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Multi-energy network system which brings together electricity, heat and gas is one main 
feature of energy Internet. It not only promotes the full utilization of distributed 
renewable energies, but also enables users to participate in the operation of the system 
much widely and deeply. This will change the modes of energy utilization and promote 
the revolution of energy production and consumption. Aiming at multi-energy flow 
management in the multi-energy network systems, first, a mathematical model of the 
power, heat, and natural gas multi-energy system has been established. And then based 
on the feature of energy routers, a multi-energy flow management model is established. 
As the core equipment of the energy Internet, energy routers can adjust and optimize the 
flow of multi-energy and transmit real-time information. Finally, with a test system, the 
results based on ITLBO (improved teaching-learning based optimization) show that the 
management of multi-energy flow is feasible and efficient. 
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1. Introduction 
 

In the "Revolutionary Strategy of Energy Production and Consumption (2016-2030)", it 

pointed out that the world's energy transformation has accelerated. In 2006-2015 years, the 

global renewable energy average annual growth is 5.7%, far higher than the growth rate of 

the fossil energy, 1.5%. China has become the world's largest energy producer and 

consumer, and the diversified development of energy supply system has been established 

which includes coal, electricity, petroleum, natural gas and new energies. In 2016, 

renewable energy generation accounted for 26% of the country's total electricity generation. 

In addition, natural gas accounted for 7%, and regional heating accounted for 5%. 

Therefore, considering the coupling of different forms of energy, such as electricity, heat, 

cold and gas, is an important basis for the construction of the Energy Internet (EI) [1-3].  

In 2008, both the United States and Germany started the study on EI. In 2011, Rifkin's 

"The Third Industrial Revolution" further promoted the concept of EI. In 2016, the State 

Council considered the report about "The implementation of the Internet+ smart energy 

work ". At present, researches about EI are mainly focused on the analysis and research of 

two kinds of energy networks, electric, gas network or electricity, heat network [4-7]. Ref[8] 

established a unified planning model for the integrated power and natural gas system by 

coupling the power system and natural gas system. Based on the integrated power flow of 

electric heat network, Refs [9-10] establishes the planning model of regional power supply 

network considering multiple constraints of power grid and heat supply network and the 

energy complementary of electric and heat. Refs [11-13] review the relative CCHP systems 

and the coordinated optimization and energy saving among cold, heat and power was 
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studied. Ref [14] realized the coordination and optimization of power system operation 

through the coordination among the members of the energy management system (EMS) 

family. In Refs [15-17], the hybrid management model is proposed based on energy hub of 

electric-heat-gas and considering the influence from various energy conversion devices. 

Overall, the multi-energy management for EI has been widely concerned by scholar, but 

it still has some problems, as (1) The calculation model is not enough to describe the 

coupling relationship among electricity, heat and gas. (2) The existing integrated energy 

system does not fully consider the influence of distributed renewable energy.  

Therefore, this paper studies the multi-energy management of the EI with electricity, 

heat, cold and gas (EHCG) by taking full account of the high permeability of renewable 

energy. First, the electrical, heat and gas networks of the energy system have been 

modelled. And then the EI is divided into multi-energy stations according to the actual 

energy used area. And by using the Energy Router (ER) management system, each ER 

manages the source-grid-load part of the entire system. Finally, by interconnecting with 

other ERs, it realized the energy scheduling, optimization and cooperative control among 

multi-energy stations. 

 

2.  Energy Internet Systems and Energy Routers  
 

2.1. Basic Concepts of Energy Internet  

 

The Energy Internet (EI) is an open information energy system based on the idea and 

technology of the Internet. As Rifkin proposed, the EI is a pillar of the third industrial 

revolution and it has five basic characteristics: Renewable, Distributed, Open, 

Interconnected and Intelligent [3]. According to these five characteristics, the goal of EI can 

be summed up as follows. 

1) Efficient energy: to realize the open interconnection and scheduling optimization of 

multiple types of energy and improve the comprehensive utilization of energy. 

2) Green energy: to realize the maximum integration and consumption of renewable 

energies based on multi-energy flows coupled complementary, cooperative response among 

supplies and demands. 

3) Energy market: the EI provides an open platform for users to participate in depth, 

which can reduce costs and improve flexibly for both supply and demand. 

 

2.2. Energy Internet and Energy Routers 

 

The construction of EI needs to consider the comprehensive management of various 

forms of energy. Figure 1 gives one framework for the EI. In order to realize the basic 

function of EI based on energy router (ER), a distributed power based ER is designed, 

which is composed of core control communication part and energy transmission part. This 

also determines the hierarchical functional structure of ER [18-21], as shown in Figure 2. 

In Figure 2, it presents a description and modeling of one topology connection of the 

energy network and the characteristic parameters of the energy conversion equipments of 

one given area. It is an important basis for ER and there are two layers. In application layer, 

the safety assessment is to provide security constraints for the scheduling plan and 

coordinated control, the scheduling gives the allocation plan of multi-energy flow in the 
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area, and the coordinated control is the coordinated optimization of various control means 

in the area to improve the efficiency of multi-energy flows. In physical layer, it consists of 

all the equipments. Moreover, as a single ER of the energy station, it needs to interact with 

other ERs to ensure a balanced energy supply for the entire energy Internet system. 

 

 
Fig.1. Energy Internet system framework 

 

 
Fig.2. Functional structure of energy routers 

 

ER is the core unit for the conversion of various energy sources in EI. It realizes the 

access and conversion among power, natural gas, renewable energy and cold / heat. It also 

carries out the coordinated optimization and operation control among different forms of 

energy, and ensures the safe and reliable energy flow. In order to deal with the coupling 

relationship among electricity, heat and gas in a complex multi-energy system, the input 

values of various energy sources must be obtained (such as electricity, natural gas and 

renewable energies) from the input side of the ER. Then in the application layer of ER, the 

optimized energy outputs, which mainly refer to electrical energy and heat energy, can be 

solved based on the input values and the information from other ERs. Finally, energy 

transmission, conversion and storing can be carried out through physical layer. 

 

3. System Modeling 

 

The EI system includes various forms and different characteristics of energy. So ER is 

used to model the multi-energy system and to achieve multi-energy collaborative 

optimization by fully considering the coupling and complementarity of various forms of 

energy. The EI system needs to manage multiple energy forms as energy conversion devices 

and renewable energy generations to realize the optimal power distribution and ensure 

reliable power supply for important load. It helps to improve energy utilization efficiency 

and reduce the cost of energy transmission and supply. 
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This paper proposes the energy management control and optimization strategies based 

on ER. In order to achieve a safe and efficient optimization effect, the multi-energy flow 

management model is divided into two levels [15].  

The first level is the energy dispatch and optimization within each energy station. 

According to the energy flow graph in the region, the multi-energy flows management 

model is identified as Figure 3. 

The second layer is the cooperative control among the energy stations. On the basis of 

scheduling optimizations within each energy station, the energy interconnections among 

different energy stations can achieve energy balance among the all regions to ensure the 

safe and efficient operation of the whole system. The multi-energy network model is shown 

in Figure 4. 

It can be seen that the multi-energy flows management model involves power, heat, 

and natural gas systems and their transformation, transmission and utilization. In this paper, 

the relevant models are established. 

 
Fig.3 Energy flow graph model 

 

 
Fig.4. Multi-energy network mode l 

 

 

 

 
3.1. Power System Model 

 

1) Power grid system model  
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It is the same as the traditional power system, the power system in the multi-energy 

flows management system is described by the classic AC flow model as follows, 
*

*

Re[ ( ) ]

[ ( ) ]
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Q In U YU

 =


=

ɺ ɺ

ɺ ɺ
                                                       (1) 

Where P and Q as are the active power and reactive power of the node, Y is node 

admittance matrix; Uɺ is node voltage vector.  

2) Renewable energy model  

In this paper, photovoltaic (PV) and wind power are adopted as the representative of 

renewable energies. Based on the characteristics of PV and wind power, their state 

probability models at t moment of capacity can be given as [14, 18], 
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Where
Wind

C and
pv

C are the capacity vector of the wind and PV system. ,oWind t
P and ,o pv t

P are 

the output powers of the wind and PV at time t. 
rP
Wind

 and rP
pv

are the rated powers of the 

wind and PV. ,Wind t
M  and ,pv t

M are the state number of the wind and PV units. And r is a 

coupling factor that indicates the number of relations between the renewable energy input 

and the electrical power output. ,e t
Q is electric power output at time t. 

 

3.2. Heating Power System Models  

1) Heat supply model  

For each heating load node, the heating temperature
s

T indicates the temperature before 

the hot water flowing into the load node. The output temperature
o

T indicates the 

temperature when the hot water flowing out of the load node. So the thermal power
h

P of the 

node, and the relationship among
start

T ,
 end

T (the temperatures at head end and tail end of 

the pipe) and environment temperature 
a

T  are, 

( ) ( ) p

L

C m

h p out s o end start a aP c m T T T T T e T

λ
−

= − = − +，                                 (4)  

sA
in out

m m=                                                           (5) 

Where 
s

A is the node-branch incidence matrix of the heating network, inm and outm  are 

the flow vectors into and out of each node. 

2) Cooling model  

The planning of cooling system is based on the heating and power supply system. On 

the one hand, the cold load is produced by the steam generated from the heat network to the 

absorption refrigeration system, as (9) in following section 3.2. On the other hand, the 

cooling load can be generated by the heating pump system. Heating pump technology is 

also a new energy technology. It is a device that can obtain low heat energy from nature and 

provides high heat energy by convert the heat to electric energy that can be used by people. 

Here, by using the steady state efficiency method, the mathematical model for the power of 

a fully enclosed piston compressor is established.  
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Where in ev − indicates the distribution ratio of electrical energy from the heating pump. 

hη ， stη ， wη  are efficiencies of heating pump, storage and absorption chiller. 

 

3.3. Natural Gas System Models  

 

1) Natural gas network model 

The following model is used to describe the relationship between node pressure and 

pipe flow in natural gas network. 

2 2
( )

L L ij ij i j
F K c c P P= −                                                    (7) 

A
g L gas
F P=                                                              (8) 

Where, 
L

K is the constant of the pipe, P is the pipe pressure, 
ij

c indicates the direction of 

the flow of natural gas, 1
ij

c =
 

when iP jP> , otherwise 1
ij

c = − .
g

A is the natural gas 

network node-branch incidence matrix,
gas

P is the flow out of each node. 
L

F
 

is the natural 

gas flow of each pipe.  

2) Combined cooling, heat and power (CCHP) unit model 

The CCHP unit is obtained based on the model of combined heat and power (CHP). 

First, the cooling load is added to the input and output variables of the system. Second, the 

model considers the efficiency of the absorption chiller and the distribution of heat energy 

produced by CHP in the coupling matrix.  
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Where, the inputs are electricity (
e

P ), heat (
h

P ) and gas (
gas

P ), and the outputs are 

electricity (
e

Q ), heat (
h

Q ) and cold (
c

Q ). The conversion efficiencies include those from 

transformer ( tη ), heat ex-changer ( eη ), CHP power generation ( elη ), CHP heating ( thη ), 

boiler (
f

η ) and absorption chiller(
wη ). And v represents the proportion of gas used for 

CCHP. 

 

3.4. Expanded Models  

 

1) Model of energy storage devices 

, 0

1/ ,
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i i i i

d

if v
E e v e
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 > 
= =  

 
，                                            (10) 
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                                                      (11) 

Where,
i

E is the capacity for energy i and 0iv > indicates energy releasing. cη and 
d

η are 

the energy releasing and storing efficiency. S is storage energy coupling matrix. 

2) Demand response model 
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Where, 
0e

Q ,
0h

Q  and
0c

Q  are the output states of power, heat and cold at the previous 

moment of the system.
ij

d is the demand response coupling factor which corresponds to 

demand response matrix H. 
 

4. Optimal Planning of Multi-energy Flow System  

 

In the case of meeting the needs of energy and the operation constraints, multi-energy 

flow system optimization planning aims to achieve the lowest total operating cost and the 

minimum carbon emissions by optimizing energy conversion and distribution through 

various forms of energy. The basic optimization model is as follows: 
24

, , ,

1 1

min ( , , )
N

i t i t i t

i t

f P I A
= =

∑∑                                                  (13) 
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i t i t

s t g I A ≤                                                      (14) 
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P P P≤ ≤                                                         (15) 

, , ,i t i t i t
Q C P=                                                          (16) 

, ,h( , ) 0
i t i t

P I ≤                                                          (17) 

Where, P represents the operational capacity of the system, I represent the operating cost of 

the device,  represents the converting capacity from different devices. In equation (14) is 

an investment constraint of ERs, including capacity requirements, resource constraints and 

transformation constraints among different types of energy sources. In equation (15) is the 

system input constraint, mainly from the network constraints of the power system and the 

heat grid. In equation (16) is the input and output function relationship of the ERs. In 

equation (17) are the operating constraints of the ERs, which mainly include the energy 

supply and demand balance of the energy conversion devices and the system security 

assessment constraints. 

 

5. Test system 

 

Based on a demonstration project of an ecological park in China, the different needs 

for electricity, cold, heat and so on will be analyzed according to the different energy 

stations. The planning of the park needs to realize the coordinated control of four energy 

stations. The planning electric load is 160MW.The planning capacity of power station is 

267 MVA and 60MW wind power, 40MW PV and 68MW natural gas power have been 

integrated too. The heat demand is about 86MW and the cooling demand is about 120MW. 

As shown in Figure 5, EBi , HBi , CBi  and GBi  are power node, heat node, cold node 

and gas node. 

The parameters and costs of the energy conversion devices involved in the multiple 

energy flow system are shown in Table 1. In this paper, in order to verify the feasibility of 

the multi-energy flow management model, the improved teaching-learning based 

optimization algorithm (ITLBO) is used to solve the problem based on MATLAB platform. 
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The ITLBO algorithm has the advantages of less parameters, simple principle, and fast 

convergence [22-24]. 

The load distribution for the test system is shown in Figure 6, it consists of the 

electrical, cold, thermal load values in each energy station. Without optimization, the results 

of the input electricity, renewable energy and natural gas energies on the supply side are 

shown in Figure 7. And the coordinated control results of various energy devices for the 

typical day demand are shown in Figure 8 based on the proposed model and ITLBO 

algorithm. 

 
Fig.5. Multi-energy flow system structure graph 

Table 1: Device parameters and costs 
Device Efficiency/η Capacity/A (MW) Cost/I (million yuan) 

CHP 
0.3(Electric) 

0.4(Heating) 

30(Electric) 

45(Heating) 
43.6 

AC 0.7 20 2.4 

EC 3* 40 4.8 

ST 0.9 20 0.9 

RE 0.8 20 1.7 

HP 
3* (Heating); 

4* (Cooling) 

30(Heating); 

40(Cooling) 
6.8 

Note:* Those three values here refer to the energy efficiency ratios for EC and HP.  

From figures 7 and 8, it can be seen that the power supply is reduced by 45.9% and the 

energy supply of natural gas is increased by 92.4% after optimization. At the same time, it 

promoted the more utilization of renewable energies which increased by 19.5%. And a 

larger part of the energy supply comes from clean energy and natural gas, which realizes 

the combined cooling, heating and power supplies through the CCHP system.  

It also can be seen from figures 7 and 8, there are differences for energy utilization 

among different energy stations. The energy balance of the whole system has been realized 

by the regional cooperative control based on the opening interconnection among multiple 

energies and the energy coupling complementation from electric, heat, cold and gas energy 

subsystems. That is, it improves the consumptive capacity of renewable energy and the 

energy comprehensive utilization. 
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Fig.6. Load distribution for the test system 
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Fig.7. Input power before optimization of four energy stations 
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Fig.8 Input power after optimization of four energy stations 

 

Therefore, multi-energy management in EI can change the traditional energy utilization 

modes, improve the capacity of renewable energy consumption and energy comprehensive 

utilization, realize the transformation to green energy and further reduce the energy 

consumption of the system. In Table 2, it gives some technical indicators of before and after 

EI planning. 
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Table 2: Main technical indicators 

Technical index Optimized index (%) Pre-optimization index (%) 

Energy saving rate 31.6 24.1 

Clean energy utilization 50.4 26.5 

Renewable energy utilization 19.1 16.2 

Comprehensive energy utilization 84.4 66.8 

In EI, it can realize self-organizing management and autonomous control of distributed 

devices. One typical daily energy control results are given in Figure 9. In Figure 9, it 

improves the economy and flexibility of the system based on the multiple energy supply 

and demand balances. The CCHP units worked at the peak power during 9:00-14:00 and 

17:00- 21:00 periods. It mainly provides electricity and heating power to the system, and it 

also satisfies part of cooling demands at the same time. And the cold demands rely on the 

HP unit during 14:00-17:00 and 21:00-23:00 periods. For RE, on the basis of priority to 

meet the demand of power load, the part of the excess energy is stored to ST in case of 

emergency response. 
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Fig.9. Typical daily energy control results 

 

6. Conclusion 
 

The EI can support the open interconnections among multiple energies. A 

multi-energy flow management model is built based on ER in this paper. The optimal 

allocation of energy in different regions can be achieved. It has promoted the efficient 

usage of renewable energy and clean energy. According to the results of test system, it can 

conclude that the design of ER makes energy management and control much efficient for 

EI. Coordination among energy routers can achieve the coordination and optimization of 

the whole system. 
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