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Abstract: This paper is focused mainly on the production simulation method of a regional integrated
energy system under random scenarios for optimal configuration. First, the cooling, heating,
and electric load demand of the regional integrated energy system is described quantitatively in
the form of time series, as well as the power characteristics of renewable energy, such as wind
power and photovoltaic power generation. Then, a typical scenario set of regional integrated energy
system configurations considering the random probability characteristics is established through scene
clustering. Second, considering the power output characteristics and cost factors of different types of
distributed energy, the corresponding technical and economic quantitative model is established. Third,
a multi-objective production simulation model of a regional integrated energy system considering
configuration constraints and operation constraints is proposed with economic and environmental
protection as the main objectives. Finally, the accuracy and effectiveness of the above methods are
verified based on a case study of actual engineering.

Keywords: integrated energy system; optimal configuration; scene clustering; production simulation

1. Introduction

In recent years, with economic and social sustainable development and renewable energy
sources such as wind power and solar energy utilization technology of large-scale popularization
and application, energy production and consumption patterns have undergone major transformation.
The traditional single-form energy subsystem has been gradually aggregated into a new integrated
energy system (IES) through physical coupling and information interconnection. The new generation
of IES is a network physical system composed of various primary and secondary energy production,
transmission, consumption, and energy storage devices with electric power as its core and the power
grid as the main carrier [1]. Multi-energy complementary and coordinated optimization are the typical
characteristics of IES [2]. According to the energy supply scale and geographical distribution, IES can
be classified into a user-side small integrated energy system, a regional integrated energy system
(RIES), and a cross-regional integrated energy system [3]. Among them, the optimization of RIES for
industrial parks has become the focus of current research.

In Reference [4], the mathematical model of the optimization of the combined cooling, heating,
and power (CCHP) system is discussed, and an algorithm of the system design based on the linear
programming model is proposed to improve the convergence rate. In reference [5], a mixed-integer
linear programming model was used to design an IES for households, and the types of main equipment
and installed capacity were determined. In references [6,7], the genetic algorithm solves the optimal
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design problem of distributed IES. In reference [8], considering the thermal performance and economic
performance of the equipment, the impact of the carbon tax on the installed capacity of the CCHP
system equipment is revealed. In reference [9], the impact of system environmental indicators on the
whole life cycle planning of the system is considered. In Reference [10], a fuzzy theoretical model of the
multi-objective design of a CCHP system was proposed. In reference [11], a two-layer frame structure
suitable for the optimal design of a distributed energy system in China is proposed, which comprises
integrated energy equipment type selection and equipment capacity selection based on load changes.
In reference [12], a framework for the optimal planning and operation of IES is proposed, and the
objectives and system constraints of integrated energy planning are pointed out. In reference [13],
the CCHP system construction cost model is built considering system reliability, economic benefits,
and environmental benefits. At present, the research on the optimal configuration of the integrated
energy system mainly focuses on the small-scale CCHP system, and it focuses on the integrated design
of the cooling, heating, and electrical equipment of a single system. There is also few research studies
on the optimal configuration of an RIES for a large industrial park, and the traditional deterministic
power planning method is usually used.

Moreover, due to the random fluctuations in the power of intermittent distributed energy in RIES,
the configuration decision of distributed energy type and capacity in RIES planning and construction
is difficult. For this reason, this paper proposes a method for the optimal configuration of RIES
based on a clustering of time-series scenarios and production simulation. First, this method uses
time-series cluster analysis to quantitatively describe the time series and random characteristics of the
configuration scenario of RIES and establishes the corresponding configuration scenario set. Second,
considering the constraints of configuration and operation, a production simulation model of RIES
is established with the objectives of economy and environmental protection. Finally, based on the
configuration scenario set of an RIES, the expected value of the associated configuration scheme is
obtained through production simulation. In this paper, the accuracy and effectiveness of the above
methods are verified based on the analysis of actual engineering cases.

2. Configuration Scenario Quantitative Description

The configuration scenarios of the RIES include an energy supply scenario and an energy demand
scenario. Among them, due to the influence of natural resource conditions and user demand, the output
and load power of renewable energy generation represented by wind power generation (WG) and
photovoltaic power generation (PV) have a certain randomness, which are collectively referred to as
“random sources” here.

In this paper, time-series vectors are used to describe the power characteristics of random sources
within a certain time period.

Suppose there are m random sources in the system, and the active power (outflow is positive,
inflow is negative) of the k-th random source is Pi j at the i-th time period. Then, in the whole time
cycle T, the system “random source” time-series scenario can be expressed as:

S =



P11 · · · P1k · · · P1K
...

. . .
...

. . .
...

Pi1 · · · Pik · · · PiK
...

. . .
...

. . .
...

PN1 · · · PNk · · · PNK


, i = 1, 2, · · ·N, k = 1, 2, · · ·K (1)

where S is a matrix of K “random source” time-series scenarios; T is the total simulation duration; N is
the total number of time steps; ∆t = T/N is time-step duration.

Suppose the sample number of the random source time-series scenario is K; then, the configuration
scenario set of the RIES is {Sk}, k = 1, 2, · · · , K. Considering the similarity and difference between the
samples of each time-series scenario, the clustering algorithm (C4.5, K-means, support vector machines
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algorithm, etc.) was used to obtain the typical configuration scenarios of the k′ RIES, where K′ < K.
For the typical scenario of the d-th type, the sample mean of the scenario of the same type is used as
the quantitative description of the scenario of the type, namely:

S′d =
∑

k∈d Sk
kd

, d = 1, 2, · · · , K′ (2)

qd = kd/K, d = 1, 2, · · · , K′ (3)

where S′d is the matrix of the d-th typical scenario; kd is the number of samples included in the d-th
typical scenario; and qd is the corresponding distribution probability of the d-th typical scenario in the
sample space.

3. Distributed Energy Technology Model

3.1. Renewable Energy

The renewable energy in an RIES includes mainly WG and PV. For WG, the power output
characteristics of the wind turbine can be expressed by a piecewise linear function [14]:

PWG =


0 0 ≤ v ≤ vci

v−vci
vr−vci

·Pr vci < v < vr

Pr vr < v < voc

0 v > voc

(4)

where PWG is the output power of the wind turbine; Pr is the rated power of the wind turbine; vci is the
cut-in wind speed of the wind turbine; vr is the rated wind speed; voc is the cut-out wind speed; and v
is the wind speed at the hub height of the wind turbine.

For PV, the power output characteristics are related to the ambient temperature and irradiance,
and the engineering approximate calculation formula can be used as follows [14]:

Ppv =
PSTCGAC[1+k(Tc−T f )]

GSTC
(5)

where Ppv is the output power of PV; GAC is the irradiation intensity; PSTC is the maximum output
power under standard test conditions (irradiation intensity 1 kW/m2, ambient temperature 25 ◦C);
GSTC is the light intensity under standard test conditions, and its value is 1 kW/m2; k is the power
temperature coefficient, and its value is −0.47%/K; Tc is the operating temperature of the photovoltaic
module; and Tr is the reference temperature, with a value of 25 ◦C (which needs to be converted to
kelvins for calculation).

3.2. Fuel-Based Distributed Energy

Fuel-based distributed energy includes mainly diesel generators, gas turbines, etc. Its energy
consumption and power output characteristics are as follows [14]:

VMT =
N∑

i=1

Pe,i·∆t
ηMT ·L

(6)

where VMT is the fuel consumption; Pe,i is the actual generating power at the i-th time period; ηMT is
the power generation efficiency; and L is the low heating value per unit volume of fuel.

For combined heat and power (CHP) units, the relationship between power generation and
heating capacity is quantified by the thermoelectric ratio, as shown below [14]:

ηpq,i =
Pe,i
Qh,i

(7)

where ηpq,i is the thermoelectric ratio; Pe,i is the actual generating power; Qh,i is the actual heating
power; and subscript “i” means time-step index.
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On the basis of CHP, the absorption chiller is used to recycle the waste heat of the cogeneration
unit of heat and power to make refrigeration, forming a CCHP system, as shown in Figure 1, where
BESS means battery energy storage system.
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Figure 1. Schematic diagram of the cooling, heating, and power (CCHP) system.

The output characteristics of the power generation, heating capacity, and cooling capacity of the
CCHP system are as follows [14]: 

QMT,i = Pe,i·
1−ηMT−η0

ηMT

Qh,i = QMT,i·Kh
Qc,i = QMT,i·Kc

(8)

where Pe,i is the generating power at the i-th time period; ηMT is the power generation efficiency; QMT,i,
Qh,i, and Qc,i are the residual heat, heating capacity, and cooling capacity of the exhaust gas at the i-th
time period respectively; and η0, Kh, and Kc are the heat dissipation coefficient, heating coefficient,
and cooling coefficient, respectively.

3.3. Energy Storage Facilities

The energy storage facilities in an RIES mainly include BESS and heat storage facilities. The energy
storage and release characteristics are as follows [14]:

Energy storage : Soci = (1− δ)·Soci−1 +
Pc·∆t·ηc

Ec
(9)

Energy release : Soci = (1− δ)·Soci−1 −
Pd∆t
Ecηd

(10)

where Soci is the remaining energy of the energy storage system at the end of the i-th time period;
Soci−1 is the remaining energy of the energy storage system at the end of the (i−1)-th time period; δ is
the self-discharge/heat dissipation rate of the energy storage system; Pc and Pd are the power of the
energy storage and release of the energy storage system, respectively; ηc and ηd are the energy storage
and release efficiency of the energy storage system, respectively; and Ec is the rated capacity of the
energy storage system.

4. Distributed Energy Economy Model

The economic factors of distributed energy mainly include the construction fixed investment
capital, fuel cost, and operation and maintenance cost. When environmental benefits are taken into
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account, the corresponding carbon emission cost should also be taken into account. The carbon
emission cost depends mainly on the carbon emissions of each distributed energy source and the
current carbon trading price. For different types of distributed energy, the quantitative description of
its economic factors is also different:

(1) For renewable energy, such as wind power and photovoltaics, the fuel cost is zero, the carbon
emissions are zero, and the predominant costs are the fixed investment cost and operation and
maintenance cost.

(2) For conventional units such as gas and coal, the fuel cost and carbon emission cost are as follows:

gi j
(
Pi j

)
= Pi j·∆t·C j (11)

hi j
(
Pi j

)
= Pi j·∆t·Var, j·Car (12)

where gi j is the fuel cost; hi j is the carbon emission cost; Pi j is the power generation power; C j is
the production cost per unit energy; Car is the carbon emission trading price; and Var, j is the carbon
emission per unit energy. Subscript “i” means time-step index; subscript “j” means the j-th unit.

(3) For the external public power grid connected to the RIES, the power supply cost and carbon
emission cost are as follows:

gi(Pli) =

Pli·∆t·Cin,i Pi ≥ 0

Pli·∆t·Cou,i Pi < 0
(13)

hi(Pli) =

Pli·∆t·η0·Car Pli ≥ 0

0 Pli < 0
(14)

where Pli is the exchange power of the tie line between the RIES and the external public grid (input is
positive, output is negative); Cin,i is the electricity selling price of the external public grid; Cou,i is the
on-grid electricity price of the RIES; subscript “i” means time-step index; Car is the carbon emission
trading price; η0 is the carbon emission corresponding to the unit electricity quantity of the public
power grid; and the carbon emission amount caused by the standard coal combustion corresponding
to the kWh is calculated here. This paper takes η0 = 0.997; thus, the corresponding carbon dioxide
emission of 1 kWh of electricity is 0.997 kg.

5. Production Simulation Model Algorithm

5.1. Objective Function

Based on the energy management and scheduling strategy of the RIES, a multi-objective
optimization model for RIES production simulation was established with consideration of the
production and operation costs, equipment depreciation costs, and carbon emissions of the RIES,
as shown in the following formula:

min f = λ1·
(
Cg + Cm

)
+ λ2·Ch (15)

where Cg is the production and operation cost; Cm is the depreciation cost of the equipment; Ch is
the cost of carbon emissions; λ1 is the weight coefficient of the economic target; and λ2 is the weight
coefficient of the environmental protection target.

Here,

Cg =
N∑

i=1

M∑
j=1

gi j
(
Pi j

)
(16)

Ch =
N∑

i=1

M∑
j=1

hi j
(
Pi j

)
(17)

Cm =
N∑

i=1

M∑
j=1

CINI, j·CRF(l,r)
8760 (18)
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CRF(l, r) = r(1+r)l

(1+r)l
−1

(19)

where M is the number of various distributed energies participating in optimization; Pi j is the active
power output; gi j is the energy production cost; hi j is the carbon emission cost; CINI, j is the initial
investment cost; CRF(l, r) is the capital recovery factor; r is the annual average depreciation rate; and l
is the engineering design period. Subscript “i” means time-step index; subscript “j” means the j-th
distributed energy.

5.2. Operating Constraints

During the RIES operation, it is necessary to meet constraints such as power balance, thermal
balance, upper and lower limits of unit output, and upper and lower limits of energy storage capacity.

(1) Electrical power balance constraint

PL,i + Ploss,i + Px,i =
NE∑

ne=1
Pne,i +

NCH∑
nch=1

Pnch,i + Ps,i (20)

where PL,i is the electrical load demand in the i-th time period; Ploss,i is the electric power loss in the
i-th time period; Px,i is the interactive power with the external power grid in the i-th time period
(input is positive, output is negative); Pne,i is the generating power of the ne-th power source in the
i-th period; Pnch,i is the generating power of the nch-th CCHP unit in the i-th time period; Ps,i is the
charge/discharge power of the electric energy storage facility in the i-th period (discharge is positive,
charge is negative); NE is the number of power sources; and NCH is the number of CCHP units.

(2) Heating power balance constraint

Qh,i + Qloss,i =
NH∑

nh=1
Qnh,i +

NCH∑
nch=1

Qnch,h,i + Qhs,i (21)

where Qh,i is the heating load demand; Qloss,i is the heating power loss; Qhs,i is the heat absorption/

emission power of the heat storage facility (heat emission is positive, heat absorption is negative); Qnh,i
is the heating power of the nh-th power source; Qnch,h,i is the heating power of the nch-th CCHP unit;
and NH is the number of pure heating units. Subscript “i” means time-step index.

(3) Cold power balance constraint

Qc,i =
NC∑

nc=1
Qnc,i +

NCH∑
nch=1

Qnch,c,i (22)

where Qc,i is the heating load demand; Qnc,i is the cooling power of the nc-th electric refrigeration
equipment; Qnch,c,i is the cooling power of the nch-th CCHP unit; NC is the number of pure refrigeration
units. Subscript “i” means the i-th time period.

(4) Power constraint of pure power supply equipment

Pne,min ≤ Pne,i ≤ Pne,max (23)

where Pne,max and Pne,min are the upper and lower limits of the ne-th electricity source, respectively.
(5) Power constraint for pure heating equipment

Qnh,min ≤ Qnh,i ≤ Qnh,max (24)

where Qnh,max and Qnh,min are the upper and lower limits of the output of the nh-th heating equipment,
respectively.

(6) Power constraints of pure refrigeration equipment

Qnc,min ≤ Qnc,i ≤ Qnc,max (25)

where Qnc,max and Qnc,min are the upper and lower limits of the output of the nc-th refrigeration
equipment, respectively.
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(7) Coupling operation constraint of CCHP

Pnch,min

(
Qnch,h, Qnch,c

)
≤ Pnch,i ≤ Pnch,max

(
Qnch,h, Qnch,c

)
Qnch,h,min

(
Pnch, Qnch,c

)
≤ Qnch,h,i ≤ Qnch,h,max

(
Pnch, Qnch,c

)
Qnch,c,min

(
Pnch, Qnch,h

)
≤ Qnch,c,i ≤ Qnch,c,max

(
Pnch, Qnch,h

) (26)

where Pnch,max

(
Qnch,h, Qnch,c

)
and Pnch,min

(
Qnch,h, Qnch,c

)
are respectively the upper and lower limits

of the electric power output of the nch-th CCHP; Qnch,h,max

(
Pnch, Qnch,c

)
and Qnch,h,min

(
Pnch, Qnch,c

)
are respectively the upper and lower limits of the heating power output of the nch-th CCHP;
Qnch,c,max

(
Pnch, Qnch,h

)
and Qnch,c,min

(
Pnch, Qnch,h

)
are respectively the upper and lower limits of the

cooling power output of the nch-th CCHP.
(8) Charge/discharge constraints of the battery storage facility

Ps,min ≤
∣∣∣Ps,i

∣∣∣ ≤ Ps,max (27)

ESe,min ≤ ESe,i ≤ ESe,max (28)

where Ps,max and Ps,min are respectively the upper and lower limits of the charging/discharging power
of battery storage facilities; ESe,i is the energy state of the battery storage facility in the i-th time period;
and ESe,max and ESe,min are respectively the upper and lower limits of the energy storage space of
BESS facilities.

(9) Absorption/release constraints of the heat energy storage facility

Qhs,min ≤
∣∣∣Qhs,i

∣∣∣ ≤ Qhs,max (29)

ESh,min ≤ ESh,i ≤ ESh,max (30)

where Qhs,max and Qhs,min are respectively the upper and lower limits of the heat absorption/release
power of the heat energy storage facilities; ESh,i is the energy state of the heat storage facility in the i-th
period; and ESh,max and ESh,min are respectively the upper and lower limits of the energy storage space
of the heat energy storage facility.

(10) Exchange power constraint of the tie line

0 ≤
∣∣∣Px,i

∣∣∣ ≤ Px,max (31)

where Px,max is the limit value of the exchange power for the tie line. Due to the large loss of long-
distance transmission of cold and hot energy across regions, only the case of interconnection with the
external power supply network through the power tie line is considered here.

5.3. Configuring Constraints

In addition to the operational constraints, it is also necessary to meet constraints such as the
installation capacity, energy utilization rate, and energy self-balance rate in the process of RIES
configuration decision analysis based on production simulation.

(1) Installation capacity constraint, that is, N < Nmax, where N is the actual installation quantity
and Nmax is the maximum installation quantity restricted by various conditions, such as the actual site.

(2) Restrictions on the proportion of renewable energy installed capacity. The distributed
generation in the RIES should be based on wind power, photovoltaic power, and other renewable
energy sources, and the proportion of their power generation in the total power load of the system
should not be less than a certain threshold.

(3) Constraints on fossil energy utilization. The RIES needs to prioritize the consumption of clean
energy; the use of fossil energy should reflect the characteristics of “high efficiency”, and the integrated
energy utilization rate should generally meet the prescribed requirements, that is, ηF ≥ η0. Here, ηF is
the fossil energy utilization rate, and η0 is the fossil energy utilization threshold.

(4) Constraints of energy self-balance in the region. Considering comprehensively the energy
self-balancing requirements of the RIES and the needs of the development and utilization of distributed
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renewable energy in China, this paper advocates that the exchange of electricity quantity between the
RIES and the external power grid can be appropriately set within a settlement period, but generally,
it should not exceed 20% of the total electricity quantity, namely:

|Eex |
|EL |
≤ ηex (32)

where Eex is the exchanged electricity; EL is the total power demand of the load; and ηex is the threshold
of the self-balancing rate.

5.4. Configuration Decision Process

For long-term production simulation, multiple typical random scenarios can be generated through
scene clustering, and each typical random scenario is analyzed separately. Then, the distribution
probability of each typical scenario is combined to obtain the expected value of the final configuration
scheme. Furthermore, since the rated capacity and the number of distributed generations are integers,
the range of decision variables in the configuration process should be in the integer range, so the above
optimization problem is essentially a mixed integer programming problem. This paper uses a genetic
algorithm to solve the optimal configuration scheme in each typical scenario. The specific process is
shown in Figure 2, where Nm is the amount of typical scenarios.
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6. Example Analysis

The typical scenarios of RIES configuration in an industrial park of China to be built are shown
in Figures 3–6 through the analysis of historical sample data of resources and load in this region.
The corresponding distribution probabilities of each typical scenario are 0.2, 0.15, 0.35, and 0.3.
The benchmark capacity of the WG and PV scenarios is 10 MW.Processes 2020, 8, x FOR PEER REVIEW 10 of 14 
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The design life of the RIES is considered to be 20 years. The technical and economic parameters of
the distributed energy are provided by the construction bid and equipment supply, which are shown
as follows

(1) PV: power generation unit capacity 500 kW, cost 2.25 million RMB;
(2) WG: single wind turbine capacity 1 MW, cost 9.2 million RMB;
(3) BESS: battery unit capacity 500 kW/kWh, cost 1.44 million RMB;
(4) Ground source heat pump (GSHP): single unit capacity 600 kW, cost 2 million RMB;
(5) CHP based on micro gas turbine: power generation efficiency 27.1%, thermoelectric ratio 0.64,

single unit capacity 500 kW, cost 1.82 million RMB;
(6) Absorption chiller: single unit cooling capacity 1160 kW, cooling coefficient Kc = 2.5, cost

0.8 million RMB;
(7) Electric boiler: single unit capacity 5 MW, cost 1 million RMB;
(8) Air conditioning equipment: single unit capacity 3550 W, cost 3000 RMB;
(9) Heat storage tank: per unit capacity cost 0.5 million RMB/MWh.

According to constraints such as the geographical environment, energy utilization ratio, and energy
self-balance, the RIES configuration scheme should meet the following requirements:

(1) The installed capacity of PV shall be no more than 30 MW;
(2) The installed capacity of WG shall be no more than 20 MW;
(3) Comprehensive utilization rate of fossil energy ηF ≥ 70%;
(4) The proportion of electricity generated by clean energy shall not be less than 60%;

(5) Energy self-balancing rate 1− |Eex |
|EL |
≥ 80%.

Based on the above model parameters and typical daily scenarios, the RIES configuration scheme
under each planning scenario can be obtained through production simulation calculations combined
with genetic algorithms, as shown in Table 1.

From Table 1, we can see that the four typical scenarios correspond to the optimal configuration
plan of the RIES and calculate the expected value of each distributed energy capacity configuration
based on the random probability distribution of each typical scenario. Then, the final RIES configuration
plan can be obtained. On this basis, the investment cost of each distributed energy is calculated
as follows: 135 million RMB of PV, 184 million RMB of WG, 2.5 million RMB of heat storage tank,
14.4 million RMB of BESS, 33.1 million RMB of CHP, 13 million RMB of absorption chiller, 13.9 million
RMB of GSHP, and total investment of distributed energy of 395.94 million RMB. If the traditional
deterministic configuration method is used for this configuration problem, scenario 3 will be usually



Processes 2020, 8, 892 11 of 12

selected as the maximum demand scenario to meet the requirements of system adequacy. In this way,
the total investment of distributed energy will be 401.87 million RMB, which is 5.93 million more than
the expected investment. Thus, it can be seen that the optimal configuration method considering the
randomness of scenarios can reduce the total investment cost while meeting the expectation of energy
balance of the RIES.

Table 1. Configuration schemes and their expected values under each typical scenario (MW). BESS:
battery energy storage system, CHP: combined heat and power, GSHP: ground source heat pump, PV:
photovoltaic power generation, WG: wind power generation.

Type Scenario 1 Scenario 2 Scenario 3 Scenario 4 Expected Value

PV 30.00 30.00 30.00 30.00 30.00
WG 20.00 20.00 20.00 20.00 20.00

Electrical Boiler 0.00 0.00 0.00 0.00 0.00
Heat Storage Tank 5.00 5.00 5.00 5.00 5.00

BESS 5.00 5.00 5.00 5.00 5.00
CHP 8.50 10.00 10.00 8.00 9.10

Absorption Chiller 19.72 18.56 19.72 17.4 18.85
GSHP 4.80 1.80 4.80 4.20 4.17

7. Conclusions

Aiming at the problem of optimal configuration of a RIES, this paper proposes a production
simulation method for the cluster analysis of random scenarios. First, this method quantifies the time
series and random characteristics of RIES configuration scenarios through time series clustering analysis
and establishes a set of typical RIES configuration scenarios. Second, considering the constraints
of configuration and operation, the production simulation model of an RIES is established with
the goal of economy and environmental protection. Finally, based on the set of RIES configuration
scenarios, the expected value of the RIES configuration scheme is obtained through production
simulation. The accuracy and effectiveness of the above methods are verified by the analysis of
practical engineering cases. The research shows that compared to the traditional method, the optimal
configuration method allows a finer sizing of the different elements, therefore reducing the risks of
high costs due to over-sizing the RIES system. At the same time, the limitation of this method is that it
needs a lot of statistical data analysis to ensure the representativeness of typical scenarios. Therefore,
a certain statistical risk exists. In addition, the simulations are only based on a 24-h period by space
limitation. However, in the actual planning decision-making, a longer time scale is usually chosen.
Therefore, in the future, the influence of multiple random factors on the production process of RIES
will be further studied. On this basis, a random production simulation method for RIES that is suitable
for long-term process planning research will be proposed.
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