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Abstract: Although the Combined Cooing, Heating and Power System (hereinafter referred to as “CCHP”) improves the capacity utilization rate and energy utilization efficiency, single use of CCHP system cannot realize dynamic matching between supply and demand loads due to the unbalance features of the user’s cooling and heating loads. On the basis of user convenience and wide applicability of clean air energy, this paper tries to put forward a coupled CCHP system with combustion gas turbine and ASHP ordered power by heat, analyze trends of such parameters as gas consumption and power consumption of heat pump in line with adjustment of heating load proportion of combustion gas turbine, and optimize the system ratio in the method of annual costs and energy environmental benefit assessment. Based on the analysis of the hourly simulation and matching characteristics of the cold and hot load of the 100 thousand square meter building, it is found that the annual cost of the air source heat pump is low, but the energy and environmental benefits are poor. It will lead to 6.35% shortage of cooling load in summer. Combined with the evaluation method of primary energy consumption and zero carbon dioxide emission, the coupling system of CHHP and air source heat pump with 41% gas turbine load ratio is the best configuration. This system structure and optimization method can provide some reference for the development of CCHP coupling system.
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1  Introduction

CCHP is a multi-energy combined supply system that is built on the basis of energy gradient utilization in compliance with annual diverse load demands of the users [1]. Compared with traditional cooling, heating and power distributed supply equipment, CCHP system is of great significance in high-efficiency, low consumption, energy conservation and emission reduction [2–3], which improves the equipment utilization rate and energy utilization efficiency. The characteristics of its energy system are mainly manifest in energy gradient utilization and contaminant emissions, which reflects the major development direction of future energy technology [4], and has become an important way to solve energy and environmental difficulties that all national governments and energy experts focus on. The US government has listed into its long-term development plan further enhancement of “distributed and combined heating and power system”, and plans to improve the utilization ratio of distributed energy technology of fuel gas in new office buildings or commercial blocks to 50%, installed power-generating capacity newly increases by 95 GW, covering 29% of total electricity consumption in the country [5]; some countries and regions like Japan and EU promote the conducts of CCHP system by means of policy measures such as legislation, tax reduction, etc. [4,6].

Meanwhile, renewable energy technology cannot take the place of traditional technology completely and economically in the near future, so most prime power technologies are still based on fossil fuel combustion. Therefore, CCHP technology provides a reliable and stable energy supply transition system for the world [1]. However, due to the unbalance feature of cooling and heating loads of regional users, single use of CCHP system supply cannot realize dynamic matching of supply and demand loads. At present, the optimum configuration of CCHP system has become one of the research focuses, and Gao et al. [2] took the energy accumulation measure by phase change to adjust peak load, and optimize the system operation strategy enabling the combustion turbine to operate at full load and in combination with controls of start and stop. Smith et al. [7] built a conceptual prototype with unified operation of combined heating and power system and heat pump, validated energy-saving, economical and stable features of system operation by means of exergy analysis, and overcome some drawbacks of household CHP system; M´iguez et al. [8,9] optimized the reciprocating internal combustion engine (RIC) system, coupled it with steam compression heat pump, and recycled the cylinder sleeve for cooling water heat to achieve CCHP; Cardona et al. [10] studied the operating economy and environmental benefits of hot pump (HP) in combination with CCHP system, and introduced SP factor (compare electrovalence and fuel price required to generate unit electricity) to determine the operation mode and system configuration. Huang et al. [11] explored the water-saving, environmental protection and economical features of the operation mode in sewage source heat pump (SSHP) + CCHP system; Wang et al. [12], Zhang [13] further optimized CCHP system configuration, combined it with ground source heat pump (GSHP) and water source heat pump (WSHP), and realized complementary multi-energy supplies. In order to realize deep recycling of waste heat of exhaust gas, Hong et al. [14] proposed a coupled ASHP + CCHP system, and analyzed the influence of recoverable waste heat in the system, coefficient of performance (COP) of heat pump and primary energy ratio; Zhang et al. [15] found that the overall performance of CCHP + GSHP is the optimum after comparative studies, overall annual cost-saving ratio is 0.1582, and CO2 emission reduction ratio is 0.5278; Rong et al. [16] established the optimization model of the coupled CCHP-GSHP system, and adopted the genetic algorithm to optimize the system capacity and operation with variables rated generated capacity of generator set, the GSHP cooling capacity to total cooling load ratio and GSHP heating and total thermal load ratio; Jiang et al. [17] studied the influence of different energy conservation technologies on energy-saving rate (ESRs) of CCHP system, and presented upper and lower limit values of energy utilization efficiency.

All the above studies have built multi-energy coupling cooling, heat and power co-generation systems, and obtained the optimal ratio and operation mode of the coupling system through optimization, which also highlights the limitations of multi-energy co-generation with a single device and proves the superiority of multi-energy coupling co-generation system. However, most of the above studies take fixed working conditions as the research object and do not reflect the dynamic change of load demand. At the same time, it does not take into account that the operating conditions of the equipment are different with the change of meteorological conditions and load rate, so the above research results have certain limitations.

In this paper, a hybrid power supply system based on gas turbine and air source heat pump is proposed. In order to reflect the dynamic change of load and the influence of meteorological parameters on the system, a transient simulation model of the system was built on TRNSYS platform for simulation calculation. Taking the annual cost as the optimization objective function, combined with the evaluation method of primary energy consumption and zero carbon dioxide emission, the optimal system ratio was explored.

2  Operation Plan of Complementary Coupled Multi-Energy Supply System (ASHP and CCHP)

According to the complementary multi-energy theory, the integrated energy system is modelled and optimized in line with load classification and independent supply, with transient cooling, heating and power quantity as known quantity, annual costs and economic benefits of energy as target parameters, in order to adjust preset variables, optimize matching ratio of energy equipment, and realize the optimum target value. Please see the aspect energy optimization logic in Fig. 1.
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Figure 1: Optimization logic diagram of integrated energy system

The schematic diagram of CCHP and ASHP system plan is shown as Fig. 2. As for waste heat of exhaust gas after the combustion gas turbine generates, hot and cold water are respectively produced by heat exchanger and gas-hot water lithium bromide unit in winter and summer, and insufficient heat and cooling capacities supplied by the turbine is complemented by ASHP. In order to study the dynamic features of cooling and heating loads, this paper adopts hourly cooling, heating and power loads all around the year and transient calculation model to analyze the economical efficiency of CCHP and ASHP system plan on the basis of TRNSYS software. Please see the TRNSYS system transient model in Fig. 3.
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Figure 2: Scheme of CCHP + ASHP system
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Figure 3: TRNSYS transient simulation model

3  Key Equipment in the System and Target Optimized Mathematical Model

3.1 Combustion Gas Turbine

The relation between the power generation of the gas turbine and the residual heat of flue gas and the heat of the input fuel at any time is as follows:


EGE,i=GiηGE,ie
(1)


QGE,ih=GiηGE,ih
(2)

According to gas turbine data of a typical brand, the relationship between gas turbine power generation, outdoor air temperature and residual heat of flue gas is obtained by fitting as follows:


EGE,i=1.758QGE,ih+1620Ti−1003932
(3)

where, EGE,i is the gas turbine power generation at moment i, kJ/h; Gi is the calorific value of natural gas input at time i, kJ/h; ηGE,ie is the generating efficiency of the unit at time i; QGE,ih is the residual heat of gas turbine flue gas at moment i, kJ/h; ηGE,ih is the waste heat recovery efficiency of gas turbine at time i; Ti is the outdoor dry bulb temperature at time i, °C.

When the gas turbine runs under partial load conditions, by reading the performance
parameters of a certain brand of gas turbine under different load rates, the gas turbine
performance curve is obtained in Figs. 4 and 5.
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Figure 4: Figure of change of exhaust temperature and exhaust heat with load ratio at different outdoor temperatures

3.2 Lithium Bromide Unit

Lithium bromide absorption chiller consumes heat energy to provide cold energy. The relationship between the heat energy consumed at any time and the cold energy generated can be shown in the following formula:


QAC,ic=COPAC,i×QGE,ih×ηB,i
(4)

where, QAC,ic is the refrigerating capacity of lithium bromide unit at moment i, kJ/h; COPAC,i is COP of lithium bromide unit at time i; ηB,i is the efficiency of steam waste heat boiler at the moment i.
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Figure 5: Figure of power generation efficiency and gas flow changing with load ratio at different outdoor temperatures

3.3 ASHP unit

The relation between the electric energy consumed by the air source heat pump unit at any time and the cold quantity/heat generated is expressed by the following formula:


QHP,ih=EHP,ihCOPHP,ih
(5)


QHP,ic=EHP,icCOPHP,ic
(6)

In the formula, QHP,ih, QHP,ic is the heat and cooling capacity of air source heat pump at moment i, kJ/h; EHP,ih, EHP,ic is the power consumption of air source heat pump at time i under heating and refrigeration conditions, kJ/h; COPHP,ih, COPHP,ic is the COP of the air source heat pump at the time of i under the heating and refrigeration conditions.

In off-design conditions, the calculation method of each parameter is as follows:


COPHP,i=COPHP,R⋅r1QHP,i=QHP,R⋅r0PHP,i=QHP,iCOPHP,i
(7)

where, COPHP,i is COP of the air source heat pump at time I; COPHP,R is COP of air source heat pump under rated working conditions; r is the ratio of the heating energy efficiency ratio to the rated heating energy efficiency ratio on the performance curve of air source heat pump; QHP,i is the refrigeration/heat of the air source heat pump at the moment i,kJ/h; QHP,R is the rated cooling/heat of the air source heat pump, kJ/h; r0 is the ratio of heating power and rated heating power on the performance curve of air source heat pump; PHP,i is the power consumption of the air source heat pump at time i,kJ/h.

Under different outlet temperature, COP of heat pump varies with outdoor ambient temperature as
shown in Fig. 6.
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Figure 6: COP performance curve of a typical brand

4  System Optimization Model

4.1 Optimized Objective Function

4.1.1 Annual Cost

In view of time value of assets, initial system investment is converted into a year as the unit in the annual costs method. The optimal matching under the optimal control mode is selected by comparison annual costs with its corresponding primary energy consumption and CO2 emissions. The calculation formula of annual costs for investments is written as


A1=P×i1−(1+i)−n
(8)

where A1 is annual costs for investments, P is total investment, i is loan interest rate, and n is service life of the equipment.


Ac=Ai+Oc
(9)


Ai=Aei+Acon
(10)


Oc=Omc+Ef
(11)

Note: Ac is annual costs; Oc is operation expense, Aei is converted annual costs of equipment and self-control investment; Acon is converted annual costs of installation and construction investment; Ef is electric charge for operation; Omc is maintenance management expense.

4.1.2 Primary Energy Consumption


PEC=(∑i=18760Ebuy,iηgrid,ηe+35588Vgas)/Vsc
(12)

where, PEC is primary energy consumption, t; Ebuy,i is the hourly electricity purchased by the system, kJ/h; ηgrid,ηe is the average power supply efficiency of the power plant, value of 0.92; ηe is power grid transmission efficiency, value of 0.35; Vgas is the gas consumption of the system, m³; Vsc is the calorific value of standard coal, value of 29307 kJ/kg.

4.1.3 Carbon Dioxide Emissions

The carbon dioxide emissions of the system include the consumption of natural gas, the purchase of electricity from the Internet and the CO2 emissions caused by refrigerant leakage. For every tonne of standard coal consumed, 2620 kg of carbon dioxide is emitted. This part should be subtracted because the power is connected to the grid in the coupled system.

4.2 Constraint Condition


EHP,ih⋅COPHP,ih+ηHX⋅QGE,ih=Lh.iEHP,ic⋅COPHP,ic+QAG,ic=Lc.iEHP,ih⋅COPHP,ih≤Q0,HP,heatEHP,ic⋅COPHP,ic≤Q0,HP,coolηHXQGE,ih≤(E0,GT+1003932−1620Ti)/1.758QAC,ic≤Q0,AC
(13)

where, Lh.i is the hourly heat load of the building, kW; Lc.i is the hourly cooling load of the building, kW; ηHX is the efficiency of heat exchanger; Q0,HP,heat is the rated heating power of the heat pump, kW; Q0,HP,cool is the rated cooling power of the heat pump, kW; E0,GT is the rated power of gas turbine, kW; Q0,AC is the rated power of absorption lithium bromide unit, kW.

5  Computational Condition Hypothesis of Numerical Simulation

1.    When only cooling and heating loads are considered, electrical load of the building is borne by power grid, net on-grid energy in this complementary multi-energy coupled supply system (the difference value between generated energy in the system and power consumption of ASHP) is calculated to be surplus income;

2.    Determine the capacity of combustion gas turbine by ordering power by heat;

3.    The heating load ratio of combustion gas turbine is the specific value of maximum heating capacity of the turbine to maximum heating load in winter;

4.    When heating load in the building is less than maximum heating capacity of combustion gas turbine in winter, the turbine matches with heating load dynamically in the way of partial load operation;

5.    The ASHP model is selected according to the condition that hourly cooling and heating loads are converted to rated capacity, and the maximum value shall be taken. Moreover, the ratio of rated heating capacity to rated cooling capacity is taken 1:1;

6.    Rated heating conditions of a brand of air source heat pump selected in this paper are as follows: hot water inlet temperature 40°C, outlet temperature 45°C, outdoor dry bulb temperature 7°C, wet bulb temperature 6°C, COP 2.9. Nominal cooling conditions are cold water inlet temperature of 12°C, outlet temperature of 7°C, outdoor dry bulb temperature of 7°C, wet bulb temperature of 6°C, COP is 3.47. The rated working condition of lithium bromide unit is: cold water inlet temperature 12°C, outdoor dry bulb temperature 7°C, outlet temperature 7°C, wet bulb temperature 6°C, COP is 1. The efficiency of the waste heat boiler is 0.8, and the heat exchange efficiency of the flue gas/hot water heat exchanger is 0.95;

7.    Gas turbine and gas boiler fuel is natural gas, the main component of alkanes, methane accounts for the vast majority, and a small amount of ethane, propane and butane, in addition to hydrogen sulfide, carbon dioxide, nitrogen and water gas, a small amount of carbon monoxide and trace noble gases, such as helium and argon. The calorific value of natural gas is 35588 kJ/m³;

8.    On-grid price is RMB 0.65/kWh, price of fuel gas is RMB 3.25/m3, and electric consumption is RMB 0.55/kWh;

9.    Equipment price is an important factor that affects system investment and thus affects the annual cost of the system. For the equipment involved in this paper, the unit heat price of a typical brand of equipment is shown in Table 1, and other projects can be priced according to the actual situation.
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6  Example Simulation and Result Analysis

Both hourly cooling and heating loads in 100,000 m2 community in some region are calculated by DEST in accordance with the building envelop structure, and computed results are shown in Figs. 7 and 8.

According to the simulation results, the peak hourly heat load of the hospital is 3940 kW, and the peak hourly cooling load is 7291 kW. According to the statistics, the annual cumulative thermal load of the building is 23946 GJ, and the annual cumulative cooling load is 34948 GJ.

[image: images]

Figure 7: Annual heating load curve
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Figure 8: Annual cooling load curve

When heating load rate of combustion gas turbine is 60%, namely, its maximum heating
capacity covers 60% of maximum heating load in winter, variation trend of ASHP additional cooling
and heating capacities is shown in Fig. 9. Cooling load in summer is obviously higher than heating load in winter, and energy efficiency of absorption lithium bromide refrigerator unit is relatively low, which is generally 0.9~1.2 more or less, so cooling capacity in summer is relatively more insufficient, and maximum capacity required by ASHP is 4890 kW, equal to 67.1% of maximum cooling load. Therefore, when combustion gas turbine is guaranteed to operate with full load for most of the time, consumed power of ASHP unit is obviously higher in summer. The hourly generated and consumed power in the system is shown in Figs. 10 and 11.

Fig. 12 shows the accumulated gas consumption when heating load rate of combustion gas turbine is 60%. The accumulated gas consumptions in winter and summer are 1.04 × 106 and 9.61 × 105 kg, respectively, which are basically the same. Moreover, it can be seen from the figure that the rise rate of gas consumption quickens compared with that in winter because load rate of combustion gas turbine is large and refrigerating cycle is short. Cooling load is high in summer, combustion gas turbine runs almost under high load, the relevance between operation conditions and environment temperature is low, but the load rate of the turbine evidently varies with temperatures in heating season. Therefore, gas consumption shows the non-linear relationship at the beginning and end of the heating season.

[image: images]

Figure 9: Additional hourly cooling and heating load curve from ASHP system

[image: images]

Figure 10: Hourly power curve of gas turbine

Changes of annual gas consumption and total system power consumption with heating load rate of combustion gas turbine are shown in Fig. 11. It can be seen from this figure that with the heating load rate increase of the turbine, total fuel consumption in the system gradually increases, but total power consumption gradually decreases, because load borne by ASHP reduces from 84.6% to 6.35% due to cooling and heating load increase of the turbine, and the system consumed power declines remarkably.

Changes of annual costs, primary energy consumption and CO2 emissions with heating load of combustion gas turbine are shown in Figs. 13 and 14. As for calculation of annual costs, investment period of equipment assets is selected to be 20 years, interest rate is 4.35%, and residual value is 0. After calculation, it is found that installed capacity of heat pump is the maximum, and annual power consumption reaches 4,818,144 kWh in case of heating and cooling supplies with full use of ASHP. However, compared with the coupled gas turbine system, annual investment and operation costs for independent use of ASHP system are relatively low, which are RMB 940,800 and 2,650,000 per year. Since the price of fuel gas is high, with heating load rate increase of gas turbine, increase rate of operation costs is larger than that of annual investment, and it shows a trend that annual costs gradually increase. In this way, it is impossible to determine the optimum system configuration. Therefore, it is practical to add evaluation on primary energy consumption (standard coal) and CO2 emissions (on-grid energy serves as applicable carbon emission index) on the basis of annual costs. Its trend is shown in Fig. 13. The annual change
curves of primary energy consumption and cost of the coupled system at different ratios are shown in Figs. 14 and 15.
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Figure 11: Hourly system power consumption curve
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Figure 12: Annual cumulative gas consumption curve
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Figure 13: The change of annual gas consumption and total power consumption with the proportion of gas turbine thermal load
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Figure 14: The change of annual cost with the proportion of gas turbine thermal load
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Figure 15: The change of annual primary energy consumption and carbon dioxide emission with the proportion of gas turbine thermal load

It can be seen from Fig. 13 that contaminant emissions of CCHP + ASHP system are 0 when heating load rate of gas turbine is approximately 41%. When heating load rate of the turbine increases continuously, its operation costs and fuel gas consumption are relatively high despite of fine environment benefits, which goes against reliability and stability of regional functions. In further considerations of other electrical loads in building, the optimum system proportion will change, i.e., the optimum proportion of gas turbine heating load increases. Therefore, annual costs + zero CO2 emissions can be used as the reference target of system structure optimization.

In order to more clearly highlight the advantages of multi-energy coupled cooling, heating and power system, the coupling system is compared with the traditional distribution system under the same building’s cooling and heating load. Among them, the distribution system chooses the most widely used combination form of gas-fired boiler and electric refrigeration unit. In the calculation process, the efficiency of the gas-fired boiler is 0.95, and the COP of the electric refrigeration unit is 3. According to the cooling and heating load of the building, the annual power consumption of the distribution system is 3,235,925 degrees, the annual natural gas consumption is 708,294 m³, the annual cost is 4.88 million yuan, the primary energy consumption is equivalent to 2094 t of standard coal, and the carbon dioxide emission is 5486 t. It can be seen that when the load proportion borne by gas turbine is less than 0.6, the coupling system is superior to the distribution system economically. From the perspective of energy saving and environmental protection, the performance of the coupling system is superior to the distribution system no matter what the load proportion borne by gas turbine is.

7  Conclusion

To solve the problem that CCHP equipment cannot realize dynamic matching with cooling and heating loads in buildings, this paper proposes a coupled CCHP system with combustion gas turbine + ASHP by ordering heat by heat, analyze variation trends of such parameters as gas consumption, HP consumed power by means of adjustment of heating load rate of gas turbine, and optimize the system proportion in the evaluation method of annual costs + energy environment benefits. It is found after studies that annual costs are the minimum with single use of ASHP, and with increase of load ratio of gas turbine, increase rate of operation costs is higher than decrease rate of annual investment, which shows an overall trend of gradually increasing annual costs; that in combination with assessment on primary energy consumption and CO2 emissions, the coupled system with CCHP + ASHP (20% load rate of gas turbine) is the optimum configuration, and that this system structure and optimization method may provide some reference for the development of CCHP evaluation system.
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Table 1: Equipment price list

Device name Unit (¥/kW)
Gas turbines 4500
Absorption steam type lithium bromide unit 455

Flue gas/water heat exchanger 200

Heat recovery boiler 120

Air source heat pump 1000
Gas-fired boiler 145

Electric refrigerating unit 635
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