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ABSTRACT 
  Low-carbon mode is an important way to face 

global warming and extreme climate problems, and 
countries around the world have invested huge amounts 
of money in exploring perfect low-carbon energy-saving 
systems, and hydrogen energy, as the cleanest energy 
source, has been applied in this process. This paper 
proposes an optimal configuration model of electric-
hydrogen hybrid energy storage system considering 
carbon trading and wind power fluctuation smoothing. 
Firstly, the basic principle of carbon trading is expressed, 
and on the basis of which a carbon trading stepwise cost 
model is proposed; then, the initial wind power signal is 
decomposed into the power generation demand portion 
and the hydrogen production portion; on the carbon 
trading cost model and the decomposition of the wind 
power signal, the hybrid electric-hydrogen system is 
constructed. On the basis of the carbon trading cost 
model and wind power signal decomposition, the hybrid 
electric-hydrogen system is constructed, and the 
optimization strategy is proposed under the objectives of 
maximizing wind energy consumption and optimizing the 
economy of hydrogen energy utilization. The study 
shows that under the stepped carbon trading model, the 
maximum utilization of clean energy can be obtained by 
smoothing the fluctuation of wind power, and the 
hydrogen produced can be sold to obtain economic 
benefits for reducing the cost of hydrogen production 
equipment. 
 
Keywords: carbon trading, wind power volatility 
smoothing, hydrogen production, hybrid energy storage  
 

1. INTRODUCTION 
Facing the energy crisis and greenhouse gas 

emissions, more and more countries and regions are 

applying natural gas as an alternative to other energy 
sources with higher carbon emissions. Hydrogen, as a 
clean energy source, burns theoretically with almost no 
carbon emissions, and thus the hydrogen doping ratio of 
natural gas and hydrogen blends is increasingly being 
studied.  

In terms of hydrogen mixed combustion, hydrogen is 
mainly involved in natural gas combustion, as well as a 
small amount of research in ammonia with n-pentane. 
Literature [1] investigated the ammonia on its 
combustion stability and misfire problems, and showed 
that the proper ammonia-hydrogen mixing ratio is 
critical stability. Literature [2] studied delay time of n-
pentane and found that hydrogen addition had a weak 
ignition promotion effect. 

In the study of blending with natural gas, literature 
[3], investigated the hydrogen blending ratio on 
combustion rate and maximum overpressure and found 
that increased hydrogen content significantly improves 
the combustion efficiency, and the maximum 
overpressure increases rapidly when the ratio exceeds 
40%. Literature [4], analyzed its feasibility and 
economics. Literature [5] applied energy to an internal 
combustion engine and investigated the emission 
performance and combustion characteristics for 
different hydrogen percentage ratios. 

In addition to this, there is an analysis and 
investigation of its safety, literature [6] for hydrogen 
doped natural gas leakage diffusion characteristics were 
investigated. Literature [7] showed that increasing the 
proportion of hydrogen increases the peak temperature. 
In addition to this there are emission characterization 
studies, literature [8] focuses on the advantages of low 
carbon dioxide production with low NOx emissions 
during low-oxygen dilution of mixed hydrogen methane, 
assessing the formation and reduction of NOx in the light 
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combustion of methane/hydrogen co-fired fuels with no 
hydrogen to a pure hydrogen mixing ratio. 

New energy sources are involved in the system to 
generate more environmentally friendly possibilities, 
regarding wind power fluctuation smoothing, literature 
[9] considers the grid AC current and gas hydraulics in the 
gas pipeline network to calculate the coordinated 
operation strategy, which can effectively smoothen the 
power fluctuations in the distribution network. 
Literature [10] adopts the method of dual source voltage 
coordinated control to solve the load power. Literature 
[11], analyzed real condition control, and improved the 
strategy to make solar-electric power efficiency 
fluctuations reduced. Literature [12], proposed an 
energy scheduling strategy using dual fuzzy logic 
algorithms to take advantage of thermal storage, and the 
results showed that air source heat pump energy is 
effective for PV fluctuation stabilization. In literature [13] 
proposed to solve the power fluctuation of doubly-fed 
induction generator to achieve load voltage stabilization 
under various transient perturbations as well as power 
regulation under wind speed variations. 

However, for the study of carbon emissions trading, 
the literature [14] centralized optimization of power 
system impacts using carbon price can achieve 
satisfactory convergence accuracy and less computation 
time. Literature [15], proposed a demand-side two-tier 
carbon trading scheme, where the upper tier constructs 
a customized model based on the step-optimal carbon 
price, and the lower tier proposes a carbon trading 
mechanism based on a competitive auction scheme. The 
feasibility of demand-side two-tier carbon trading is 
demonstrated. Literature [16], explored the carbon 
footprint of the Belt and Road, improving carbon 
efficiency is the most important driver, and the carbon 
footprint has gradually shifted from China India to 
Southeast Asia, West Asia and Africa. Literature [17], 
analyzed the carbon emissions trading mechanism in 
China. The study suggests that the future national carbon 
market should take full account of imbalances between 
groups.  

Therefore, this paper proposes a model for hybrid 
hydrogen energy and levelized wind power to address 
the above issues.  

2. METHOD AND FORMULATION 

2.1 Hydrogen-doped energy system  

The system consists of hydrogen doped gas 
turbine(HDGT), gas boiler(GB), wind turbine(WT), 
electrical storage unit(ESU), thermal storage unit(TSU), 

and electrically heated boiler(EHB). The load consists of 
electrical and thermal loads, the electrical loads are 
supplied by the WT, ESU, and the thermal loads are 
supplied by the GB, TSU, and EHB. 

Energy storage and P2G, as flexible resources, can 
flexibly match the change of renewable energy output by 
utilizing their energy time-shift characteristics, and can 
coordinate through the energy management system to 
obtain the optimal profit while satisfying the load 
demand and safety. 

 

 
Fig. 1 System Structure Drawing 

 

2.2 Methods 

Hydrogen doped gas turbine, the gas turbine is 
hydrogen doped with natural gas in the range of 10%-
20% content, the mathematical model of the gas turbine 
is as follows: 
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where, P

chp , 
H

chp
  are the electrical and heat efficiency 

of GT; 
4 ,

t

CH chpQ , 
2 ,

t

H chpQ  are the volume relative 

parameter of CH4 and H2; 
4CHL ,

2H
L  are theoretical 

molar volume of CH4 and H2; 
2 ,

t
H chp

Y  is the hydrogen 

doping rate. 
Hydrogen-doped gas boilers, the relevant standards 

require gas boilers to use hydrogen-doped mixed gas, 
hydrogen molar mass ratio to remain in the range of 2%-
20%, gas boiler mathematical modeling is as follows: 
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where, GB  is heat efficiency of GB, 
4 ,

t

CH GBQ , 
2 ,

t

H GBQ  

are the volume relative parameter of CH4 and H2; 
4CH , 

2H are density of CH4 and H2; 
4CHL , 

2HL  are bulk of 

them; 
4CHM ,

2HM  are the molar mass of them; 
2 ,

t

H GBY  

is the hydrogen doping rate. 
Hydrogen storage operating power limitations are 

as follows: 
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where, 

minstab

ELP  is the minimum power limit of the 

electrolyzer; 
minstab

FCP  is the minimum power limit of the 

fuel cell. 
The hydrogen storage constraints include the 

following constraints in addition to the conversion 
characteristic constraints of the electrolyzer and the fuel 
cell: 
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The electrochemical energy storage with charge 

operating state constraints is as follows: 
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power; BAT  is heat efficiency. 

The thermal and electrical storage models that also 
consider their own power consumption are as follows: 
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 where, ch
HS

 ,
dis

HS  are the electrical energy charging and 

discharging efficiency; 
t

HSS , 
t

ESS are the state of 

hydrogen storage and electric storage. 
Electric heating boiler is as follows: 

t t
EB EB EB

H P=

               
Where, 

t

EBH  is the real heat production power; 
t

EBP  is 

heat production power. 

2.3 Theory 

The reconstruction of IMF is to superimpose the 
components bands according to the given index to 
obtain the components. The reconstruction method is 
divided into high-frequency reconstruction and low-
frequency reconstruction components of each order 
according to the EMD decomposition results 
superimposed from top to bottom, and the 
reconstruction formula is as follows: 

2 (1) 1

2 (2) 1 2

2 ( 1) 1 2

f c IMF

f c IMF IMF

f c p IMF IMF IMFp res

=

= +

+ = + + + +





  

The low-frequency reconstruction generates the 
low-frequency reconstruction components of each order 
according to the bottom-up superposition of the EMD 
decomposition results, which is reconstructed as 
following. 
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Calculation of emission allowances as following. 
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            Where, ce  is consumption of CO2, ce =0.269MW-h/t; 

2

t
E  is the mass of CO2 processed by the regeneration 

tower at the moment t, and its value is determined by 
the system optimization scheduling. 

Because of the great energy consumption, this 
paper adopts the CCS with flue gas shunt, and achieves 
the purpose by actively discharging CO2, the specific 
expressions are as follows. 

1 1
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where: 1

t
E  is the total emissions at t moment and the 

amount of CO2 absorbed by the CCS; 1

t
e  is for the 

amount of CO2 discharged into the atmosphere by the 
flue gas shunt at t moment. 

Since consumption is mainly concentrated in the 
regeneration tower, in this paper, a liquid storage device 
is added to the CCS to carry out the energy time shift and 
effectively decouple the CO2, absorption and 
regeneration processes. The liquid storage equipment 
contains lean and rich liquid storage equipment, and 
represent the storage capacity of rich and lean liquid 
storage equipment, respectively, and the expression is 
shown as follows. 
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           where, 
t

FV  is the volume flow rate into and out of the 

lean liquid storage device at moment t; 
t

PV  is the 

volume flow rate into and out of the rich liquid storage 
at moment t. 

The gratuitous allocation adopted in most of the 
literature is used. In this paper, the carbon emission right 
allocation approach is used, and the objects with carbon 
emission right allocation include gas turbines and coal-
fired units. 

t chp t chp t th t

quota p chp H chp p thE P H P  = + +

      
Calculation of actual carbon emissions(ACE) 

The ACE refers to the net emission of CO2 produced 
by the system minus the amount of CO2 sequestered and 
processed by P2G. The net CO2 emission of the system 

consists of two parts, 1

t
e  and 2

t
e , which are the CO2 

that is directly emitted into the atmosphere through the 
flue gas diversion and the CO2 that is indirectly emitted 
into the atmosphere due to the inability of carbon 
capture efficiency to reach 100%, and is calculated by the 
Eq. 
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              where the total amount of CO2 produced by the system, 
E, is calculated as follows. 
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t
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emissions corresponding to the consumption of natural 
gas per unit power. 

To more strictly restrain carbon emissions, this 
paper is analogous to the ladder tariff, in emissions 

interval calculation of carbon trading costs, when quota 
more than a given interval, the excess portion of the 
increase price; when the emissions are lower than the 
carbon quota, will be more than the right to sell carbon 
emissions to obtain revenues, and the introduction of 
compensation coefficients to increase the reduction of 
emissions. The calculation model is as follows: 
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where, 
2

t

cof  is the carbon trading base price; L  is the 

length of the carbon emission interval; t

jye  is the 

growth rate of the carbon trading price;   is the 
compensation coefficient,   is the cost of carbon 
trading at the moment t. 

2 1 2min co f th th buy curF F F F F F F= + + + + +

      
where F is the total cost, which contains six components, 

namely 
2coF  carbon trading cost, fF  carbon 

sequestration cost, 1thF  start-up and shutdown cost of 

coal power units, 2thF  coal consumption cost, 

buyF ,purchased gas cost, and curF  abandoned wind 

cost.  
Carbon trading and carbon sequestration costs: 
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cof  is cost of sequestering unit mass CO2. 

Coal-fired unit startup and shutdown and coal 
consumption costs. 
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where, S is the startup and shutdown cost; 
t

thu  is a 0-1 

variable, indicating the state; tha , thb , thc are the coal 

consumption. 
Wind abandonment costs 

1

( )
T

t
cur cur cur

t

F c P
=

=

                where, curc  is the penalty cost of abandoned wind. 

Gas purchase cost. 

1

( )
T

t

buy buy buy
t

F c Q
−

= 

               where, t

buyQ is the power corresponding to the natural 

gas purchased by the system at time t. 

3. RESULTS 

The system constructed is a system containing 
electric and thermal loads, in which wind energy is 
accessed to provide energy supply through EMD 
decomposition technology, the data source is an 
industrial park in Shandong Province, China, and the 
relevant thermal load and electric load in the park are 
shown in Fig. 2, which shows that the load in the park 
conforms to the conventional load characteristics, and 
the thermal demand is greater from 0:00 to 10:00, and 
the electric demand from 10:00 to 24:00 is greater. The 
solution is obtained by using Cplex commercial solver. 

 
Fig. 2. Electrical and thermal loads 

 
Fig. 3. Low-order reconstructed components of wind power 

data 

 
Fig. 4. Higher-order reconstructed components of wind 

power data 

 
Fig. 5. Storage leveling power 

The results of wind power fluctuation smoothing are 
as follows, Fig. 3 shows the low-order data, Fig. 4 shows 
the high-order data, and Fig. 5 shows the energy storage 
smoothing power. Higher order components are 
obtained for power participation and for lower order 
components, wind abandonment is selected. The higher 
order components are averaged by summing to get the 
turbine output per unit hour for subsequent 
participation in energy balancing. 
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For the carbon trading characteristics of the system, 
and Fig. 6 shows the carbon quota and actual carbon 
trading. From the figure, it can be seen that the carbon 
quota is not enough to meet the user's carbon emission 
demand in most of the time of the day (10:00-24:00), so 
carbon trading is needed for regulation. The power of 
carbon trading is shown in the figure, which is 
homologous to the volatility of the actual carbon 
emission curve, i.e., the more carbon is emitted, the 
more carbon is traded, but the traded carbon cannot 
exceed the carbon quota limited by the government. 

 
Fig. 6. Carbon allowances versus actual carbon trading and 

carbon emission curves 

The results of the internal operation characteristics 
of CCS are shown in Fig. 7, the initial state, the rich and 
poor liquids contain equal amounts, at 4:00-8:00 the rich 
liquid absorbs more CO2, the carbon content gradually 
rises, and at this time it is also in the moment of higher 
carbon emissions, due to the heating load of the night 
carbon emissions are larger. After that, with the 
reduction of heating load, carbon emission decreases, 
and the poor liquid starts to draw carbon from the rich 
liquid, and finally reaches the steady state equilibrium. 
This operating state shows that the process of carbon 
trading is closely related to the load usage, especially for 
the heat load using gas boilers, which produce higher 
carbon emissions. 

 
Fig. 7. CO2 trading curves for rich and poor liquids 

 
Fig. 8. Operating conditions of the components of the 

system's electrical balance 

 
Fig. 9. Operating conditions of the components of the system 

heat balance 



7 

 
Fig. 10. Operating conditions of the components of the 

system hydrogen balance 

 
Fig. 11. System CO2 emission balance and operating 

conditions of each component 

4. DISCUSSION 

For the overall operating conditions of the system, 
the results shown in Figs. 8,9,10,11 below are obtained 
for the system electric energy balance, system thermal 
energy balance, system hydrogen energy balance and 
system carbon emission balance. 

For the electric energy balance, it can be seen 
through the operating conditions that the power supply 
measurement is mainly provided by gas turbines, 
thermal power units, wind turbines, and due to the 
addition of wind energy, the participation of thermal 
power units in the electric balance can be effectively 
reduced, such as 0:00-8:00 high-pollution thermal power 
generating units are supplied completely by the wind 
power generation. For the electricity side, excess 
electricity is used for electric hydrogen production, while 

the others are mainly basic electricity loads. Particularly 
noteworthy is the operation of the carbon capture unit 
from 3:00-7:00, which consumes some electrical energy. 

For the thermal energy balance, the main 
contributions are the steam and gas turbines, which 
generate a lot of thermal energy. Thermal storage 
devices are less utilized due to poor characteristics in 
terms of thermal energy storage, which is determined by 
their specific energy endowment; thermal energy is not 
as convenient to transmit as electrical energy, which is 
best consumed locally, and the problem of retention 
after storage is difficult to overcome. 

For the balance of characteristics of CO2, the main 
emissions are from GB, and the operation of carbon 
capture devices reduces carbon emissions. However, in 
terms of cost, it will increase cost of electricity and 
equipment, so CCS needs to be considered in a balanced 
way. 

The results of the study on the amount of hydrogen 
doping are shown in the following table. 

 
Table. 1. Hydrogen doping with total cost and CO2 emissions 

 
hydrogen doping Total cost/million 

RMB 
CO2 

emissions/t 

2% 498.75 2871.8 

6% 498.37 2880.6 

10% 497.88 2887.6 

14% 497.27 2899.5 

18% 496.60 2907.3 

 

5. CONCLUSIONS 
In this paper, by establishing an electric-hydrogen 

storage system, and considering wind power leveling. It 
obtains the internal operating conditions of the carbon 
capture device, as well as the overall electric, thermal, 
and hydrogen energy utilization conditions of the system 
and the collaborative operating states of the 
components in carbon emissions, and study the impact 
of hydrogen participation in the gas turbine on the 
system objectives. The study shows that within the safe 
operation range, hydrogen doping will improve the 
system energy utilization, and the larger the proportion, 
the smaller the operation cost, but also the larger the 
carbon emission.  
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