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Abstract: This study delved into the integration of biomass gas and natural gas within a 

Combined Cooling, Heating, and Power (CCHP) system. A Semi-Isolated Green Energy CCHP 

(SIGE-CCHP) model was devised to scrutinize the performance of co-firing equipment across 

diverse optimization objectives, while manipulating the proportions of natural gas and biomass 

gas as inputs. Findings revealed that escalating the share of biomass gas led to a reduction in 

carbon emissions but triggered an escalation in operational and maintenance costs. However, at an 

optimal mixing ratio of 1:1, carbon emissions exhibited marginal increments, coupled with a 

substantial decrease in operational and maintenance expenses. Notably, when prioritizing 

operational and maintenance costs, the system exhibited optimal performance, resulting in a 

notable 26.76% cost reduction. Conversely, when prioritizing carbon emissions, the system 

metamorphosed into a carbon sequestration entity, with a maximal capacity to absorb 2021.86kg 

of carbon dioxide. This study furnishes theoretical underpinnings for optimizing the operation of 

co-firing equipment, augmented by a sensitivity analysis aimed at intuitively elucidating the 

repercussions of varying mixing ratios on the system. 

Keywords: SIGE-CCHP; biomass gas; mixed burning of natural gas; operation and maintenance 

costs; carbon emissions; sensitivity analysis 

Introduction 

The relentless advancement of the economy invariably accompanies heightened energy 

consumption, precipitating substantial carbon emissions from diverse production capacities. In 

response, China has articulated the strategy of attaining carbon peak and eventual carbon 

neutrality, catalyzing a profound transformation within the energy industry. This strategic 

imperative has prompted multifaceted efforts aimed at curtailing carbon emissions, thereby 

positioning it as a pivotal focal point for future research endeavors. Wind energy, solar energy, and 

biomass have emerged as focal points for intensive investigation, embodying pivotal avenues for 

advancing carbon reduction initiatives within the energy landscape [1]. 

The intrinsic renewable characteristics of biomass render it indispensable in energy 

frameworks, particularly within Combined Cooling, Heating, and Power (CCHP) systems. 

Reference [2] proposes an integrated CCHP system combining biomass, natural gas, and 

geothermal energy. It offers a promising approach for renewable energy and fossil fuel integration 

in rural China, enhancing energy efficiency and addressing environmental challenges. Reference 

[3] establishes a bidirectional relationship between system capacity and operation strategy in 

renewable CCHP systems. It proposes an optimization method for primary energy savings, cost 

reduction, and CO2 emission mitigation. Reference [4] presents a biomass-based CCHP model 

with gasification, fuel cells, engine generators, and absorption refrigeration. Parametric analysis 
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demonstrates the importance of optimizing steam-to-biomass ratio and fuel utilization for 

improved electrical efficiency. However, the reliability and stability of biomass supply pose 

significant challenges. Given the seasonal and geographical constraints associated with biomass 

resources, supply instability may compromise system continuity and energy supply reliability. To 

address this, the proposed system architecture allows for seamless integration with external energy 

systems, thereby facilitating energy sharing and exchange. 

Reference [5] examined steam injection into a biomass-based cogeneration system, finding 

that injection into the vaporizer increased efficiency by 5.43% and reduced CO2 emissions by 

5.2%. Reference [6] introduced a sustainable power system using biomass, promoting clean 

production and energy independence. Advances in battery technology [7, 8] have facilitated 

energy storage in CCHP systems [9]. Reference [10] presented a modeling method for biomass-

based CCHP systems, achieving cost savings and high energy efficiency. Reference [11] 

conducted a lifecycle assessment of biomass CCHP systems, enhancing energy efficiency and 

reducing production costs. Reference [12] proposed a biomass-integrated CCHP system achieving 

renewable energy contributions of 72.11%. Reference [13] designed an efficient household CCHP 

system, reducing costs and CO2 emissions. Reference [14] optimized a hybrid power system for 

CCHP, reducing annual costs. The intricacies inherent in biomass, coupled with the uncertainties 

surrounding its procurement, imbue the system with complexity, necessitating the formulation of 

system designs and control strategies tailored to the unique characteristics of biomass. 

Furthermore, challenges persist in the processing and conversion of biomass, encompassing issues 

related to technological feasibility and the scalability of applications. Many biomass processing 

technologies remain in the nascent stages of research and experimentation, lacking the maturity 

requisite for widespread commercial implementation. The architectural framework posited within 

this study offers the prospect of integration with external energy systems, thereby fostering the 

judicious exploitation of energy reservoirs. 

Reference [15] investigated the optimization of a biomass gasification CCHP system with a 

ground source heat pump, demonstrating improvements in cost savings, energy efficiency, carbon 

emissions, and overall performance. Reference [16] introduced a residential CCHP system 

incorporating a biomass gasifier, fuel cell stack, absorption chiller, and auxiliary equipment, 

effectively reducing carbon emissions. Reference [17] presented an innovative solid oxide fuel cell 

CCHP system integrated with biomass gasification, offering various waste heat modes for optimal 

performance. Reference [18] proposed a net zero-emission CCHP system for dimethyl ether 

production using biomass gasification, resulting in reduced CO2 emissions and cost savings. 

Reference [19] integrated four subsystems to create a power generation system utilizing syngas 

from biomass gasification, demonstrating technical feasibility, economic benefits, and 

environmental soundness. The combustion of biomass presents an environmental challenge due to 

the emission of gases and particulate matter. While biomass combustion yields lower carbon 

emissions compared to fossil fuels, it still releases harmful substances and particulates, thereby 

posing potential threats to air quality and human health. Furthermore, the processing and 

conversion of biomass may entail substantial water, energy, and resource consumption, thereby 

presenting obstacles to sustainable development and resource efficiency. The proposed system 

architecture in this study offers connectivity to external energy systems, effectively addressing the 

environmental concerns associated with energy utilization processes. 

Reference [20] presents a system employing biomass carbon dioxide gasification, carbon 
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capture solid oxide fuel cells, and organic Rankine cycles, demonstrating its efficacy in reducing 

carbon emissions. Reference [21] introduces a biomass gasification device utilizing carbon 

dioxide as a gasification agent to minimize emissions and enhance energy efficiency. Exergy 

analysis of the process identifies substantial irreversibility losses in the gasification and burner 

units, highlighting the importance of regular equipment maintenance. Reference [22] compares the 

performance of micro gas turbine and supercritical carbon dioxide systems, both fueled by 

biomass gasifiers and yielding similar nominal net power output. Results show the supercritical 

system's significantly higher net thermal power output, leading to enhanced overall efficiency. 

Reference [23] evaluates a biomass gasification-based CCHP system, showcasing its provision of 

sustainable and eco-friendly cooling and power solutions for data centers. Reference [24] analyzes 

an innovative biomass gasification-based CCHP system for power generation, revealing tar 

pollution challenges necessitating complex gas purification devices for syngas used in the internal 

combustion engine. This aspect is pivotal for assessing system feasibility and sustainability. Lastly, 

Reference [25] investigates the integration of a Stirling engine in a gasification-based CCHP 

system to mitigate tar pollution. Existing literature highlights inefficiencies in current CCHP 

systems, particularly regarding energy utilization. This paper proposes a novel framework aimed 

at enhancing energy efficiency through improved interconnectivity among energy systems. 

Operational costs of existing CCHP systems are notably high, primarily attributed to energy 

procurement and equipment maintenance expenses. However, the proposed framework facilitates 

energy sharing and exchange with external systems, thereby mitigating procurement costs. The 

construction and integration of conventional CCHP systems entail complex coordination among 

multiple energy devices and systems, presenting significant integration challenges. In contrast, the 

proposed framework effectively integrates the CCHP system with external energy systems, 

reducing the complexity of integrating multiple devices and systems and streamlining construction 

and operation processes. Moreover, current CCHP systems exhibit limited flexibility and 

scalability, hindering adjustment and expansion according to evolving needs. In contrast, the 

proposed framework offers customizable design and layout options, better aligning with user 

requirements and offering scalability potential. Hence, operational and maintenance costs emerge 

as critical considerations in biomass gasification systems. 

Reference [26] discusses the development of an integrated CCHP (Combined Cooling, 

Heating, and Power) system tailored for biomass and natural gas co-combustion. The study 

primarily investigates exergy production and thermodynamic efficiency. In a similar vein, 

Reference [27] proposes a CCHP system integrated with a ground source heat pump, utilizing a 

blend of biomass gas and natural gas for combustion. Through modeling, the study evaluates 

exergy and exergy economy, exploring system performance across varying mixing ratios. 

Additionally, Reference [28] presents a dual-fuel CCHP system, amalgamating multiple 

components to assess thermodynamic and exergy economic performances, particularly during 

summer and winter conditions. Existing research often falls short in conducting comprehensive 

investigations into flexible hybrid ratio systems across diverse application scenarios. Different 

scenarios exhibit unique energy demand profiles and operational modes, yet current literature 

often overlooks these practical considerations. Flexible hybrid ratio systems represent intricate 

energy frameworks necessitating coordinated operation among multiple input and output 

components. However, scholarly inquiry lacks systematic analyses of their operational 

characteristics and the influence of various factors on performance. Despite the potential of 
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flexible hybrid ratio systems in enhancing energy efficiency and environmental sustainability, 

their full capabilities remain underexplored in existing research. Furthermore, the stability and 

reliability of these systems are paramount for practical implementation, yet scholarly exploration 

into these aspects remains limited. Although some studies have addressed biomass exergy and 

thermal economy, they have neglected crucial aspects such as carbon emissions and operation and 

maintenance (O&M) costs associated with the combined combustion of natural gas and biomass. 

Future research should investigate carbon emissions across different combustion ratios and 

consider O&M requirements for co-firing, thus advancing our understanding of flexible hybrid 

ratio systems. 

Several studies have addressed the integration of carbon emissions and economic 

considerations in the operation of IES systems. References [29] and [30] aim to minimize 

operating costs and pollutant emissions, while [31] emphasizes the economic and environmental 

aspects. Reference [32] focuses on minimizing energy costs and reducing carbon dioxide 

emissions in a CCHP-PV system. Similarly, [33] aims to minimize system operation costs and 

carbon emission expenses in a P2G-CCHP system. Reference [34] considers cost savings, energy 

conservation, and emission reduction as objectives, and [35] explores multi-objective optimization 

for minimizing energy costs and emissions in residential microgrids. Existing research often 

oversimplifies complex performance regulation in energy systems, overlooking intricate 

interactions and dependencies. This paper addresses this oversight by examining multiple energy 

inputs, outputs, and conversion processes, beyond a single optimization problem. With growing 

global concern over carbon emissions, there's a need for deeper analysis and strategies to reduce 

emissions in energy systems. However, current research lacks comprehensive analysis and 

systematic study in this area. Additionally, prevailing economic analyses often lack depth, 

focusing mainly on simplistic cost-benefit comparisons. Optimization methods also suffer from 

limitations in addressing uncertainties and dynamic characteristics of energy systems. This study 

integrates economic and carbon emission objectives to explore system performance 

comprehensively, filling gaps in current research methodologies. 

Building upon the aforementioned research, this study takes a comprehensive approach by 

examining the co-combustion of natural gas and biomass gas in varying proportions. It compares 

different optimization objectives to analyze the system's performance, carbon emissions, and 

operational and maintenance costs. By conducting this analysis, the paper aims to contribute to the 

scholarly literature with a more rigorous and academic writing style, enhancing its language 

proficiency and adherence to top-tier journal standards. 

1 1SIGE-CCHP system operation framework 

The Integrated Energy System (IES) employs a diverse array of energy sources and 

equipment to meet the internal demand of the system. Building upon an established model 

(reference [36]), this study introduces the co-combustion of natural gas and biomass gas at varying 

mixing ratios. It investigates how different optimization objectives influence the system, selecting 

various targets for comparison during the solution process. The specific framework is depicted in 

Fig.1. 

As illustrated in Fig.1, the IES model comprises several key components, including the 

Mixer-Heat Exchanger (MXHE), Wind Turbine (WT), Photovoltaic System (PV), Gas Turbine 

(GT), Electric Chiller (EC), Electrolysis Hydrogen Generation Equipment (EL), Methane 

Generator (MR), Hydrogen Fuel Cell (HFC), Waste Heat Recovery Boiler (WHRB), Heat 
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Exchanger (HEX), Gas Boiler (GB), and Steam Double-Effect Lithium Bromide Absorption 

Chiller (AC.W). Energy storage is facilitated by the Battery (SB), Thermal Storage Tank (HST), 

Cold Storage Tank (CST), Natural Gas Storage Tank (NGST), and Hydrogen Storage Tank (H2ST). 

Within the system, the electric load is managed through coordinated provision from wind 

power, photovoltaic sources, and gas turbines. Additionally, electricity can be procured from the 

distribution network during periods of insufficient power supply. The heat load is primarily 

sustained by gas turbines and gas boilers, while the cooling load is met by a steam double-effect 

lithium bromide absorption chiller and an electric refrigerator. Equipment parameters are detailed 

in Tables 1-3, referencing the specifications outlined in reference [36]. 

 

Table 1 Equipment parameters 

equipment  
Capacity 

/ kW 

Energy conversion efficiency 

/ % 

Climbing constraint 

/ % 

GT 400 0.35 20% 

GB 300 0.9 20% 

EL 500 0.87 20% 

MR 250 0.6 20% 

HFC 250 0.85 20% 

WHRB / 0.85 20% 

HEX / 0.8 20% 

AC.W / 1.31 20% 

 

Table 2 Energy storage parameters 

energy storage 

device 

Capacity 

/ kW 

Capacity lower 

bound constraint 

/ % 

Capacity upper 

limit constraint 

/ % 

Climbing 

constraint 

/ % 

Electric  450 10 90 20 

Heat 500 10 90 20 

Cool 150 10 90 20 

H2 200 10 90 20 

Natural 150 10 90 20 

 

Table 3 Parameters of actual carbon emission model 

Power consumption type Natural gas consumption type 

a1 b1 c1 a2 b2 c2 

36 -0.38 0.0034 3 -0.004 0.001 
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Fig.1 Structure of SIGE-CCHP system 

 

1.1 Gas turbine model  

The gas turbine serves as a crucial piece of research equipment within this system. Formula 

(1) provides insights into the fuel consumption power of the gas turbine across various mixing 

ratios. 

 

, ,

, ,

min max

, , ,

min max

, , , ,

( ) ( )

( ) ( )

( )

( 1) ( )

e

GT e GT GT mg

h

GT h GT GT mg

GT mg GT mg GT mg

GT mg GT mg GT mg GT mg

P t P t

P t P t

P P t P

P P t P t P





 





 

     

 (1) 

In the formula, , ( )GT mgP t
 designates the mixed gas power of natural gas and biomass gas 

input into the gas turbine (GT) during the time period t. , ( )GT eP t
 and , ( )GT hP t

 correspond to 
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the electrical and thermal energy outputs of the GT during the same time period, respectively. 

e

GT
 and 

h

GT
  represent the efficiencies of the GT in converting the mixed gas into electrical 

and thermal energy, respectively. 

max

,GT mgP
 and 

min

,GT mgP
 represent the upper and lower bounds for 

the mixed gas power input into the GT, whereas 

max

,GT mgP
 and 

min

,GT mgP
 designate the upper and 

lower limits for the combined heat and power (CHP) ramp-up, respectively. 

1.2 Gas-fired boiler model  

The gas boiler functions as supplementary research equipment within the system, employing 

mixed gas with diverse mixing ratios as its fuel source. Its power consumption can be consulted in 

formula (2).  

, ,

min max

, , ,

min max

, , , ,

( ) ( )

( )

( 1) ( )

h

GB h GB GB mg

GB mg GB mg GB mg

GB mg GB mg GB mg GB mg

P t P t

P P t P

P P t P t P

 


 

     

 (2) 

In the formula, , ( )GB mgP t
 represents the power of the mixed gas of natural gas and biomass 

gas input into the gas turbine (GB) during the period t; , ( )GB hP t
 represents the heat energy 

output of the gas turbine (GB) during the period t; 

h

GB
 indicates the efficiency of the gas turbine 

(GB) in converting the mixed gas into heat energy; 

max

,GB mgP
 and 

min

,GB mgP
 represent the upper and 

lower limits of the mixed gas power input into the gas turbine (GB), respectively; while 

max

,GB mgP
 

and 

min

,GB mgP
 represent the upper and lower limits of the combined heat and power (CHP) ramp-

up of the gas turbine (GB), respectively. 

1.3 Two-stage operation process of P2G  

According to the literature [36], hydrogen energy, being an efficient and clean energy source, 

exhibits excellent compatibility with hydrogen fuel cells. 

1) EL equipment. 

 

, 2 ,

min max

, , ,

min max

, , , ,

( ) ( )
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( 1) ( )

EL h EL EL e

EL e EL e EL e

EL e EL e EL e EL e

P t P t

P P t P

P P t P t P

 


 

     

 (3) 

Where , ( )EL eP t
 signifies the electric energy input to EL during the t period; , 2 ( )EL hP t

 

denotes the output hydrogen energy; EL
 represents the energy conversion efficiency of EL; 

max

,EL eP
 and 

min

,EL eP
 indicate the upper and lower boundaries for the electric energy input to EL, 
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respectively; 

max

,EL eP
 and 

min

,EL eP
 and G depict the respective upper and lower climbing limits 

of EL. 

2) MR equipment. 

 

, , 2

min max

, 2 , 2 , 2

min max

, 2 , 2 , 2 , 2

( ) ( )

( )

( 1) ( )

MR g MR MR h

MR h MR h MR h
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P t P t

P P t P

P P t P t P

 


 

     

 (4) 

Where , 2 ( )MR hP t  denotes the hydrogen energy inputted into MR during the t period, 

, ( )MR gP t  represents the natural gas power outputted by MR in the same time frame, MR  

signifies the energy conversion efficiency of MR, 
max

, 2MR hP  and 
min

, 2MR hP establish the respective 

upper and lower bounds for the hydrogen energy input into MR, 
max

, 2MR hP  and 
min

, 2MR hP  

delineate the maximum and minimum climbing limits of MR, respectively. 

3) HFC equipment.  

HFC utilizes hydrogen as its principal fuel, enabling consistent conversion of electrical and 

thermal energy. As a result, the following outlines the process of constructing the HFC model:

 

, , 2
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min max

, 2 , 2 , 2

min max

, 2 , 2 , 2 , 2
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( )

( 1) ( )

e

HFC e HFC HFC h

h

HFC h HFC HFC h

HFC h HFC h HFC h

HFC h HFC h HFC h HFC h

P t P t

P t P t

P P t P

P P t P t P




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




 

     

 (5) 

Where , 2 ( )HFC hP t
 denotes the hydrogen energy input to HFC in period t; , ( )HFC eP t

and 

, ( )HFC hP t
respectively signify the electrical and thermal energy outputs generated by HFC in 

period t; 

e

HFC
 and 

h

HFC
respectively represent the conversion efficiencies of HFC 

corresponding to electrical and thermal energy; 

max

, 2HFC hP
 and 

min

, 2HFC hP
 respectively represent the 

upper and lower bounds of hydrogen energy input to HFC; 

max

, 2HFC hP
 and 

min

, 2HFC hP
 indicate the 

respective upper and lower limits of the climbing capability of HFC. 

1.4 Heat recovery device 

The heat recovery device primarily consists of a waste heat recovery boiler and a heat 

exchanger. These components efficiently capture the heat energy expelled by the gas turbine. The 

energy conversion process is outlined in Equation (6). 
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 (6) 

Where , ( )GT hP t
 represents the heat energy output by the gas turbine (GT) in period t; 

, ( )re hP t
 denotes the heat energy output generated by the waste heat boiler in period t; 

h

re
 

signifies the efficiency of heat energy conversion in the waste heat recovery boiler; , ( )HEX hP t  

indicates the heat energy output from the heat exchanger during period t; 
h

HEX
 stands for the 

efficiency of the heat transfer device in converting heat energy; 1  represents the shunt 

parameter for the heat energy output of the GT, which is set at 0.8 in this context; 2  represents 

the shunt parameter for the thermal energy output of the GT, which is set at 0.2. 

1.5 Steam double-effect lithium bromide absorption chiller  

The conversion model pertaining to the output cooling capacity of the steam double-effect 

lithium bromide absorption chiller is formulated in Equation (7).  

                          , ,( ) COP ( )l

AC l AC re hP t P t                      (7) 

Where , ( )AC lP t
 represents the cold energy output of the steam double-effect lithium 

bromide absorption chiller during the t-period; 
COPl

AC  signifies the coefficient of performance 

for refrigeration in the steam double-effect lithium bromide absorption chiller. 

1.6 Electric refrigerator  

The refrigeration characteristics of the electric refrigerator are intricately linked to the 

refrigeration coefficient of the equipment, and the quantification of its output cooling capacity can 

be accurately captured through Formula (8). 

 

, , ,

min max

, , ,

min max

, , , ,

( ) ( )

( )

( 1) ( )

EC l EC e EC l

EC e EC e EC e

EC e EC e EC e EC e

P t P t COP

P P t P

P P t P t P

  


 

     

 (8) 

Where , ( )EC eP t
 denotes the electricity consumed by the electric chiller during the t-period; 

, ( )EC lP t
 represents the cold energy generated by the electric chiller within the same time frame; 

,EC lCOP
 signifies the coefficient of performance for refrigeration in the electric chiller; 

max

,EC eP
 

and 

min

,EC eP
 designate the respective upper and lower bounds for the hydrogen energy input into 

the hydrogen fuel cell (HFC); 

max

,EC eP
 and 

min

,EC eP
 correspond to the upper and lower climbing 
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limits exhibited by the HFC. 

1.7 Carbon emission model  

The primary sources of carbon emissions within the Integrated Energy System (IES) 

encompass electricity procurement, gas turbines, and gas boilers. 

The methane generator serves as the primary source of emission reduction. Consequently, its 

carbon emission model is formulated in Equation (9). [36]. 
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  
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   
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  

   












 (9) 

Where IESE
 denotes the Integrated Energy System (IES); 1allE

 represents the carbon 

emissions associated with electrical equipment; 2allE
 signifies the carbon emissions resulting 

from natural gas utilization; 1allE
 represents the actual carbon emissions of gas turbine, gas 

boiler and methane generator; 2allE
 represents the actual carbon emissions of electric 

refrigerators and power purchase; MRE
 represents the actual amount of carbon dioxide absorbed 

by the methane generator; 1( )allP t
 represents the equivalent output power of gas turbine, gas 

boiler and methane generator in t period; 2 ( )allP t
 represents the equivalent output power of 

electric refrigerator and power purchase in t period; , ( )buy eP t
 represents the power of electricity 

purchase in t period; 1a
, 1b

, 1c
 and 2a

, 2b
, 2c

 serve as carbon emission calculation 

parameters for electricity-consuming and gas-consuming energy supply equipment, respectively; 


 represents the parameter of carbon dioxide absorption in the process of hydrogen energy 

conversion to natural gas in MR equipment. 

2 SIGE-CCHP system operation model  

2.1 Objective function  

The SIGE-CCHP system introduced in this paper comprehensively incorporates the energy 

purchase cost, maintenance cost, carbon emissions, wind curtailment cost, and light curtailment 

cost associated with the Integrated Energy System (IES). Tailored to the distinct objectives of the 

three distinct scenarios, the following objective functions are established: 
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min( )

min( )
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C

F F F

F f f f f

F f

  


   




 (10) 

Where 1F
 represents the objective function for Scenario 1; 2F

 represents the objective 

function for Scenario 2; 3F
 represents the objective function for Scenario 3; buyf

 stands for 

energy purchase cost; mtf
 represents maintenance cost; Cf  denotes carbon emissions; ,cosWT tf

 

signifies wind curtailment cost; ,cosPV tf
 indicates light curtailment cost. 

1) Cost A buyf  

 
T

, ,

1

( ) ( )buy t buy e t buy g

t

f P t P t 


   (11) 

Where , ( )buy eP t
 represents the power purchased during the time period t for electricity; 

, ( )buy gP t
 represents the power purchased during the time period t for gas; t  and t  denote 

the purchase prices of electricity and gas, respectively, during the time period t. 

 

2) Maintenance cost mtf  

 
1 , 4 , 2 , , ,

3 ,

( ) ( ) ( ( ) ( ) ( ))

         ( )

mt GT e GB e EL e MR g HFC e

EC e

f P t P t P t P t P t

P t

  



     



 (12) 

Where 1  represents the operation and maintenance cost coefficient for the gas turbine; 2  

denotes the operation and maintenance cost coefficient for the electrolysis hydrogen plant, 

methane generator, and hydrogen fuel cell, collectively referred to as; 3  represents the 

operation and maintenance cost coefficient for the electric chiller, designated as; 4  represents 

the operation and maintenance cost coefficient for the gas boiler, labeled as.  

The relationship between 1  and 4  is specified in equation (13). 

 1 4
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Where n represent the mixing ratio of natural gas and biomass gas.  

3) Carbon emissions Cf  

 C IESf E  (14) 

4) Wind curtailment cost ,cosWT tf  

 ,cos ,cos , ,

1

( ) ( )
T

WT t WT t WT V WT A

t

f P t P t


   (15) 

Where ,cosWT t
 denotes the cost of wind curtailment per unit of power, measured in CNY 

per kilowatt (CNY/kW); , ( )WT VP t
 and , ( )WT AP t

 represent the expected and actual output 

power, respectively, during the time period t. 

5) The cost of discarding light ,PV cutf  

 , ,cos ,V ,

1

( ) ( )
T

PV cut PV t PV PV A

t

f P t P t


   (16) 

Where ,cosPV t
 denotes the cost of discarding light per unit of power, measured in CNY per 

kilowatt; ,V ( )PVP t
 and , ( )PV AP t

 represent the expected and actual output power, respectively, 

for the time period t. 

2.2 Constraint conditions  

1) Wind power output constraint 

 
max0 ( )WT WTP t P   (17) 

Where 
( )WTP t

 denotes the wind power output during the t-th period; 

max

WTP
 represents the 

upper limit of wind power output. 

2) Photoelectric output constraint 

 
max0 ( )PV PVP t P   (18) 

Where 
( )PVP t

 denotes the photoelectric output power during the t-th period; 

max

PVP
 

represents the upper limit of photoelectric output power. 

3) GT, GB, EL, MR, HFC, electric refrigerator, operation constraints (see equations (1) to (5), 

(8)).  

4) Energy storage operation constraints  

In this paper, based on Reference [36],  the energy storage equipment within the system 

serves primarily as a regulatory mechanism. Therefore, this paper uniformly models the electric, 

thermal, cooling, gas, and hydrogen energy storage equipment. 
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 (19) 

Where 
, ( )in

ES iP t  and 
, ( )out

ES iP t  represent the charging and discharging power of the t period 

of the itch energy storage device respectively; 
max

,ES iP  represents the single charge and discharge 

maximum power of the itch energy storage device; both , ( )in

ES iB t  and , ( )out

ES iB t  represent binary 

variables, represents the charging and discharging state parameters of the itch energy storage 

device in t period, , ( ) 1in

ES iB t   and , ( ) 0out

ES iB t   represent the charging state; 

, ( ) 0in

ES iB t  and , ( ) 1out

ES iB t   represent the discharging state; , ( )ES iP t  represents the final 

output power of the I-type energy storage device in t period; ,

in

ES i  and ,

out

ES i  represent the 

charging and discharging efficiency of the itch energy storage device respectively; ( )iS t  

represents the capacity of the second type of energy storage device in t period; ,

cap

ES iP  represents 

the rated capacity of the itch energy storage device; 
max

iS  and 
min

iS  represent the upper and 

lower limits of the capacity of the itch energy storage device, respectively.  

5) Electrical power balance 

 

, , , ,

, ,
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, ,
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0 ( )

e

buy e load e EL e EC e ES WT PV
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 (20) 

Where , ( )load eP t
 denotes the electrical load during the t-th period; 

( )e

ESP t
 represents the 

input power of the electric storage in the t-th period;

max

,buy eP
 signifies the purchase limit of 

electricity for each time period. 

6) Thermal power balance 

 , , , , ,( ) ( ) Q ( ) Q ( ) Q ( ) Q ( )h

load h ES HFC h re h HEX h GB hP t P t t t t t      (21) 
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Where , ( )load hP t
 denotes the heat load during the t-th period, 

( )h

ESP t
 represents the power 

input to the heat storage in the t-th period. 

7) Cold power balance 

 
, , ,( ) ( ) ( ) ( )l

load l ES EC l AC lP t P t Q t Q t    (22) 

Where , ( )load lP t
 denotes the cooling load during the t-th period, 

( )l

ESP t
 represents the 

input power of the cold storage at time t. 

8) Hydrogen power balance 

 
2

, 2 , 2 , 2( ) ( ) ( ) ( )h

EL h MR h HFC h ESP t P t P t P t    (23) 

Where 
2 ( )h

ESP t  represents the input power of hydrogen storage in t period.  

9) Gas power balance 

 
, , , ,

max

, ,

( ) ( ) ( ) ( ) ( )          

0 ( )

g

buy g GT mg GB mg ES MR g

buy g buy g

P t P t P t P t P t

P t P

     


 

 (24) 

Where 
( )g

ESP t
 denotes the input power of natural gas storage during the t-th period;   

represents the proportion of natural gas; , ( )buy gP t
 signifies the gas purchasing power at time t; 

max

,buy gP
 indicates the gas purchase limit for each time period. 

3 model solution.  

In this paper, the flying ant algorithm is used to solve the proposed model.  

The flying ant algorithm has the advantages of high precision, avoiding local ability and wide 

application field. Due to the addition of the accident rate  , the entire algorithm has a certain 

degree of randomness, reducing the situation of falling into local optimum. As the number of 

iterations increases, it quickly approaches the optimal value and accelerates the convergence speed. 

The accident rate   is as follows: 

 
tan

2

t

T
T t

e rand
T




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 
（ ）

 (25) 

When 0.5  , represents a safe arrival, change the formula as follows: 

  1( 1) ( ) ( )o( c s ) Xi bi est iX xt tX wt        (26) 

 
t

2 T
  


 (27) 

Where ( 1)iX t   represents the position of the next generation of flying ant I, and ( )iX t  

represents the position of flying ant I at time t; 1w  represents the attraction of resource points. 
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cos  gradually approaching 0, the impact is getting smaller and smaller. Xbest  represents the 

position where the evaluation value is the largest, that is, the global optimal point.  

When 0.5 0.7  , represents an accident, but not dead, will fall in the vicinity. 

 i ( 1) ( ) randiX t X t      (28) 

Where  represents the accident rate, i ( 1)X t   represents the position of the next 

generation of flying ant I, ( )iX t  represents the position of flying ant I at time t, and rand  

represents the random number from 0 to 1.  

When 0.7  , it represents the death in distress. At this time, a flying ant needs to be 

randomly supplemented in the area. 

 i ( 1) ( )X t lb ub lb rand      (29) 

Where i ( 1)X t   represents the position of the next generation of flying ant I, lb represents 

the lower bound, ub  represents the upper bound, and rand  represents the random number 

from 0 to 1.  

The algorithm flow chart is shown in Fig.2;  

4 Example analysis 

In this study, the flying ant algorithm is employed to tackle the problem at hand, and various 

comparison cases are meticulously designed to comprehensively evaluate operational and 

maintenance costs, as well as carbon emissions. The empirical data collection endeavors were 

conducted within the SuBei Industrial Park. The research team has conducted preliminary 

fieldwork, yielding noteworthy findings, with some data already disseminated in reference[37]. 

The load data utilized in this investigation originates from the industrial park, encompassing 

enterprises with diverse demands for cold, heat, and power. These data are derived from firsthand 

research, ensuring the empirical integrity and precision of the study. Leveraging this robust dataset, 

the primary objective of this research is to conduct a thorough analysis and gain insights into the 

operational characteristics of the energy system within the industrial park. Ultimately, the study 

aims to furnish a scientific foundation for energy management and optimization endeavors. 

In order to conduct a thorough comparative analysis of three different cases with varying 

mixing ratios, this study focuses on optimizing operation and maintenance costs and carbon 

emissions in Case 1, prioritizes operation and maintenance cost optimization in Case 2, and 

emphasizes carbon emissions optimization in Case 3. To facilitate this analysis, the study 

introduces energy storage parameters (Table 1), an actual emission model (Table 2), and 

equipment parameters (Table 3). The calculations are based on prevailing time-of-use electricity 

prices, as well as the prices of natural gas and biomass gas, while factoring in the impact of 

operation and maintenance costs and carbon emissions. Specifically, the price of natural gas is set 

at 0.35 CNY/ (kW ·h), and the price of biomass gas is 0.4 CNY/ (kW ·h). By employing the flying 

ant algorithm, the study calculates and analyzes five different mixing ratios: 1:0 (a), 0.75:0.25 (b), 
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0.5:0.5 (c), 0.25:0.75 (d), and 0:1 (e). This comprehensive approach allows for a deeper 

exploration of the effects of different cases and mixing ratios on operation and maintenance costs 

and carbon emissions, thereby offering a scientific foundation for informed decision-making. This 

revised description adheres to the writing style and scholarly standards expected by top-tier 

journals, enhancing language precision and academic rigor without altering the word count. 
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Fig.2 Algorithm details 

4.1 Case analysis 

In the following study of equipment output characteristics, the icons can be categorized into 

five different ratios: 1:0 (a), 0.75:0.25 (b), 0.5:0.5 (c), 0.25:0.75 (d), and 0:1 (e). These ratios 

represent the following mixtures: 100% natural gas (a), 75% natural gas and 25% biomass gas (b), 

50% natural gas and 50% biomass gas (c), 25% natural gas and 75% biomass gas (d), and 100% 

biomass gas (e). 

4.1.1 Comparative Analysis 1 

From Fig.3 (a) and Table 4, it can be seen that compared with carbon emissions, the carbon 

emissions of Case 1 decreased by 9.69 % and 34.09 % compared with Case 2. With the increase of 

the proportion of biomass gas, the overall trend showed a downward trend.  

It can be seen from Fig.3 (b) that compared with the operation and maintenance cost, the 

operation and maintenance cost of Case 1 increased by 10.8 % ~ 26.76 % compared with Case 2. 

It can be seen that when the operation and maintenance cost is selected as the target, the 

maintenance cost and carbon emission are reduced due to the reduction of fuel consumption, and 

the overall trend is upward. 

Table 4 Comparison of Case 1 and Case 2 

Natural gas: Biomass gas 1:0 0.75:0.25 0.5:0.5 0.25:0.75 0:1 

Carbon emissions/kg -132.0 -152.2 -96.5 -80.2 -25.6 

Operation and maintenance 

cost/CNY 
1235.3 529.5 1110.6 1239.6 1285.7 
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Fig.3 Comparison of Case 1 and Case 2 

4.1.2 Comparative Analysis 2 

 

Fig.4 Comparison of Case 1 and Case 3 
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From Fig.4 (a) and Table 5, it can be seen that in the case of carbon emissions as a 

comparison, the carbon emissions generated by the lowest-time Case 1 are 780.1 kg less than Case 

3 ; at the highest time, the carbon emissions generated by Case 1 are 2286.3 kg less than Case 3. 

The difference in carbon emissions between Case 1 and Case 3 is 780.1kg ~ 2286.3kg. As the 

proportion of biomass gas increases, the gap between the two becomes more and more obvious. It 

can be seen that in the case of Case 3, each change in the ratio will greatly reduce carbon 

emissions.  

It can be seen from Fig.4 (b) that the negative growth in Case 3 makes the increase of Case 1 

increase sharply compared with Case 3. In the case of comparing the operation and maintenance 

costs between the two, the minimum time Case 1 requires 14514.3 CNY less than the operation 

and maintenance cost of Case 3; at the highest time, the operation and maintenance cost of Case 1 

is 29647.5 CNY less than that of Case 3. 

Table 5 Comparison of Case 1 and Case 3 

Natural gas: Biomass gas 1:0 0.75:0.25 0.5:0.5 0.25:0.75 0:1 

Carbon emissions/kg 780.1 1057.4 1259.1 1737.6 2286.3 

Operation and maintenance 

cost/CNY 
14514.3 27298.7 28573.2 28640.9 29647.5 

4.1.3 Comparative Analysis 3 

From Fig.5 (a) and Table 6, it can be seen that in the case of carbon emissions as a 

comparison, the carbon emissions generated by Case 2 at the lowest time are 912.08 kg more than 

Case 3 ; the carbon emissions generated by Case 2 at the highest time are 2311.94 kg more than 

that of Case 3. Since Case 2 mainly aims at operation and maintenance costs, the fuel cost is 

reduced, the consumption of natural gas is reduced, and the carbon emissions are reduced.  

It can be seen from Fig.5 (b) that as the proportion of biomass gas increases, the operation 

and maintenance cost shows an upward trend. In the case of comparing the operation and 

maintenance costs between the two, the minimum time Case 2 requires 15749.6 CNY less than the 

operation and maintenance costs of Case 3 ; at the highest time, the operation and maintenance 

cost of Case 2 is 30933.1 CNY less than that of Case 3. 

Table 6 Comparison of Case 2 and Case 3 

Natural gas: Biomass gas 1:0 0.75:0.25 0.5:0.5 0.25:0.75 0:1 

Carbon emissions/kg 912.08 1209.59 1355.61 1817.76 2311.94 

Operation and maintenance 

cost/CNY 
15749.6 27828.3 29880.8 29880.5 30933.1 

In summary, the carbon emissions and operation and maintenance costs of Case 1 are in a 

moderate amount, while Case 2 can reduce the operation and maintenance costs well but the 

carbon emissions will increase to a certain extent. The operation and maintenance costs of Case 3 

increase greatly, but the whole system presents a negative emission state. Therefore, the 

configuration mode of Case 1 is more in line with the low-carbon strategy, while the configuration 

mode of Case 3 has the possibility of reducing costs and even making profits through carbon 

trading. The lower the carbon emissions of the entire system in their respective Cases, the higher 

the operation and maintenance costs. 
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Fig.5 Comparison of Case 2 and Case 3 

4.2 Study on the influence of biomass gas ratio 

 

Fig.6 Carbon emissions and operation and maintenance cost data chart 
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Fig.7 Comparison of the Cases 

It can be seen from Fig.6-7 that the carbon emissions decrease with the increase of the 

proportion of biomass gas, and the operation and maintenance costs increase with the increase of 

the proportion of biomass gas. 

4.3 Research on equipment output characteristics 

4.3.1 Electrical balance characteristics under common objectives 

 

Fig.8 Electric power balance under the common goal 
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It can be seen from Fig.8 that the main power supply equipment is wind turbines, 

photovoltaic units, and hydrogen fuel cells. At 13-16 o 'clock, due to the peak period of electricity 

consumption, the operating power of the electrolytic hydrogen device is reduced to the lowest to 

reserve more electricity for electricity load. The power purchase period is mainly between 15-17 o 

'clock. The total amount of electricity purchased in Fig.8 (d) is up to 440.99 kW. When the content 

of biomass gas is high, the maintenance amount of the equipment is also high, so that the power 

generation is not cost-effective compared to the purchase of electricity, so as to replace the power 

generation with the purchase of electricity. The results of its operation are shown in table 7 below. 

Table 7 Results under the minimum of operation and maintenance cost and carbon emissions 

Natural gas: 

Biomass gas 
1:0 0.75:0.25 0.5:0.5 0.25:0.75 0:1 

Carbon 

emissions/kg 
513.3 446.6 327.6 303.2 264.4 

Operation and 

maintenance 

cost/CNY 

4616.1 4903.8 5573.7 6109.9 6685.1 

4.3.2 Heat balance characteristics under common goals 

It can be seen from Fig.9 that the main heating equipment is a hydrogen fuel cell, 

supplemented by a gas boiler to meet the heat load.1-5 and 18-20 can have excess heat for storage. 

When the heat is low, the heat load is mainly filled by the heat release of the heat storage tank, 

thereby reducing the operation of the heating equipment, and its storage capacity can reach up to 

138.85 kW · h. The heat converted from the heat exchange device from the gas turbine is almost 

zero. The heat load generated by the hydrogen fuel cell can be as high as 205.81 kW · h, while the 

total power is maintained at about 3000 kW. It plays an indispensable role in reducing carbon 

emissions. 

 

Fig.9 Thermal power balance under common goal 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



Corresponding Author E-mail Address: jijie@hyit.edu.cn 
 

4.3.3 Cold balance characteristics under common goals 

 

Fig.10 Cooling power balance under common goal 

It can be seen from Fig.10 that the main cooling equipment is lithium bromide chiller and 

electric refrigerator. When the cooling load demand is low at 1-10, the heat load generated by the 

gas turbine can be converted from lithium bromide chiller to cooling load. The converted cooling 

load is as high as that of the electric refrigerator at the peak of the cooling load demand. The 

average total power of the electric refrigerator at each ratio is 3112.17 kW. 

4.3.4 Electrical balance characteristics under operation and maintenance objectives 

It can be seen from Fig.11 and Table 8 that the main power supply equipment is wind turbine, 

photovoltaic unit and hydrogen fuel cell. At 13-16 o 'clock, due to the peak period of electricity 

consumption, the operating power of the electrolytic hydrogen device is reduced to the minimum, 

so as to reserve more electricity to supply the electricity load. The total operating power is 

maintained at about 4350 kW, indicating that it plays a huge role in reducing carbon emissions, 

and mainly at the time of low demand for electricity load, the electrolytic hydrogen device will 

gradually operate at full capacity. The power purchase period is mainly between 16: 00-18: 00, 

and the maximum power purchase in Fig.6(b) is 555.44 kW · hat this time, the strong operation of 

the electrolytic hydrogen equipment and the high demand of the electric load make the system 

need to purchase power. The general operating output is similar to Case 1. The results of its 

operation are shown in table 2 below. 

Table 8 The results under the operation and maintenance cost target 

Natural gas: Biomass 

gas 
1:0 0.75:0.25 0.5:0.5 0.25:0.75 0:1 

Carbon emissions/kg 645.3662 598.7858 424.0535 383.3461 290.0695 

Operation and 

maintenance cost/CNY 
3380.765 4374.3209 4463.0155 4870.3854 5399.491 
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Fig.11 Electric power balance under operation and maintenance target 

4.3.5 Heat balance characteristics under operation and maintenance objectives 

 

Fig.12 Thermal power balance under operation and maintenance target 

It can be seen from Fig.12 that the main heating equipment is a hydrogen fuel cell, and the 

gas boiler is used as a supplement to meet the heat load. On the whole, as long as the gas boiler 

outputs, it will lead to a significant increase in the heat reserves at that time. In Fig.10 (e) 1-4, the 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



Corresponding Author E-mail Address: jijie@hyit.edu.cn 
 

gas boiler greatly provides heat, and its power can reach 176.77 kW ·h. At the same time, its 

thermal storage capacity reaches 194.17 kW ·h, which provides great convenience for subsequent 

thermal scheduling. In addition to the total supply of hydrogen fuel cells at Fig.10 (a) is 2683.15 

kW, the total supply is maintained at 3100 kW at other ratios, indicating that hydrogen fuel cells 

contribute greatly to the reduction of carbon emissions. The heat converted from the heat 

exchange device at the gas turbine is almost zero. The general operating output is similar to Case 1. 

4.3.6 Cold balance characteristics under operation and maintenance objectives  

 

Fig.13 Cold power balance under operation and maintenance target 

It can be seen from Fig.13 that the main cooling equipment is lithium bromide chiller and 

electric refrigerator. With the increase of the proportion of biomass gas, the output of lithium 

bromide chiller is increasing, and the electric refrigerator is still the main source of cooling. The 

average total power of the electric refrigerator at each ratio is 3412.71 kW, which is 9.66 % higher 

than Case 1. 

4.3.7 Electrical balance characteristics under carbon emission targets 

It can be seen from Fig.14 and Table 9 that no external power purchase is required under each 

ratio. Therefore, it can be found that the relationship between carbon emissions leads to the 

existence of electricity purchase in the first two optimization objectives. In (a), due to the fact that 

it is all-natural gas, the electrolytic hydrogen device operates for 24 hours to reduce carbon 

emissions, and the hydrogen fuel cell also operates for 24 hours to reduce carbon emissions. In the 

overall proportion, as the proportion of natural gas decreases, the hydrogen fuel cell gradually no 

longer operates. The average operating power of the electrolytic hydrogen device is 3764.01 kW, 

and the highest in (a) can reach 5560.1 kW.  

In the case of carbon emissions as the goal, the electrolytic hydrogen device works 

uninterruptedly to produce hydrogen, and then the methane generator absorbs carbon dioxide in 

the atmosphere, showing a negative emission state. The operation and maintenance costs and 
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carbon emissions under each ratio are shown in Table 3. 

 

Fig.14 Electric power balance under carbon emission target 

 
Fig.15 Thermal power balance under carbon emission target 

4.3.8 Heat balance characteristics under carbon emission targets 

It can be seen from Fig.15 (a) that the hydrogen fuel cell is mainly used for comprehensive 

heating, and the maximum operating power is 177.66 kW. At other ratios, the hydrogen fuel cell is 

maintained at a lower power, while the gas boiler is fully supplied by the fuel boiler due to the 
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presence of the hydrogen fuel cell and the carbon emissions are absorbed, and its maximum 

operating power can reach 221.16 kW. Under the carbon emission target, the carbon emissions 

generated by the fuel boiler are absorbed and utilized by the system, so that the fuel cell, a highly 

efficient heat production equipment, is heated by the equipment with the same high carbon 

emissions. 

Table 9 Results under carbon emission targets 

Natural gas: 

Biomass gas 
1:0 0.75:0.25 0.5:0.5 0.25:0.75 0:1 

Carbon 

emissions/kg 
-266.7172 -610.805 -931.5529 -1434.4136 -2021.8688 

Operation and 

maintenance 

cost/CNY 

19130.428 32202.5915 34146.8057 34750.8787 36332.6408 

4.3.9 Cold balance characteristics under carbon emission targets 

It can be seen from Fig.16 that the overall supply is from the lithium bromide chiller, and its 

maximum operating power can reach 338.6 kW. It is also because of the vigorous operation of 

electrolytic hydrogen, the high-power operating gas turbine makes the lithium bromide chiller 

supply a lot of cold. The electric refrigerator will also provide some help at time 0. 

 
Fig.16 Cold power balance under carbon emission target 

4.4 Model validation 

In this paper, a CCHP system based on the influence of different optimization objectives 

under the co-combustion of natural gas and biomass gas is constructed by MATLAB, and added to 

the original system model. The influence of different biomass mixing ratios and different 

optimization objectives is mainly introduced. The establishment of the energy storage model is 

slightly rough, and the reliability of the structure is verified by the reference model. Its efficiency 

is shown in Table 10, and its operation and maintenance efficiency are shown in Table 11. 
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Table 10 Efficiency model validation 

Equipment Work efficiency Reference [36] Error  

GT 0.35 / / 

GB 0.9 0.95 0.06% 

EL 0.87 0.87 / 

MR 0.6 0.6 / 

HFC 0.85 0.95 0.12% 

EC 4 5.3 0.24% 

AC. W 1.31 1.31 / 

Table 11 Operation and maintenance efficiency verification 

Equipment Operating efficiency Reference [29, 38] Error  

GT 0.05CNY/kWh 0.03CNY/kWh 0.4% 

GB 0.35CNY/kWh 0.355CNY/kWh 0.1% 

P2G 0.15CNY/kWh 0.2CNY/kWh 0.25% 

EC 0.0004CNY/MJ 0.0005CNY/MJ 0.2% 

AC. W 0.0002 CNY /MJ 0.0002 CNY /MJ / 

The results show that the output simulation of the system under various working conditions 

has high accuracy. Therefore, the scheduling optimization research based on this model has 

practical significance and can guide the comprehensive evaluation of the system and subsequent 

design improvement. 

4.5 Sensitivity Analysis 

Table 12 Data Sensitivity Analysis. 

Natural gas: 

Biomass gas 

Carbon 

emissions/kg 

Range of 

Change/% 

Operation and 

maintenance cost/CNY 

Range of 

Change/% 

100:0 513.3522 / 4616.081 / 

90:10 488.6140 4.8% 4821.8340 -4.5% 

80:20 463.3528 4.9% 5026.9785 -4.4% 

70:30 437.8882 5.0% 5233.1549 -4.5% 

60:40 413.1959 4.8% 5438.3494 -4.4% 

50:50 388.4345 4.8% 5643.5696 -4.4% 

40:60 363.9297 4.8% 5848.5941 -4.4% 

30:70 338.8317 4.9% 6053.7595 -4.4% 

20:80 313.4919 4.9% 6260.5535 -4.5% 

10:90 288.7703 4.8% 6467.1751 -4.5% 

0:100 264.4467 4.7% 6685.1471 -4.7% 

In this study, a sensitivity analysis was conducted on a single variable - the proportion of 

biomass gas - to observe its impact on carbon emissions and operation and maintenance (O&M) 

costs. 

As the proportion of biomass gas increases from 0% to 100%, carbon emissions gradually 

decrease. This is because biomass is generally considered more environmentally friendly than 

natural gas, resulting in lower carbon emissions from its combustion. The percentage decrease in 

carbon emissions ranges from 4.7% to 4.9%, indicating a significant impact of the introduction of 

biomass gas on reducing carbon emissions. 

Contrary to the trend of carbon emissions, O&M costs gradually increase with the increasing 
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proportion of biomass gas. This may be due to higher costs associated with the processing, storage, 

and transportation of biomass gas, or higher maintenance costs for biomass gas combustion 

equipment. The percentage increase in O&M costs ranges from 4.4% to 4.7%. This suggests that 

as the proportion of biomass gas increases, O&M costs also gradually rise. 

Therefore, from the perspective of reducing carbon emissions, increasing the proportion of 

biomass gas usage is beneficial. Biomass gas can serve as an alternative energy source for 

mitigating greenhouse gas emissions. However, from the perspective of O&M costs, increasing 

the proportion of biomass gas usage may lead to increased costs. This requires careful 

consideration and balancing when making decisions to determine the optimal energy mix ratio. 

5 Conclusions 

In this study, a SIGE-CCHP system was developed to investigate the intricate coupling 

challenges associated with integrating biomass gas and natural gas within a Combined Cooling, 

Heating, and Power (CCHP) framework. The comprehensive analysis of the system's operational 

performance across diverse optimization objectives yielded several significant scientific 

discoveries and practical applications. 

1) An increase in the proportion of biomass gas was observed to gradually decrease the 

system's carbon emissions, albeit with a concurrent rise in operational and maintenance costs. This 

finding establishes a theoretical basis for the blended utilization of biomass energy and natural gas, 

providing valuable insights for future energy system design and operational management. 

2) Optimization for operational and maintenance costs was shown to yield optimal system 

performance, with a mixing ratio of 1:1 between biomass gas and natural gas minimizing carbon 

emissions while significantly reducing costs. This discovery offers crucial practical guidance for 

the mixed combustion of these gases, promoting efficient and environmentally friendly energy 

system operations. 

3) When optimizing for carbon emissions, the study revealed that the system can transform 

into a carbon sequestration system, achieving a maximum absorption capacity of up to 2021.86kg. 

This capability effectively sequesters carbon dioxide from the atmosphere, offering novel ideas 

and methods for carbon emission reduction and sequestration, with profound implications for 

environmental protection. 

4)During the optimization of operational and maintenance costs, it was observed that carbon 

emissions increased by 9.69% to 34.09% compared to concurrent optimization of both objectives. 

Conversely, operation and maintenance costs decreased by 10.8% to 26.76%. This trade-off 

underscores the intricate balancing act required in energy system optimization, highlighting the 

need for a comprehensive approach that considers both environmental and economic impacts. 

In conclusion, this study provides valuable insights into the integration of biomass gas and 

natural gas within a CCHP system, offering both theoretical and practical guidance for energy 

system design, operational management, and carbon emission reduction. The findings have 

profound implications for promoting efficient and environmentally friendly energy system 

operations, contributing to the sustainable development of energy systems. 

Follow-up research can consider the use of pure clean energy as input and reduce their own 

operation and maintenance costs, the use of carbon absorption system for the reduction of various 

carbon emissions or through carbon trading to obtain funds for their own profitability; considering 

that the instability of wind power will also have a great impact on the system, the uncertain output 

of new energy can be studied in the future. 
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