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Abstract. In combined heat and power system, configuring of electric boilers, heat storage and
other additional heat sources (AHS) is an effective way to alleviate the problem of wind
curtailment in northeast China. In this paper, according to the currently existing peak shaving
compensation mechanism, a production simulation model with AHS has been established.
Based on them, the impact of AHS on the profit of combined heat and power (CHP) units,
conventional (CON) units and wind farms is analyzed. Simulation system derives from a city
of Jilin province, northeast of China, simulation result shows that with AHS involved, wind
farms benefit most, and CHP units face profit decline. Besides, this paper also gives some
advice to promote the configuration and operation of AHS, which has a guiding significance
for the improvement of peak shaving compensation mechanism.

1. Introduction

In northeast China, CHP units are the main heating sources in winter, and their proportion is
considerable. The use of CHP units, electric boilers and heat pumps creates linkages between
electricity and heat networks [1]. Because of the opposite peak-valley characteristics of power load
and heat load and the constraint of thermal-electrical coupling of CHP units, the CHP units have to
output more power in heating consuming peak time. Therefore other thermal power plants have to
regulate depth peak load cycling, even shut down directly, which increase the difficulties of peak
shaving.

Recent years, large-scale grid integration of wind power further exacerbates the difficulty of peak
shaving. As a result, wind curtailment often occurs in northeast China and the maximum wind-
removal rate is even above 20% [2]. Especially in northeast China, the areas which are rich of wind
resource also badly need heating in winter, and the higher proportion of thermal power units adversely
affects the wind power consumption.

There are mainly three methods to solve the problem of wind power curtailment: (1) Using the
characteristics of district heating system such as heat storage characteristics and thermal inertia to
consume the wind power [3]. (2) ‘Wind power heating’ [4]. (3) Allocating additional heat source
(AHS) to reduce thermal-electric coupling [5]. Among them, the third way of allocating AHS is
effective to promote wind power consumption. AHS include the electric boiler, heat storage and heat
pumps and so on [6], [7]. In the literature [6], the optimal allocation method of AHS is studied. In the
literature [7], the heat storage is used to reduce the thermal-electric coupling of CHP units. Ref [8]-[10]
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show that the electric boiler can promote the wind power consumption and the heat storage can
increase the economic efficiency of the whole system.

In this paper, a production simulation model of heating season with AHS is established. The power
generation of CHP units, CON units and wind farms are obtained, both with and without AHS. And
according to the existing power peak shaving compensation mechanism, the profit of each unit
participated in the power market can be calculated. Based on them, this paper aims to analyze the
profit influence of AHS on combined heat and power system and wind farms, then puts forward
reasonable suggestions for the improvement of the power peak shaving compensation mechanism.

2. Mechanism of AHS to relieve wind curtailment

The policy of planning and operating CHP units based on ‘Ordering Electricity by Heat’ limits the
lower heat output limit of CHP units during the heating season, which exacerbates the phenomenon of
wind power curtailment. The AHS can improve the peak shaving capacity of CHP units. Arranging the
heat storage and electric boiler inside the thermal power plant can provide extra heat source for the
heat network and reduce the heat output demand of CHP units. And it is a good way to release the
limited potential for regulation of CHP units, therefore the wind power curtailment during heating
season could be relieved effectively.

3. Production simulation model with AHS

3.1. Objective function

In order to increase the utilization rate of new energy sources and relieve wind power curtailment, the
cost of wind power generation is excluded in the scheduling model, and the objective function is to
minimize the total system coal consumption:
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3.2. Unit coal consumption characteristics
The coal consumption characteristics of CON unit is as:

FCON :b1+b2Ph +b3Ph2
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Where, Feon is the coal consumption; R is the electric power; b, are the fitting coefficients.
The coal consumption characteristics of CHP unit is as:
Fop =8 +aP +aP’ +a,R’ +aPp +a}p 3)

Where, Fowe is the coal consumption; R and R , respectively, are the electrical power and thermal

power; %% are the fitting coefficients.

3.3. Constrains
Electric power balance. Electric power balance formula of CHP unit, CON unit and wind farm in the
power grid is:
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t; Fou is the electric load in period t: M is the electric power of the i" electric boiler in period t:
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period T,
Thermal power balance. In each district heating area, heat load should also be balanced as following:
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Where, Qce s the heat supply of the " CHP unit at the " thermal power plant in period t;er is

the heat power of the N electric boiler at the " thermal power plant in period !; Qus is the heat load

P, is the extraction of the " heating unit at the " thermal power plant in period !;

AH'"" s the steam enthalpy drop of the " heating unit at the " thermal power plant in period {.

in period t;

3.4. Wind power balance.

t,m t,m _ ptm
I:)wind + Pabandon - Pforecast (6)
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Where, P is the amount of wind power actually consumed by the m" wind farm in period {; Paan
t,m

is the amount of abandonment of the ™" wind farm in period !; P is the forecast power generated
by the m" wind farm in period L.

3.5. Unit output constrains.
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Where, Hew and 'o®  are respectively the lower limit and the upper limit of the steam extraction

min,r,n PmaX,r,ﬂ

amount of the "" CHP unit at the ™" thermal power plant in period !; "¢ and "c*  are
respectively the lower limit and the upper limit of the electric power of the " CHP unit at the r"

min,r,n max,r,n

thermal power plant in period ; "cov and Tcon  are respectively the lower limit and the upper limit

of the electric power of the I CON unit in period !; Prorecast is the forecast power of wind farm.

3.6. Ramping constrains.
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Where, "o and e are respectively the ramping down and ramping up constraints of the CHP unit;

down up
foon and con are respectively the ramping down and ramping up constraints of the CON unit.

3.7. Electric boiler constrains.
min max
Py <Py <P,

Qe = L Pos 9)
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Where, '# and Fo are respectively the lower and upper electric power limits of electric boiler. Qu

is the heat output of electric boiler. B is the conversion efficiency of electric boiler.
3.8. Heat storage tank constrains.
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Where, Qunk is the heat energy of heat storage tank in period !; Qun is the storage capacity of heat
max min
storage tank; 'tk and ' 'tk are the maximum and minimum output power of heat storage tank

respectively; Mhoss is the loss rate of heat storage tank.

4. Peak shaving compensation algorithm

In order to give full play to the role of economic levers, maximize the effectiveness of limited
resources, substantially reduce wind curtailment, and increase the acceptance rate of clean energy, the
northeast power peaking shaving compensation management has been established. The core rules of
the management approach are divided into: basic peak-shaving ancillary services and paid peak
shaving ancillary services, and the latter mainly includes three options: unit operation peaking, peak
load operation, cross-provincial peaking. To analyze the impact of the heat source operation on the
profit of various units of the power system, this paper considers the auxiliary service compensation
mechanism, and the detailed algorithm flowchart is shown as Figure 1.

In Figure 1, P is the power generation of each unit; & is the coefficient of the fine; My, is the total
amount of fine; Limit,, is the upper limit of the fine; Ele_price is the compensation price; Mg is the
total amount of compensation.

The profit of each unit is that revenue from electricity sales minus coal consumption costs and minus
Mz or add Mg,

5. Case study

Simulation system derives from a city of Jilin province, northeast of China, which includes 6 CHP
units, 4 CON units and a wind farm. To promote the wind power consumption of this regional power
system, some AHS (electric boiler and heat storage) have been configured in each district heating
areas. The structure of the system is shown as Figure 2, which also shows the installed capacity of all
units.
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Figure 1. Flow chart for calculating the fine and compensation of each unit.
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Figure 2. The sketch map of the simulation system.

Fitting parameters of coal consumption characteristic of CON units is shown as Table 1.

In this simulation system, the coal price is 77.88 $/ton, generation price of the CHP units and CON
units is 59.19 $/MWh, and that of wind farm is 109.03 $/MWh. As shown in Table 3, adding AHS to
the system, the total profit of 6 CHP units and 4 CON units is $ 1.7182x10% while without AHS, the
total profit is $ 1.7347x10°%. On the country, wind farm gains more with AHS.
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Table 1. Coal consumption parameters of CON units.

CON b1 b2 b3
1,2,3 3.5 0.3 8.5x10°
4 4 0.3 6.5x10°

Fitting parameters of coal consumption characteristic of CHP units is shown as Table 2.

Table 2. Coal consumption parameters of CHP units.

CHP a, as a ay as g
1 0.75 0.27 7.6x10°  4.28x10°  1.14x10™ 0.2037
2 0.75 0.27 7.6x10°  4.28x10°  1.14x10™ 0.2037
3 0.75 0.27 7.6x10°  4.05x10°  1.14x10™ 0.1719
4 0.75 0.27 7.1x10°  3.99x10°  1.08x10™ 0.2029
5 0.75 0.27 7.1x10°  3.99x10°  1.06x10™ 0.2029
6 0.75 0.27 7.1x10°  3.99x10°  1.06x10™ 0.2029

Based on the simulation system, the profit of the whole heating season (145 days) of each unit both
with and without AHS is obtained, as shown in Table 3.

Table 3. Profit of each unit.

Unit With AHS/S VX‘;IhS‘};t
CHP 1 5.8858x10° 5.7780x10°
CHP 2 5.9674x10° 5.8526x10°
CHP 3 1.6687x10’ 1.6829x10’
CHP 4 9.6481x10° 9.8642x10°
CHP 5 7.7650x10° 7.9955x10°
CHP 6 7.7358x10° 7.6907x10°
CON 1 3.2511x10’ 3.2958%10’
CON 2 3.2441x107 3.2897x10’
CON 3 3.9283x107 3.9790%10’
CON 4 1.3898x107 1.3819x107

Wind farm 1.7671x10* 1.5867x10°

It can be concluded that if there is no compensation income, CHP units and CON units will face losses
and wind farm will gain more profits. This will reduce the enthusiasm of thermal power plants to
participate in the construction and operation of AHS. Therefore, after the AHS consuming wind power,
it is necessary for the wind farm to compensate part of profits to the thermal power plants.

Figure 3 and Figure 4 show that adding AHS to the system can relieve the phenomenon of wind
curtailment and promote wind farm to generate more power, however, CHP units and CON units face
profit decline due to less power generation, especially in the evening.



2018 2nd International Conference on Power and Energy Engineering (ICPEE 2018) IOP Publishing
IOP Conf. Series: Earth and Environmental Science 192 (2018) 012042  doi:10.1088/1755-1315/192/1/012042

= = with AHS 3 2800 i
g %0 < without AHS g < Vo Ak
= =]
o —
& 400 % £ 2400
2 = 2
3 300 £ 5 2200
[ =<l
g g
g 200 2 2 2000
[

E 100 £ 0
< %~ 1800

L L L " ) <4
£ 0 5 0 15 0 2 z 0 5 10,15 20 2

t (h) [ t(h)
Figure 3. Wind farm power generation on a Figure 4. Power generation of CHP units and
typical day. CON units on a typical day.

Figure 5 shows the profit difference of CHP1 after adding AHS and before adding AHS. The profit
difference increase with the rise of coal price. Adding AHS indicates that the required heat output of
CHP units has been reduced, the amount of coal consumption will also decline. Therefore, when the
coal price is higher, CHP units will be more willing to participate in the operation with AHS. The
critical point of coal price is about 62.3$/ton.
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Figure 5. Profit difference of CHP1.

At last, we get the marginal curves of CHP units and wind farm and the average compensation price
feasible region, as shown in Figure 6.
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Figure 6. Feasible region analysis of the compensation price.

In Figure 6, the curve in red and blue color are the marginal curves of CHP units and wind farm. From
this two marginal curves, we can conclude that with the increase of coal price, the expected minimum
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compensation price of CHP units has decreased. And for wind farm, with the increase of on-grid price

of wind power, the acceptable maximum compensation price also increases. The upper area between

the two curves is the feasible region of the two parts.

6. Conclusions

In this paper, a production simulation model with AHS during heating season is established and the

peak shaving compensation mechanism in northeast China is considered. Based on the model, the

profits variation has been analyzed and we can get the following conclusions:

(1) With AHS configured, wind farm generates more power, while CHP units have reduced their

power generation. So the wind farm gains more profits, CHP units face profit decline.

(2) When the coal price is higher, the CHP units will be more willing to participate in the operation

with AHS and the critical point of coal price is nearly 62.3$/ton.

(3) Through the simulation study, the reasonable value of compensation price varies with wind power

on-grid price and coal price. Besides, the feasible region of the compensation price is obtained, which

have a guiding significance on the improvement of peak shaving compensation mechanism.
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