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Abstract—In the high penetration rate of wind solar integrated energy systems, the problem of energy waste has 

become increasingly prominent. This article proposes an innovative technical solution of co combustion of ammonia 

doped thermal power units and electric to ammonia conversion. This method can not only improve the utilization 

rate of wind solar resources, but also optimize the environmental protection and safety of the energy system. Firstly, 

this article designs a new configuration that couples electric to ammonia conversion with integrated energy systems, 

and constructs coordinated operation indicators for wind solar thermal ammonia systems to comprehensively 

evaluate the wind solar power consumption status, the output of thermal power units, as well as the economic 

benefits and stability of electric to ammonia conversion operation. Then, a dual-layer optimization model was 

constructed, where the first layer objective is to maximize the coordinated operation indicators, and the second layer 

objective is to minimize the operating costs of the electric to ammonia and fire wind solar integrated energy systems. 

By comparing and analyzing various models in different scenarios in a certain region of Inner Mongolia, the 

effectiveness of the models is verified. Research analysis shows that, taking typical daily scenarios as an example, 

there is a significant difference between using this model and not using it in winter and summer, respectively. The 

use of this model significantly reduces the system cost, with further reductions of 4.4% and 5.41%, respectively. The 

safety and stability of thermal power units have been significantly improved, and carbon emissions have also been 

reduced to varying degrees. 

 

Keywords—integrated energy system,thermal power units,combined-heat-and-power(CHP),dual-layer optimization 

model.  

1 Introduction 

In recent years, renewable energy generation technologies, particularly photovoltaic and wind power, have experienced rapid 

development and widespread adoption both domestically and internationally. However, the inherent fluctuations and 

intermittency in the power output of these sources limit their further development. To ensure good economy and stability in 

power systems, it is often necessary to deploy large-capacity energy storage devices.Numerous scholars worldwide have 

conducted detailed research on the optimized scheduling of integrated energy systems (IES) incorporating energy storage. For 

instance:Some studies propose using battery energy storage systems (BESS) to achieve peak shaving and valley filling, aiding 

thermal power units in performing deep peak regulation[1].Research has demonstrated the use of compressed air energy storage 

(CAES) technology to mitigate the intermittency and volatility issues associated with renewable energy 

generation[2].Additionally,studies have specifically explored utilizing hydropower plants to absorb wind power 

generation and photovoltaic power generation, thereby optimizing grid operational stability[3].Despite this progress, the practical 

application of these solutions still faces difficulties. For example, both chemical and physical energy storage technologies, such 

as batteries, grapple with technical challenges related to cost and capacity limitations. Therefore, there is an urgent need for the 

emergence of novel energy storage technologies to meet the requirements of engineering projects. 

Hydrogen, as a clean energy source, possesses significant energy storage potential and high energy density. Power-to-

hydrogen (P2H) technology achieves energy storage by producing hydrogen through water electrolysis[4]. However, due to 

hydrogen’s physical properties—particularly its low density—its transportation and storage require stringent conditions, typically 

under high pressure (30–70 MPa) or at cryogenic temperatures (-250°C). This process not only incurs energy losses of 15%–
40%[5] but also faces major barriers to large-scale adoption, including the stringent requirements for extreme conditions and 

potential leakage risks[6].To address these limitations of hydrogen in large-scale energy storage applications, literature[7] 

proposes using ammonia as an energy storage medium. 
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Ammonia, with a calorific value of 18.72 MJ/kg comparable to conventional coal, serves as a zero-carbon energy carrier. 

Compared to hydrogen, ammonia offers superior economic and safety performance in transportation and storage due to its milder 

liquefaction conditions (0.9 MPa or -33°C). Power-to-ammonia (P2A) technology produces hydrogen via water electrolysis, 

followed by catalytic synthesis into ammonia. Ammonia ’s chemical stability effectively addresses hydrogen ’s instability 

issues.While current research predominantly focuses on power-to-hydrogen applications, literature[8] specifically analyzes 

the energy consumption of P2A technology. Studies comparing the production and storage costs of hydrogen, ammonia, and 

methanol derived from green hydrogen reveal ammonia as the most cost-effective option—31% and 18% lower than hydrogen 

and methanol, respectively[9].Under carbon neutrality policies, recent proposals for ammonia co-firing in thermal power 

units aim to accelerate progress toward dual-carbon goals. This approach holds significant promise for decarbonizing China’s 

coal-dominated energy structure. Thermodynamic calculations further confirm the feasibility of reducing carbon 

emissions through ammonia co-firing in large-scale coal-fired boilers[10].  

Most researchers currently focus on power-to-ammonia or ammonia combustion, rarely analyzing the entire-ammonia 

manufacturing process combined with renewable energy across multiple dimensions. Many issues  in these individual research 

areas remain unresolved. Consequently, this paper proposes a dual-layer optimal scheduling model comparing power-to-

ammonia with  ammonia cofiring. The model integrates a thermal-wind-solar comprehensive energy system.Firstly, it analyzes 

the power-to-ammonia system, and secondly, it examines the thermal-wind-solar comprehensive system.  Finally, a dual-layer 

optimization model is established. The first layer aims to maximize coordinated operation indicators, while the second layer 

strives to  minimize  the operating costs of the power-to-ammonia integrated thermal-wind-solar system. 

This paper uses typical data from a site in Ordos, Inner Mongolia, applies it to the proposed model, and employs 

Matlab/Simulink simulations. The aim is to explore the impact of power-to-ammonia and ammonia cofiring technologies on 

thermal-wind-solar systems and to verify the dual-layer scheduling optimization model's effectiveness. 

2 Configuration of Power-to-Ammononia Coupled Thermal-Wind-Solar Integrated Energy System 

Fig.1 illustrates the basic structure of power-to-hydrogen-to-ammonia integrated with a thermal-wind-solar hybrid energy 

system. In this model, photovoltaic, wind-turbine,thermal, and combined-heat-and-power (CHP) plants jointly meet the electric 

load. The heat load is supplied by the ammonia plant and CHP plant. The core of the power-to-ammonia system is water 

electrolysis for hydrogen production.  

 
Fig. 1. Configuration of Electric Ammonia Production System Coupled with Thermal-Wind-Solar Integrated Energy System 

 

In In Fig.1, wind turbines and photovoltaic systems supply electricity to the power grid, and then ammonia is synthesized for 

use by thermal power units. The heat generated during ammonia synthesis at the ammonia plant[11] is included in the heat load 

and is considered as one of the sources of thermal power. The thermal power is calculated as follows: 

3NH,ECA

t

ECAECA

t mW =                                                                     (1) 

In the formula:        is the heat power supplied by the power-to-ammonia system to the entire system during period t;        is the 

heat release ratio for heat supply;            is the mass of ammonia produced by the power-to-ammonia process during period 

t; is the heat power released per unit of NH3.  

Upon integrating the electric ammonia production system into the power grid, the power output from wind power 

generation and photovoltaic power generation follows two pathways:A portion is fed into the grid;The remainder supplies 

the electric ammonia production system.Achieving both economic and environmental objectives for the entire system 

necessitates coordinated operation among all components, which constitutes the core challenge of this system model. 

3 Dual-Layer Optimal Scheduling of Power-to-Ammonia Coupled Thermal-Wind-Solar Hybrid 

Energy Systems 

ECA

tW
ECA

3NH,ECA

tm
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3.1 Grid-Connected Mode Control 

This study addresses the coordinated operation of microgrid components in an integrated system for hydrogen production via 

water electrolysis and subsequent ammonia synthesis, coupled with a thermal-wind-solar integrated energy system. We focus on 

optimizing the combined heat-power dispatch, constructing a dual-layer optimization model whose structure is illustrated in Fig. 

2. 

 
Fig. 2. dual-layer optimization model. 

 

In this model, the upper layer prioritizes coordinated operation among microgrid components while incorporating 

performance metrics of the thermal-wind-solar-ammonia system. It assesses three critical aspects:power output 

performance of thermal power units,renewable accommodation capacity for wind and photovoltaic power generation,operational 

status of the integrated electrolytic hydrogen-to-ammonia production system,with primary focus on economic efficiency and 

operational stability. 

First, this model uses μ as the output fluctuation coefficient of coal-fired units, calculated by equation (2). A smaller μ 
indicates more stable unit output. In this paper, coal-fired units include thermal power units and combined heat and power units.  

)p/(pp gt

t

gtgt

t 24
S

1


=

−=                                                                    (2) 

In the formula,      is the total output power of the coal-fired unit at each time interval t, and       is the average output power 

during the operating time of the coal-fired unit. 

Second, this paper considers the efficiency of coal-fired units, expressed by formula (3)[11,12]. When the output of formula 

(3) is closer to 1, the unit's actual power is closer to the rated value. This indicates lower coal consumption for power generation 

and improved operational stability and economic efficiency. 

)p/(p gt

max
t

gt

t 24
S

1


=

=                                                                               (3) 

In the formula:           is the theoretical maximum outputpower of the coal-fired unit. 

Third, the instability of wind and solar photovoltaic generation can impact the entire system's stability. Therefore, this paper 

introduces an index called the renewable-energy-utilization ratio for power-to-ammonia, calculated by equation (4). Since the 

power-to-ammonia process has relatively low energy efficiency, a smaller value of this ratio means less wind and solar power is 

allocated to it. Consequently, more power can be used to directly satisfy the electrical load demand. 

)pp(/p pre,pv

t

S

t

pre,wt

t

S

t

ECA,ele

t += 
== 11

                                                                  (4) 

In the formula:            is the wind and solar power used for power-to-ammonia in period t;              is the predicted wind power in 

period t;            is the predicted solar photovoltaic power in period t. 

Fourth, to comprehensively evaluate the output of coal-fired units, their utilization, and the proportion of renewable power 

gt

tp gtp

gt

maxp

ECA,ele

tp

pre,wt

tp
pre,pv

tp
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used in power-to-ammonia, this model constructs a dual-layer scheduling optimization index as shown in equation (5). This 

index reflects the integrated operation of thermal, wind, solar, and ammonia systems. A higher index value indicates better 

coordinated operation of the system's electrical components. 

−+−= 280390330 ...                                                           (5) 

In the formula, the weighting coefficients are calculated using the DEMATEL method from reference [13], which is designed 

for determining weights of macro-demand indicators (see Appendix A for details). Although reference differs in research context, 

the three indicators defined in this paper (output fluctuation coefficient of coal-fired units, utilization of coal-fired units, and 

proportion of renewable power for power-to- ammonia) are closely related to the safety, economic efficiency, and social benefit 

assessment of distribution networks. 

Based on the heat load demand curve, this paper aims to minimize the operational cost of the entire system in the second-

layer model, and optimally dispatches the system's power output. By calculating with the dual-layer optimization model, the 

optimal power generation schemes for all components and the minimal operational cost of the whole system can be determined.          

3.2 First-Layer Scheduling Optimization Model 

3.2.1  Model Objective Function 

Considering equation (5), the objective function for the first-layer scheduling optimization model in this paper is set as 

equation (6). When this equation reaches its maximum value, it indicates the optimal coordinated operation of the thermal-wind-

solar-ammonia system.   

)...( −+− 280390330max                                                                 (6) 

3.2.2 Constraints 

The first layer of the model is subject to the following constraints. 

Power generation constraints of photovoltaic, wind-turbine, and coal-fired units in the first-layer model: 

  













gt

max

gt

t

gt

min

pre,pv

t

o,pv

t

pre,wt

t

o,wt

t

ppp

pp

pp

0

0

                                                                                                                      (7) 

In the formula,       is the power output of wind power to meet the electric load demand at time t,       is the power output of 

photovoltaic at time t used to directly meet the electric load demand, and         is the minimum power output of the coal-fired 

units in the system. 

1)Constraints on curtailed wind and solar power. 

To prevent excessive curtailment of wind and solar power during the optimization of the thermal-wind-solar-ammonia 

system's coordinated operation index, this paper, based on the "Clean Energy Consumption Action Plan (2018–2020)" [14], sets 

the maximum allowable curtailment limits as follows: 













 

 

= =

= =
S

1

S

1

S

1

S

1
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pv
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t

aq,pv

t

t t

wt
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pre,wt

t

aq,wt

t

p/p

p/p
                                                                                                            (8) 

 

In the formula:       is the curtailed wind power,          is the curtailed solar power;         is the maximum allowable curtailment 

rate of wind power, which is 15%,  
pv

max  is the maximum allowable curtailment rate of solar power, which is 10%.  

2)Power constraints of wind and solar power used for power-to-ammonia in the first-layer model. 

     The operation efficiency of ammonia-synthesis technology depends on the installed wind-power capacity. The larger the 

capacity, the higher the efficiency, and vice versa. This paper assumes that the wind and solar power input to power-to-ammonia 

is over 50% of the equipment's capacity. 
ECA

max

ECA,ele

t p%p 50
                                                                       (9) 

In the formula:         is the maximum capacity of the power-to-ammonia equipment in the system. 

3)Electric load balance constraints. 

Electric load balance constraints must be satisfied at all times. 
load

t

o,gt

t

o,pv

t

o,wt

t pppp =++                                                                       
(10) 

In the formula,          is the electric load demand power at time t. 

3.3 Second-Layer Scheduling Optimization Model 

3.3.1 Model Objective Function 

The second-layer model aims to minimize the total cost C of the power-to-ammonia integrated thermal-wind-solar system. 

o,wt

tp
o,pv

tp
gt

minp

aq,wt

tp aq,pv

tp
wt

max

ECA

maxp

load

tp
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gt,gt

tp

This cost covers wind power operation, coal-fired unit operation, curtailed wind and solar power, solar photovoltaic operation, 

power-to-ammonia operation, carbon emission, and environmental costs. 

                              encoECAgtaqpvwt CCCCCCCC ++++++=
2  

  (11) 

1) The second-layer model meets the costs of photovoltaic, wind power, and curtailed renewable energy. 
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               (12) 

 

In the formula:      is the unit cost coefficient of photovoltaic power in the second-layer model;       is the unit cost coefficient of 

wind power;       is the unit cost coefficient of curtailed renewable energy; the actual outputs of photovoltaic and wind power at 

time t are        and        , respectively.  

2) Operation costs of thermal power units and combined heat and power (CHP) units.  

CHP units only participate in regular peak regulation, while thermal power units participate in both regular peak regulation (RPR) 

and deep peak regulation (DPR). But in practice, the ammonia produced by power-to-ammonia can't meet the actual demand of 

thermal power units. Therefore, only thermal power units are used for ammonia cofiring in this paper. Also, considering that the 

equipment maintenance cost of coal-fired units is ab-out 0.29% of the fuel cost [15], it's neglected in this model to simplify 

calculations.  

The operation cost of thermal power units (including fuel and loss costs) and CHP units (only fuel costs) are calculated and 

summed up as the total operation cost of coal-fired units.  
hscu

gt

tpu

gtgt CCC +=                                                                                            (13)  

Ammonia cofiring in thermal power units replaces some coal. Thus, the actual coal consumption of thermal power units is 

    coalNH

NH

t

gt,gt

t

gt,gt

t

gt,coal

t p/pmcpbpam
3

3
2

111 +++=       (14) 

In the formula,  ɑ1、b1 and c1  are the fuel consumption characteristic coefficients of the thermal power unit in the model.          

is the power output of the unit during period t.       and          are the lower heating values of ammonia and coal, respectively.  

           is the coal consumption of the unit during period t and  
3NH

tm  is the amount of ammonia cofired during period t.  

 Additionally, the ammonia cofiring ratio of the thermal power unit in the model during period t is defined as 

)pm/(pmr coal

gt,coal

tNH

NH

tt 3

3=
                                                                                       

 (15)  

During the operation of thermal power units, rotor wear raises operating costs. In regular peak-regulation phases, this wear is 

negligible. However, during deep peak-regulation, excessive alternating thermal stresses on the rotor shaft cause low-cycle 

fatigue and creep damage to the unit, leading to significant costs. Deep peak-regulation is divided into two stages based on 

damage levels. The Manson-Coffin formula calculates the rotor's cyclic crack-initiation cycles                , and unit purchase costs 

are used to quantify the damage-related costs. 
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(16) 

In the formula, 1  and 2  are the damage coefficients for deep peak-regulation stages 1 and 2, respectively.          represents 

the wear-and-tear cost of the thermal power unit, and      is the unit's cost per unit. 

The operating cost of the thermal power unit is 

  
=

+=
S

t

gt,loss

t

gt,coal
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tpu

gt )Cmc(C
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 (17)

  

Analysis In the formula, ccoal is the price of coal. For combined heat and power (CHP) units that burn coal, the main cost is coal:  
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In the formula,           is the coal consumption of the combined heat and power (CHP) unit at time t. 2a  , 2b  , 2c , and vld  are 

the unit's characteristic coefficients.           and             are the unit's electrical and thermal output powers at time t, respectively.  

3) Levelized cost of energy calculation for the power-to-ammonia system. 

In the model, hydrogen is supplied by water electrolysis and ammonia by pressure swing adsorption (PSA). The required 

pvc wtc
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electricity comes from photovoltaic power generation and wind power generation. Since the ammonia-synthesis catalyst is 

durable, its cost is ignored. Thus, only water, the raw material, needs to be purchased externally. 

tcos,equoHECA CCC +=
2

                                                                       (20) 


=

=
S

t

oH

toHoH mcC
1

2

22

                                                                      (21) 

 

In the formula,      and       are the water supply cost and O&M cost, respectively.      is the water price parameter, and                 

is the water-consumption coefficient corresponding to the operating time t. 

In this optimization model, the main costs lie in the electrolyzers for water splitting, ammonia-synthesis equipment, and 

nitrogen-generation devices.Proton-Exchange Membrane (PEM) water electrolysis, with its fast dynamic response and wide 

operating range, better suits renewable-energy-based hydrogen production.Thus, PEM with a hydrogen-production efficiency of 

about 67%[16] is chosen here. Studies indicate that for ammonia demand (typically under 3000m³/h) and given the intermittent 

renewable power supply for ammonia equipment[17], Pressure Swing Adsorption (PSA) is used in this model for ammonia 

production. As PSA ammonia equipment is low-cost, its maintenance cost is neglected. Therefore, equipment maintenance costs 

mainly come from the electrolyzers and ammonia- synthesis units. 


=

+=
S

t

ECA,pv

t

ECA,wt

ttcostcos,equ )pp(cC
1

                                                        (22) 

In the formula,       is the unit-power O & M cost parameter of the wind-ammonia system within the computational framework.          
ECA,wt

tp  is the cumulative energy-transmission parameter from the renewable energy supply to the ammonia-synthesis unit in 

period t.           is the total electricity-demand parameter of the electrolysis-based ammonia system in period t. 

The production amounts of ammonia and nitrogen are as follows: 

ECA

ECA,pv

t

ECA,wt

t

NH,ECA

t n/)pp(m +=3                                                    (23) 

2

2

N
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t
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N

t n/)pp(m +=                                                       (24) 

In the formula: pt
wt,PSA is the wind-power-supplied electricity for PSA in period t, pt

pv,PSA is the solar-power-supplied electricity 

for PSA in period t.      is the nitrogen-production mass in period t.          and         are the specific energy-consumption 

coefficient of the electrochemical ammonia-synthesis unit and the energy-intensity factor of the air-separation nitrogen-

production unit, respectively. 

 4) Carbon Emission Cost. 

After ammonia cofiring is introduced in coal-fired units, CO2 emissions are reduced, with the reduction rate equaling the heat-

value-based fuel substitution rate [18].Thus, the carbon emission cost can be expressed as [19]: 
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In the formula:    represents the carbon emission quota per unit of electricity;       denotes the carbon emission quota per unit of 

heat;        stands for the system's CO2 emissions during period t;       is the carbon emission rights quota;       represents the 

penalty cost factor for the system's carbon emission quota; and      indicates the amount of CO2 emitted per unit of coal consumed 

in the system. 

 5) Environmental Cost. 

During the operation of thermal power units, sulfur dioxide and nitrogen oxides are emitted. Although ammonia cofiring may 

increase carbon oxides emissions,combustion staging and optimized combustion can effectively control them. Thus, this paper 

assumes that the nitrogen oxides emissions from ammonia-cofired thermal power units are the same as those from coal-only 

firing, and the emissions are calculated as [20]: 
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= =
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In the formula, y is the effluent charge collection standard parameter.mj is the emission intensity factor of pollutant j from coal- 

fired units. J is the number of taxable pollutants in the system.Xj is the pollution amount of the jth pollutant in the system.     is 

the removal efficiency of the environmental protection device for the jth pollutant. 

3.3.2 Constraints 

1) Power balance constraints: 
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load
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t
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t ppp =+                                                                                    (29) 

load

t

ECA

t

hscu,gt

t WWW =+                                                                              (30) 

In the formula,          is defined as the heat demand parameter of the heating network during operation period t. 

2) Ammonia-Fuel Mixing Ratio Control Limits. 

Given that different proportions of ammonia combusti-on in coal-fired units can destabilize the system, it is  imperative to im

pose restrictions on the ammonia cofiring ratio. 

maxt rr 0                                                                                          (31) 

In the formula,         is the maximum allowable proportion of ammonia cofiring. Research has shown that in a 1.2 MW experi-

mental furnace, cofiring ammonia and coal was successfully achieved with a heat ratio of 20% [21]. Therefore, the maximum 

upper limit of the ammonia cofiring proportion is set at 20%. 

3) Operating region constraints: 
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4) Ramp rate constraints of coal-fired units. 
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(33) 

In the formula:         is the maximum ramping power of thermal power units in the system;            is the threshold of power 

change gradient on the generation side               is the maximum adjustment limit of heat power on the heat supply side.  





++=
−−

+

−

Z],[i],i,i[t,pp

p%ppp%
ECA

t

ECA

t

ECA

max

ECA

t

ECA

t

ECA

max

503414

1020

1

1                                                                           (34) 

5) Ramp rate constraints of electrolysis-based ammonia-synthesis units. 

When modeling the power-adjustment boundaries of renewable-energy-based ammonia systems, the dynamic stability 

boundaries of electrochemical synthesis units must be considered. The unit-time power change rate must not exceed 10% of the 

equipment-nameplate value. During scheduling, the maximum ramp rate is reduced to 20% of capacity. Also, production-rate 

adjustments are allowed only once every four hours. 

           



++=
−−

+

−

Z],[i],i,i[t,pp

p%ppp%
ECA

t

ECA

t

ECA

max

ECA

t

ECA

t

ECA

max

503414

1020

1

1  
(34)

 

 

4 Case Study Analysis 

 The component configurations within the dual-layer optimization model studied in this paper are as follows: the installed 

capacity of the thermal power unit is 500MW,wind power generation is 600MW, and photovoltaic power generation is 210MW. 

The rated power output of the cogeneration unit under pure condensing mode is 220MW, and the rated power of the electric 

ammonia production system is 100MW.The minimum load rates for the thermal power unit under different operating modes are: 

50% for Regular Peaking Regulation (RPR), 40% for Deep Peaking Regulation Level 1 (DPR1), and 30% for Deep Peaking 

Regulation Level 2 (DPR2). The minimum operating load thresholds for conventional generating units and the CHP system are 

set at 55%, 45%, and 35% respectively.The unit ramp rate characteristic curves and the coal consumption characteristic matrix 

are detailed in Appendix B. The core model parameter sets are fully listed in Appendix C[16,20]. 

 The load, wind power, and photovoltaic power generation data used in the case study were sourced from a specific region in 

Ordos, Inner Mongolia. The dataset encompasses both winter and summer periods. During winter, daytime conditions typically 

feature persistent low temperatures punctuated by intermittent snowfall. Conversely, the summer period is characterized 

by prolonged sunshine interspersed with periodic precipitation. The respective data profiles are presented in Fig.3 and Fig.4. 

 

maxr

gt,gt

maxΔp gt,hscu
maxΔp

gt,hscu
maxΔW
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Fig. 3.  Curve of Load 

 
Fig. 4.  Curve of Wind and solar power generation 

 

 

4.1 Model Building 

To analyze ammonia cofiring's economic and carbon-emission impacts on integrated energy systems, three models are 

designed for comparison: 

Model 1: Only wind and solar power are considered, forming a thermal-wind-solar integrated energy system.All wind and 

solar power is fully utilized. 

Model 2: This paper's dual-layer optimization scheduling strategy is applied to a thermal-wind-solar system without power-

to-ammonia equipment. 

Model 3: This paper's dual-layer optimization scheduling strategy is applied to a thermal-wind-solar system with power-to-

ammonia equipment. 

4.2 Analysis of Integrated Energy System Scheduling Results  

This paper uses MatlabR2022b with the Cplex/YALMIP solver for optimization. The simulation period is 24 hours, with a 1-

hour time step. The operational cost and carbon emissions of the model under different scenarios are shown in Table 1. 

 

 

Table 1 Cost and carbon emissions under different daily scenarios in a certain area of ordos 

 

scene model 
total cost 

/104 yuan 
carbon emission/10t 

Aband-oned wind 

rate% 

abandoned light 

rate% 

 

 

winter 

1 513.25 9.29 0 0 

2 490.66 10.65 17.66 11.78 

3 483.43 10.15 2.27 0.97 

 

 

summer 

1 508.72 10.17 0 0 

2 481.18 11.07 15 10 

3 476.52 10.58 0.28 0.24 
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The results show that Model 2's cost is significantly reduced after applying the optimization model proposed in this paper. 

Model 3 further reduces the cost and also achieves lower carbon emissions compared to Model 2. 

Taking the typical winter and summer days as examples, the analysis focuses on several aspects: the operation and 

curtailment costs of wind and solar power, the operation cost of gas-fired units, the operation cost of power-to-ammonia systems, 

carbon emission costs, environmental costs, and overall carbon emissions. As shown in Table 2, in winter, Model 2 sees a slight 

increase in carbon emission and environmental costs compared to Model 1, but other costs decrease significantly, with total costs 

dropping by 225,900 yuan (4.4%). This is because in Model 1, during deep peak-regulation, the low-load operation of coal-fired 

units reduces boiler efficiency and increases start-stop frequency, boosting equipment wear and tear. These technical constraints 

cause the coal-fired units' comprehensive cost to rise by 431,200 yuan compared to Model 2. 

 

Compared to Model 2, Model 3 reduces total costs by 72,300 yuan (-1.47%). This cost reduction is driven by two factors: 

ammonia cofiring enables partial fuel replacement, and waste - heat recovery cuts coal consumption in the heating stage, creating 

a thermal-electrical decoupling synergistic optimization path. Moreover, Model 3 cuts carbon emissions by 0.5×10³  tons 

compared to Model 2 (-4.69%), lowering carbon emission costs by 19,000 yuan (-13.54%). 

In the summer scenario, Model 2 reduces total costs by 275,400 yuan (5.41%) compared to Model 1.  

Model 3 further cuts costs by 46,600 yuan (0.97%) relative to Model 2. Carbon emissions and carbon emission costs decrease 

by 0.49×10³ tons (4.43%) and 18,000 yuan (13.08%), respectively. Thus, integrating power-to-ammonia enhances the fire-wind-

light system's low-carbon and economic performance. 

The Fig.5 shows the winter power-scheduling results for Models 1-3. The model calculations indicate that combined heat and 

power (CHP) units have a higher power- generation cost than traditional coal-fired equipment. 

Increased Thus, under the dual-layer optimization framework, the second-layer scheduling system primarily adjusts 

conventional coal-fired units to ensure cost-effective system operation. Consequently, the analysis mainly centers on the output 

of coal-fired units. 

 
(a)model1                                                                                      (b) model2 

Table 2 Comparison of costs and carbon emissions of different models in a certain area of ordos 

 

 

 

scene 
model 

total 

cost/104

yuan 

wind and 

solar 

operation and 

abandoned 

wind and 

solar 

costs/104 

yuan 

operating 

cost of 

gas 

turbine 

unit/104 

yuan 

operating 

cost of 

electric to 

ammonia 

conversion

/104 yuan 

carbon 

emission 

cost/104 

yuan 

operating 

cost of 

electric to 

ammonia 

conversion/

104 yuan 

environm

ental 

cost/104 

yuan 

carbon 

emissions/

103t 

 

 

winter 

1 513.25 34.31 461.26 0.00 13.14 0.00 4.52 9.29 

2 490.66 7.02 418.14 0.00 14.03 0.00 5.20 10.65 

3 483.43 37.18 422.37 6.67 12.13 6.67 5.08 10.15 

 

 

summer 

1 508.72 34.01 457.19 0.00 13.02 0.00 4.48 10.17 

2 481.18 6.88 410.06 0.00 13.76 0.00 5.10 11.07 

3 476.52 36.64 416.34 6.58 11.96 6.58 5.00 10.58 



10 

 

 

 
(c) model3 

Fig. 5 Power dispatch results 
 

 

As shown in Fig.6, in Model 1, coal-fired units enter  deep peak-regulation phases between 00:00-06:00 and 11:00-12:00 due 

to the full absorption of photovoltaic power generation and wind power generation. Model 2's scheduling shows two distinct 

phases: conventional peak regulation during 00:00-10:45 and 12:15-24:00, with deep peak regulation only around 11:00. Model 

3, through a dual-layer optimization framework, keeps units in conventional peak-regulation throughout, eliminating deep peak-

regulation needs and enhancing operational safety and stability. These results confirm the effectiveness of the proposed dual-

layer scheduling model. 

 
Fig.6 Output situation of thermal power units 

 

The only drawback of the dual-layer scheduling optimization model is the curtailment of wind and solar power in Models 2 

and 3. In Model 1, which prioritizes the full utilization of renewable energy, there is no such curtailment as wind and solar power 

are fully absorbed. Fig.7 allows for a comparative analysis of the curtailment situations among the three models. 

 

 

 
(a)abandoned wind situation                                                            (b)abandoned light situation 

Fig.7 Abandoned energy situation 
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From Fig.7(a), Model 2 curtails wind power during the low-electricity-demand periods of 00:00-06:00 and 08:00-14:00. 

From Fig.7(b), it curtails solar power between 11:00 and 13:00, indicating renewable resource waste, with curtailment rates of 

17.66% for wind and 11.78% for solar. 

 Model 3, incorporating power-to-ammonia, shows much better performance. It only curtails wind power between 00:00-

01:00 and 04:00-05:00, and no solar power is curtailed between 10:00-12:00. The wind-power curtailment rate drops to 2.27%, 

and the solar-power curtailment rate to 0.97%. These results show that power-to-ammonia technology can effectively enhance 

the renewable-energy-accommodation capability of thermal-wind-solar systems.  

Fig.8 shows the heat-scheduling results for Models 1-3. In the first two models, heat is supplied by combined heat and power 

(CHP) units. In Model 3, heat is also supplied by the heat generated during ammonia synthesis, which saves coal and reduces 

pollution. This demonstrates the power-to-ammonia system's significant economic and environmental benefits. 

As shown in Fig.9, the techno-economics of the power-to-ammonia system can be quantified by its multi-energy-integration 

effect. Within the scheduling period, it can produce 91.2 tons of ammonia (equivalent to replacing 23.5 tons of standard coal) 

and simultaneously generate 76.8 MW ·h of process waste heat (saving 9.3 tons of coal-firing for heat). Lifecycle cost 

calculations indicate that the system's coal-consumption intensity drops by 4.7 g/kWh, the marginal emission reduction cost 

decreases to 182 yuan/ton of CO2, and the overall energy efficiency is significantly improved. 

 

(a) model1 and model2                                                                       (b)model3 

Fig.8 Thermal dispatch results 

 

 
Fig.9 Ammonia production and heating situation from electric to ammonia conversion 

5 Conclusions 

This paper develops a dual-layer optimization model for a thermal-wind-solar integrated energy system with a power-to-

ammonia unit. The model reduces operational and carbon-emission costs while improving the safety, stability, and renewable-

energy-accommodation capacity of coal-fired units. Simulation results yield the following conclusions: 

1. In typical winter and summer day scenarios in Ordos,Inner Mongolia, the model reduces system-operation costs by 4.4% a-

nd 5.41%, respectively. 

2. After introducing power-to-ammonia technology and ammonia cofiring in coal-fired units, wind and solar curtailment is si-

gnificantly reduced. Overall costs decrease, and carbon emissions drop by 4.69% and 4.43% in winter and summer scenarios, re-

spectively. This dual optimization enhances both the economic and environmental performance of integrated energy systems. 
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Appendix A 

1）The interactions between the indices make objective assessment difficult. Below is a matrix scored by three experienced expe

rts. They used a 1-9 scale to judge the direct influence between three indices empirically. The judgment sequence is descriptive. 

















083

706

820

                                                                               (A1) 

2）Process the matrix from the expert scoring to get the direct-influence matrix in DEMATEL. 

 

















01

0

10

8
3

8
7

4
3

4
1

                                                                                                  (A2) 

3）The influencing degree of (A2) is obtained as follows: 

 [3.6  4.2  3.0]                                                                                              (A3) 

4）The final weight values after normalizing the indices are as follows: 

 

[0.33  0.39  0.28]                                                                                           (A4) 

Appendix B 

 

 

Table B1  Parameters of thermal power unit 

parameter value 

upper limit of power generation MW/P hscu,G

max  400 

lower limit of power generation MW/p gt,gt

min  120 

maximum allowable climbing power )hMW/(p gt,gt

max   150 

)MWt/(a 2

1

−  0.000 130 7 

)MWt/(b 1

1

−  0.232 22 

t/c
1  16.007 26 

Table B2  All parameters of combined-heat-and-power 

parameter value 
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upper limit of power generation MW/p hscu,G

max  212 

lower limit of power generation MW/p hscu,G

min  100 

upper limit of heating power MW/w hscu,gt

max  300 

)MWt/(a 2

2

−  0.000 171 324 

)MWt/(b 1

2

−  0.270 548 9 

t/c
2  11.537 43 

1v
c  0.21 

maximum allowable climbing power for power supply )hMW/(p hscu,gt

max   60 

maximum allowable climbing power for heating )hMW/(w hscu,gt

max   60 

Table 1 Main parameters in the model  
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Appendix C 

 

 

 

 

parameters and units value 

heat release ratio used for heating in ammonia plants
ECA  

0.85 

generate the heat power released by unit  NH3 )thMW/( 1−  1.6044 

unit cost coefficient of wind power ]hkWyuan/[cwt

1− ）（  0.03 

unit cost coefficient of photovoltaics ])hkW(yuan[cpv

1−  0.04 

bandoned unit cost coefficient for wind and solar power
])hkW(yuan/[caq

1−
 0.15 

low calorific value of ammonia 
)kgkJ/(p 1

NH3

−
 

18720 

low calorific value of coal )kgkJ/(p 1
coal

−  23022 

unit price of coal
)tyuan/(ccoal

1−
 

1000 

unit price of water
)tyuan/(c oH

1

2

−
 

5 

the operating loss coefficient 1 of stage DPR1 1.2 

the operating loss coefficient 2 of stage DPR2 1.5 

unit cost of the crew/(yuan·kW-1) 3464 

unit power maintenance cost of electric to ammonia equipment ])hMW(yuan/[c tcos

1−  46.48 

unit energy consumption for PSA nitrogen production 
]t)hMW/[(n 1

N2

−
 0.8 

PSA collaborative ammonia production unit energy consumption ]t)hMW/[(n 1
ECA

−  11.49 

carbon emission quotas for power supply units )]hMW(t/[e 1
g

−  0.69135 

carbon emission quota for heating units )]hMW(t/[e 1
h

−  0.3 

CO2 emissions per unit of coal-fired combustion
)tt/(q 1

co2

−
 

2.57 

cost coefficient of carbon emission quota punishment
)tyuan/(cp

1−
 

100 

tax payable per pollution equivalent )kgyuan/(y -1  5 

mass of  SO2 produced by unit coal combustion 
)tkg/(m 1

so2

−
 8.5 

mass of  NOx generated by unit coal combustion 
)tkg/(m 1

NOx

−
 7.4 

efficiency of  SO2 removal by environmental protection devices 
%/

2so
 

85 

efficiency of environmental protection devices in removing  NOx
%/

xON  85 

pollution equivalent of SO2
kg/G

2so  0.95 

NOx pollution equivalent number kg/G
2NO  0.95 


