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In view of the problems such as high carbon emissions and low return on investment in
conventional power planning, this paper proposed a low-carbon thermal energy power
planning model based on a green certificate allocation mechanism. First, considering the
uneven distribution of power generation resources in the power sector and the significant
differences in power generation technologies in various regions of China, a green
certificate allocation mechanism was established based on regional comparison to ensure
a fair allocation of carbon quotas; then, based on the idea of full life cycle, an in-depth and
comprehensive analysis was conducted on the low-carbon thermal energy power
technologies, and a new low-carbon thermal energy power planning mode was established;
on this basis, with investment costs, operation and maintenance costs, power generation
costs and low-carbon benefits as the objective functions, a low-carbon power planning
model with the maximum net benefit was established; after that, the proposed low-carbon
thermal energy power planning model was optimized and solved with the discrete bacterial
colony chemotaxis algorithm, and the results were compared with the optimized results of
conventional power planning, and the roles of various low-carbon power elements in
different low-carbon scenarios were analyzed. The results of the example analysis show
that the proposed model can effectively reduce the carbon emissions of the power sector
and increase the power generation benefits of the units, so it will provide a useful reference

for the low-carbon power planning work in the future.

1. INTRODUCTION

With the launch of the carbon peaking and carbon neutrality
strategies, the power sector, as a major energy consumer,
needs to carry out low-carbon planning for its power supply
structure to achieve sustainable development in the green
economy [1, 2]. Therefore, it is of great practical significance
to introduce low-carbon power technologies and the carbon
quota trading mechanism in power planning.

Scholars at home and abroad have conducted a lot of
research on power planning [3, 4]. Lin et al. [5] took the
minimization of power generation cost as the objective
function, and established a low-carbon dispatching model with
collaborative optimization. Wang et al. [6] explored the use of
energy permits in the economic dispatching model and
conducted quantitative analysis. Wang et al. [7] proposed a
low-carbon incentive type carbon trading mechanism to
comprehensively analyse the thermal power generation
environment and optimize the allocation of renewable energy.
Chen et al. [8] compared the power planning schemes under
different renewable energy power generation scenarios, and
selected the optimal power planning and investment scheme.
Abdin and Zio [9] conducted periodic evaluation of the
operation indicators of the power planning model to generate
the optimal power planning indicator system. Hamidpour et al.
[10] proposed a low-carbon indicator for power systems based
on AC power flow constraints, energy storage and coordinated
response at the demand side. The above literatures have done
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some work on power planning, but most of them are based on
the conventional carbon quota trading mechanism or low-
carbon power elements, without in-depth analysis.

Based on the above analysis, this paper introduced the green
certificate trading mechanism and low-carbon power
technologies into the decision making on power planning, and
established a low-carbon power planning model with the
objective of maximizing the net benefit of the system during
the planning period. Through experimental analysis, the
rationality and effectiveness of the proposed model and
method were verified.

2. LOW-CARBON POWER PLANNING

According to the load demand of the power system, the
conventional power planning makes decisions on the
production plan during the power planning period under
various constraints such as the limitation of power grid
transmission capacity and the supply of energy resources, to
ensure the lowest overall investment cost during the planning
period [11, 12]. On this basis, this paper introduced various
low-carbon elements to optimize the decision-making process
and formed a low-carbon power planning framework, as
shown in Figure 1.

In Figure 1, the 8 grey modules constitute the conventional
power planning mode, while the grey and white modules are
coupled to form a low-carbon power planning framework.
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Compared with the conventional power planning mode, the
low-carbon power planning can not only ensure the
operational safety and economic benefits of the system, but
also achieve the coordinated development of energy,
environment and economy. With the incorporation of low-
carbon power technology elements, the decision content and
objectives of the conventional power supply planning are
expanded; with the introduction of the carbon quota allocation
and reward and punishment mechanism, the low-carbon power
planning process is optimized; and low-carbon technologies
and carbon quota trading constitute new constraints [13].
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Figure 1. Low-carbon power planning framework

3. GREEN CERTIFICATE ALLOCATION AND ITS
LOW-CARBON POWER PLANNING MODEL

3.1 Green certificate allocation mechanism

The United Nations designed three carbon quota trading
mechanisms, namely Joint Implementation (JT), Clean
Development Mechanism (CDM) and Emissions Trading (ET),
among which, CDM and ET will directly affect power
planning, as shown in Figure 2.
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Figure 2. Planning process of the carbon quota trading
mechanism
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Due to the uneven distribution of power generation
resources, especially clean power generation resources, in
different regions of China, to coordinate the development of
all regions, this paper, on the basis of CDM and ET, proposed
a green certificate allocation mechanism based on regional
comparison, to achieve rational allocation of carbon quotas [14,
15]. According to the actual power generation of the power
companies in each region, the government authority converts
the green electricity generated into a certain number of green
certificates and allocates corresponding carbon quotas.

To establish the carbon quota allocation model, a local
region is divided into N areas, which are sorted in descending
order by per capita GDP [16]. Assuming that the area ¢ comes
before the area i, the carbon quota allocation model for the area
iis:

t_ t t t
Ei _a(Ei,c + Ei,r +AEi) (1)

where, E{ and Ef . are the carbon quota allocated to the area i
in the year ¢ and the comparative carbon quota component
allocated based on the area c, respectively; Ef_r and AE} are
the compensatory carbon quota component allocated to the
area i in the year ¢ according to their actual energy resources
distribution, and the cumulative carbon quota component
allocated based on the optimal area , respectively; and « is the
allocation coefficient of carbon quotas [17].
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where, e.(q}) represents the per capita carbon quota for the
area ¢ when the per capita electricity consumption is gf; pf is
the population of the area i in the year #; e/ ™! is the per capita
carbon emission in the area i in the year ¢-1; e is the per capita
carbon emission in the target year 7 set according to the carbon
emission reduction constraint.

2) Resource-compensatory carbon quota component E fr

The additional installed capacity Wiff of fossil energy
power generation required due to the lack of clean power
generation resources in the area 7 in the year ¢ is:

t tt t-1 yt
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where, ! is the proportion of the installed capacity of clean
energy power generation in China in the year ¢ according to
the carbon emission reduction requirements; W, and W, are
the total installed capacity and the available installed capacity
of clean energy power generation in the area i in the year ¢,
respectively; and W/'; 1 is the installed capacity of clean
energy power generation in the area i in the year #-1.

The compensatory carbon quota Ef_r for the area i in the
year area ¢ is:
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where, H)f and 5; are the average utilization hours and carbon
emission intensity of fossil energy power generation
equipment in the year ¢, respectively.

3) Cumulative carbon quota component AEf
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where, T is the reference year; e, and e; are the per capita

carbon emission of the area that ranks the first and the target
area i in the year j, respectively.
4) Carbon quota allocation coefficient a
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(6)

where, Eg is the total carbon quota to be allocated in the power
sector in a certain local area in the year .

3.2 Analysis
technologies

and modelling of low-carbon power

The current main low-carbon power technologies include
efficient power generation energy utilization technologies,
low-carbon power supply technologies and carbon capture and
storage technologies, etc [18, 19]. The incorporation of various
low-carbon technologies into power planning will affect the
conditions, costs and benefits of the whole power planning
process, as shown in Figure 3.

Considering the different development stages of low-carbon
technologies and to eliminate uncertainties, the low-carbon
technologies are managed throughout through the whole life
cycle [20]. First, decisions should be made on the selection and
application of low-carbon technologies in the power planning
model, to change their periodic priorities and application
degrees during the planning period. Second, a comparative
analysis should be conducted on the technology costs and
carbon emission reduction benefits of various low-carbon
technologies, to determine their maturity, development scales
and implementation stages [21, 22].
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Figure 3. New low-carbon power planning mode
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Two key factors - the low-carbon technology maturity year
Yz and the annual technological progress rate were introduced.
The following constraints are for Y:

Xg (¥;)=0

Y >,
Xy (Y)Y —Yg) 20

(7

where, X[ (y;) represents the application degree of the low-
carbon technology k in the planning year y;; X7 (y;) is the
decision variable for the selection and application of the new
low-carbon technology.

According to the learning curve effect, with the research and
development time going, r will continuously increase and the
operating cost will continuously decline. The annual cost
cl (y;) resulting from the technological progress is:

o () =] (r)a-r) Y ®)

where, ¢/ (y;) is the power generation cost of the low-carbon
technology i in the planning year y;; ¢/ (Yp) is the power
generation cost of this technology in the planning year Y;;

cf'(Yy) is the new low-carbon technology progress rate
component in the objective function.

3.3 Low-carbon power planning model

According to the green certificate allocation mechanism
based on regional comparison, the low-carbon elements are
introduced into the conventional power planning model, and

the objective function and constraints of the low-carbon power
planning model are obtained as follows:
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where, T is the total power planning period; Cyr is the capital
recovery factor; Cf, C5, C¢ and Cf,, are the equipment
investment cost, operation and maintenance cost, power
generation cost and low-carbon benefit of the year ¢,
respectively; Y, HE and A% are the total newly installed
capacity, total installed capacity and total power generation of
the type-k power generator units in the year ¢, respectively; ¢,
ctx and cfy are the investment cost, operation and
maintenance cost and power generation cost per unit capacity
(electricity) of all the type-k power generator units in the year
t, respectively; Py and Pfp,, are the trading prices under
CDM and ET in the carbon quota market in the year #; Ef is
the carbon emission permits obtained through the allocation
mechanism based on regional comparison in the year #; and ej,
is the carbon emission intensity of the type-k power generator
units in the year z.



Efpy is the total certified carbon emissions obtained from
CDM trading, which should meet the following conditions:

(t:DM ZZE(t:m (10)
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where, Ef,, is the total certified carbon emissions obtained
from the m-th concluded transaction in the year #; E¢p,, tmo
and L,, are respectively the annual average total certified
carbon emissions of the m-th project, the starting year of
carbon emission reduction certification and the certified
emission reduction period (years).

Considering the technological progress factors will affect
the carbon emission intensity of various types of generator
units, ef should meet the following condition:

& =6 (1-c) 0<q <1 (12)
where, ¢, is the technological progress factor of the type &
power generating units.

In addition to the constraints for conventional power
planning, the constraints for low-carbon power planning also
include carbon emission intensity constraints, including the
restriction on the annual carbon emission intensity of the entire
power sector [23, 24]. At the same time, the green certificate
allocation mechanism based on regional comparison and the
total carbon quota trading control and distribution system also
restrict the total carbon quotas for each area. The carbon
emission reduction constraints are divided into two parts — the
constraint within the planning period and that at the end of the
planning period:

(1) Carbon emission reduction constraint within the
planning period

This constraint forces power generation companies to trade
the surplus and shortage in carbon quotas according to their
own carbon emissions, and use market means to achieve
flexible carbon emission reduction in the energy structure
adjustment process.

tty, gt gt et
ZAGITE s~ E g =5 (13)

(2) Carbon emission reduction constraint at the end of the
planning period

This constraint ensures that the power planning scheme will
ultimately achieve the goal of carbon emission reduction
through the gradual adjustment of the power supply structure
during the planning period.

i (14)

4. MODEL SOLUTION
4.1 Discrete bacterial colony chemotaxis algorithm

The bacterial chemotaxis (BC) algorithm optimizes the
objective by simulating the movement behaviours of bacteria
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in the chemical attractant environment, and with the idea of
colony incorporated, the bacterial colony chemotaxis (BCC)
algorithm was obtained [25]. The power planning problem
proposed in this paper is essentially a multi-period discrete
optimization problem. Therefore, the discrete bacterial colony
chemotaxis algorithm (DBCC) was used to solve the problem
[26]. The discrete update mechanism and the convergence
process are as follows:

(1) Discrete update mechanism

Suppose that the year ¢ is the starting point. if the unit j is
put into construction, the unit will still be under construction
in the years after the year #; if the unit is put into construction
in the year ¢, the unit will not be under construction in the years
before the year ¢. The discrete update mechanism is as follows:

{

where, N, ; is the construction state of the unit j in the year 7.

Ni1i=0 N
Nt+1,j =1 Nt,j

=0

! (15)

(2) Convergence process

According to the initialized and updated positions of the
bacterial colony, set the fitness value of each bacterial
objective function, and determine the bacteria at favourable
and unfavourable positions in the colony. Move the bacteria
that are currently at unfavourable positions close to those at
favourable positions to build an elite-centric colony of bacteria:
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Figure 4. Solution process of the DBBC algorithm



Xor = Xt + 200 O - (Kot — Xot) (16) was 2000. The maximum weight was 0.9, the minimum weight
0.4, the learning factor 2.0, and the mutation rate 0.8.

where, 7,,4 () returns a function value that obeys the uniform
distribution in (0, 1); x,, and x,; are the bacteria at
unfavourable and favourable positions in the current bacterial
colony, respectively.

5. EXPERIMENTAL ANALYSIS

5.1 Test data
4.2 Process flow of the algorithm The proposed low-carbon power supply planning model
was applied to optimize the planning of the power supply
structure in a certain area from 2022 to 2031. Under the
baseline scheme, the forecast data of the load growth during
the planning period are shown in Table 1. The parameters of
the original units in the system and the new units that can be
installed are shown in Table 2 and Table 3, respectively.
Suppose that a green certificate will be issued for every 1
MW e h of electric energy produced by renewable energy
generator units, that the feed-in tariff of each unit during the
planning period is shown in Table 4, and that the quotas and
emissions for each year are shown in Table 5. For the
convenience of calculation, it is assumed that each wind farm
has 50 wind turbines.

The solution process of the DBCC algorithm model is
shown in Figure 4, and the specific process flow is described
as follows;

Step 1: Initialize colony 1 and colony 2 according to the
predicted load results, and check whether they meet the total
resources and annual resources constraints. If the constraints
are not met, regenerate the particles and check again until the
constraints are met; if the constraints are met, go to step 2.

Step 2: Form a fitness function with the objective function
and the constraint conditions of the low-carbon power
planning, obtain the fitness value of each particle, compare the
optimal particles in colony 1 and colony 2, and obtain the
global optimal particle.

Step 3: Determine whether to converge or end the iteration.
If yes, output the global optimal particle as the low-carbon
power planning scheme; if no, use the global optimal particle
to update colony 1 and colony 2 according to the DBCC
algorithm, and return to step 2.

The initial particle size in the DBCC algorithm used was
300 particles/colony, and the maximum number of iterations

5.2 Simulation results

Under the baseline scheme, the DBCC algorithm was used
to simulate the proposed model, and the cumulative newly
installed capacity in each year of the planning period was
obtained, as shown in Figure 5.

Table 1. Forecast data of load growth during the planning period

Year Annual maximum load /MV Annual electricity consumption /103kWh
2022 3190 132
2023 3509 145.2
2024 3859.9 159.72
2025 4246 175.692
2026 4670.49 193.27
2027 5137.55 212.63
2028 5651.25 233.86
2029 6216.43 257.18
2030 6887.54 282.92
2031 7521.8 311.3

Table 2. Parameters of the original generator units

Type Coal-fired power Hydro-electric power Gas-fired power Wind power
Capacity per unit/MW 330 110 440 2.2
Number of units 33 4.4 2.2 440
Annual utilization hours/h 6600 6600 5500 2750
Minimum technical output 0.33 0.33 0.33 0

Table 3. Parameters of the units that can be installed during the planning period

Capacity Overating cost Carbon emission Annual Investment Minimum Construction
Type of unit per unit / (puan /MgVVOh) intensity utilization cost /(10% technical  Qty. eriod/a
/MW y /(t/MWeh) hours/h yuan/each) output P
Coal-fired 800 286.66 0.7491 8000 24.42 33 4 3
C"zil'fsred 500 314.16 0.8206 8000 14.19 0.4 1 2
Gas-fired units 600 670.45 0.4851 7000 13.53 0.4 4 2
Nuclear. power 1400 129.03 0 9800 132 0.5 1 55
units
Wind turbm'e 202 560.45 0 4500 0.22 0 550 1
generator units
Hydroglectrlc 300 495.55 0 5200 3.3 0.2 11 2
units

1995



Table 4. Feed-in tariffs of different power sources during the planning period

Year Coal-fired Gas-fired Nuclear power Wind turbine generator Hydroelectric
units/(yuan/MWeh) units/(yuan/MWeh) units/(yuan/MWeh) units/(yuan/MWeh) units/(yuan/MWeh)
2022-
2026 407 741.4 462 638 550
2027-
5031 427.35 778.47 485.1 669.9 577.5
Table 5. Parameters of the different incentives in each year of the planning period
. Green certificate .. 4
Year Carbon tax/(t/MWeh) Price/(yuan/certificate) Carbon emission allowance/10°t Renewable energy quota factor
2022 119 0.66 97.90 0.07
2023 125 0.77 96.80 0.08
2024 131 0.88 95.70 0.09
2025 138 0.99 94.60 0.10
2026 145 1.10 93.50 0.11
2027 152 1.21 92.40 0.12
2028 160 1.32 91.30 0.13
2029 165 1.43 90.20 0.14
2030 169 1.54 89.10 0.15
2031 177 1.65 88.00 0.17
Table 6. Costs and benefits during the planning period
Annual Electricity sales Investment costs  Operating costs Income from trading of Income from
Year income / 108 income / 108 /108 vuan p/ 10° San green certificates /10* carbon trading /
yuan yuan y y yuan 108 yuan
2022 10.26 57.84 1.6 47.61 69.23 1.63
2023 10.52 63.96 17 53.03 70.26 1.27
2024 10.09 66.91 2.88 54.16 60.9 0.21
2025 11.89 71.02 1.77 56.43 37.87 -0.94
2026 13.99 7.7 0 61.51 14.36 -2.2
2027 13.19 87.18 3.21 66.75 -25.09 -4.03
2028 14.16 100.37 2.72 75.86 -79.7 -7.63
2029 147 105.52 2.52 80.58 -114.09 -7.71
2030 17.03 117.71 0 90.54 -167.2 -10.11
2031 14.96 124.96 2.03 93.7 -236.94 -14.25
Table 7. Comparison of the key indicators of the two models
Model Net income / Electricity sales Total investment Total operating cost Total carbon
108 yuan income/ 108 yuan cost/108 yuan /108 yuan emissions / 108 t
Low-carbon 117 680.14 15.01 534.43 1.03
scenario
Conventional 148 630.98 17.04 521.44 1.07
scenario
It can be seen from Figure 5 that, during the planning period, 2300 = Wind porwer
hydroelectric units with lower investment costs and higher > 2000  Hydroelectric power
feed-in tariffs will be given priority for construction. Due to s N;Clearpuwer
the higher investment costs and lower annual utilization hours, £ 1500 = Gas.fired power
wind turbines will not be put into construction at a large scale % Coal-fired nower
in the early stage. With the increasingly stricter carbon g 1000 l
emission and renewable energy quota constraints, more wind E
2 500

turbines will be put into construction. Due to the high
operating costs and investment costs of gas-fired units, gas-
fired units are not competitive under the baseline scheme and
will not be put into construction; nuclear power units have the
advantages of less resource consumption, less environmental
impact and greater supply capacity, but due to their high
investment costs and the long construction period (up to 5
years), these units will not be put into construction. The
various costs and benefits of the system during the planning
period (allocated to each planning year, and the investment
costs are presented as dynamic investment costs) are shown in
Table 6.
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Figure 5. Cumulative newly installed capacity in the
planning period

According to Table 6, in the early stage of planning, due to
the high carbon emission quotas and the low renewable energy
quota coefficient, the system will be able to meet the relevant
targets set by the government, so it will gain income by selling



carbon quotas and green certificates. With the carbon emission
quotas and renewable energy quota constraints getting stricter,
the carbon emission of the system in 2025 will exceed the
carbon emission quota set in the same year, and thus it must
purchase emission quotas to meet the relevant targets, and
accordingly, the purchase of carbon emission quotas will
gradually increase; in 2027, since the power generation of
renewable energy generators will fail to meet the specified
targets, that is, the specified renewable energy quota targets,
set by the government, the system will have to purchase green
certificates to meet the targets, and accordingly, this purchase
will be on an upward trend year by year.

5.3 Comparison of scenarios

In this paper, a conventional model, which involves no low-
carbon power technologies and carbon emission quota trading
mechanism, was established for comparison with the low-
carbon power planning model. The newly installed capacities
of the two planning models in the last year of the planning
period are shown in Figure 6, and the key indicators (converted
to present values) under the two planning models during the
planning period are shown in Table 7.

As can be seen from Figure 6, compared with the
conventional planning model, under the low-carbon power
planning model, the installed capacity of renewable energy
generators and of gas-fired units, which have smaller unit
emissions, will increase significantly. From Table 7, it can be
seen that, during the planning period, the income of the
proposed low-carbon power planning model will be reduced
by 3.1 billion yuan, but the emissions of the system will be
reduced by 4 million t, showing that it will promote the
reduction of CO, emissions from the system.

4500
4000 = Low-carbon scenario
E 3500 m Conventional scenario
£ 3000
g 2500
E 2000
B 1500
"Z 1000
o I L
o [ |
Coal-fired Gas-fired Nuclear  Hydroelectric Wind power
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Figure 6. Installed capacities of different models in 2031
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Figure 7. Newly installed capacities of the system under
different carbon tax levels
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Figure 8. Newly-installed capacities of the system under
different quota ratios

(1) Comparison under different carbon tax levels

Increase the carbon tax level under the baseline scheme by
20% and decrease it by 20% to form a high carbon tax scheme
and a low carbon tax scheme. Apply the proposed low-carbon
power planning model under different carbon tax levels to
obtain different power planning schemes, as shown in Figure
7.

It can be seen from Figure 7 that changes in carbon tax will
have great impacts on the construction of coal-fired and gas-
fired units. When the carbon tax level is low, coal-fired units
will be given priority due to their low operating costs; and the
installed capacity of wind turbines will decrease due to their
high investment costs and operating costs. When the carbon
tax level is high, the installed capacities of both wind turbines
and hydroelectric units will increase. And when such installed
capacities reach the upper limit for hydroelectric units and
wind turbines, considering that the gradual increase in the
proportion of carbon emission permits trading costs in the
objective function, gas-fired units will see their installed
capacity increase to some extent due to their lower carbon
emission intensity compared with that of coal-fired units.

(2) Impacts of different renewable energy quota ratios

Under the baseline scheme, with 2024 as the target year,
increase the proportion of renewable energy quotas by 20%
and decrease it by 20% respectively to obtain the planning
schemes with different quota ratios, as shown in Figure 8.

It can be seen from Figure 8 that, with the increase in the
proportion of renewable energy quotas, the installed capacity
of the system will lean towards green energy generator units,
and at the same time, the proportion of gas-fired units, which
have relatively smaller carbon emissions, will increase.

6. CONCLUSION

This paper proposed a low-carbon power planning model
based on the green certificate allocation mechanism. First, a
new low-carbon power planning mode was established
incorporating the green certificate allocation mechanism based
on regional comparison and low-carbon power technologies.
Then, with the goal of maximizing the net benefits of the
system during the planning period, the low-carbon power
planning model was constructed, and the DBCC algorithm was
used to solve and optimize the model. After that, various low-
carbon elements were designed in different low-carbon



scenarios, and the results of the proposed model were
compared with those of conventional power planning. The
experiment verified the effectiveness of the proposed model in
reducing carbon emissions in the power sector and increasing
power generation income, showing that this paper has a certain
guiding effect for low-carbon power planning.
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