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Integrated energy system (IES) planning is a long-term and rolling decision-making
process. According to System Development Theory, the development-needs at
different stages are different. Therefore, an IES dynamic multi-stage planning method
considering different development stages is proposed. The first step of the method is
putting forward a model based on the degree of system coupling, the reserve ratio, and the
penetration rate of clean energy to divide dynamic development stages. Secondly,
establishing a dynamic multi-stage planning model of the IES by combining the needs
of different development stages through dynamic goals and constraints. Finally, the results
given by the optimal configuration of critical IES equipment will be analysed in different
scenarios. Following these steps, the result shows that the dynamic multi-stage planning
method proposed is able to reduce the total planning cost of the system by 14% and
reducing the clean energy penetration rate by 3%. Therefore, the proposed dynamic multi-
stage planning scheme is effective and economical.

Keywords: multi-stage planning, integrated energy system, development stage, dynamic planning, configuration

INTRODUCTION

The issue of reducing the usage of fossil fuel is widely considered by the world. With the continuous
progress of energy system development in low-carbon technology and sustainability (Liu et al., 2009),
integrated energy systems (IES) can provide an organic energy supply and integrated system that
coordinates energy production, transmission, distribution, conversion, storage, and consumption.
IES can improve energy cleanliness through the conversion of multiple forms of energy, as well as
coordinated operation and utilization (Wang et al., 2019). A suitable planning method is required to
promote the efficient and stable development of IES and approach suitable resource allocation. This
arrangement involves utilizing the complementary energy characteristics of IES, promoting cascaded
energy usage, and reducing fossil fuel energy consumption. According to the system development
theory, the development includes an initial stage, linear and nonlinear development stages, and a
decline stage, and every stage has different characteristics (Zhong and Yihua, 2005). The initial stage
is the initial stage of multi-stage planning. It is mainly to adjust the internal structure and external
relations of the system. At this time, more investment and less income, is the preparation stage of
rapid development of the system. The linear development stage corresponds to the medium stage of
multi-stage planning, the development speed is fast and the structure changes less. The mature stage
of the corresponding system in the nonlinear stage of development produces qualitative changes
from the accumulation of linear development, and the IES adjusts the internal structure
appropriately and coexists harmoniously with the equipment. Multi-stage planning must adapt

Frontiers in Energy Research | www.frontiersin.org 1 August 2021 | Volume 9 | Article 723702


http://crossmark.crossref.org/dialog/?doi=10.3389/fenrg.2021.723702&domain=pdf&date_stamp=2021-08-05
https://www.frontiersin.org/articles/10.3389/fenrg.2021.723702/full
https://www.frontiersin.org/articles/10.3389/fenrg.2021.723702/full
https://www.frontiersin.org/articles/10.3389/fenrg.2021.723702/full
http://creativecommons.org/licenses/by/4.0/
mailto:dxnjut@njtech.edu.cn
https://doi.org/10.3389/fenrg.2021.723702
https://www.frontiersin.org/journals/energy-research
www.frontiersin.org
https://www.frontiersin.org/journals/energy-research#articles
https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org/journals/energy-research#editorial-board
https://doi.org/10.3389/fenrg.2021.723702

Fan et al.

to these characteristics to reasonable system
development. Considering the development stage, the
planning goals can be determined according to changes in
the system. The planning stage can be dynamically adjusted
to update the current plan. This method improves the system
economy and energy cascade utilization. It can also adapt to
ongoing developments.

Most integrated energy system planning is based on single-
phase planning (Cheng et al., 2017; Zheng et al., 2017), which can
lead to energy equipment lying idle at the beginning of planning.
The single-phase planning also leads to the aging of equipment
and insufficient capacity at the end of planning. Therefore, to
achieve the timeliness of integrated energy system planning, the
planning cycle needs to be divided into several stages to
determine the different stages of planning objectives and the
planning process (Ge and Jia, 2012). There is less research on
multi-stage planning at present, and the focus of the research is
on the planning objectives and objectives of IES based on
different forms of energy coupling at different planning stages.
Existing research has established the electric-gas coupling (Wu,
2016; Huang et al, 2019) and electric-heat-gas multi-energy
coupling planning models (Unsihuay-Vila et al.,, 2010; Zhang
et al,, 2015; Gan et al.,, 2017). The annual operating cost (Yang
etal., 2012; Salimi et al., 2015; Pazouki and Haghifam, 2016; Jiang
etal, 2017), investment operating cost (Mago and Chamra, 2009;
Wang et al., 2018; Bai et al., 2019), carbon transaction cost (Zeng
et al., 2019a), and energy conversion efficiency (Jiang et al., 2004;
Guo et al,, 2013) of a system are important for energy station
planning (Chen et al,, 2018) and network reconstruction (Quan
et al,, 2018; Wu et al,, 2019). The current multi-stage approach
typically involves fixed-time dynamic planning. This method
does not consider the needs of the different development
stages of IES. Considering the characteristics of IES and the
needs of objective low-carbon sustainable development, the
basic energy supply capacity of the system should be
considered in the initial stage of development, the system
maturity should be examined in the medium stage, and the
system energy cleanliness should be accounted for in the
mature stage. Therefore, in a new multi-stage planning method,
the planning goals of the different development stages should be
determined according to the impact of system technology, policy,
load, and other developments on the system economy, safety, and
energy cleanliness. Additionally, the IES energy cascade capabilities
should be fully utilized so system planning is aligned with the
development needs of the system.

This paper proposes an innovative method of IES dynamic
multi-stage planning focusing on the development stage. This
method divides the development phase of IES into different parts
in order to make sure that the plan can satisfy the requirements of
system’s phased development and can enhance the economics of
the system. The conclusions of this paper are:

ensure

1) This paper proposes a more reasonable IES development
stage division method considering the energy cascade
utilization demand, basic load supply demand, energy
cleanliness demand, and economic development demand in
the development process of IES.
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FIGURE 1 | Structure of the IES.

2) Based on the proposed IES development stage division
method, a dynamic multi-stage planning model that
focuses on the IES development stage is built. Unlike
dynamic planning with one fixed time step, the approach
improves the level of energy cascade utilization of the system
and aligns the system development goals with the system
development needs.

This paper is aimed to design a dynamic multi-stage
planning considering the development stage to improve the
economy of the system. Section Modeling of the IES Structure
and Key Equipment builds a basic model of the key IES
equipment. Section Model of IES Planning Considering
Development Stages describes the division of the IES
development stages and establishes a dynamic multi-stage
IES planning model that focuses on the development stages.
Section Results Development Stages verifies the economy of the
proposed method through a comparative analysis of multiple
scenarios. Finally, the paper’s conclusion is presented in
section Conclusion.

MODELING OF THE INTEGRATED ENERGY
SYSTEM STRUCTURE AND KEY
EQUIPMENT

Integrated Energy System Structure
The structure of the IES considered in this paper is illustrated in
Figure 1 (Zeng et al.,, 2019b). The IES includes wind turbines
(WT), photovoltaics (PV), combined heat and power (CHP), gas
turbines (GT), electricity-to-gas equipment (P2G), gas boilers
(GB), and heat pumps (HPs). The load includes three types of
heat, electricity, and gas. The heat load is supplied by CHP, GB, or
HP, and the associated energy supply equipment operate as
standbys for each other. It is assumed that CHP works by
generating power in heat mode. The gas load is supplied by
the P2G and gas source. The electric loads are supplied by the
thermal power units, PV, WT, CHP, and GT.

The following section introduces the physical model of the
coupled equipment in the IES based on a previous study (Jiang
et al., 2004).
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Modeling of Coupled Physical Equipment

Physical models of the coupled IES equipment introduced above
are built as follow (Jiang et al., 2004).

Combined Heat and Power Unit Physical Model

Pcupp: = Pcupg,t - Heup,p (1)

Pcupny = PenprGt * Hewpn @)

where #cyp p and fcyp 4y are the power generation efficiency and
heating efficiency of the CHP unit, respectively. Pcup ps> Pcrp.g e
and Pcpp g, are the output power, output heat, and input power
of the CHP unit at time t, respectively.

Gas Boilers Physical Model

Pgg; = VGB,tLNG”lGB (3)

where Pgp is the heating output power of the GB at time ¢, vgp,; is
the natural gas consumption of the GB at time #, Ly is the low-
level heating value of natural gas, and #gp is the heating efficiency
of the GB.

Heat Pump Physical Model

Puyp = Ppyp My pp )

where Pyp, is the heating power of the HP at time ¢, Pp yyp , is the
input power of the HP at time ¢, and #y yp is the heating energy
efficiency of the HP.

Gas Turbines Physical Model

Pgrr = voriLngHgr (5)

where Pgr, is the electrical output power of the GT at time ¢, vt
is the natural gas consumption of the GT at time ¢, and #gr is the
power generation efficiency of the GT.

Electricity-to-Gas Equipment Physical Model
A typical physical model of a P2G unit can be expressed as:

Ppygu, = PPZG,tWPZG,Hz (6)

Poygcrye = PPzG,tf’lng,cI.I4 (7)

where #prgu2 and #pygcua are the H, efficiency and CH,
efficiency. pprgu2s and ppogcuss are the output H, and
output CH, at time t. pp,g, is the input gas at time ¢

Modeling of Source-Load Interaction

Behavior

This paper considers the electricity price in comparison with the
gas price. The supply-demand relationship of the IES is
constructed based on the high flexibility of the electricity
price. Accordingly, considering the impact of external policies

IES Planning Considering Dynamic Development-Stage

and scientific and technological signals, the source-load supply
and demand of the IES is established using the following model:

Cp = Cp,re(l + dgov + (Xg) (8)
Cu= CH,re(l + &gov + ‘Xg) %)
Pipp = ApCp + Bp (10)
Pipy = AyCy + By (11)
Pipg = Patr — Pipp — Pion (12)

where Cp is the electricity price in the process of source-load
interaction; C; . is the predicted electricity price; Cyis the heating
price associated with the source-load interaction behavior; Cy . is
the predicted heating price; agovis the policy impact factor; agis
the technology impact factor; Py p p is the demand for electrical load
in the process of source-load interaction; Apis the electricity price
fluctuation coefficient; Bpis the basic electricity price; Ayis the heat
price fluctuation coefficient; By is the basic heat price; P p g is the
demand for natural gas during source-load interactions; Py, is the
normalized total electrical and gas load.

MODEL OF INTEGRATED ENERGY
SYSTEM PLANNING CONSIDERING
DEVELOPMENT STAGES

Development Stage Division of the
Integrated Energy System

For an IES, the system configuration in the decline stage no longer
fulfils the production and living needs, and a new planning
scheme must be launched. Therefore, the system is divided
into initial, medium, and mature stages based on the
characteristics of the system’s initial stage, linear development
stage, and nonlinear development stage (Zhong and Yihua, 2005).
The development of the IES is affected by external factors such as
policies, science, and technology, and has a phased nature (Chen
et al., 2018). Apparently, changes in equipment input costs and
the energy supply-demand will cause changes in the development
stage related to the degree of system coupling, economic benefits,
and clean energy penetration. Therefore, the system development
process can include initial stage, medium stage, and mature stage.

In the initial stage of the IES, the system is generally weak and
incomplete, and usually only fulfils the basic needs of the
environment (Zhong and Yihua, 2005). Thus, only the
system’s reserve requirements are considered in the initial
stage. Due to the limited science and technology levels in the
initial stage of the system, the construction cost of coupling
equipment is high, this stage only requires a system reserve
rate. This paper defines this stage as the initial stage of the IES.

In the linear development stage of the system, the
development speed is fast and there are few structural changes
(Zhong and Yihua, 2005). Thus, there are not too many
requirements on the function of the system, only considering
the initial requirements of the coupling degree. When the load
increases to a certain extent, the original energy supply level can
no longer meet the system load demand. Therefore, the supply
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FIGURE 2 | Schematic diagram of the development stages of the IES.

capacity of the system should be enhanced by equipment
expansion at specific time points. As shown in Figure 2, the
energy supply level of the system rises in a stepwise manner, and
the system is coupled at this time. The capacity improvements
enabled by the coupling devices increase the system energy
cascade utilization (Quan et al., 2018). This paper defines this
stage as the medium stage of the IES.

In the nonlinear development stage of the system, the IES
adaptively adjusts its internal structure and coexists
harmoniously with other developments (Zhong and Yihua,
2005). Therefore, in the nonlinear development stage, the IES
needs to further emphasize its own development goals while
taking into account the needs of sustainable environmental
development. When the technology level of the equipment
matures and the degree of coupling of the system increases,
the ratio of production and the penetration of clean energy
must be considered. This paper defines this stage as the
mature stage of the IES.

According to the relevant economic and security
requirements, energy cascade utilization requirements, and
cleaning requirements of the above IES stages, several
development indicators for IES are proposed. These indicators
include the degree of coupling, the ratio of input to output, the
reserve ratio, and the clean energy penetration rate. The
development requirements of each stage are also quantified
and divided into different development stages. The calculation
formulas are:

N¢ N

nc=ZQ,-/Zij100% (13)
i=1 j=1

fes = Ci/Co x 100% (14)
N N

M :ZQB,i/ZQjX 100% (15)
i=1 j=1
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Nre N

Mpe = Z QRE,i/ Q; x 100% (16)
1

i=1 i=

where #c is the degree of IES coupling; Q; is the installed capacity
of the ith coupled device in the system; N¢ is the total number of
coupled devices in the system; Q; is the installed capacity of the jth
device in the system; C; is the total system revenue; Co is the total
system cost; 7y is the IES reserve rate; Qg ; is the reserve capacity
of the ith device; 7. is the renewable energy penetration rate of
the IES; Np. is the amount of clean energy in the system; and Qgg;
is the capacity of the ith renewable energy device.

Planning Model in Each Stage

The IES optimal allocation problem considering the development
stage is studied by minimizing the total cost of the whole IES
planning cycle. The planning goals are divided into basic
planning goals and periodic planning goals. The basic
planning goals are an inherent part of the objective function,
and the periodic planning goals are a unique part of each
development stage. The objective functions are adjusted
according to the development requirements of each stage.

Planning Model of the Initial Stage
1) Planning goals of the initial stage.

The basic planning goals of the system include the initial
investment of the IES and the minimum operation and
maintenance costs. The objective function is specifically shown
in Eqgs. 17-20.

minCALL = CS + CM (17)
N CQ;
Cs = TS _(1-t, 18
s Z Qx5 (18)
j=1
C —LZP Cue (1-t)a (19)
ML) i
N
Cvp = v z C}Qj (20)
j=1

where Cy is the total cost of the IES; Cs is the initial input cost of
the system; Cy is the total cost of system operation and
maintenance; N is the total number of devices that require
investment in the system; C; is the initial investment cost per
unit capacity of device j; Q; is the capacity of device j; ¢, is the tax
rate; i is the interest rate; L, is the number of system planning
years; r) is the equipment maintenance rate; Cyp is the
equipment operation and maintenance costs in the first year;
and a, is the technology impact index in the nth year.

2) Constraints of the initial stage.

Equipment operating constraints.

Considering the actual interaction between the supply and
demand entities, the optimization variables need to be kept
within the following ranges:
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min max
QEX,k < QEX,k < QEX,k
P;mn < Pj < P;nax

min max
PI" <P, <P

min max
PP <Py < Py

@1

where QF' is the minimum reserve capacity for the kth
energy source; Qgx is the actual reserve capacity for the kth
energy source; Qg is the maximum reserve capacity for the
kth energy source; P, P, and P™" are the actual,
maximum, and minimum output of the jth device; Py,
Pumf", Pﬂ‘jjm are the actual, maximum, and minimum
upward climbing power of the jth device; Pyj, Pg™, and
Pg}}“ are the actual, maximum, and minimum downward
climbing power of the jth device.

The output of each piece of equipment is subject to a
corresponding physical model. Therefore, the equipment
operation constraints are covered by Egs. 1-7.

Energy Conservation Constraints
The power balance constraints of electricity, heat, and gas are
considered respectively.

1) Electric power balance constraint

Pipp = Pgen + Ppy + Pwr + Pgr + Pcupp

22
—Pppoc — Prp 22)

where Py, is the electrical load in the system; Pggy is the output
power of the GEN; Ppy is the output power of PV; Py is the
output power of WT; Pgr is the output power of GT; Pcyp,p is the
output electrical power of the CHP; Ppp,g is the input power of
the P2G; and Pp yp is the input power of the HP.

2) Natural gas power balance constraint

PipG = Pragc — Penrg — Porg — Posg (23)
where Py g is the natural gas load; ppyg g is the output power of
the P2G; Pcyp g is the input power of the CHP; Pgr g is the input
power of the GT; and Pgpg is the input power of the GB.
3) Thermal power balance constraint

Pipu = Pcupr + Poeu + Prpn (24)

where Pipy is the thermal load; Pcypy is the output heating
power of the CHP; Pgp y is the output heating power of GB; and
Pypy is the output heating power of HP.

Planning Model of Medium Stage
1) Planning goals of the medium stage.

In the medium stage, there is no obvious change in planning
goals, and Eqs. 17-20 are used as the planning goals.

2) Constraints of the medium stage.

In the medium stage, the coupling capacity of the IES is
improved, and the requirements for the cascade utilization of

IES Planning Considering Dynamic Development-Stage
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FIGURE 3 | Solution flowchart.

the system are considered. Therefore, the following constraints
are added on the basis of the constraints in the initial stage:

Nry 2 Py (25)
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r]c)}, 2 Ay (26)

where a,. is the requirement for determining the coupling degree
of the IES in the medium stage.

Planning Model of the Mature Stage
1) Planning goals of the mature stage.

In the mature stage, the main coupling equipment in the IES
should be relatively mature. Thus, the initial input costs of major
equipment are low and the mature equipment can be used to
improve the system’s clean energy consumption level. Therefore,
based on the planning goals in the initial stage, the planning goals
are updated to:

min CALL = CS + CM + CQ (27)
Lp CQP

Cq = = (1-t) (28)
< 2 (1-1)

CQP = Crpr (29)

where Cq is the cost of abandoning wind and light in the system,
Cqp is the cost of abandoning wind and light in the first year of
the system, C; is the penalty coefficient for abandoning wind and
light, and P; is the amount of abandoned wind and light.

2) Constraints of the mature stage.

In the mature stage, there are no obvious changes in the
constraints. Eqs 1-7 and 21-24 again provide the constraints in
this stage.

Optimization Solution

Based on the above model, the mixed-integer linear programming
method of the GAMS platform is used to obtain a solution. The
algorithm flowchart is shown in Figure 3.

Considering the development stage, an optimized
configuration model of energy supply equipment is
established to allow the IES to optimize the selection of GT,
GB, CHP, and other equipments. The solution process is
shown in Figure 3. The first step is to enter wind power,
photovoltaic information, load data, equipment parameters,
and other basic data. Random scenarios are then generated by
Latin cube sampling, with K-means clustering used to reduce
the total number of scenarios. The second step is to use the
GAMS software to run the planning model, with the minimum
annual cost of the system as the target. For this, a tree structure
is used to code a one-parent genetic algorithm, and the original
dual interior point method is applied to obtain the system
operation strategy. The third step involves determining the
index value of the development stage of the system, updating
the planning goals and constraints, and determining whether it
is necessary to expand the capacity. In the fourth step, a model
with the minimum integrated cost in the planning cycle is
developed as the optimization goal. The GAMS software is
used to solve the problem and obtain the optimal configuration
plan for the IES.

IES Planning Considering Dynamic Development-Stage

RESULTS

Basic Data

MATLAB and GAMS were used to execute a series of simulations
and optimization analysis. This example selects data from an
industrial park for analysis. This paper is based on the data of the
literature (Wang et al, 2017; Liu et al, 2018), and some
modifications have been made (DIW Berlin, 2021). Wind and
photovoltaic outputs from a typical day in each of the four
seasons were used (Liu et al., 2018). In the example, the multi-
demand factor and the supply factor interact through coupling
equipment. The equipment used in the IES includes GT, HP, P2G
units, GB, CHP, thermal power units, PV, and WT. The specific
equipment parameters (Wang et al., 2017) are listed in Table 1.
To achieve effective cascade utilization of multiple sources of
electrical heat, each subsystem in the IES should have a certain
degree of coupling. This paper assumes that the required degree
of coupling eventually reaches 40%.

Load forecasting was performed based on historical load data
(Hong et al., 2018), which are shown in Figure 4.

Based on typical load scenarios, the models established in
Sections 2 and 3 were then applied under the assumption of a
system planning period of 20 years. A new steel plant and a textile
mill are to be built in the park in the 6th year, with an impact
factor of 0.4 for the electricity and heat loads. In the 15th year, a
major breakthrough occurs in the CHP and GB manufacturing
process, for which the impact factor of the construction cost is 0.4.
The resulting load curve is shown in Figure 5.

Analysis of Results
In this paper, three scenarios are set up for dynamic multi-stage
IES planning to consider the development stage.

Case 1: Dynamic multi-stage IES planning that takes into
account the development needs of different stages of
development.

Case 2: Multi-stage IES planning considering a fixed stage of
development.

Case 3: Dynamic multi-stage IES planning without considering

the development needs of different stages of
development.

Analysis of Dynamic Multi-Stage IES Planning
Considering Development Stage

Case 1: This case considers the basic energy supply demand in the
initial stage of IES, with a limited reserve ratio. In the medium
stage, we further consider the maturity of the system and increase
the degree of coupling. In the mature stage, the system energy
utilization cleanliness is also considered, and a clean energy
penalty cost is added to the planning goals. The results for
this configuration are shown in Figure 6.

As shown in Figure 6, in the first 5 years, the system is in the
initial stage. The system is mainly equipped with renewable
energy and thermal power units, with little coupling. At this
time, the electricity, gas, and heat loads steadily increase, and the
electric load is greater than the gas and heat loads. The cost of
renewable energy generation is low, and the degree of system
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TABLE 1 | Parameter list of equipment to be selected.

IES Planning Considering Dynamic Development-Stage

Candidate equipment Number Amount Capacity/ MW Energy conversion Construction cost/x
efficiency 103$%
GT Al 3 200 0.40 2,500
A2 3 150 0.45 2,250
GB B1 4 100 0.90 1,400
EB C1 2 150 0.95 900
c2 2 100 0.97 750
P2G D1 1 100 0.76 1,500
D2 1 100 0.76 1,500
CHP E1 3 50 0.79 2,750
E2 3 100 0.79 2,750
E3 2 200 0.82 3,000
TP F1 1 200 0.70 2,250
F2 1 200 0.72 2,500
F3 2 200 0.72 2,500
F4 2 200 0.70 2,250
PV G1 1 200 — 1,500
G2 2 150 - 1,500
WT HA1 1 200 — 1,500
H2 2 150 - 1,500
3000
power w—gas heat
2500 ~
~ 2000
3
1500
1000
—
500
0
yl y6 yl1 vle
Time of Planning
FIGURE 4 | Typical annual load forecasting curve.
4500
— DO WeT —0aS heat
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FIGURE 5 | Load curve considering special events.

Time of Planning

yll yl6

coupling is low. There are no requirements for the installed
capacity of the coupled equipment in the initial stage.

In the 6th year, the IES of the park is expanded and some
coupled equipment is added, allowing the system to enter the

medium stage. To cope with the surge in electrical and thermal
loads and meet the new system development constraints, the
park adds thermal power units, CHP, and GB. As shown in
Figure 5, in the 6th year of the planning cycle, the park
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undergoes industrial expansion, with the addition of a steel
plant and a textile mill. Both industries cause large increases in
the electrical and thermal loads of the park.

In the 12th year, the second expansion is carried out, and the
system enters the mature stage. The costs of wind and light are
added to the objective function, and the clean energy
consumption capacity of the system is considered without
further increasing the installed capacity of clean energy.

In the 15th year, the reserve is sufficient until the third
expansion in the 16th year. At this point the system is still in
the mature stage, and so gas coupling equipment is added to
replace the electrical coupling equipment and a CHP unitand a
GT are added. The impact of scientific and technological
progress reduces the initial investment cost of new
equipment, resulting in an increase in the power supply and
heating capacity of the system. As shown in Figure 5, the
reductions in gas-to-electricity and gas-to-heat costs increase
the demand for gas loads, and the growth rate of the electrical
load slows.

Analysis of the Impact of Dynamic Division of
Development Stages

Case 2: To study the impact of the dynamic division of
development stages on the planning results, the results for
case 1 were trimmed to provide a basis for the stage division
in case 2. In this case, we assume that IES enters the medium stage
in the 5th year and the mature stage in the 10th year. Dynamic
planning considers a fixed development stage. The configuration
results are shown in Figure 7.

It can be seen that the planning results in case 1 and case 2 are
similar. This is because the development requirements in each
stage of case 2 are the same as for case 1. However, the first and
second expansion time nodes of case 1 are the 6th and 12th years,
whereas the first and second expansion time nodes of case 2 are
the 5th, and 10th years. It can be seen from this analysis that the
system has a fixed development stage, so the system enters the
medium stage in the 5thyear and the mature stage in the
10th year. To meet the needs of system development, capacity
expansion is required. By comparing casel and case 2, it can be
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found that, compared with fixed stage IES planning, dynamic
multi-stage IES planning can delay the system expansion time by
about 1-2 years, saving system expansion costs.

Analysis of the Impact of Development Stage Changes
Case 3: To compare and analyze the impact of the development
stage changes on the planning results, case 3 does not consider the
impact of different development needs. This case is based on case
1, assuming that the initial development requirements of IES are
the same as the development requirements in the mature stage of
case 1. The planning results are shown in Figure 8.

As shown in Figure 8, the system expansion time points are
the 6th, 12th, and 16th years, as for case 1. This is because case 3
also uses dynamic planning and has the same load changes as case

1. To face these load changes, the system must be expanded at
these moments. The planning result for case 3 in the 16th year is
similar to that of case 1. Analysis suggests that the development
needs considered in case 3 are similar to those considered in the
mature stage of case 1. In case 1 and case 2, the initial stage costs
are 6.22 x 106 $ and 6.23 x 106 $, respectively, whereas case 3
requires 6.69 x 106 $ in the first stage. This is because the entire
planning cycle of the system places high requirements on the
clean energy penetration and energy cascade utilization
performance of the system. Initially, 150 MW CHP was
selected, and 300 MWPV and WT were configured.
Compared to case 1, 2 and case 3, dynamic IES planning that
takes into account the needs of different stages of development
can save about 7.5% of system construction costs compared to
unconsidered, which shows that ignoring the development needs
of the system results in larger investment in the initial stage.

Effectiveness Analysis

Analysis of the System Economy

To verify the effectiveness of the proposed method, the costs,
capacity expansion results, coupling degree, and clean energy
penetration rate in Cases 1, 2, and 3 are compared in Figures 9, 10
and Table 2.

Figure 9 shows the annual cost changes during the planning
process in the three scenarios. The overall cost is on a downward
trend from case 1 to case 3. The main reason for this is that the
cost of equipment changes in line with the development law of the
life cycle, so the initial input cost decreases year by year. Case 2
has higher costs than case 1 in the 5th year. As shown in Figure 2,
case 1 is still in the initial stage in the 5th year, whereas case 2 has
entered the medium stage, whereby the system must satisfy the
demand for energy cascade utilization. That is, the system has
been expanded. This can delay the system investment. The overall
system cost of case 3 is higher than both case 1 and case 2.
Analysis shows that case 3 has only a single development stage,
and its development needs are the same as the mature stage of
case 1. The development requirements are high and more
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Table 2 | Comparison of the expansion results for each configuration.

Planning results Case1l Case2 Case3
First expansion time (y) 6 5 6
Second expansion time (y) 12 10 12
Third expansion time (y) 16 16 16
Total cost ($) 2511 x 107 2.5634 x 107 2.623 x 107

Indlicates that case 1 has the lowest cost, followed by case 2 and then case 3. The total
investment cost of case 1 is approximately 0.9% lower than case 2 and approximately
4.4% lower than case 3. Analysis shows that case 1 and case 2 both consider different
development requirements in three different development stages. However, case 2
enters the mature stage earlier than case 1, and case 1 delays the need to increase the
degree of coupling, which can delay investment.

coupling equipment needs to be configured, making the overall
cost higher.

Hence, the IES planning scheme considering dynamic stages
can rationally manage and improve economic benefits according
to the development requirements of each stage of the system.

Analysis of System Performance

Figure 10 shows the changes in the coupling degree during the
three scenarios. Figure 10A shows that the coupling degree
rises in steps, because the energy cascade utilization demand in
each stage of the system changes with the development stage.
The coupling degree and clean energy penetration rate of case
2 are higher than those of case 1 in both the initial and medium
stages. This is because the fixed development requirements
mean that the system enters the medium and mature stages
earlier than case 1, and pushes forward the requirements for
the coupling degree of the system. From Figure 10B, we see
that the expansion of case 1 occurred in the 6th, 12th, and
16th years, whereas the expansion of case 2 occurred in the 5th,
10th, and 16th years. The expansion occurred later in case 1
than in case 2. Over time, the reduction in the cost of new
energy allocation has made the system lean towards more
renewable energy installations. Furthermore, the increase in
the load gives the system greater capacity to absorb the
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FIGURE 11 | Impact diagram of expansion impact factors.

renewable energy, so the overall clean energy penetration is
better in case 1 than in case 2.

The coupling degree and clean energy penetration rate of case
3 is higher than that of both case 1 and case 2, but the coupling
degree decreases slightly in the 12th year. This is because case 3
does not consider the changes in the development stage, and the
coupling degree and clean energy penetration rate requirements
are higher than the other cases before Cases 1 and 2 enter the
mature stage. In years 1-11, there has been more investment in
coupling equipment. However, from the 12th to the 16th years,
350 MW of coupling equipment and 600 MW of other equipment
have been added. The additional coupling equipment has less
capacity than the other equipment, reducing the overall coupling
degree.

Hence, the IES dynamic stage planning method can satisfy the
development goals of cascade utilization and effectively improve
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the clean energy penetration rate of the system in different stages
while retaining the economic benefits of the system.

Sensitivity Analysis
The effects of different expansion impact factors and technology
impact factors on the configuration results are now analyzed.

Sensitivity Analysis of Expansion Impact Factors
Figure 11 compares the configuration results for various expansion
factors. The initial and development stages of the system advance
with the expansion factor. In the 5th year, the system load surges at
higher expansion factors. To meet the load demand, some
equipment must be configured in advance, which causes the
system to enter the medium and mature stages earlier.

The cost of each case first decreases and then increases as the
expansion factor increases. This is because the minimum reserve rate
is 0.25. When the expansion impact factor is 0.3, the average annual
reserve rate of the system is 0.254. Expansion impact factors of 0.2
and 0.4 produce average annual reserve rates are 0.283 and 0.294 in
the system. This shows that increasing the electric and thermal loads
brings them more in line with the operating characteristics of the
source-side equipment, thus reducing additional equipment
investment. When the expansion impact factor is 0.3, the
investment cost is lower than when the expansion factor is 0.2 or
0.4. However, as the expansion impact factor further increases, the
total amount of electric and thermal load also increases, and larger-
capacity equipment is required to handle the supply, resulting in a
gradual increase in costs.

Therefore, the IES planning model established in this paper is
suitable because it takes into account dynamic planning and can
cope with regional expansion.

Sensitivity Analysis of Technological Impact Factors

Figure 12 compares the configuration results under different
technology impact factors. The initial stage of the system is always
in the 6th year. Technological progress means that the mature stage is

IES Planning Considering Dynamic Development-Stage

eventually reached after the 9th year, rather than the 12th year. As
shown by the costs in Figure 14, advances in science and technology
reduce the equipment investment cost. The earlier these advances
occur, the earlier the larger-capacity and more efficient equipment
can be configured, which results in better energy cascade utilization
capability. Therefore, scientific and technological progress will
accelerate the development of IES to the mature stage.

CONCLUSION

Based on system development theory, this paper has identified the
characteristics of the different development stages of an IES, and
divided the development process into initial, medium, and mature
stages. A dynamic multi-stage planning model, focusing specifically
on the development stage, has been established. The following
conclusions can be drawn from the case study:

1) In this study, compared with multi-stage planning method without
considering the development stage, the proposed dynamic
planning approach reduces the total system planning costs by
14% and increases the average clean energy penetration rate by 3%.
Considering the different requirements of the various
development stages of the IES, this proposed approach can
ensure that the system plan matches the technological and
economic levels and that the system develops in a reasonable
manner.

2)
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