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As the urgency of global climate change mitigation accelerates, green integrated-energy
systems have emerged as essential components of sustainable energy solutions. The
thermal subsystem, responsible for heating and cooling functions, serves as a pivotal
element, with its steady-state characteristics exerting a significant influence on the overall
system's performance and efficiency. Current methodologies for steady-state analysis,
however, are often characterized by inaccuracies and oversights, primarily due to model
simplification and the disregard of critical parameters. Moreover, these techniques
demonstrate deficiencies when handling intricate interactions or non-linear relationships.
This research introduces an innovative approach for examining the steady-state
characteristics of the thermal subsystem, addressing the limitations inherent in existing
methods. Initially, comprehensive mathematical models were constructed for each unit
within the thermal subsystem—heat pumps, boilers, and chillers—incorporating numerous
physical processes and parameters to enhance model fidelity. Following this, the steady-
state power of the thermal subsystem was assessed to ascertain performance and efficiency
under various operational conditions. Subsequent to this evaluation, an analysis of the
interaction between the thermal subsystem and the primary system was conducted,
estimating the thermal subsystem's impact on the overarching system. Through this
multifaceted examination, a more precise and holistic understanding of the thermal
subsystem's steady-state characteristics was gleaned, offering valuable insights for the
optimization of integrated-energy system design and operation. These findings not only
have the potential to augment energy efficiency and environmental sustainability, fostering
the advancement and application of green technologies, but also offer a significant resource
for engineers, scientists, policy makers, and other stakeholders for the informed design,
optimization, and policy formulation of thermal subsystems.

1. INTRODUCTION

With escalating global climate change challenges, green
integrated-energy systems have garnered considerable
attention as potential mitigatory solutions [1, 2]. Green
integrated-energy systems, by virtue of their capacity to
synergize multiple renewable energy sources, can bolster
energy utilization efficiency while curbing environmental
degradation, thus offering substantial ecological and economic
benefits [3-5]. Integral to such systems, the thermal
subsystem—tasked with heating and cooling processes—
directly influences overall operational efficacy and system
performance [6, 7]. An investigation into the operational
characteristics of the thermal subsystem is, therefore, of
paramount importance, considering its significant correlation
with the energy utilization and environmental advantages of
the primary system [8-10].

Typically, the thermal subsystem within an integrated-
energy system comprises multiple types of equipment,
including but not limited to micro gas turbines, waste heat
boilers, heat exchangers, and thermal energy storage devices
[11-13]. However, the complexity of the operational
conditions and parameters necessitates an accurate analysis of
the thermal subsystem's steady-state characteristics. Such an
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analysis can inform system optimization strategies, minimize
energy consumption, and provide scientific underpinnings for
system design and operation, thereby enabling governments
and enterprises to formulate effective energy policies and
strategies [14-17].

Despite the urgency of these tasks, current methods for
analyzing the steady-state characteristics of thermal
subsystems exhibit several limitations. For instance,
oversimplified modeling processes often disregard key
physical processes and parameters, leading to inaccuracies in
analytical outcomes [18-22]. Additionally, these methods
frequently lack the flexibility and precision to handle complex
interactions and non-linear relationships inherent to the
subsystem. A further oversight is the insufficient consideration
given to the interaction between the thermal subsystem and the
main system, resulting in a lack of comprehensive evaluation
of the thermal subsystem's role and impact within the
integrated-energy system.

In light of these deficiencies, this research advances a novel
approach for analyzing the steady-state characteristics of the
thermal subsystem in a green integrated-energy system.
Initially, a suite of models for each unit within the thermal
subsystem was developed, considering a broader array of
physical processes and parameters to enhance accuracy.
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Subsequently, an in-depth analysis of the subsystem's steady-
state power was conducted to ascertain performance and
efficiency under varying operating conditions. Finally, an
examination of the interaction between the thermal subsystem
and the main system was carried out, estimating the impact of
the subsystem on the overall system performance under
diverse conditions.

It is noteworthy that these models were developed with a
focus on accuracy and comprehensiveness, considering all key
units within the thermal subsystem and incorporating a
broader range of physical processes and parameters. An
advanced analytical methodology was employed to address the
subsystem's non-linearity, thereby improving the flexibility
and precision of the analysis.

In conclusion, this study offers a fresh perspective and
approach to investigating the steady-state characteristics of the
thermal subsystem within a green integrated-energy system.
These findings hold potential to not only improve the system's
energy utilization efficiency and environmental benefits but
also foster the development and application of green
technologies. It is anticipated that these insights will serve as
valuable references for engineers, scientists, policy makers,

and other stakeholders, thereby facilitating the optimization of
thermal subsystem design and operation, and the formulation
of relevant policies and strategies.

2. MODELLING OF SYSTEM UNITS

In this study, a “source-grid-load-storage” model was built
for green integrated-energy systems which integrate
renewable energy sources such as photovoltaic power and
wind power and significantly promote the use of new energy
sources (in Figure 1). With the help of such systems,
renewable energy can be integrated into the energy supply
chain more effectively, thereby reducing dependence on fossil
fuels. Integrated-energy systems can realize cascade energy
utilization, which means that the energy in the system can be
used at multiple levels, in the meantime, such cascade
utilization of multiple energy types enhances energy supply
reliability, and through integrating multiple energy sources
and utilizing storage devices, the system can maintain stable
energy supply during peak hours or in case of insufficient

energy supply.
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Figure 1. Structure of green integrated-energy system

The thermal subsystem is the kernel component in an
integrated-energy system that is responsible for processing and
distributing heat energy, and the analysis of its steady-state
characteristics enables researchers to more accurately
understand and assess how each component works under
different conditions, then the operating parameters of the
system could be optimized to improve energy efficiency. In an
integrated-energy system, cascade utilization of energy is a
crucial measure of energy saving. Analyzing the steady-state
characteristics of thermal subsystem is conductive to
effectively managing and utilizing the waste heat, and figuring
out the steady-state behaviour of thermal subsystem is helpful
to predict and prevent failures and inefficient operation.
Measures such as regular maintenance and system parameter
adjustment can be adopted to improve system reliability and
continuity, thereby reducing downtime and repair costs.

In an integrated-energy system, the thermal subsystem is a
highly integrated module that is mainly responsible for
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processing and distributing thermal energy (in Figure 2).
Micro gas turbine, waste heat boiler, heat exchanger, gas
boiler (auxiliary boiler), and thermal energy storage devices
are usually contained in the system, constituting an efficient,

flexible and sustainable solution of thermal energy
management.

X1 X3 X5 X7 X9

) ) ) () )
wp— L T T T O s

U
X2

e

X4

A
)
X8

A
/
X6

Figure 2. A schematic diagram of the thermal subsystem

Micro gas turbine is an efficient power generation device
that uses natural gas or other gaseous fuels to generate power,
itis a kernel component in the system since it not only provides



electrical power to the system, but also generates waste heat
that can be utilized further. Assuming: Ory(y) represents the
generated power of the micro gas turbine at time moment y,
Oga(y) represents the power of natural gas consumed by the
micro gas turbine for generating power at time moment y, A,y
represents the generated power of the micro gas turbine, then
the formula for calculating the output power of the micro gas
turbine is:

OLY(y):OGA(y)Xﬂ'LY (D

The waste heat boiler receives the waste heat generated by
the micro gas turbine and uses it to produce steam or hot water.
The recovery and reuse of waste heat can greatly improve the
overall energy efficiency of the system while reducing impact
on environment. Assuming: Wiy(y) represents the power of
exhaust waste heat generated by the waste heat boiler during
time period y, Ay represents the rate of heat loss, then the
formula for calculating the power of exhaust waste heat
generated by the waste heat boiler is:

OLY (y)(l_ﬂ”LY _/71\/1 )

WLY ( Y) = ﬂw

2

The role of heat exchanger in the system is to transfer heat
between different media, so as to meet different heat demands.
Assuming: Wrr.s(y) represents the heat flow at the heating side
of heat exchanger, Wzi(y) represents the heat flow at the
heated side, Ar; represents the thermal efficiency of the heat
exchanger, since the operating efficiency does not vary
significantly with load, the heat exchange model can be
characterized by a constant efficiency model shown as the
following formula:

Wer (y) = Aa Wi (y) 3)

The gas boiler acts as an auxiliary device that kicks in to
provide additional heat when the waste heat produced by the
micro gas turbine is not sufficient to meet the heat load of the
system. This ensures the system to maintain stable operation
in case of high heat demand. In this study, a gas boiler was

introduced to the thermal subsystem as an auxiliary boiler to
cope with situations of insufficient heat load supply. Assuming:
Ozui(y) represents the power of gas consumption of the gas
boiler during time period y, Wzui(y) represents the power of
heat generation, Az, represents the heat conversion efficiency
of the gas boiler, then the following formula gives the
expression of the output model of the gas boiler:

WZHL (Y) = OZHL (y)ﬂ’ZHL )

The thermal energy storage devices are components used to
store excess heat for later use. The excess heat can be stored
when the thermal energy produced by the system exceeds the
demand. In demand peak hours or in cases that the micro gas
turbine is unable to provide enough heat, these stored thermal
energy can be released to meet heat demand. For thermal
energy storage devices such as large heat storage tanks, heat
storage sinks, or heat storage-style electric boilers, the
relationship between heat storage capacity and input/output
heat power and efficiency can be used to describe the heat
storage features. Assuming: Gcr(y) represents the heat storage
capacity during time period y, Wgsi(y) and Wgre(y)
respectively represent the input and output heat power during
time period y, then there is:

9,ST

Gyra (y) = |:;i’g,STOg,ST (y)_ j

9,ST

}AwGYRA(y—l) (5)

3. STEADY-STATE POWER OF THE THERMAL
SUBSYSTEM

Calculating and analyzing the steady-state power of the
thermal subsystem in the integrated-energy system is an
important work. The generation of wind power and other clean
energy is usually intermittent, so the steady-state power
analysis of the thermal subsystem is conductive to effectively
planning and utilization of clean energy, thereby ensuring that
the energy can be fully used when produced, and reducing
reliance on non-renewable energy sources.
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Figure 3. A directed map of water heating pipeline network

It’s important to ensure that the model can correctly reflect
the behaviour of the thermal subsystem, as it provides a
reliable basis for subsequent optimization and decision-
making. Via mathematical modelling, introducing actual
examples, and calculation and analysis, the validity of the
model could be verified, and accurate calculation of the
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steady-state power allows us to better understand the energy
flow and distribution in the system. In this way, potential
energy wastage and inefficiency could be discovered so that
proper measures could be taken to optimize the configuration
and thus improving the energy utilization efficiency of the
entire system.



In most cases, water heating is more efficient than electric
heating because it involves transferring heat generated by
boiler or heat pump through water to radiators or floor heating
systems, and this method has a higher heat transfer efficiency
so it’s reasonable to be adopted with priority under normal
conditions (in Figure 3). But sometimes, due to external
conditions (such as a sudden drop in temperature) or special
demands (such as a higher requirement of indoor temperature),
the water heating systems may not be able to meet all heating
needs, and in such cases, being able to switch to electric
heating or adding additional amount of heat produced by
electric heating can provide extra flexibility and emergency
response ability. In this study, the water heating was taken as
the basic heating method in the green integrated-energy
system and the electric heating was adopted as an assisted
heating method. Such control method can optimize the
utilization of different energy sources, helping the system to
meet heat demands while reducing energy waste and
environmental impact to the greatest extent.

Assuming: y, represents the indoor temperature, O,
represents the power of electric heating, then there is O,=d(y.);
AW, represents the heat loss of the building, AWssrepresents
the basic heating demand, then there is AW,=AWss, these
assumptions can be simplified to a constant differential
equation:

dy,
drz

=sy, +n

(6)

The general solution of indoor temperature y, in above
equation is y,=Vie”-n/s. The comprehensive dynamic heating
feature equation of the green integrated-energy system can be
transformed as follows:

d .
V, d):;=quq(yh—yg)+JrgOr—IS(tu —tp) (7
Namely:
di_\/CIHQ(yh_yg)—i_jrg()r_Is(yu_yp) (8)
dr V,
That is:
di:___lsyu_’_quq(yh_yg)_i_jrg()r_i_lsyp (9)
dr V. V

S S

According to above equations, there are s=-I/V; and
n=veH,(vi-y) tjsOt1y,/Vs. To keep the indoor temperature
constant at a specified value, namely y, is constant, then there
is fy/fr=0, and equation could be attained after conversion,
that is  veH -y teO+ly,=0, namely  viHy(yi-
V) g0 L(uryp)-

The above analysis shows that:

(1) About the heat supply control strategy in case of
constant indoor temperature. If indoor temperature y, is to be
maintained constant (it is proportional to hot water flow rate
H, and electric power O,), then there is:

Vqu (yh _yg )+ jrgor
|

S

yu = (10)
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Assuming: v, represents the specific heat capacity of water,
then the formula below calculates the scaling factor of hot
water flow rate:

Vq(yh_yg)
|

S

(11

According to above formula, the greater the electric heating
conversion coefficient j., the greater the scaling factor of
electric power j../I;, and the greater the coefficient of the ratio
of indoor temperature to electric power.

(2) Next, the minimum flow of water heating under the
condition of minimal acceptable indoor temperature was
calculated, in case that only the water heating was considered,
the above formula can be simplified:

VqHQ(yh_yg):Is(yu_yp) (12)
Is(Yu _yp)

Hy=—— 13

! Vq(yh_yg) ( )

(3) Adjustment of heating strategy in case of outdoor
temperature changes

People usually have a certain comfort range for indoor
temperature. When outdoor temperature changes, the indoor
temperature may exceed this comfort range if the heating
strategy is not adjusted. Thus, by adjusting the heating power
according to outdoor temperature changes, the indoor comfort
level could be maintained. If the heating continues at a same
power when the outdoor temperature increases, it will cause
unnecessary energy waste. Adapting to the rise of outdoor
temperature via reducing heating power can increase energy
efficiency and reduce energy consumption. Therefore,
adjusting heating strategy according to outdoor temperature
changes is reasonable since it conduces to maintaining a
comfortable indoor environment, increasing energy efficiency,
saving costs, and fulfilling the environmental responsibility.
Moreover, this adaptive strategy can also enhance the response
performance and flexibility of the system, enabling it to cope
with different environmental conditions more effectively.

Under the condition that the heating power and the heat
transfer coefficient are fixed, the indoor temperature will
change with outdoor temperature, and the following formula
gives the relationship between indoor temperature y, and
outdoor temperature y;,:

Vqu (yh _yg)+ jrgOr
|

S

(14)

Yo = Y

(4) Control logic of electric heating

In this study, the classic PID control was adopted as the
control logic of electric heating to respond to changes or
demands of indoor temperature via power regulation. The PID
control can regulate electric heating power in a more accurate
and responsive manner as it adjusts the output according to the
difference between indoor temperature and the target
temperature (the proportion term), the accumulated difference
(the integral term), and the change rate of the difference (the
differential term), and this method enables the system to
rapidly respond to temperature changes and accurately
regulate the electric heating. As the system is able to timely



and accurately respond to changes in indoor temperature, the
indoor temperature can be maintained within a desirable range
in cases of outdoor temperature changes or a user may need an
extra degree of comfort.

One more thing, the PID control can provide just enough
electric heating power as needed to avoid overheating, which
not only reduces energy wastage, but also increases overall
energy efficiency. Its control process is dynamic, which means
that it can well adapt to the ever-changing conditions of both
indoor temperature and user demand and make corresponding
adjustments.

(5) Time required for indoor temperature changes

Analyzing the law of indoor temperature changes,
especially the time required for indoor temperature changes, is
particularly important for the analysis of the steady-state
characteristics of thermal subsystem. By studying the effect of
hot water flow and water supply temperature on indoor
temperature changes, the response time of the system could be
figured out. The system response time refers to the speed of
the system to respond to changes and reach a new steady state.
A short response time means that the system can quickly adapt
to changes, and a long response time can cause delay. In
addition, the level of comfort is important for an indoor
environment, and understanding the time variation law of
indoor temperature changes is conductive to formulating more
effective control strategy to keep the indoor temperature
within a comfortable range, even in cases that there are
changes in the external environmental conditions.

Assuming: y,=30 (indoor temperature) and O,=0 (electric
heating power), the supply and return temperatures of the
heating hot water were fixed, then the hot water flow rate could
be calculated. By substituting the parameter values of actual
cases, it’s attained that H,=1.36. Then, the reduced flow of
heating hot water was H,=0.947, fy./fr=ay.+n,s=-I,/V=
0.000145, n=veH (yh-ye)jecOrtLys/ Vi=0.00024, 1,(0)=30,
vi=V1e*"-nls, 30=V1-0.00024/-0.000015, so V1=-0.000214.

Thus, after the flow of heating hot water was changed to
0.947, the law of indoor temperature changes can be expressed
as:

_ —0.0002e°™57 _ (00024
v ~0.000015

(15)

If the supply temperature of heating hot water is adjusted to
70°C, then the expression of the law of indoor temperature
changes can be converted to:

dy,
—L =8y, +Nn
dr Yo
I
. v H, (yh —yg)+ JgOr + 1t
VS

Under given operating conditions H,=0.811 and y;=70, it
can be calculated that s=-0.0000145, »=0.000117, the indoor
temperature at the initial moment was 30°C, y.(0)=30,
yvi=V1e"-n/s, 30=11-0.00026/-0.0000145.

It can be calculated that /=-0.000344, then there is:
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y, = -0.000344¢ **™>* —0.000117
’ —0.0000145

(17)

Figuring out how indoor temperature varies with the flow
and temperature of heating hot water is helpful to utilizing the
energy more effectively. By adjusting these parameters, the
level of comfort could be maintained while reducing energy
waste. As mentioned above, when there are sudden changes in
the flow and temperature of hot water, indoor temperature
won’t respond immediately but will change slowly within a
certain period of time, and this slow changing process gives an
opportunity of temporary adjustment of heating power, which
can increase system flexibility and provide more control
options.

4. EXPERIMENTAL RESULTS AND ANALYSES

Table 1 lists the heat loss of first-level pipeline network
(main pipeline network) under different supply and return
water temperatures. By observing the data of several key
parameters given in the table, such as the impact of pipe
diameter, supply water temperature and return water
temperature on heat loss, it can be known that when the supply
water temperature was relatively high, the heat loss of supply
pipe was high as well, this is because the temperature
difference with surrounding environment is greater in case of
higher supply water temperature, and more heat will be
dissipated to the environment through the insulation pipe.
When the return water temperature was relatively high, the
heat loss of return water pipe was higher as well, and this is
similar to the impact of supply water temperature, that a higher
return water temperature can increase the temperature
difference between pipeline and ambient temperature, thereby
increasing heat loss. According to the data given in the table,
when the pipe diameter increased from 180mm to 230mm, the
heat loss increased as well, and this is because a larger pipe
diameter means a greater surface area, which can increase heat
exchange with the environment, thereby leading to a greater
heat loss. In summary, to reduce heat loss, a suitable pipe
diameter should be adopted and the temperatures of the supply
and return water should be decreased as much as possible,
however, the decrease of supply water temperature should be
adjusted without affecting the comfort level of indoor
temperature. Besides, the selection of insulation materials and
techniques is also an important factor for reducing heat loss.
During actual operations, a balance between heat loss, system
efficiency, and comfort level of indoor environment should be
found, and advanced control strategies and real-time
monitoring systems should be adopted to effectively manage
these factors, thereby optimizing the performance of the
heating system and reducing heat loss.

Table 2 shows the degree of thermal imbalance of first-level
pipeline network heat users under the condition of different
outdoor temperatures. The degree of thermal imbalance is
usually used to measure the efficiency and performance of a
heating system, and the closer its value is to 1, the better the
efficiency and performance of the heating system. According
to data given in the table, with the rise of outdoor temperature,
the degree of thermal imbalance of heat users exhibited a slight
decline trend, this is because at higher outdoor temperatures,
the heating system doesn’t have to work too hard to maintain
a comfortable indoor temperature, leading to a decrease in the
degree of thermal imbalance. For different heat users under a



same outdoor temperature, the values of thermal imbalance
degree might be different, which is caused by factors such as
the insulation performance of the building, the size of the
building, and the use habit of different heat users. For instance,
as can be seen from the table, the thermal imbalance degree of
Heat user 8 showed a sudden increase when the outdoor
temperature was -15°C, and this was caused by some specific
use situations or the changes in equipment performance. The
values of the thermal imbalance degree of all users were very
close to 1, indicating that the efficiency and performance of
the heating system were good. However, there is still room for

improvement, especially for some specific outdoor
temperatures or heat users, in which case, the heating system
may give a high efficiency and performance but there’s still
room for improvement, and special attention should be paid to
the changes in the degree of thermal imbalance to give in-
depth analysis and find out the root reasons. Via optimizing
heating strategy, improving the insulation performance of the
building, or adjusting the configuration of the heating system,
the thermal imbalance degree of heat users can be further
improved and the overall efficiency and performance of the
heating system can be increased.

Table 1. Statistics of heat loss and length of first-level pipeline network

Pipe Diameter  Insulation Pipe Pipe Centre Supply Water Return Water Heat L0s§ of Heat Loss. of
(mm) Diameter (mm) Distance (mm)  Temperature (°C) Temperature (°C) Supply Pipe Return Pipe
(W/m) (W/m)
132 71 70.9 42.1
111.5 63.2 67.3 394
94.6 56.7 583 39.2
180 300 450 83.9 543 56.2 38.2
75.9 48.6 49.9 375
65.2 453 47.8 27.8
553 38.2 37.5 249
121 71 88.7 51.2
112.3 65.3 87.3 43.2
76.4 59.4 76.3 49.7
230 350 530 89.4 553 68.3 454
73.5 48.9 583 38.2
68.1 472 54.2 352
54.3 37.7 44.9 31.0
Table 2. Degree of thermal imbalance of first-level pipeline network heat users
Outdoor Temperature °C -26 -20 -15 -10 -5 0 5
Heat user 1 0.996 0.996 0.995 0.995 0.994 0.993 0.993
Heat user 2 0.995 0.995 0.994 0.994 0.993 0.992 0.992
Heat user 3 0.995 0.995 0.993 0.993 0.993 0.991 0.991
Heat user 4 0.994 0.994 0.992 0.992 0.992 0.990 0.990
Heat user 5 0.994 0.993 0.993 0.992 0.992 0.991 0.991
Heat user 6 0.993 0.993 0.990 0.990 0.990 0.988 0.988
Heat user 7 0.992 0.992 0.991 0.991 0.987 0.987 0.987
Heat user 8 0.991 0.990 0.997 0.987 0.986 0.984 0.983
Heat user 9 0.991 0.991 0.987 0.987 0.986 0.984 0.983
Heat user 10 0.986 0.986 0.981 0.981 0.980 0.979 0.978
Table 3. Indoor temperatures of first-level pipeline network heat users after heating strategy adjustment
Outdoor Temperature/°C -26 -20 -15 -10 -5 0 5
Heat user 1 17.85 17.86 17.84 17.87 17.88 17.89 17.93
Heat user 2 17.83 17.84 17.85 17.86 17.87 17.88 17.91
Heat user 3 17.82 17.83 17.81 17.84 17.86 17.85 17.87
Heat user 4 17.78 17.82 17.78 17.84 17.86 17.84 17.82
Heat user 5 17.75 17.72 17.75 17.77 17.83 17.86 17.82
Heat user 6 17.72 17.75 17.72 17.73 17.76 17.87 17.83
Heat user 7 17.69 17.75 17.66 17.78 17.74 17.73 17.88
Heat user 8 17.64 17.65 17.63 17.66 17.78 17.75 17.75
Heat user 9 17.53 17.66 17.56 17.55 17.64 17.63 17.77
Heat user 10 17.43 17.46 17.33 17.47 17.54 17.67 17.62

Table 3 lists the indoor temperatures of several first-level
pipeline network heat users after the heating strategy
adjustment under different outdoor temperature conditions.
Data in the table show that, in most cases, with the rise of
outdoor temperature, the indoor temperature increased slightly,
this is because when the outdoor temperature is higher, the
heat loss of the building reduces, so the indoor temperature is
relatively high, and this is in line with the relationship between
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outdoor and indoor temperatures discussed in previous
sections. Under a same outdoor temperature, different heat
users may have different indoor temperatures, and this is due
to the differences in insulation performance of the building,
the configuration of heating system, and the use habit. The
indoor temperature of some heat users may be stable, while for
some other users, the indoor temperature may change greatly
at different outdoor temperatures. Although in most cases the



indoor temperature would increase slightly with the rise of
outdoor temperature, under some specific conditions, the
change of indoor temperature may not be always proportional
to the outdoor temperature, and this is caused by the
adjustment of heating strategy or other factors. It can be known
from the table, the adjustment of heating strategy is very
important for maintaining a comfortable indoor temperature,
especially when the outdoor temperature varies greatly.
Different heat users need different heating strategies to adapt

to specific building characteristics and use requirements. As
for heat users with large indoor temperature fluctuations,
further analysis is needed to optimize heating strategy and
improve the stability of indoor temperature and the comfort
level of indoor environment. Overall speaking, through
appropriate adjustment of heating strategies, a stable and
comfortable indoor environment could be provided for heat
users under different outdoor temperature conditions.

Table 4. Simulation data of different models

Design data 0 0 0 119474 186627 163829 163839
Amount of Heat Supply Simulation data of the proposed model 0 0 0 108463 178374 167838 163893
kW) Simulation data of the reference model 0 0 0 108376 160874 152634 157373
Relative error of the proposed model % / / / -0.02 0.03 -0.14 0.15
Relative error of the reference model % / / / 5.79 5.48 5.58 5.69
Design data 143639 118363 84736 218374 253738 243673 253737
Total Energy Supply Simulation data of the proposed model 136338 103874 85949 219843 257373 258497 251803
W) Simulation data of the reference model 136368 108363 85849 218746 246379 246373 232667
Relative error of the proposed model %  -1.84 -1.64 -1.54 -0.31 -0.43 -0.56 -0.31
Relative error of the reference model %  -0.28 -0.31 -2.71 1.34 2.77 2.13 3.21
Table 4 shows the design data and compares the simulation was more accurate when simulating the steady-state

data of two different models (the model proposed in this study
and a reference model used for comparison). The reference
model is a model simplified based on the energy balance
principle. According to the table, in case of the amount of heat
supply, when the power was relatively large (greater than 0),
the proposed model performed better in terms of relative error.
The range of the relative error of the proposed model was very
small, varying from -0.14% to 0.15%; while the range of the
relative error of the reference model was larger, between
5.48% and 5.79%, indicating that in terms of the prediction of
heat supply amount, the proposed model was closer to the
design data. In case of the total energy supply, the proposed
model also had a lower relative error, ranging from -1.84% to
-0.31%; in contrast, the relative error of the reference model
was larger, ranging from -2.71% to 3.21%, again, it indicates
that in terms of the prediction of the total energy supply, the
proposed model was closer to the design data.
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Figure 4. The heat-electricity relationship under varying
heating gas flow after heating strategy adjustment

In summary, these conclusions could be drawn based on the
data given in above tables: the proposed model had a better
performance in the consistency between the predicted heat
supply and total energy supply and the design data, and its
relative error was lower, indicating that the proposed model

645

characteristics of the thermal subsystem. As for the reference
model, its prediction of the two aspects was quite different
from the design data, which was caused by the inaccurate
model simplification, assumption, or parameter selection.
Therefore, if accuracy is taken as an indicator, then based on
these data, it can be said that the proposed model is a better
choice for the steady-state power analysis of thermal
subsystem.

Figure 4 plots the relationship between heating gas flow and
the amount of electricity generation, the corrected amount of
electricity supply, and total energy supply. According to the
figure, with the increase of heating gas flow, the amount of
electricity generation decreased gradually. This is because as
the heating gas flow grows, more gas is used for heating, not
for generating electricity, and this is a typical feature of green
integrated-energy systems, that is, the system sacrifices a
portion of its electricity generation for meeting heating
demand. In contrast to the amount of electricity generation,
with the increase of heating gas flow, the corrected amount of
electricity supply increased gradually. This is because in a
green integrated-energy system, a portion of gas energy is
converted into thermal energy to supply the heating system,
and the rest gas is used for electricity generation. Thus,
although the total amount of electricity generation was
decreasing, the adjustment made for meeting heating demand
had increased the electricity supply efficiency of the grid. The
total energy supply remained constant under all conditions,
indicating that in case of varying heating gas flow, the system
can keep balance of the total energy supply by adjusting the
amount of electricity generation and supply. Based on above
descriptions, the following conclusions could be drawn: in a
green integrated-energy system, when the heating demand
increases, the system will sacrifice electricity generation for
meeting heating demand. Despite a reduction in electricity
generation, the system can efficiently allocate some energy to
electricity supply by adjusting the strategy, thereby increasing
efficiency of electricity supply. Through such adjustment, the
system can maintain a stable total energy supply, which is
especially important for ensuring the reliability of heat and
electricity supply, and this balance is crucial in a green
integrated-energy system, because it can meet different energy



needs flexibly without sacrificing the overall energy efficiency.
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Figure 5. Heat-electricity coupling relationship under electric
heating supply control logic at 100% load

Figure 5 plots the relationship between the amount of heat
supply and the amount of electricity generation. When the
amount of heat supply was 0, the amount of electricity
generation reached a maximum of 143000, this is because at
this point, all steam was used for electricity generation and not
for heat supply. Then, when the amount of heat supply
increased to 130000, the amount of electricity generation
dropped significantly to 30000, indicating that a large portion
of the steam was re-assigned to heating instead of electricity
generation. After that, when the amount of heat supply
continued to increase to 135000, the amount of electricity
generation increased to 40000. This is because at this point,
the control logic would optimize the use of steam and
effectively assign it between generating electricity and heating.
Based on above descriptions, the following conclusions could
be drawn: there is an obvious heat-electricity coupling
relationship under the electric heating control logic at 100%
load. When heating demand increases, the system must
sacrifice a portion of electricity generation to meet the heating
demand. This relationship is not linear, the control logic
optimizes the use of steam at different operating points to
increase the amount of electricity generation while
maintaining heat supply. For a heat-electricity co-production
system, flexibility and adjustment capacity are both important
since they enable the system to effectively balance heat supply
and electricity generation under different loads and needs.

Figure 6 shows the amount of electricity generation under
the condition of different amounts of heat supply. As can be
known from the figure, when the amount of heat supply was 0,
the amount of electricity generation reached a maximum of
55000, indicating that in case there’s no heat demand, the
system will use its resources and energy for electricity
generation. Then, as the amount of heat supply increased to
45000, the amount of electricity generation dropped
significantly to 10000, indicating that when the system started
to supply heat, most energy was used for heating, so the
amount of electricity generation was reduced. However, when
the amount of heat supply increased to 125000, the amount of
electricity generation rose to 45000. This is a non-linear
change that indicates there is a control strategy or system
configuration that allows the system to produce a high amount
of electricity despite of carrying a high heat load. Based on
above descriptions, the following conclusions could be drawn:
in a green integrated-energy system, there is a heat-electricity
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decoupling space, which means that the system can adjust its
electricity generation under different heat loads. When the
demand of heat supply increases, the system will assign more
energy for heating, resulting in a decrease in the amount of
electricity generation. When the load of heat supply increases
further, the system can increase its amount of electricity
generation via some methods based on its optimization
configuration or control strategy. The flexibility and
adjustment capacity are crucial for the green integrated-energy
system to realize efficient and sustainable operation. The
system should be able to dynamically allocate resources
between heat and electricity based on demand, and this
flexibility is essential to ensure efficient and low-carbon
operation under varying environmental conditions and ever-
changing demand. In addition, this also highlights the
importance of control strategy optimization in managing heat-
electricity coupling and realizing green and low carbon goals.
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Figure 6. Heat-electricity decoupling space of load-carrying
operation of a green integrated-energy system

5. CONCLUSION

This study analyzed the steady-state characteristics of the
thermal sub-system in green integrated-energy systems,
discussed the heat-electricity coupling relationship of the
system, and the relationship between heating strategy
adjustment and the amount of heat supply and electricity
generation. Based on experimental results, the following
conclusions were drawn:

1. Analyzing the law of indoor temperature is crucial for
optimizing the control strategy of the thermal subsystem,
especially when responding to external temperature changes
and user demand. Understanding the time-varying features of
temperature changes is necessary to achieve more accurate
control and improve system efficiency. In integrated heating
systems such as water heating and electric heating, flexibly
adjusting the electric heating power can realize faster and more
accurate temperature control.

2. In integrated-energy systems, there is a coupling
relationship between heat and electricity, thus -careful
management and optimization are required for realizing
efficient operation. The heating strategy adjustment can affect
the amount of electricity generation. In some cases, increasing
the amount of heat supply would reduce electricity generation,
but through optimization configuration and control strategy,
the system can still maintain a high output of electricity under
high heat load.



3. Through comparison of the simulation data of different
models, the accuracy and reliability of the models could be
evaluated. An accurate model is particularly important for
predicting system performance, formulating effective control
strategy, and optimizing system operation.

4. Flexibility and adjustment capacity are crucial for green

integrated-energy

systems. Through dynamic resource

allocation between heat and electricity, the system can
maintain efficient and low carbon operation under different
environmental conditions and heat demand.
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