa and Sciacovelli presented a thermal fluid
dynamic model and applied a model-based approach to analyze
transient operations in terms of temperature distribution during
dispatch operation (Guelpa et al., 2019).

Overall, from the perspective of long-term development trend,
UCHS will keep its diversity (either in terms of its heating sources
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composition or end-user types) and its scale will grow along with
urbanization. However, in existing large-scale UCHS, splitting op-
eration is mainly decided by human experience, and less effort
is paid to its optimization or its coordination with source load
distribution. Moreover, as UCHS grows in scale and has a variety
of heating sources (including renewable energy-based heating
sources), such a manual approach is no longer sufficient. In large-
scale UCHS with diverse heating sources, source load distribution
and network splitting the heating system need to be carried
out together via the concept of optimization while considering
operation economy of heating sources and the change of heating
load in the network. However, such studies are still limited in the
open literature, and little effort has been paid to the verification
of the effectiveness of this approach in a real city-scale UCHS.

1.2. Motivation

Based on the literature review, this paper focuses on the
network splitting optimization of large-scale UCHS with multiple
heating sources and the verification of the effectiveness of such
an approach. We establish a UCHS model, validate the model, and
investigate splitting scheme optimization. Further, this study uses
a UCHS in Beijing as an exemplary site to carry out the verifi-
cation of splitting schemes optimization in the field through the
comparison of two heating season data. The paper is concluded
with our findings and future work.

2. Modeling and network splitting scheme optimization

2.1. UCHS modeling

We use graph theory to divide the pipe network into mul-
tiple loops and use Kirchhoff’s law to establish the relationship
between the mass flow rate and pressure of each loop through
the conservation equations in the nodes and the corresponding
sections. The goal is to create the conservation equation sets of
supply and return water pipes.

In the heating network, pumps, valves, and substations can be
regarded as nodes; pipe segments can be regarded as sections.

The pipe network with m nodes and n sections can be ex-
pressed by a (m − 1) × n order incidence matrix D =

(
dij

)
m×n.

dij =

⎧⎨⎩
1 When nj is connected tomi and the direction is away frommi

−1 When nj is connected tomi and the direction is towardmi

0 When nj andmi are not connected

(1)

where D is the relationship matrix between the nodes and the
section of the heating system.

The relationship between each section and the basic loop l is
expressed by the (n − m + 1)× n order loop matrix C =

(
cij

)
l×n.

cjk =

{1 nj ∈ lk and in the same direction
−1 nj /∈ lk but in different directions
0 nj /∈ lk

(2)

where C is the relationship matrix between the loops and the
section of the heating system.

After that, we simultaneously solve the conservation equation
sets by feeding real-time working conditions such as overall
flow rate and temperature leaving the sources. Since UCHS has
both supply and return water loop, we consider establishing
the equations for water supply and return pipelines respectively
The governing equations of supply water loop are shown in the
following equations.

In a node the following mass conservation law can be written:
the sum of input flow rates is equal to the sum of output flow
rates.

D · Qes + Qs = 0 (3)

Qs = [qs0, qs1, . . . , qsi, . . . , qsm]T , i ∈ [1,m] (4)

Qes =
[
qes0, qes1, . . . , qesj, . . . , qesn

]T
, j ∈ [1, n] (5)

where Qs is the flow rate of the network nodes, kg/s; Qes is the
flow rate of the network sections, kg/s.

For each loop, the algebraic sum of the pressure losses is zero.

C · Ps = 0 (6)

Ps = [Ps0, Ps1, . . . , Psi, . . . , Psm] , i ∈ [1,m] (7)

where Ps is the pressure of the network nodes, Pa.
The pressure drop of the pipe segment can be expressed as

∆Pes =
[
∆pes0, ∆pes1, . . . , ∆pesj, . . . , ∆pesn

]
, j ∈ [1, n] (8)

∆Pesj =
1
2

(
λsj + ξsj

) q2esj
ρπ2d4sj

(9)

where ∆Pes is the pressure drop the network sections, Pa; ∆Pesj
is the pressure drop of the water during the jth section, Pa; λsj
is the resistance coefficient of the jth section; ξsj is of the local
resistance factor of the jth section; dsj is the inner diameter of
the jth section, m; qesj is the mass flow of the jth section, kg/s; ρ

is the density of the working medium (water), kg/m3.
The model of the water return line is the same as the supply

loop equations shown above. With equation sets in both loops
formulated, we could use the heating source supply and return
water pressure, measured heating substation flow rates and the
pipe network structure as input conditions to calculate the water
supply and return water pressure in each heating substation. The
inlet and outlet pressure of each substation, together with the
measurement flow rates, make up the hydraulic balance state
of the system. Once the pressure distribution and flow distri-
bution are achieved, we could carry out the thermal analysis of
the topological heating system in a similar matrix manner. The
detailed approach and its solving process could be found in our
previous work, where we realized real-time modeling calculation
and operation optimization for the steam network in a petroleum
industry park (Zhong et al., 2019, 2015).

2.2. Model-based network splitting optimization

For multi-source UCHS, we carry out network splitting oper-
ation by adjusting the combination of valves and pumps based
on the model developed in the previous section. The network
splitting scheme coordinates the heat supply between multi-
ple heating sources, ensures its operation economy, and pro-
vides emergent heat supply capability if necessary. As mentioned
above, the challenge of network splitting is its complexity due
to the ever-increasing system scale. Assume there are N valves
participating in the network splitting; there are 2N theoretical
network splitting schemes should the valves only stay in either
full-open or full-closed state. Although the amount of splitting
schemes in the real UCHS is less due to the operating constraints,
it still takes couple of months to manually generate all the pos-
sible schemes. Moreover, once the network splitting scheme is
changed during the heating season, the hydraulic resistance char-
acteristics of the entire UCHS changes. The change of its hydraulic
resistance characteristics could cause a thermal and hydraulic
delay as long as a couple of hours. Therefore, in modern large-
scale UCHS, it is hardly possible to achieve a new operation
scheme to catch up with the new heating demand simply by
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Fig. 2. Flow chart of load forecasting based on back-propagation neural network.

human experience. This is where the created UCHS model cuts
in.

In this paper, we use the load prediction model to find out the
desired mass flow rates in each substation. We built a historical
database by collecting the data achieved from supervisory control
and data acquisition (SCADA) systems installed in the heating
network and the local ambient conditions in the heating substa-
tions. The parameters included in the database are water supply
and return temperature in both primary and secondary loops,
the water flow rate in the primary loop, frequency of secondary
loop pump, and ambient temperature. We use a machine learning
algorithm (back-propagation neural network) to forecast the up-
coming flow rates of heating substations, which is shown in Fig. 2.
By combing the data from the distributed control system (DCS)
(mainly operation data of the heating sources), we could generate
the boundary conditions (substation-wise mass flow rates) for the
upcoming operation cycle.

By feeding the boundary condition into the UCHS model, we
could get the corresponding system state (temperature, mass
flow rate and pressure distribution across the entire network)
through the modeling approach mentioned above and generate
its corresponding operation schemes. For example, a critical part
of the system state is the pressure drop across the substation,
which directly affects the operational decisions. To calculate the
pressure drop across the substation, we need to calculate the
water pressure in both supply and return loops. For the supply
loop, we calculate the pressure using the following equations.

With the predicted substation-wise flow rates, we could cal-
culate the flow rate of each flow section in Eq. (10).

Qes = − [D]−1
· Qs (10)

Then, the water supply pressure Ps can be calculated from the
flow of the section in Eqs. (11) and (12).

Ps = − [D]−1
· ∆Pes = − [D]−1

·
[
∆pes0, ∆pes1, . . . , ∆pesj, . . . , ∆pesn

]
(11)

∆pesj =
1
2

(
λsj + ξsj

) q2es
ρπ2d4sj

(12)

where λsj is the resistance coefficient of the water supply jth
section; ξsj is of the local resistance factor of the water supply
jth section.

The calculation process of the water return model is similar
to the supply loop. With pressure in both loops calculated, the
pressure drop to be provided in the substation is:

∆Pi = Psi − Pri (13)

where Pri is the pressure of water return, Pa.
The pressure drop of all heating substations then is

∆Psub = [∆P1, ∆P2, . . . , ∆Pi] (14)

Once the pressure drop is obtained, we could find out the desired
valve opening by referring to the valve discharge characteris-
tic curve, which describes the relationship between its opening,
mass flow rate and pressure drop. The opening of these valves
could be summarized into a splitting scheme.

During the calculation, we could achieve more than one oper-
ation scheme. Therefore, it is necessary to compare the schemes
by further referring to the UCHS model. In this paper, we will use
‘‘backward flow’’ (which means the supply pressure of substation
is less than or close to the return water) as the criterion. We
will choose the scheme with the best performance in terms of
reducing ‘‘backward flow’’. The aforementioned entire working
flow of calculating the desired splitting scheme is shown in Fig. 3.

2.3. Operation platform based on optimal network splitting

Based on the modeling of UCHS and the selection of the
network splitting scheme, we built a corresponding operation
platform. As shown in Fig. 4, we use the DCS of the heating
sources, the SCADA system of the heating system, and model
prediction for substation-wise mass flow rates to obtain real-
time input conditions. Then we input these parameters into the
heating system model to obtain the temperature, pressure, flow
rate distributions, and pump/valve operation data of the heating
system. All the information will be sent to the network split-
ting scheme calculation part, and we could achieve the desired
scheme (reducing operation cost, enhancing inter-source load
distribution). The desired scheme is sent back to the field. With
the operation platform, it is possible to achieve a fast simulation
and makes it possible to integrate with the existing working flow
in the real UCHS and carry out the field study.

3. Case demo

3.1. Target heating system

This paper carried out the application of network splitting
optimization technology in a multi-source UCHS in Beijing. The
location of heating sources and the topological structure of the
heating system are shown in Fig. 5. At present, there are three
centralized heating sources in the heating system. Among them,
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Fig. 3. Flowchart of network splitting optimization.

power plant #1 and #2 are the first-stage heating sources, which
are designed to provide heat load of 500 MW with coal-fired
CHP units; #3 and #4 power plants are the second-stage heating
sources, which are designed to provide heat load of 620 MW with
the same coal-fired CHP units. Another heating source is made
up of four gas-fired hot water boilers with a capacity of 116 MW,
which are connected to the main heating system in the heating
season. There are 230 heating substations in the network. The
overall heating area is divided into two main lines, line A (blue
part of the picture) and line B (orange part of the picture). The
heating area covered by line A is 8.5 million m2, which is mainly
supplied by power plant #1 and #2. The heating area covered by
line B is seven million m2, which is mainly supplied by power
plant #3 and #4.

There is a surplus load of #1 and #2 power plant because the
maximum output is 500 MW and the output of the initial and

Table 1
Inputs of simulation.
Input conditions Value

Water supply pressure of line A (MPa) 0.75
Water return pressure of line A (MPa) 0.30
Water supply pressure of line B (MPa) 1.10
Water return pressure of line B (MPa) 0.30
Water supply temperature of line A (◦C) 105
Water supply temperature of line B (◦C) 95
Water supply temperature of boilers (◦C) 95

final heating season is about 300 MW∼400 MW. In heating sea-
son 2017–2018, three boilers were operated, and they consumed
70,695,036 m3 of natural gas (data as of March 20, 2018). During
the heating season from 2018 to 2019, the goal of this paper
is to use the developed model and selection of desired network
splitting schemes to maximize the output of power plant #1 and
#2, reduce the use of boilers, and reduce the overall costs.

3.2. Model validation

This paper first uses the heating season operation data to val-
idate the accuracy of the developed model. The input conditions
of the model shown in Table 1 are collected in the 2016–2017
heating season.

To verify the accuracy of the developed UCHS model, the mea-
sured and calculated water supply and return pressure data of
184 heating substations (equipped with corresponding sensors)
were analyzed. The results of the data comparison are shown in
Figs. 6 and 7.

Further, the histogram of the error distribution substations is
shown in Fig. 8.

In Fig. 8, more than 95% of the substations have a relative error
of water supply/return pressure less than 10%, and more than 87%
of the substations have a relative error of water supply/return
pressure less than 5%. The comparison shows that the simula-
tion model of the UCHS system has enough accuracy to support
further network splitting scheme calculation.

We used the operation platform to generate the best network
splitting scheme for the target UCHS in terms of operation cost
and the reduction of boiler operation period in real UCHS and
applied the calculated scheme to the target UCHS in the field
during the heating season 2018–2019. We compared the seasonal

Fig. 4. Operation platform based on optimal network splitting.
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Fig. 5. Topological structure of target network. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this
article.)

Fig. 6. Comparison of measured and calculated data of water supply pressure.

Fig. 7. Comparison of measured and calculated data of water return pressure.

performance with the previous heating season (2017–2018) fo-
cusing on two key energy/cost indices: natural gas consumption
in the heating sources and area specific daily heat supply in the

Fig. 8. Statistical results of the comparison between measured and calculated
data of water supply and return pressure.

heating substations. The first one reflects the reduction of energy
consumption and operation cost, while the second reflects the
enhancement of network wise heat transport.

4. Results and discussions

4.1. New network splitting scheme

To better reflect the actual operating conditions and generate
practical schemes, we focus on the network splitting schemes in
three key regions in the target UCHS, as shown in Fig. 9. These
regions either belong to the remote area of each line or the joint
area of lines where it is historically difficult to provide heating
to end-users without proper splitting. In Fig. 9, nodes marked by
arrows are the position of the valves/pumps participating in the
network splitting. The final calculated network splitting schemes
with a focus of seasonal lowest operation costs are shown in
Table 2. In Table 2, the splitting area belonging to line A is denoted
as ‘‘A’’ and the splitting area belonging to line B or hot water
boiler is denoted as ‘‘B’’.
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Fig. 9. Different network splitting regions.

Table 2
Heating system operation schemes.
Scheme Splitting region 1 Splitting region 2 Splitting region 3

Scheme 1 A A A
Scheme 2 A B A
Scheme 3 A B B
Scheme 4 B A A
Scheme 5 B B A
Scheme 6 B B B
Scheme 7 A A and B each half A
Scheme 8 B A and B each half A

Table 3
Simulation results under different operation schemes.
Scheme ‘‘Backward flow’’ Number of

‘‘backward flow’’
substation

Minimal available
water pressure
drop (MPa)

#1 No 0 0.06
#2 No 0 0.21
#3 No 0 0.13
#4 Yes 20 –
#5 No 0 0.08
#6 Yes 21 –
#7 Yes 1 –
#8 Yes 1 –

Although all the schemes are generated by the platform based
on the same traverse process, it is necessary to take a further
look at the scheme by a dry-run simulation where a typical
heating demand of 45 W/m2 (selected based on historical data)
is assumed in the end-user side. The comparison is shown in
Table 3. During the operation of real UCHS, when there is a
possibility of ‘‘backward flow’’, the scheme is unlikely to meet
the heating demand of all substations in the current working
condition and should be discarded. There is no ‘‘backward flow’’
in scheme #2, #3, #5 and #6 while scheme #2 has the greatest
available water pressure drop, we chose scheme #2 for the field
test.

4.2. Heat supply analysis

After applying scheme #2 to the real UCHS in heating season
2018–2019, we collected the performance data and compared
it with that of season 2017–2018. The comparison of the area
specific heat supplied by UCHS is shown in Fig. 10. The average
outdoor temperature of 2018–2019 is slightly higher, especially
in the middle and end of the heating season. However, as can be
seen from Fig. 11, when the outdoor temperature is close, the heat
supply of 2018–2019 is lower, which indicates the improvement
of heat transport and distribution in the entire network. The
reason is that the conventional splitting scheme is designed to
meet the overall seasonal heating load, not the beginning and
end of the heating season. During that period, the conventional
heating splitting scheme causes overheating. In other words, the
new scheme could reduce the heat supply capability required by
the entire UCHS when compared with the previous scheme. To
eliminate the impact of outdoor temperature, we collate the area
specific daily heat supply at the same ambient temperature in
both seasons, as shown in Fig. 11.

As can be seen from Fig. 11, the area specific daily heat supply
of UCHS is significantly reduced in the temperature range higher
than 2 ◦C, (that is, a relatively high-temperature period in the
beginning and end of winter). If the splitting scheme is updated
based on a scrolling basis as in this demo case, we find that the
new scheme can reduce the seasonal accumulated area specific
daily heat supply by 3.9% on average.

4.3. Load distribution in heating sources

As mentioned above, another goal of the new scheme is to
improve the load distribution of heating sources by reducing the
operation cost and reducing the operation time of natural gas
boilers. With the new splitting scheme, the change of the number
of boilers in operation is shown in Fig. 11.

In Fig. 12, it could be found that the average amount of boilers
in operation drops to one when the ambient temperature is
higher than 0 ◦C. Moreover, the amount of boilers in operation
during the beginning of the heating season drops to one and
only reaches four when area specific daily average heat supply
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Fig. 10. Seasonal comparison of area specific daily heat supply.

Fig. 11. Area specific daily heat supply with outdoor temperature.

Fig. 12. Number of boilers in operation at different outdoor temperatures.

intensity is close to 45 W/m2, which is close to the typical heat
supply required during most time of the heating season. In other
words, these boilers now act as peak boilers, which is the initial
design but not realized in the existing splitting schemes. Such
operation helps to make full use of the CHP. Accordingly, the area
specific natural gas consumption is reduced. As a result, compar-
ing with the data collected from 2017 to 2018, seasonal natural
gas consumption is reduced by 16.8% from 69.9 million m3 to
58.1 million m3. The corresponding cost savings through the
introduction of the new scheme is $4.1 million with an average

Fig. 13. Natural gas consumption comparison during two heating seasons.

natural gas price of $0.34/m3. With the weather condition change
considered, the total heating cost drops by $0.2 per heating area.

Since November and March are the beginning and end of
the heating season, not all the data collected during these two
months could be categorized as heating season data. To further
show the natural gas consumption reduction, we take three con-
secutive months (December, January, and February) to make the
comparison. The comparison of natural gas consumption during
that period is shown in Fig. 13 and Table 4.

Fig. 13 shows the area specific natural gas consumption com-
parison between the two seasons. During the three consecutive
months, the area specific natural gas consumption is reduced. The
reason for the increase of natural gas consumption in December
is that the December monthly temperature in season 2018–2019
is lower by 2 K when compared to that of the previous season. As
can be seen from Fig. 12, in the new splitting scheme, the ambient
temperature close to −4 ◦C still requires up to three boilers
in operation, which is same as the previous operation season.
Therefore, the new network splitting scheme is not effective, and
the heat supply is even higher due to a much lower ambient
temperature. However, for January and February in season 2018–
2019, the number of boilers in operation could be reduced by
more than one once the ambient temperature stays in the range
from −2 ◦C to 0 ◦C, leading to much lower natural gas consump-
tion. For example, the monthly average February temperature in
season 2018–2019 is slightly higher by 0.1 K while the natural gas
consumption is reduced by 13.2%, as shown in Table 4. Overall,
comparing with the data from 2017 to 2018, the area specific
natural gas consumption is reduced by 4.9% on average, with a
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Table 4
Area specific natural gas consumption reduction.
Month Heating season 2017–2018 Heating season 2018–2019

Average daily
outdoor
temperature
(◦C)

Area specific natural
gas consumption
amount
(Nm3)

Average daily
outdoor
temperature
(◦C)

Area specific natural
gas consumption
amount
(Nm3)

Area specific
natural gas
consumption
reduction (%)

Dec −1.8 0.86 −3.6 0.92 −7.2
Jan −3.0 1.00 −2.0 0.90 10.0
Feb −1.6 0.81 −1.5 0.70 13.2
Average −2.7 0.89 −1.6 0.84 4.9

maximal reduction of 13.2%. It shows that the new scheme could
reduce gas consumption by improving the load distribution of
heating sources.

5. Conclusions

As the scale of UCHS grows and its heating sources diversify,
the operation of such a system has become challenging. One as-
pect of operation study of UCHS is to thermally and hydraulically
split the system into a series of heating regions to achieve a better
operation economy in the sense of operation. However, the net-
work splitting of UCHS is relatively less discussed when compared
with the modeling and design optimization studies of district
heating systems. We established a UCHS systemmodel and used a
real UCHS in Beijing to validate the model. Based on the validated
model, we investigated its optimized network splitting scheme
aiming at reducing operation cost and improving network wise
heat transport. After selecting the optimized scheme, we exam-
ined its effectiveness in the target UCHS through the seasonal
test (2018–2019). We compared the performance data under
the optimized scheme with that of the previous season (2017–
2018), which was operated based on an existing scheme. From
the seasonal comparison, we find that the new scheme can reduce
the area specific daily heat supply by 3.9% on average under the
same outdoor temperature, which indicates it reduces overheat-
ing and improves heat transport and distribution. In the three
months with the highest heating intensity, compared with the
data from 2017 to 2018, the area specific natural gas consumption
is reduced by 4.9% on average, with a maximal reduction of 13.2%.
Moreover, the optimized operation scheme helps to make full
use of the CHP and returns the role of natural gas boilers to
peak boilers. Under the new scheme, the number of boilers in
operation can be selectively invested to adapt to the ambient
temperatures. By reducing the amount and time of boilers in
operation, it reduces the natural gas consumption by up to 16.8%,
which is a cost-saving of $4.1 million.

6. Future work

One limit of this study is that for this season, the goal is
limited to reducing the area specific heat supply and operation
costs while the emission factor is less considered. Though it is
more straightforward to use the operation cost, it is necessary to
consider the impact of emission, which will be the focus of our
future work.

In addition to that, the proposed approach needs a more
detailed techno-economic analysis. Another future will be inves-
tigating the impact of factors such as thermal-hydraulic operation
conditions, indoor thermal setpoints, the scale of population, va-
riety of heating sources. These factors directly affect the economic
and environmental benefits of this approach and should quantify
its economic sensitivity.

The ultimate goal of network splitting is to obtain an opti-
mal thermo-hydraulic balance while reducing energy consump-
tion and emission. Therefore, to further explore the optimiza-
tion approach of network splitting in future UCHS, we sug-
gest to apply network splitting analysis to multi-source (with
renewable-energy-based heating sources) UCHS and solve dy-
namic and multi-objective non-linear programming in large-scale
UCHS. This is critical to the design, operation, and optimization
of large-scale UCHS.
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