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Abstract

Combined heating and power system has been applied widely due to its energetic and environmental characteristics.
Heat pump system is also regarded as a promising energy-saving and environment-friendly technology. This paper
proposed a novel coupling system by integrating the combined heating and power system with the heat pump system.
The performance characteristics of the novel coupling system are investigated by the Aspen plus software based on a
case system. The results show that the energetic efficiency and exergetic efficiency are 142.2% and 22.6%
respectively, increasing by 3.9% and 3.7% respectively, compared with the ones of reference system. In order to
make the novel coupling system more practical, the multi-objective optimal model is developed based on the primary
energy saving ratio, carbon dioxide emission reduction ratio and annual total cost saving ratio simultaneously. The
key parameters, such as the capacity of power generation unit and the outlet temperature from the heat pump, are
optimized by genetic algorithm so as to maximize the comprehensive performance.
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1. Introduction

Combined heating and power system (CHP), in which waste heat is utilized, is a popular alternative to
conventional system due to its environment-friendly, operation cost saving and energy-saving
characteristics. Heat pump (HP) is also regarded as a promising technology, especially ground source heat
pump, which utilizes renewable energy as its heating source, and shows much higher coefficient of
performance (COP). Therefore, the coupling system which consists of the CHP and HP can perform better.

* Corresponding author. Tel.: +86 731 88821040; Fax: +86 731 88821004.
E-mail address: vivien.lu@polyu.edu.hk, lhq@hnu.edu.cn.

1876-6102 © 2017 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

Peer-review under responsibility of the scientific committee of the 8th International Conference on Applied Energy.
doi:10.1016/j.egypro.2017.03.588


http://crossmark.crossref.org/dialog/?doi=10.1016/j.egypro.2017.03.588&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1016/j.egypro.2017.03.588&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1016/j.egypro.2017.03.588&domain=pdf

2090

Shushuo Kang et al. / Energy Procedia 105 (2017) 2089 — 2094

Based on the principle of temperature grade counterparts and heat transfer mechanism, a novel coupling
system, with difference from common integration approach, was proposed [1].

In order to make the novel coupling system more practical, it is necessary to optimize its design and
operation strategy. The typical optimization algorithms used in CCHP systems are usually linear
programming and non-linear programming, while there are some other optimization methods such as
sequential quadratic programming, Lagrangian relaxation, particle swarm and genetic algorithm (GA) [2]
[3]. More importantly, the objective function in optimization process guides and determines the optimal
result in some extent. Usually, the objective function is expressed in different terms of primary energy
saving, annual total cost and exergetic efficiency, as well as carbon dioxide emissions [3]. Therefore, in
this paper, the multi-objective function which includes primary energy saving ratio (PESR), carbon
dioxide emission reduction ratio (CDER) and the annual total cost saving ratio (ATCSR) is constructed
and the GA is employed to optimize the key operation parameters of the novel coupling system.

2. System description

The schematic diagram of novel coupling system can be observed in Fig. 1. First, compressed natural
gas and air are sent into combustor. After combustion, flue gas with high temperature and high pressure
flows into gas turbine to generate power. Then, exit flue gas flows into heat exchanger to reheat the warm
water generated by HP-subsystem to meet the requirement temperature. It should be pointed out that the
outlet temperature is dropped actively from the required temperature.
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Fig. 1. Schematic diagram of the novel CHP-HP coupling system

The major differences with the reference system are as follows: first, the utilization approach of flue
gas from CHP-subsystem is directly used for heating the outlet temperature from HP; second, the HP no
longer generates hot water at the required temperature, but generates the warm water instead; and third,
the inlet temperature of the cold fluid in heat exchanger is increased.

3. Optimization model
3.1. System model

The novel coupling system always consists of power generation unit (PGU), waste heat recovery
system, boiler and HP. Here the novel coupling system operates following thermal demand. The

electricity from PGU is used for meeting electricity demand. The waste heat of PGU and the heating from
HP is utilized to satisfy the heating demand. If the generated heating does not completely satisfy the
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application, the supplementary boiler needs to be opened to reheat the outlet stream of HP. Similarly,

when the amount of electricity generated by PGU is not enough, the additional electricity comes from the

grid. However, when there are excess heat or electricity produced, these excess products will be wasted.
In the novel coupling system, the electrical energy balance is expressed as:

Ej gia T Ejpou = Ey + Eyy + E (1)

i ij,pgu ijhp ij,ae
where i and j are day and hour, respectively; Ejg-q is the electricity from grid; Ej; e is the electricity
generated by PGU; Ej; is the electricity load of building; Ej.. is the electricity consumption of the
auxiliary equipment; which is related to the supplied heating; the relationship is:

Ej,ae = nae sz (2)

where 7. is the electricity consumption coefficient of auxiliary equipment; Qj; is the heating load demand.
Ejjnp 1s electricity consumption from the HP, and it can be expressed as:

E",hp = Qij,hp /COP)‘ (3)

ij
where Qjjnpy is the heating generated by the HP, and COP:; is the coefficient of performance of the HP,
which is related with the outlet temperature of heat pump (7). The relationship can be expressed as:

COP, =14.518—0.2947¢ +0.00227> @)

The electricity generated by PGU is variable with load fraction, which can be shown as follows:

_ {Eij +Ei/}ae +Ei/§/1p fij,pgu <1 5)
ij.pgu
Er,pgu fii,pgu 21

where fj; ¢ 1s load fraction of PGU, which can be expressed as follows:

fij,pgu = Eij,pgu /Er,pgu (6)
where E,. g, is the rated capacity of PGU. The natural gas consumption of PGU, Fj; e, can be estimated as:

By peu = Eij pgu ! My, peu ™
where 7;p¢ 15 the electrical efficiency of PGU and it is expressed as:

Nyope = 014041, 0, —0217 ®)

The waste heat of PGU from the heat recovery system, Q;;, can be calculated as

Oyr =1, Fy po "By ©)
where 7, is the heat recovery system efficiency. The heating balance of novel coupling system is:

Oy +Gyr Gy =Yy (10)

where Qj;» is the supplementary heating from the boiler. Due to the integration characteristic of the novel
coupling system, when Q; and the outlet temperature of HP (¢) are determined, the heating generated by
the HP can be known, which is shown as:

O =09,t-1)/(t,—1,) (11)

where #; is the temperature of cold fluid, #; is the required temperature of hot fluid; 7 is the outlet
temperature of HP. When the recovery heating is not enough, the boiler will be opened. The
supplementary natural gas consumption to the boiler, Fj;5, can be estimated as:

E‘j,h = (Qy _Qij,r - Qij,hp) /1 (12)
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When the electricity generated from the PGU is insufficient, the electricity from the grid, Ej;grig, is

By gria = Eij + Ejpp + Ejjae = Eij peu (13)
The fuel consumption of grid is:
F;’j,grid :Eg’/’,grid /77677[ (14)

where 7. is the electric efficiency of grid; #; is the transmission efficiency of grid.
Therefore, the total fuel consumption of the novel CHP-HP coupling system is:

Foo = 22 Fypou + By + Fy i) (15)

A reference system is used to compare with the novel coupling system. In the reference system, the
electricity demand comes from the PGU and the grid. The heat load demand is satisfied by the waste heat,
the HP and the boiler. The capacity of PGU, HP and boiler is same as that in the novel coupling system.
Moreover, the heating generated by HP is also same as that in the novel coupling system. The difference
is that the COP of HP is regarded as the constant, which is lower than that in the novel coupling system;

3.2. Objective function

The primary energy saving rate (PESR) is selected as energy objective. It can be expressed as:
PESR =(F,,—F, )/ F,,=1-F, /F, (16)

The carbon dioxide emission reduction rate (CDER) is chosen as environment objective. The amount
of carbon dioxide emission can be determined using the emission conversion factors. The emission
conversion factor of electricity from grid and natural gas is 968 g/kWh and 220 g/kWh, respectively.

CDER = (F;‘,CDE —F, ,CDE) / Fr,CDE = 1_Fn,CDE / Fr,CDE (17)

n

where F, cpr and F.cpe is the amount of carbon dioxide emission of the novel coupling system and
reference system, respectively.

The annual total cost saving rate (ATCSR) is used as economy objective. The annual total cost
includes the annual investment cost, maintenance cost and annual energy expenses. It can be calculated as:

ATCSR = (ATC,-ATC,)/ ATC, =1-ATC,/ ATC, (18)
where ATC, and ATC, is annual total cost of the novel coupling system and reference system, respectively.

In this study, the multi-objective which takes energy, environment and economy into consideration is
used to evaluate the system. The objective function is defined to maximize the benefits of novel system:

max = @, - PESR+ w, - CDER + @, - ATCSR (19)
where o,,®,,w®, are weights of PESR, CDER and ATCSR, which are the same in this study.

4. Case analysis
4.1. Performance analysis

A case system (¢ =35 ‘C, the outlet temperature from HP) is studied. The key operation parameters can
be found in Ref. [1][4]. In the novel coupling system, the waste heat is used to generate the domestic hot
water from 35°C to 55°C. However, in the reference system, it always generates the domestic hot water
from 5°C to 55°C. The terminal exhaust temperature in both system is the same (150°C). By the Aspen
plus software simulation, the results show that with the same input of natural gas and the output of
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domestic hot water, the novel coupling system can generate more power (about 669 kW) than reference
system. The COP of HP in the novel coupling system is increased to 6.95, while the COP in the reference
system is 5.06. The total energy efficiency of the novel coupling system is about 142.2%, and it is
higher than that of the reference system, about 138.3%. The total exergy efficiency of the novel
coupling system is 22.6%, approximately 3.7% higher than the reference system (18.9%). The cause of
exergy efficiency improvement is that the exergy loss in the heat exchanger and HP is reduced.

4.2. Optimization analysis

In order to ensure the validity of novel coupling system modeling and the optimization procedure, a
numerical case is studied by selecting a hypothetical buildings demand. The energy load demands are
estimated using Design Builder software, which are shown in Fig. 2.
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Fig. 2. Load demand Fig. 3. Optimal process of GA

The characteristic parameters of both systems are listed in Table 1, which are used to compute the
fitness in Fig. 3. The cost parameters are presented in Table 2. The GA parameters and the search range
of the variables are shown in Table 3.

Table 1. Characteristic parameters of both systems

Variable Value

Heat recovery system efficiency /7], 0.8

Boiler efficiency/#p 0.8

Electricity consumption coefficient of auxiliary equipment /74~ 0.03

Temperature of cold fluid/ ¢, 5

Required temperature of hot fluid / #, 55

Plant generation efficiency /7], 0.35

Grid transmission efficiency /#; 0.92

COP of HP in the reference system/ COP 5.06

Table 2. Cost parameters of the equipments and fuels Table 3. GA parameters and search range of the variables

Facility Unit price (Yuan/kW) Variable Value
CHP system 6800 Population size 40
Boiler 300 Evolutionary generations 500
Heat pump system 1100 Length of genes 20
Fuel Unit price (Yuan/kWh) Crossover probability 0.75
Natural gas 0.194 Mutation probability 0.05
Electricity (6:00:22:00) 0.964 PGU Capacity [0,2000]

Electricity (23:00:5:00)

0.435 Outlet temperature of heat pump [5,55]
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The characteristic parameters of novel coupling system, energy demands, cost parameters and GA
parameters are given firstly. The initial values of variables are coded in binary form. Roulette wheel
method is adopted to realize the selection. Single-point crossover is used to preserve the feasibility of
offspring generated by crossover. Continue mutation is adopted. If the convergence criteria are satisfied,
searching process will be stopped and the optimization results can be obtained. Then, the configuration
and operation strategy can be acquired. Otherwise, the search is turned back to the calculation again
through selection, crossover and mutation until the optimal criteria are satisfied. According to the optimal
process of GA, the rated capacity of PGU and outlet temperature of HP can be achieved to maximize the
comprehensive performances, which are 1641 kW and 34.2°C respectively. The PESR is 3.14%; the
CDER is 4.10%; the ATCSR is 3.55%; the comprehensive performance is 3.6%. Therefore, the capacity
of other equipments can be calculated, such as the capacity of boiler (2096 kW) and HP (7259 kW).

5. Conclusion

In this paper, a novel coupling system by integrating the CHP and HP is introduced. Then, based on a
case, performance characters including energetic and exergetic efficiency are calculated, which are 142.2%
and 22.6% respectively, 3.9% and 3.7% higher than reference system respectively. In order to make
system more practical, multi-objective optimal model is developed based on PESR, CDER and ATCSR
simultaneously. The key parameters are optimized by GA so as to maximize the comprehensive
performance. Results show that when the capacity of PGU is selected as 1641 kW and outlet temperature
from HP is set as 34.2°C, comprehensive performance of novel coupling system is the best, which is 3.6%.
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