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Abstract: In this study, a model of combined cooling, heating and power system with municipal solid waste (MSW) and liquefied natural gas (LNG) as energy sources was proposed and developed based on the energy demand of a large community, and MSW was classified and utilized. The system operated by determining power by heating load, and measures were taken to reduce operating costs by purchasing and selling LNG, natural gas (NG), cooling, heating, and power. Based on this system model, three operation strategies were proposed based on whether MSW was classified and the length of kitchen waste fermentation time, and each strategy was simulated hourly throughout the year. The results showed that the strategy of MSW classified and centralized fermentation of kitchen waste in summer (i.e., strategy 3) required the least total amount of LNG for the whole year, which was 47701.77 t. In terms of total annual cost expenditure, strategy 3 had the best overall economy, with the lowest total annual expenditure of 2.7730 × 108 RMB at LNG and NG unit prices of 4 and 4.2 RMB/kg, respectively. The lower heating value of biogas produced by fermentation of kitchen waste from MSW being classified was higher than that of MSW before being classified, so the average annual thermal economy of the operating strategy of MSW being classified was better than that of MSW not being classified. Among the strategies in which MSW was classified and utilized, strategy 3 could better meet the load demand of users in the corresponding season, and thus this strategy had better thermal economy than the strategy of year-round fermentation of kitchen waste (i.e., strategy 2). The hourly analysis data showed that the net electrical efficiency of the system varies in the same trend as the cooling, heating and power loads in all seasons, while the relationship between the energy utilization efficiency and load varied from season to season. This study can provide guidance for the practical application of MSW being classified in the system.
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Nomenclature



	e
	Elemental composition



	e′
	The corrected elemental composition



	M
	Moisture



	a
	The percentage of kitchen waste



	b
	The percentage of non-combustible



	A
	Ash



	R
	Thermoelectric ratio



	H
	Heating load



	E
	Power load



	C
	Cooling load



	COP
	Coefficient of performance



	Q
	Heat



	q
	Lower heating value



	η
	Efficiency



	pro
	Total expenditure



	pr
	Unit price



	ρ
	Density




Superscripts and subscripts



	d
	Dry MSW



	wb
	The wet base of MSW



	kd
	The dry base of kitchen waste



	k
	Kitchen waste



	w
	Winter



	s
	Summer



	ws
	Winter and summer



	ncMSW
	Unclassified MSW



	cMSW
	Classified MSW



	bio
	Biogas



	e
	Electrical



	h
	Heating



	c
	Cooling



	y
	Year-round



	l
	Energy utilization



	0
	Demand load




Abbreviations



	MSW
	Municipal solid waste



	LNG
	Liquefied natural gas



	NG
	Natural gas



	FC
	Fermentation chamber



	DE
	Dehumidifier



	EV
	Evaporator



	SH
	Superheater



	DEA
	Deaerator



	PAH
	Air preheater



	CC
	Combustion chamber



	GT
	Gas turbine



	G
	Generator



	HS
	Heat consumer



	VA
	Valve



	CON
	Condenser



	HX
	Heat exchanger



	WB
	Waste boiler



	AB
	Absorber



	EC
	Economizer



	ST
	Steam turbine



	GN
	Generator (refrigeration)





1  Introduction

In recent years, with the development of society and the improvement of people’s quality of life, the municipal solid waste (MSW) produced by residents has increased year by year, and the phenomenon of “garbage siege” has become increasingly serious. At present, the main disposal methods for MSW are incineration and landfill, etc., but landfilling MSW not only tends to dissipate and contaminate land resources, but also produces offensive odors that affect some neighboring communities [1]. Compared with landfill, MSW incineration can reduce the amount of MSW and recover the energy in MSW, such as MSW incineration power generation, and many countries have vigorously developed this MSW recovery technology [2]. The composition of MSW is diverse and the main challenge is how to convert MSW into energy/fuel efficiently. Different types of MSW have different chemical compositions, and this can be achieved if MSW is classified according to its chemical composition and then recycled in different ways. For example, kitchen waste is rich in biomass, and the lower heating value of kitchen waste will be greatly improved if it is fermented into biogas. After recycling the MSW produced by community residents in the vicinity, it can then supply electricity, cooling and heating to the community.

MSW has a complex composition and contains certain amount of moisture. If it is pre-dried before combustion, its lower heating value will be increased, which helps to improve the thermal efficiency of the system [3]. When there is flue gas recirculation in MSW fired boilers, energy utilization rate can be improved, and the higher the oxygen content of the combustion, the lower the pollutant emissions [4]. From an environmental life cycle assessment perspective, the utilization efficiency of MSW direct incineration is higher than that of MSW gasification followed by combustion [5]. Several scholars have studied the combination of MSW with other fuels to increase the lower heating value. It has been shown that when MSW is used together with agricultural biomass for co-gasification for power generation, the lower heating value of the syngas will have a maximum value when the two are mixed in the right ratio [6]. Combining MSW with coal can also increase the calorific value of the fuel, and adding 25% MSW to a low ash coal can achieve a similar thermal efficiency of the plant as a high ash coal [7]. In addition to incineration, technologies such as anaerobic fermentation and gasification can also replace the original MSW landfill [2]. MSW anaerobic fermentation is suitable for application in small decentralized energy systems. Gas turbine cycle power generation is less expensive than biogas fuel cell technology. MSW anaerobic fermentation power generation can be combined with electrolyzers to produce hydrogen, where the combination with proton exchange membrane electrolyzers has higher fire efficiency and lower CO2 emissions [8]. Theoretical thermal efficiency of the incineration plant increased from 36.92% to 49.55% by using waste heat from the gas turbine to heat steam, feedwater and air [9]. In previous studies, scholars have explored various methods that can increase the calorific value of MSW, and the effects of various utilization methods on system performance, such as incineration, gasification, and compost fermentation. However, most of them are for direct use of MSW, and there are few studies to classify and treat it before utilization, especially in China, where the concept of domestic waste classification is not deep enough [1], research on the classification and treatment of MSW is not mature enough.

LNG is a transportable and high calorific value fuel that is used in large quantities in small-scale co-generation systems. Studies have shown that the net electrical efficiency of LNG-fueled combined heat and power systems is 35.6% and 36.5% in summer and winter, respectively [10]. In addition to being used as a fuel, the cold energy of LNG can also be fully utilized by multi-generation systems. Liu et al. [11] proposed a system based on solid fuel cell and gas turbine for combined cooling, heating and power generation, and combined with LNG cold energy utilization to investigate the effect of key system parameters such as fuel utilization factor and air-fuel ratio of the integrated system, and the comprehensive energy utilization of the system could reach 79.48%. The comprehensive energy efficiency of a system including a gas turbine cycle and LNG cold energy utilization can reach 79.48%, and the system can also reach near-zero emissions [12]. In addition, the integration of LNG cold energy driven absorption refrigeration cycle with the Rankine cycle can enhance each other. Yang et al. [13] proposed a solid fuel cell-steam injection gas turbine distributed energy system fueled by LNG, which can use LNG cold energy to recover CO2 while generating electricity, while the CO2 recovery system can generate heating and cooling. Esfilar et al. [14] introduced an integrated system including air separation for LNG gasification and a supercritical CO2 power generation unit, where the CO2 power generation unit generates power load only and the net electrical efficiency of the system is 44.7%. Ghersi et al. [15] proposed an electric load-tracking operation strategy for the multi-generation system with better energy, economic and environmental performance compared to other strategies, but concluded for each month’s LNG consumption without hourly conclusions. Chu et al. [16] proposed a regional energy system operation strategy based on time-of-use tariffs that allocates the energy supply system and the energy storage system on a time-by-time basis, but did not analyze the energy system throughout the year.

Currently, there is a very limited number of studies in the open literature on multi-coupling systems coupled with LNG and MSW and the time-by-time strategy of the system. MSW is generated by community residents, while LNG is easy to transport and has a high calorific value, and it may be possible to meet the energy demand of a community if these two energy sources are used reasonably. Based on the different loads required by the community in different seasons, a year-round time-by-time operation strategy is proposed, which can analyze the thermal economy of the system from the perspective of year-round operation and allocate energy rationally, and is of guidance for practical applications.

The work of this study is to propose a multi-generation system based on MSW and LNG for large communities. The system includes MSW drying and fermentation, MSW incineration, gas turbine, heating boiler and lithium bromide absorption refrigeration, which can provide power, cooling and heating for users in the community. Two systems are classified according to whether MSW is classified or not, and different year-round hourly operation strategies are proposed. With the help of simulation software EBSILON Professional and MATLAB, a system model is built based on mass and energy balance equations, and the annual hour-varying working condition simulation of the system is carried out on the basis of proposed system. The annual and hourly thermal economic analysis of each operation strategy in the proposed system is conducted to select an operation strategy with the lowest energy consumption.

2  Community Description

2.1 Community Architecture

In order to recover MSW from the community and supply cooling, heating and power to the community with energy saving and high efficiency, this paper designs a multi-generation system using MSW and LNG as energy sources, and incorporates MSW classified. In this paper, a community is used as the research object. The community has about 95000 people and various building types, including residential areas, commercial areas, schools, hospitals, etc. The distribution of the community is shown in Fig. 1, and each building area as well as the demand energy types are shown in Table 1. In winter, buildings such as residential quarters, villas, schools and hospitals adopt centralized heating, and buildings in commercial districts adopt air-conditioning heating; in summer, residential quarters and villas adopt air-conditioning cooling, and buildings such as schools, hospitals and commercial districts adopt centralized cooling.
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Figure 1: Community distribution map
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2.2 Community History Load

The historical data of the hourly load of cooling, heating and power of this large community in previous years was used as the demand load of the multi-generation system. The hourly load demand data fluctuates over a wide range over time and the type of supply and load varies by season. Therefore, when the model is built, the representative data of various loads are selected as the design conditions, so that the variable conditions can be simulated more accurately. To ensure that the system can operate properly in each hourly simulation, the maximum and minimum cooling, heating and power loads are used as the system design conditions. Due to the large amount of data on a year-round hourly basis, this paper only shows the 120-h (5-day) load diagram containing the maximum loads of cooling, heating, and power. The hourly loads of cooling, heating and power are shown in Fig. 2, and all three loads show significant periodic fluctuations with time. The maximum hourly power generation load of this large community is 158.65 MW and the minimum power generation load is 0.368 MW; the maximum hourly heating load is 164.87 MW and the minimum heating load is 13.301 MW in winter; the maximum hourly cooling load is 130.46 MW and the minimum cooling load is 4.335 MW in summer.
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Figure 2: The hourly load demand diagram of 120 h cooling, heating and power in community

2.3 MSW Historical Data

According to the National Bureau of Statistics in 2021 [17], the daily per capita domestic waste production in China is about 0.77~2.04 kg [18–21], and the total MSW production of the community can be derived from the total number of people in the community. The physical and chemical characteristics of MSW in the community location were statistically analyzed, and the local cooling and heating conditions were analyzed, resulting in the MSW related design parameters. Considering that the MSW contains non-combustible materials (such as glass, metal and cinder blocks), this part of the MSW has been removed from the feed MSW. The composition of MSW is complex and influenced by regional, cultural and climatic factors, so the physical and elemental composition of MSW fluctuate greatly. The approximate analysis, elemental analysis and lower heating value of the wet base of MSW and the dry base of kitchen waste generated by the residents of the region can be derived from the statistical data of previous years. The parameters related to the MSW generated by the community are shown in Table 2. MSW and kitchen waste were wet base and dry base, respectively.
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3  System and Operation Strategy Proposal

3.1 System Input Parameters

On the basis of Table 2, the proximate and ultimate analysis of the dry MSW remaining after removing kitchen waste and non-combustible MSW such as metal, glass and grey bricks, etc., was calculated. Assuming that the moisture of dry MSW in MSW is consistent, the formulas (1) to (4) were introduced based on quality conservation to calculate the chemical composition of dry MSW. The statistical and calculated values of the dry MSW properties are shown in Table 3.

ed=[ewb−ekd⋅(1−Mk)⋅a]⋅(1−a)(1)

ec=ed′⋅(1−b1−a)(2)

Md=Mw−a⋅Mk1−a(3)

Ad=1−Md−ed(4)

where ed is the elemental composition of dry MSW, %; ed′ is the corrected elemental composition of dry MSW, %; ewb is the elemental composition of the wet base of MSW, %; ekd is the elemental composition of the dry base of kitchen waste, %; Mk is the moisture of kitchen waste, %; a is the percentage of kitchen waste, %; ed is the elemental composition of dry MSW, %; b is the percentage of non-combustible waste such as glass, metals and ash bricks, %; Md is the moisture of dry MSW, %; and Ad is the ash of dry MSW.
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According to the market research, the unit price of electricity on the power plant grid is 0.596 RMB/kWh and the unit price of LNG is 4~8 RMB/kg. According to the literature [22] issued by government, the unit price of residential heating is 0.2 RMB/kWh and the unit price of non-residential residential heating is 0.3 RMB/kWh. If the unit price of cooling is converted to the unit price of heating, the unit price of cooling is the unit price of heating divided by the COP (coefficient of performance). According to the policy document literature [23,24], the unit price of NG is 2.600~4.248 RMB/m3.

3.2 System Description

Considering the large load demand of the community, it is difficult for the MSW with less production to meet the load demand, this multi-generation system uses the flue gas waste heat boiler obtained from LNG combustion to bear the main load demand, with MSW as a supplement. The system is divided into two types according to MSW being classified and not classified. The system diagram is shown in Fig. 3. The MSW unclassified multi-generation system is introduced first.
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Figure 3: Integrated energy system diagram

The MSW unclassified system consists of four main subsystems, namely the MSW disposal subsystem, the turbine subsystem, the gas turbine subsystem and the refrigeration subsystem. In the MSW disposal subsystem, since the water content of unclassified MSW is 51.117%, the MSW flows into the dehumidifier (DE) for heating and drying before it is incinerated in the furnace to increase the calorific value, thus improving the combustion efficiency of the MSW incineration boiler. The incoming air should be preheated to 220°C by three heating components: the first step of preheating the air by steam generated from the DE (i.e., the heat exchange process in component PAH3 in the figure), the second step of preheating the air by steam extraction from the turbine side (i.e., PAH2 in the figure) and finally the third step of preheating the air by the flue gas from the MSW incineration boiler outlet (i.e., PAH1 in the figure). If the temperature of flue gas at the outlet of the MSW incineration boiler (i.e., flue gas at point 11 in the figure) is too low, it will lead to problems such as low-temperature corrosion and ash accumulation in the boiler equipment, so the minimum flue gas temperature here is set at 130°C. It is calculated that the temperature of PAH2 outlet air must be higher than 118.416°C in order to meet the exhaust flue gas temperature higher than 130°C. In order to heat the air in PAH2 to 118.416°C, a portion of the steam between the first and second turbines (i.e., steam at point 4 in the figure) is selected as the air heating heat source.

In the gas turbine subsystem, the system first makes cold energy use of the low temperature LNG through the Brayton cycle to improve the efficiency of the compressor. The cold energy is then transformed into natural gas (NG) at atmospheric pressure and temperature (0.101 MPa/10°C). NG flows into the combustion chamber (CC) and produces high temperature flue gas into the gas turbine (GT) for power generation.

The gas turbine outlet flue gas temperature is still as high as about 530°C, so the waste heat from the high temperature flue gas is utilized by a three-pressure waste heat boiler (WB1, WB2, WB3) as well as a multi-stage coal economizer (EC), superheater (SH) and heat exchanger (HX). The new steam generated by the superheater corresponding to each stage of the waste heat boiler enters the steam pipes in front of ST1, ST2 and ST3, respectively, according to their pressure levels. The flue gas at the exit of the last stage waste heat boiler (WB1) still has a high temperature, so it is used as a low-grade heat source for DE and EC2 in that order. The steam generated by the MSW incineration boiler and the flue gas waste heat boiler together enters the ST to make power. The system adopts back pressure heating in winter, i.e., VA1 is turned off and VA2 is turned on under heating conditions, so that all steam of the unit does not flow into the last stage turbine (ST3), but into the heat consumer (HS), which increases the heating capacity of the unit. The condensate water after heating is pumped into the condenser (CON1). The inlet pressure of the last stage turbine is set to 0.15 MPa.

In the summer cooling condition, the working steam pressure is only 0.01~0.15 MPa. The steam heating single-effect lithium bromide absorption refrigeration unit is used for the cooling unit, which requires the same heat source as the heating condition, and the turbine unit supplies heat to the lithium bromide refrigeration unit by back pressure (i.e., the heat flow corresponding to point 9 in the figure). Each unit has a cooling capacity of 2040 kW, and 64 to 65 refrigeration units can meet the community’s cooling load demand.

The MSW classified multi-generation system is similar to MSW unclassified system, which is mainly different from the utilization mode of MSW. MSW is divided into two categories: kitchen waste and dry waste. The moisture content of dry waste is still as high as 29.261%, which is treated in a similar way to the MSW unclassified system, i.e., first heated and dried in DE and then incinerated in a furnace; The kitchen waste flows into the fermentation chamber (FC) and produces biogas, which is burned in the CC with NG. The kitchen waste is fermented to maintain a temperature of 55°C in the FC, and the required low-grade heat source is also from the flue gas at point 1 in the figure. The fermentation process of kitchen waste needs to maintain the temperature of FC at 55°C, and the low-grade heat source is also from the flue gas at 1 point in the figure.

In this study, the system operates by determining power by heating load throughout the year. That is, priority is given to meeting the total annual thermal load of the research object, thus resulting in a system output of slightly higher cooling and heating loads than the load required by the research object, while the electrical load falls far short of the demand. In order to meet the electrical load demand of the study population and to reduce the expenses of maintaining stable system year-round operation, measures were taken to sell excess heating and cooling loads and purchase power loads. The system uses the cold energy of LNG to improve the compression efficiency of the compressor. After the cold energy is utilized, the LNG is converted into NG, and this process generates excess NG, which is disposed of by commercial sale measures.

3.3 System Modeling

The construction of the MSW and LNG multi-generation system model and year-round hourly simulation runs were done in combination with the power plant simulation software EBSILON Professional and mathematical software MATLAB. The model of the multi-generation system was first built by the software EBSILON Professional, and the design specification method for each component used in the model is shown in Table 4. EBSILON Professional can only simulate the model under a single working condition, and its output load cannot be changed over time, so the software MATLAB can be used to interface with EBSILON Professional. The MATLAB program can be used to change the hourly input parameter values of the multi-generation system model to complete the simulation of multiple operating conditions, so that the hourly LNG mass flow rate required by the community can be calculated and the system can achieve a quasi-static process of 8760 h throughout the year.
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Considering the operational safety of the MSW incineration boiler, the exhaust flue gas temperature should be controlled below 220°C. Compared with the MSW that is not classified, the MSW that is classified has a higher calorific value, so the flue gas temperature is higher. In order to control the exhaust temperature below 220°C, the steam flow rate of the incineration boiler with MSW being classified should be higher than that of MSW not being classified. The steam flow rate of this boiler was designed by selecting a universal and representative composition of feed waste (i.e., the mean value of the fluctuation range of the MSW components mentioned above) and the daily per capita MSW production (1.2 kg/d) of the area where the study was conducted. The waste heat boiler is sized according to the system load demand. The basic parameters of the MSW incineration boiler and the triple-pressure waste heat boiler are shown in Table 5.
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The system model includes the following features and assumptions:

1.   Complete combustion of all fuels entering the system;

2.   79% of the air is nitrogen and 21% is oxygen;

3.   All LNG is converted to NG after cold energy utilization;

4.   The LNG and NG components are pure CH4;

5.   The hourly working condition of the system is a steady state process;

6.   Kinetic energy and potential energy are neglected.

3.4 Model Validation

In this paper, a model of a small natural gas/hydrogen gas turbine system designed by Arsalis [25] was chosen to test the accuracy of the system. The inlet and outlet fluid states for the three processes of air compression, LNG combustion in the combustion chamber, and flue gas work in the gas turbine were verified, and the verification results are shown in Table 6. The results of the system in the literature running in the model built in this paper match well with the data in the literature with low errors within 1%. Therefore, it can be assumed that the proposed system is modeled within an acceptable level of accuracy.
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3.5 System Operating Strategy

Based on the system established above, three annual hourly operating strategies are proposed based on the MSW treatment measures. The MSW strategies are divided into MSW classified and unclassified. In the unclassified strategy, all MSW is heated and dried and then incinerated, and the feed rate of MSW incineration is constant throughout the year. In the classified strategy, dry MSW is dried and incinerated in the MSW incineration boiler. The kitchen waste is used for fermentation to produce biogas, which is burned in the combustion chamber together with LNG. The dry MSW production is low, so they are all treated by centralized incineration in winter to meet the community heating demand. The system has lower requirements for kitchen waste production and less restrictions on the treatment strategy. Considering the higher power load in summer, a centralized summer fermentation strategy can be implemented for kitchen waste in addition to year-round fermentation treatment.

In summary, the following three operation strategies are proposed:

Strategy 1: MSW is not classified and incinerated throughout the year;

Strategy 2: MSW is classified, dry MSW is incinerated in winter, and kitchen waste is fermented throughout the year;

Strategy 3: MSW is classified, dry MSW is incinerated in winter, and kitchen waste is fermented centrally in summer.

The basic parameters of the above three operation strategies are shown in Table 7.
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4  Evaluation Criteria

In order to compare various factors such as energy saving, comprehensive energy utilization and unit output characteristics of the system, the thermoelectric ratio, net electrical efficiency, heating and cooling efficiency and energy utilization efficiency are taken as the thermal economy indicators, and the average value and hourly value of the thermal economy indicators are calculated for the year-round operation of the three strategies, respectively.

The thermoelectric ratio of the system measures the energy efficiency and the combined energy utilization. The average thermoelectric ratio of the system in winter, summer and total for both seasons is calculated by Eqs. (5) to (7), respectively.

Rw=∑twH∑twEw(5)

Rs=∑ts(C/COP)∑tsEs(6)

Rws=∑ts(C/COP)+∑twH∑tsEs+∑twEw(7)

where H is the hourly heating load of the system; E is the hourly power generation load of the system; C is the hourly cooling load of the system; and COP is the hourly coefficient of performance.

The equations for calculating the total annual system heat input for strategies 1, 2 and 3 are Eqs. (8) to (10), respectively.

Q1=qLNG×∑tMLNG+qncMSW×∑tMncMSW3.6×1000(8)

Q2=qLNG×∑tMLNG+qcMSW×∑twMcMSW+qbio×∑tMbio3.6×1000(9)

Q3=qLNG×∑tMLNG+qcMSW×∑twMcMSW+qbio×∑tsMbio3.6×1000(10)

where the units of Q1, Q2 and Q3 are all MW.

The net electrical efficiency, heating efficiency and cooling efficiency of the system reflect the output characteristics of the unit and are calculated using Eqs. (11) to (13) based on the cooling, heating and power loads of the system and the heat required to generate the corresponding loads, respectively.

ηe=∑tEQy−∑twH−∑tsCCOP(11)

ηh=∑twHQw−∑twEηe(12)

ηc=∑tsCQs−∑tsEηe(13)

where the numerator of ηe denotes the total annual power generation load; Qy denotes the total annual system heat input, MW; the numerator of ηh denotes the total winter heating load; Qw denotes the total winter system heat input, MW; the numerator of ηc denotes the total summer cooling load; and Qs denotes the total summer system heat input, MW. Qy, Qw, and Qs can all be calculated by Eqs. (8)–(10) according to their respective corresponding time periods.

The energy sources directly utilized by the MSW incineration boiler and combustion chamber in the multi-generation system are MSW, LNG and biogas, and the energy they contain is calculated by Eqs. (14) to (16), respectively.

QMSW=MMSW×qMSW3.6×1000(14)

QLNG=MLNG×qLNG3.6×1000(15)

Qbio=Mbio×qbio3.6×1000(16)

where MMSW, MLNG and Mbio denote the mass flow rate of MSW, LNG and biogas, respectively, t/h; the unit of Q is MW.

The energy utilization efficiency reflects the energy use efficiency of the unit, and the calculation equation is as in Eq. (17).

η1=∑tE+∑twH+∑tsCQx(17)

where Qx denotes the heat year-round input to the system, MW, strategies 1, 2 and 3 are Q1, Q2 and Q3, respectively.

The total expenditure for stable operation of the system throughout the year is calculated by Eq. (18).

pro=[pr1⋅∑tMLNG−pr2⋅(∑tE−∑tE0)−pr3⋅(∑twH−∑twH0)−pr3COP⋅(∑tsC−∑tsC0)−pr4ρ⋅∑tMNG]×1000(18)

where pro is the total expenditure, RMB; pr1 is the unit price of LNG, RMB/kg; MLNG is the flow rate of LNG, t/h; pr2 is the unit price of electricity, RMB/kWh; E0 is the hourly demand power load of the research object, MW; pr3 is the unit price of heating, RMB/kWh; H0 is the hourly demand heating load of the research object, MW; C0 is the hourly demand cooling load of the research object, MW; pr4 is the unit price of NG, RMB/m3; MNG is the mass flow rate of NG for commercial sale, t/h.

5  Results and Discussion

5.1 LNG Accumulation Consumption

The multi-generation system operates by determining power by heating load based on the hourly cooling, heating, and power demand loads of the community, and the hourly required LNG flow rate of the community was calculated. The three strategies are simulated to operate hourly for 8760 h (i.e., one year) in the proposed multi-generation system, and the cumulative amount of LNG required for each of the three strategies in each season and throughout the year is counted, as shown in Table 8. In spring and autumn, strategy 3 only burns LNG, so total LNG demand is highest. In summer, strategy 3 ferments all kitchen waste and produces a large amount of biogas, so the demand for LNG is less; because the system of strategy 1 is different and it operates by determining power by heating load in the summer, less LNG is required to supply the same amount of heat compared to strategies 2 and 3, but less power is generated and the electrical load is lower than the community demand power, so strategy 1 requires the purchase of more power load for summer operation. In winter, strategies 1 and 3 both incinerate MSW and only strategy 2 ferments and produces biogas, so the demand for LNG is the least. Taken together, strategy 3 requires the least amount of total LNG throughout the year.
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5.2 Annual Economic Analysis

The unit prices of commercially sold LNG and NG fluctuate, so the effect of the unit prices of LNG and NG on the total expenditure of system operation was explored. Combining Eq. (17) yields a diagram of the variation of total expenditures for the three strategies of the system at different LNG and NG unit prices, as shown in Fig. 4. In the coordinates of Fig. 4, the total expenditure, NG unit price and LNG unit price for each strategy should form a surface. The total expenditure for system operation is closer for the three strategies when the unit prices of LNG and NG are the same. Therefore, for clear representation, multiple lines are used instead of a surface: the range of unit price of NG is 2.6~4.2 RMB/kg with an interval of 0.2; the range of unit price of LNG is 4~8 RMB/kg with an interval of 0.5.
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Figure 4: Total annual operating expenditure of the system

As shown in Fig. 4, overall, the treatment operation strategy of MSW being classified, kitchen waste being fermented centrally in summer, and the rest of the waste being incinerated in winter (i.e., strategy 3) is economically optimal. As the unit price of NG increases and the unit price of LNG decreases, strategy 3 has the best economy, and the superiority of strategy 3 becomes more and more obvious under this trend, with the lowest total annual expenditure of 2.7730 × 108 RMB. Strategy 3 has the best economy when the unit price of LNG is higher than 2.061 times the unit price of NG plus 1.557 RMB.

5.3 Annual Average Thermal Economy Analysis

The average thermoelectric ratios of the system in winter, summer and both seasons under the three strategies are shown in Fig. 5. In winter, the power load demand of users is low and the heating load demand is high, so a higher system thermoelectric ratio can better meet the users’ demand; while in summer, there are more peak periods of electricity consumption, and it is known from Table 1 that the cooling supply in residential areas is electric cooling, and the area of this part of the building type is larger, so a lower thermoelectric ratio in summer will be beneficial to meet the users’ demand. From Fig. 5, it can be concluded that strategies 2 and 3 (i.e., the operation strategies in which MSW is classified) are more in line with customer needs. Analyzed from the point of view of annual operation, the total year-round heating load is certain because the system operates by determining power by heating load, while the heating load of the units in spring and autumn is zero, i.e., the total heating load in winter and summer is a constant value. From Eq. (7), it is clear that the higher the power generation load, the lower the average thermoelectric ratio in winter and summer and the better the thermal economy of the system when it provides the same amount of heat to the community. The same conclusion of better thermal economy of the operation strategy for MSW being classified can be drawn from Fig. 4.
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Figure 5: Annual average thermoelectric ratio diagram of three strategies

Based on the operating results, it is possible to calculate the average net power efficiency, energy utilization efficiency for the system operating with the three strategies throughout the year, as well as the average heating and cooling efficiencies for winter operation and summer operation, respectively, and the results are shown in Fig. 6. Strategies 2 and 3 ferment kitchen waste and produce biogas with a higher heating value than MSW that is not classified, effectively regulating the demand for LNG during low load operation of the unit, so both have a higher energy utilization efficiency than strategy 1. The system operates at high power loads more often during summer, and strategy 3 ferments more kitchen waste than strategy 2 during that season, and has a better ability to cope with high power load conditions, so strategy 3 has a higher net power efficiency. The power load is lower in winter time, when a large amount of steam does not flow into the low-pressure cylinder to do work, but flows into the heat consumers and backpressure heating. The difference between the heating loads of the three strategies at the maximum power load operating condition is small, while strategy 3 has a higher heating load than the other two strategies when operating at the minimum power load operation, so strategy 3 has a better heating capacity and higher heating efficiency. During summer, both strategies where MSW is classified have biogas production, which has a much higher heating value compared to the strategy where MSW is not classified, resulting in a higher total heat input to the system during summer and thus a lower cooling efficiency.
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Figure 6: Figures of average net power efficiency, heating efficiency and cooling efficiency of the three strategies in each period

5.4 Hourly Thermal Economic Analysis

The output characteristics of the system vary from season to season due to the different types of community customer demand loads in each season. Therefore, it is necessary to analyze the hourly thermal economy of three operation strategies at different seasons. The system is only available for heating and cooling in winter and summer, so the heating and cooling efficiencies are not compared on hourly basis. The system has power load output throughout the year. In addition, the energy utilization efficiency can reflect the comprehensive output characteristics of the system, so the net power efficiency and energy utilization efficiency are selected as parameters for the hourly analysis. Hourly results have been simulated for 8760 h (i.e., one year) for both parameters, and the average values of the parameters for each season have been calculated based on all the data in order to compare the three strategies. Due to the large amount of data, only the 120 h hourly simulation results for typical operation conditions are shown in each figure.

5.4.1 Hourly Thermal Economic Analysis in Winter

The 120 h hourly net power efficiency and energy utilization efficiency for the three strategies in winter operation are shown in Fig. 7, and the data show a clear periodicity with a period of about 24 h. The average net power efficiency and average energy utilization efficiency for strategies 1, 2 and 3 are 55.91%, 54.00% and 53.98%, respectively, and 86.61%, 86.63% and 86.68%, respectively, for the whole winter. As labeled in Fig. 7. The net electrical efficiency of strategies 2 and 3 is lower than that of strategy 1, while the difference in energy utilization efficiency between the three is small, reflecting the excellent heating capacity of the MSW classified system at low loads.
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Figure 7: Hourly efficiency of three strategies in winter

With the time change, the temperature will change accordingly, so the community power and heating load in winter will produce peaks and troughs with large fluctuations. The low load operation points of the three strategies in winter were counted, and the values of both the power supply load and the heating load were obtained to have troughs at 0~6 and 12~18 every day, which is the time period where the points marked by red dots in the net electrical efficiency diagram are located. When the system is operated at low load, the MSW incineration boiler’s power generation share rises, the gas turbine does work with low efficiency, and the waste heat boiler efficiency is also relatively low, so the overall power generation efficiency of the unit is low. Therefore, as the load of the unit decreases, the net electricity efficiency of the unit also decreases accordingly.

Fig. 8 shows the trend of system energy utilization efficiency with power load. When the system was operating under low load conditions, the flue gas temperature and mass flow rate generated by the waste heat boiler were not sufficient to dry MSW, and steam drying is required after using flue gas preheating. As the load increases, the flue gas temperature and mass flow rate can meet the demand for MSW drying, and steam is no longer needed to dry MSW. The effect of flue gas drying is better than steam drying, so at the electrical load of 27.113 MW, the primary energy utilization rate increases abruptly and a break point occurs. When the unit is operating at low load conditions, the heating capacity is much larger than the power generation capacity, mainly because the heating provided by the MSW incineration boiler side is relatively large, and the high-grade steam generated from the waste side is back-pressure heated after the secondary turbine, and most of the heat is effectively utilized, with higher heating temperature and less mechanical and heat losses. As the load increases, the percentage of work done on the waste side gradually decreases, the heating temperature decreases, and the mechanical heat loss increase relatively, so the energy utilization efficiency decreases with the increase of the power load before the break point appears. When the unit load reaches a certain degree, the overall energy utilization efficiency of the unit tends to be stable, and when the load is higher than 78.813 MW, the energy utilization efficiency of the unit shows a slowly increasing trend with the increase of load.
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Figure 8: Figure of energy utilization efficiency vs. power load

The system operating conditions in winter when the electrical and heating loads are at their maximum are defined as the typical conditions in winter. The net electrical efficiency of the high back-pressure heating process combined heat and power unit was analyzed in the literature [26] and was about 58.93%. The system operating conditions are similar to those in this paper for winter and summer, and the net electrical efficiency calculation method is also similar to this paper. In the literature [11], it is a combined cooling, heating and power system, and the comprehensive energy utilization in the paper is similar to the calculation method of primary energy utilization in this paper, and its value is about 79.48%. The average efficiency calculated in this paper for each season includes all operating conditions, including those where the load is close to 0. The operating conditions are not the same as those in the references, so the thermal economy parameters in the references are compared with those in this paper for typical operating conditions. The comparation of the parameters of the system in this paper and in the reference are shown in Table 9. The net electrical efficiency and energy utilization efficiency of the system based three different strategies are 14.6%–15.01% and 11.35%–11.54% higher than those of other systems when the unit is operated under typical operating conditions.
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5.4.2 Hourly Thermal Economic Analysis in Summer

The net power efficiency and energy utilization efficiency for the 120 h hourly operation of the three strategies in summer are shown in Fig. 9, and the data also show a clear cyclicality. The average net power efficiencies for strategies 1, 2 and 3 are 59.61%, 62.62% and 63.15%, respectively, and the average energy utilization efficiency is 71.96%, 73.08% and 73.17%, respectively, throughout summer, as indicated in the figure. The community has a higher power load demand in summer. Strategy 3 also has a higher energy utilization efficiency than the other two strategies while ensuring a higher net power efficiency. The reason is that when the system operates with strategy 3, all kitchen waste is fermented in summer, thus more biogas with high calorific value can be obtained, which can better meet the power and cooling demand of customers under high load conditions. As the temperature changes, so does the community’s demand for cooling load. In colder climates, both the community's power load and cooling load produce peaks, so it is necessary to analyze the hourly efficiency of system operation.
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Figure 9: Hourly efficiency of three strategies in summer

Similarly for the system summer low power load statistics, the system low power and cooling load operation conditions are mainly concentrated at 0~4 and 14~18 every day, which is the time period where the interval marked by red dots in the volume chart is located. The peak of the cooling load demand is concentrated at 18~23 o’clock, when the community residents return to their residence and the community cooling load demand increases. The net electrical efficiency varies with load in summer in the same pattern as in winter, i.e., as the load rises, the net electrical efficiency increases. However, the energy utilization efficiency follows the opposite pattern as in winter, which is due to the COP of the lithium bromide absorption refrigeration units used in the system. An increase in the load of the system leads to an increase in the low temperature heat source supplied to the lithium bromide absorption refrigeration unit, and thus the absorber load of the refrigeration unit rises, and the COP increases with the increase in absorber load. As can be seen from Fig. 10, as the load rises, the COP of the refrigeration unit rises accordingly. When the system is operated under low load conditions, the COP is correspondingly low, so the energy utilization efficiency is also correspondingly low.
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Figure 10: Figure of COP vs. power load

The operating conditions of the system during summer when the power load and the cooling load are maximum are defined as the typical operating conditions in summer. The calculation of the thermal efficiency of the proposed combined cooling, heating and power system in the literature [13] is similar to that of this paper in terms of primary energy efficiency and the type of load for the operating conditions. The typical operation conditions of the system in this paper in summer are compared with other multi-generation systems in terms of thermal economy, as shown in Table 10. The efficiency of the typical conditions of this system is much better than other multi-generation systems, and the net electrical efficiency and energy utilization efficiency of the system operating under the three strategies are 9.49%–10.94% and 1.71%–2.84% higher than those proposed in other literature, respectively, which proves that the system proposed in this paper has a large energy saving potential.
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5.4.3 Hourly Thermal Economic Analysis in Spring and Autumn

The community has no heating or cooling load demand in the spring and autumn, and the units operate purely condensing. The community’s power load demand is certain for both seasons, and the energy utilization efficiency and net power efficiency of the system are equal. Fig. 11 shows the hourly efficiency of the system operating with each of the three strategies in the spring and autumn. The average net electric efficiency for strategies 1, 2 and 3 in spring and autumn are 40.16%, 41.71% and 42.36%, respectively, as marked in the figure, and again the highest average efficiency is achieved for strategy 3. The low load time periods of the system during spring and autumn were also counted, roughly distributed in the time interval 0~7 and 11~16, i.e., the time periods where the points marked by red dots in the net electricity efficiency diagram are located; the community electricity load demand increases at 7~8, and the load demand is relatively high in the rest of the time periods. The trend of power load in spring and autumn is different from that in winter and summer due to the use of air conditioning for heating in commercial areas in winter and air conditioning for cooling in residential quarters and villas in summer, i.e., the presence of electric heating and electric cooling in the community. The trend of net electrical efficiency with electrical load in spring and autumn is the same as that in winter and summer, with a correspondingly lower net electrical efficiency when the power load is lower.
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Figure 11: Hourly net electricity efficiency of three strategies in spring and autumn

Similar to winter and summer, the operating conditions with the highest power generation load in spring and autumn are typical conditions. As described in the first part of this paper, only the generation load is available in the cycle of literature [14] , which is similar to the operating conditions of the system in spring and autumn in this paper, and the thermal efficiency calculation method in the paper is similar to the electrical efficiency in spring and autumn. The parameters of the proposed multi-generation system operating with three strategies were compared with the system proposed in the literature, as shown in Table 11, and the net power efficiency was improved by 2.38%–3.75%, proving that the power generation capacity of the system in this paper is better than other multi-generation systems.
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6  Conclusion

A model of a combined cooling, heating and power system fueled by MSW and LNG is proposed, and it is classified and utilized based on the constituent components of MSW. The system consists of MSW disposal subsystem, turbine subsystem, gas turbine subsystem and refrigeration subsystem with the capability of supplying power, cooling and heating to a large community. The system model was validated against data from other literature, and the results showed good agreement between the model and the reference data. Three year-round hourly operation strategies are proposed on the basis of the proposed system, and the three strategies are analyzed for year-round and hourly thermal economy. Overall, the strategy of MSW being classified as centralized summer fermentation of kitchen waste (strategy 3) was more economical and thermally efficient. The main conclusions drawn from this work are summarized as follows:

(1) MSW being classified and treated can reduce the LNG demand of the system, mainly due to the high heating value of the biogas produced by kitchen waste fermentation. Strategy 3 has the lowest total annual LNG requirement of 47701.77 t.

(2) In the range of market prices of LNG and NG, overall, the total year-round expenditure of the system operating with strategy 3 is the lowest. The higher the price of NG and the lower the price of LNG, the higher the difference between the total year-round expenditure of strategy 3 and the other two strategies. The lowest total year-round expenditure of strategy 3 is 2.7714 × 108 RMB for LNG market price at 4 RMB/kg and NG market price at 4.2 RMB/kg.

(3) The average thermoelectric ratio for winter and summer seasons for strategies 1 to 3 are 155.95%, 147.73% and 148.61%, respectively, and the MSW classified strategy generates more electricity for the same amount of heat supply. The data of thermoelectric ratio in winter and summer as well as the net electricity, heating and cooling efficiency can also reflect that the MSW classified strategy is more in line with the load demand of customers in each season. Among the strategies in which MSW was classified, strategy 3 had a 0.3% higher energy utilization efficiency than strategy 2, indicating that strategy 3 can use energy more efficiently.

(4) From the hourly data, it is clear that the thermo-economic parameters of the system are more significantly influenced by the load. As the power, cooling and heating loads of the system increase in the corresponding seasons, the percentage of work done by the gas turbine increases, and the net electrical efficiency of each season increases accordingly. However, when the unit operates at low load in winter, most of the heat is effectively utilized, the mechanical and heat losses are less, and the energy utilization efficiency is high. In summer, the higher the load, the higher the energy utilization efficiency, since the COP of the refrigeration unit increases with the load. Comparing the simulation results with other literature on multi-generation systems, the results show that the multi-generation system proposed in this paper has greater thermal efficiency and energy saving potential than other multi-generation systems.
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Table 3: Properties of the dry MSW used by the multi-generation system (wet base)

Item Design

Proximate analysis (%0) Moisture 29.261
Ash 27.177

Ultimate analysis (%) C 25.861
H 3.186
0] 12.614
N 0.000
S 0.071
Cl 1.829

Note: The composition of the kitchen waste was derived from statistical data, so
the sum is not 100%.
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Table 8: Cumulative LNG mass flow required in seasons and years by three kinds of strategy in multi-
generation system (t/h)

Season Strategy 1 Strategy 2 Strategy 3
Spring 8227.47 8218.48 8431.58
Summer 14484.00 16460.90 15116.77
Autumn 10296.17 10289.15 10450.85
Winter 15258.24 13038.80 13702.57

All the year around 48265.89 48007.32 47701.77
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Table 4: Design specification method of main components in EBSILON Professional

Module Component Description
MSW disposal Fermentation The fermentation process is implemented by
script. The biogas production rate is 13.005%.
MSW dryer Define the moisture content of MSW inlet

Biogas compressor

and outlet and calculate the amount of flue
gas needed for heating. The outlet water
content is 0%.

The isentropic efficiency and mechanical
efficiency of the compressor are defined,
which are 83% and 99%, respectively.

MSW incineration boiler

Heating surface

The outlet steam/water temperature of each
heating surface is defined.

Gas turbine

Gas turbine

Gas turbine is modeled as gas expansion. The
mechanical efficiency is defined as 99%, the
exhaust temperature is 539°C, and the inlet
flue gas pressure is 1.3125 MPa.

Generator The generator efficiency is defined as 89.5%.
Refrigerating unit Evaporator The upper terminal temperature difference of
the evaporator is set at 1 K.

Condenser The upper terminal temperature difference of
the condenser is set at 0.06 K.

Generator The outlet temperature of the LiBr
concentrated solution of the generator is
defined as 93.9°C.

Absorber The outlet temperature of LiBr dilute

Heat source steam

Solution pump

solution of the absorber is defined as 32.64°C.
The heat source temperature from turbine
side back pressure is defined as 90°C.

The isentropic efficiency and mechanical
efficiency of the solution pump are defined as
80% and 99.8%, respectively.

Waste heat boiler

Three-pressure
waste heat boiler

The outlet temperature difference of heated
and heated fluid is defined as 0.1 K.

Steam turbine unit

Steam turbine

Feed-water
preheater
Deaerator
Generator

According to the three-stage steam generated
by the three-pressure waste heat boiler, the
steam turbine is modeled as three groups. The
inlet pressure, isentropic efficiency (88.0%)
and mechanical efficiency (99.8%) of steam
turbines at all groups are defined.

Both cold and one hot stream temperatures
are given.

The inlet temperature of cold fluid is given.
The efficiency and speed of the generator are
defined as 89.5% and 3000 r/min, respectively.
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Table 9: Performance comparison between proposed system and other multi-generation systems under
typical winter conditions

Item Strategy 1  Strategy 2  Strategy 3

Net electricity efficiency (%) Typical working condition ~ 73.94 73.53 73.55
Reference [20] 58.93 58.93 58.93
Difference 15.01 14.6 14.62

Energy utilization efficiency (%) Typical working condition  90.83 90.90 91.02
Reference [11] 79.48 79.48 79.48

Difference 11.35 11.42 11.54
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Table 7: Basic parameters of three operation strategies

Item Unit Symbol  Value
Lower heating value of unclassified MSW kJ/kg Guerssw 5049.23
Lower heating value of dry MSW kJ/kg Gerisw 10000.56
Lower heating value of LNG kl/kkg g 50015.00
Lower heating value of biogas kJ/kg bio 32509.75
Density of NG kg/m* p 0.75
Summer duration h t, 3000
Winter duration h t, 2880
MSW incineration feed rate in strategy 1 t/h M, .isw 4.750
Kitchen waste fermentation feed rate in strategy 1 t/h — 0

MSW incineration feed rate in strategy 2 t/h M .o 4.143
Kitchen waste fermentation feed rate in strategy 2 t/h — 2.770
MSW incineration feed rate in strategy 3 t/h M 5w 4.143

Kitchen waste fermentation feed rate in strategy 3 t/h — 8.088
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Table 11: Performance comparison between proposed system and other multi-generation systems
under typical spring and autumn conditions

Item Strategy 1  Strategy 2  Strategy 3
Net electricity efficiency (%) Typical working condition ~ 47.08 47.55 48.45
Reference [14] 44.70 44.70 44.70

Difference 2.38 2.85 3.75
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Table 1: Community building situation table

Type of construction Quantity  Gross building area (x10* m?)  Types of energy demand

Residential quarters — 120 Heat, electricity
Villas — 13.5 Heat, electricity
Commercial districts — 25 Electricity, cold
Schools 6 10 Heat, electricity, cold

Hospitals 4 1.5 Heat, electricity, cold
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Table 6: Validation of the simulated system model

Item Unit Literature results ~ This work Difference (%)
Air compressor inlet temperature °C 15.000 15.000 0.000
Air compressor inlet pressure MPa 0.101 0.101 0.000
Air compressor outlet temperature °C 434.850 431.327 0.810
Air compressor outlet pressure MPa 1.702 1.702 0.000
Gas temperature at gas turbine inlet ~ °C 1171.850 1169.130 0.232
Gas turbine inlet flue gas pressure MPa 1.617 1.617 0.000
Gas temperature at gas turbine outlet °C 555.000 554.850 0.003
Gas pressure at gas turbine outlet MPa 0.107 0.107 0.000
Gas turbine power generation MW 12.900 12.778 0.946
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Table 2: MSW-related parameters for the community

(1) Design parameters related to MSW disposal

Item Unit Numerical value

MSW production per capita kg/d 0.768~2.043

Total number of people person 95000

Total MSW production t/h 3.040~8.087

Summer days day 125

Winter days day 120

Percentage of kitchen waste mass in MSW % 53.040~62.890

Percentage of non-combustible mass in MSW % 2.975~17.223

Summer fermentation MSW feed rate t/h 4.708~14.851

Annual fermentation MSW feed rate t/h 1.612~5.085

Winter incineration MSW feed rate t/h 3.156~10.819

(2) Properties of the MSW and kitchen waste generated by the community

Item (MSW) Design ~ Minimum Maximum

Proximate analysis (%0) Moisture 51.117 46.955 56.648
Ash 19.157 16.007 30.000

Ultimate analysis (%) C 15.800 12.750 18.370
H 2.127 1.750 2.500
O 10.700 7.950 13.100
N 0.461 0.390 0.586
S 0.092 0.070 0.150
Cl 0.545 0.266 0.685

Lower heating value (kJ/kg) 5049.2 2674.5 7511.7

Item (kitchen waste) Design ~ Minimum Maximum

Proximate analysis (%0) Moisture 66.743 63.900 69.850

Ultimate analysis (%) C 43.229 39.730 46.860
H 6.259 5.040 7.090
0] 36.525 32.980 41.150
N 2.836 2.150 3.690

0.369 0.300 0.750
0.108 0.008 0.420

O w»n
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Table 10: Performance comparison between proposed system and other multi-generation systems
under typical summer conditions

Item Strategy 1  Strategy 2  Strategy 3

Net electricity efficiency (%) Typical working condition ~ 68.42 69.85 69.87
Reference [20] 58.93 58.93 58.93
Difference 9.49 10.92 10.94

Energy utilization efficiency (%) Typical working condition  74.48 75.52 75.61
Reference [13] 72.77 72.77 72.77

Difference 1.71 2.75 2.84
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Table 5: Basic parameters of the MSW incineration boiler and waste heat boiler

Item (MSW incineration boiler) Unit MSW classified ~ MSW not classified
Steam flow rate t/h 16.430 11.075
MSW feed rate t/h 4.143 4.750
Steam pressure (gauge pressure) MPa 4.00 4.00
Steam temperature °C 400 400

Feed water temperature °C 130 130

Feed water pressure MPa 54 54
Outlet water temperature of economizer °C 230 230
Outlet water pressure of economizer MPa 4.24 4.24
Exhaust gas temperature °C 190~220 190~220
Item (waste heat boiler) Unit Value

High pressure steam pressure/temperature MPa/°C 6.88/538
Medium pressure steam pressure/temperature ~ MPa/°C 0.83/305
Low pressure steam pressure/temperature MPa/°C 0.17/170
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