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ABSTRACT

A novel composite district heating substation (CDHS) with absorption heat pump was proposed and
analyzed in this paper. The CDHS was composed of a water-LiBr absorption heat pump and two
plate heat exchanges, which could improve the utilization efficiency of geothermal water and the
primary supply water of the primary district heating network. The effect of geothermal water
temperature and mass flow rate, and primary supply water mass flow rate variation on system
performance were investigated and analyzed by case study. The objective was to maximize net profit
and minimize payback period by the cascade utilization of the geothermal water and primary supply
water. In addition, economic analysis and multi-objective optimization were conducted to find the
optimal mass flow rate of the primary supply water based on the TOPSIS decision making method.
Exergy loss analysis was applied under the optimal condition to discover which components had
the largest exergy loss. Results indicated that, the proposed system had a net profit of 16.22MS$ in
the life time and the minimum payback period was 2.2 years at the optimal primary supply water
mass flow rate of 46.16kg/s where the COP and exergy efficiency of the system were 1.85 and

59.81%, respectively.

1 These authors contributed equally to this work.
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Nomenclature
A area (m?)
a solution circulation ratio
C unit cost of exergy ($/kJ)
Cp constant-pressure specific heat of water (kJ/kg/K)
C cost rate ($/s)
C proximity index
i
COP coefficient of performance
CRF  capital recovery factor

CDHS composite district heating system
D the mass flow rate of working fluid(kg/s)
Ex exergy rate (kW)

EEV clectrical expansion valve
F correction factor
h specific enthalpy (kJ/kg)

HP heat price($/GJ)

annual interest rate(%)

exergy loss rate(kW)

overall heat transfer coefficient [W/(m?-K)]

exergy loss rate (kW)
mass flow rate (kg/s)

system life time (yr)

Z 53 r X

annual operating hours (h)
NP net profit ($)

PP payback period (year)

0 heat rate (kW)

S specific entropy [kJ/(kg-K)]

S+ distance from point i to positive ideal point

S- distance from point i to negative ideal point

t temperature(C)

T temperature (K)

W concentration of solution(%)
‘Z capital cost rate($/s)
Z capital cost($)
Greek letters

o maintenance factor
4 exergy efficiency
Subscripts

abs absorber

dh district heating

ds driving source

cond condenser

evap  evaporator

f fuel

ge generator

gw geothermal water

he heat exchanger

i ith element

in inlet

Im logarithmic mean
out outlet

p product

sol solution

S supply/strong

w weak

WS weak solution

wf working fluid
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1. Introduction

Nowadays, coal, petroleum and other fossil energy have been widely applied in
urban district heating (DH), producing a lot of pollutants such as SO, and NOkx.
Although switching from coal to natural gas can reduce air pollution, there will be large
amounts of greenhouse. Therefore, air pollution and greenhouse gas problems caused
by heating are serious in countries with energy structure dominated by fossil fuels in
these countries like China [1]. With the rapid decline of fossil energy, the single
structure of energy will be greatly impacted by many factors in the future and must be
changed. Many researches for renewable energy have been conducted due to several
problems caused by fossil fuels, such as pollution, the greenhouse effect and acid rain.
Supplying energy via renewable energy is one of the most important methods for

environmental protection.

Geothermal energy is reliable, cheap, and environmental-friendly which is a
competitive alternative to substitute the conventional fossil fuels. Utilization of the
geothermal energy to district heating could be helpful to solve the energy and
environmental problems [2]. Due to the limitations of geothermal temperature and
equipment investment, most medium-low temperature geothermal source are used for
heating [3].Thus, many researchers focus on the utilization of geothermal energy for
heating in different patterns. By 2015, there are 82 countries using geothermal energy
as heat source for heating [4]. Nian et al. presented a geothermal heating system with
abandoned oil wells, and built a heat transfer model. They examined the geothermal
production, room temperature and fluid production temperature by the model and
indicated that, an abandoned oil well with 3000m depth could be used for heating with
the area of 10000m? [5]. Jonas K et al investigated the exergy and economic
performance of a geothermal heat pump aided district heating system. The purpose was
to find the optimum solution of the system that the geothermal source was used in a
shell and tube type heat exchanger. They found that the system could heat for the

number of 13,766 residences and had an attractive investment for Simav region [6].
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Miroslav V et al assessed a DH system using geothermal heat pump technology. The
environmental sustainability of geothermal heat pumps for district heating were
analyzed. The results showed that the geothermal heat pump had the advantages of
reducing the inlet primary energy by at least 30% with internal rate of return of up to

38% and payback period of 4.9 years [7].

Absorption heat pump (AHP) is one method for heating because it has large
potential to improve energy efficiency, save energy, protect environment and reduce
greenhouse gas. Sun et al presented a new configurations of district heating based on
natural gas and geothermal energy to reduce gas consumption and irreversible loss.
They analyzed the performance of thermodynamic and financial benefit and found that
the exergy efficiency could be improved by 12% and the natural gas consumption could
be reduced by 54% compared with conventional systems [&]. Lu et al designed a novel
gas-fired absorption heat pump that the sensible heat in high-grade and latent heat in
low-grade of flue gas were recovered. The pressure of intermediate evaporation and
absorption processes could be adjusted to enhance the adaptability in cold regions. The
simulated results showed that the energy saving potential of the system could be 39.6%
and payback period was 2.5 compared with conventional AHP and gas-fired boiler [9].
Wau et al selected 6 cities with typical climates and the performance of electric driven
ground source heat pump and the absorption ground source heat pump were compared
and analyzed. The research showed that the efficiency of primary energy utilization and
the balance between cold and heat of the absorption ground source heat pump were
significantly higher than that of the electric driven ground source heat pump. The
difference between them became more and more obvious with the operation of the unit

[10].

Both of geothermal energy and AHP contribute a lot for energy saving and
environment improvement. Therefore, many efforts have been conducted for theoretical
analysis and engineering application. Substantial studies about exergy and economic
analysis of AHP are available in open literatures. Luca et al proposed a reversible

absorption heat pump and internal combustion engine integration system which
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employed a water-ammonia mixture. Energy analysis was conducted to evaluate the
economic viability and the second-law analysis was applied to compare the system
exergy efficiency with conventional systems [11]. Chen et al investigated a proposed
compression-absorption heat pump by heat-driven turbine. They built up the
mathematical models which included mass conversation, energy conversation and
exergy analysis [ 12]. It can be seen that energy analysis and exergy analysis have been
carried out about AHP. In addition, the optimization methods are effective to lower the
system cost. Cui et al proposed an innovative cascade absorption heat pump system for
recovering low-grade waste heat. They conducted the energy, exergy and economic
analyses of the system and optimized total annual cost and exergy destruction by multi-
objective optimization method. The results showed that multi-objective optimization

scheme was the most comprehensive and optimal scheme of the system [ 13].

There are numerous studies about the exergy analysis and multi-objective
optimization of geothermal water absorption heat pump. However, among district
heating technologies, conventional geothermal absorption heat pump has difficulty in
fully utilizing geothermal water and primary supply water has poor performance with
high return water temperature. For a conventional heating substation in China, return
water temperature(60°C-70°C) is too high which can be reduced to improve the energy
efficiency. For a conventional geothermal water, it is difficult to recharge water with
the temperature below 25°C. There is still a lack of knowledge of CDHS regarding the
thermo-economic analysis and multi-objective optimization. Therefore, this paper
presented a novel composite district heating substation (CDHS) integrated geothermal
water into district heating system which could achieve cascade utilization of geothermal
water and improve the utilization efficiency of primary supply water. Then a
mathematical model of CDHS in terms of energy, exergy, net profit and payback period
was developed to help experiment and engineering design. Further, the payback period
and net profit of CDHS was improved through the method of multi-objective
optimization. Multi-objective optimization of CDHS was carried out to find the optimal

operating condition. Finally, some recommendations were provided for the optimal
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primary supply water mass flow rate. The main objectives include:
(1)Energy, exergy and economic performance of CDHS should be evaluated.
(2)The optimal mass flow rate of primary supply water of CDHS should be suggested.

(3)The maximum net profit and the minimum payback period should be analyzed.

2. System description

The schematic diagram of the CDHS is shown in Fig. 1. The system consists of a
water-LiBr absorption heat pump and two plate heat exchangers. There are three cycles
including driving source cycle, district heating cycle and the geothermal cycle

(illustrated by the red, blue and brown lines, respectively).

For the driving source cycle, primary supply water coming from the DH network
is used to drive the absorption heat pump and the heat is delivered to the generator. The
medium temperature primary supply water enters the heat exchanger II, to heat the
return district water, and the temperature is reduced. The secondary network consists of
three branches. In the first branch, the secondary return water passes through absorber
and condenser subsequently and absorbs heat. In the second branch, the return district
water enters the heat exchanger II and absorbs heat from primary supply water. The
secondary return water in the third branch is pumped into exchanger I and the
geothermal heat is delivered to it. For the geothermal cycle, the geothermal water(50-
70°C) goes through the heat exchanger I and releases heat to district heating water. Then
the medium temperature geothermal water (30-40°C) enters the evaporator of the AHP

and the temperature is further reduced, and finally it is discharged to the well.
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Fig. 1 Schematic diagram of the CDHS

Fig. 2 shows the schematic of AHP which consists of five main sections:
evaporator, absorber, condenser, generator and solution heat exchanger. It includes two
cycles: solution cycle and working fluid cycle. In the solution cycle, the weak solution
from the absorber is pumped into solution heat exchanger. The pressure and
concentration remain constant but the temperature increases. Then it enters generator
and heated by the primary supply water. As the temperature of the solution rises, vapor
is produced and the solution becomes strong solution. The strong solution goes through
the solution heat exchanger and flows into the absorber. In the working fluid cycle, the
working fluid vapor generating in generator enters condenser and is cooled into liquid.
The liquid working fluid is throttled by the EEV and goes into evaporator. The working
fluid absorbs heat from the geothermal water in the evaporator and turns into low

pressure vapor, and then absorbed by the strong solution in absorber.

The suitable selection of working fluid and solution can reduce cycle

thermodynamic inefficiencies and achieve higher energy conversion efficiency and
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lower capital cost. The solution of LiBr + H,O was used in absorption cycles around
1930 which had strong hygroscopicity. Water is non-toxic, non-inflammable, in-
explosive with large latent heat. LiBr has a high boiling point which is easily soluble in
water with stability. Temperature difference of boiling point between H>O and LiBr
ensures the rapidly development of this combination. The efficiency of AHP cycle is
higher than the cycle with NH3, but the pressure was lower than that [ 14]. Therefore,

LiBr + H>O was selected as the working fluid and solution of the absorption heat pump.

Generator Condenser

suppl
G, 16 oy District heating
1 4 |
Briving source supply
return

Geothermal water

5I
return
. ) lg G
Solution 14 v
5 Geothermal water
. supply

Absorber
10 fluid pump

Evaporator

h 4

Fig. 2 Schematic diagram of the water-LiBr AHP

3. Method

For simplicity, the following assumptions are made during the modeling process:

(1) The system is under state of thermal balance and stable operation, and heat

exchange with the environment is neglected.

(2) The working fluid of evaporator and condenser outlet is saturated and reaches

the thermal balance.
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(3) The working fluid of absorber and generator outlet is saturated solution, and

there is no insufficient absorption and insufficient occurrence.
(4) The losses of heat, pressure and flow resistance are ignored.

(5) The enthalpy of the working fluid remains constant before and after the

throttling process.
(6) The works of the solution and solvent pumps are neglected.

(7) Logarithmic mean temperature difference is used in heat transfer calculation.

3.1. Energy analysis

In the generator and absorber, the energy equation can be formulated as:

gel (G Dwf)h8+ Dwfhl_Gwsh6
absl (G D )hg + Dwf h3 _Gwshs
Quer = GGy (s —ts) (1)

hs“p

Qabsz - thcp(t t10)

where G, is the mass flow rate of weak solution and D, is the mass flow rate of

working fluid. The heat transfer rate of generator can also be expressed as:
Qqer = Dyt [(@—1)hg +h, —ahg] )

where a is solution circulation ratio which can be calculated as:

a=——3 3)

The energy equation in evaporator and condenser can be defined as:

cond 1 D (hl h )

evap 17 Dwf (h3 h ) ( 4)
Qcond,z - thc (t12 _tll)
Qevap,Z aw p(t13 t14)
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In the solution heat exchanger, the energy equation can be expressed as:

Q50|,1 = (Gws —D, )(hB - hg) %)
Qsol,2 = Gws (h6 - hS)

The COP of the absorption heat pump is the ratio of the heat capacity to heat

consumption and the flowchart is shown in Fig. 3:

COP= g — Qabs + Qcond Qge + Qevap

= 6
Qge Qge Qge ( )
According to the Eqs(1-6), COP can be expressed as:
Cop =14 Jem _y, @D h —ah, (7)

Qge.l (h3 - hz)

( Start )

Input initial design conditions
T T T T ]:ih.x Tr:{,m (;d\ G

gw.out gwin dhr Tgweva 3 aw,

l

Input heat transfer temperature

difference
A Iz’mp A T;'ond A];.{c A 7:?&?

L

Input the initial parameters to the Equations(1-5)
and calculate the thermodynamic parameters

l

Calculate the COP by Equation(6)

l

Output results
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196 Fig. 3 Flowchart for thermodynamic calculation process.

197 3.2. Exergy analysis

198 Exergy rate is an effective energy which can be theoretically converted into work.
199 It is made up of physical and chemical exergy when the kinetic and potential energies
200 areignored. The exergy rate at point i can be calculated as:

201 0
Ex; =m(h—hy) —To (s —5)] (®)
202 The exergy rate balance equation and the exergy efficiency for each component of

203  the system are given in Table 1.

204 The performance of the system can be evaluated by the second law of
205  thermodynamics which is based on exergy loss and exergy efficiency. The exergy
206  efficiency of the proposed CDHS can be defined as the ratio of the product exergy rate

207  to the fuel exergy rate [15]:

208
EX,,
= ©)
EX;;
209 In this study, the product and fuel exergy rate can be defined as:
210
E Xp = E th,out + E de,out (10)
211
E X¢ = E Xgs,in T E ng,in -E ng,out +E Xahin (1 1)
212 Accordingly, the exergy efficiency of the CDHS can be expressed as:
213
v = E th,out +E de,out (12)
E de,in +E ng,in -E ng,out +E th,in
214

Table 1 Exergy rate balance equation and the exergy efficiency for each component
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Component Exergy balance equation Exergy efficiency

Condenser EXl + Exll = EX12 + EXZ +1 Veond = (EX12 - EXll) / (EX1 - EXZ)

Evaporator Ex,; + Exz. =Ex, +Ex; +1 Wevap = (Ex; — Exz‘ )/ (Ex, —EXxy)

Absotber  ExXy+Exo +Exg = Ex +Exg+ 1y = (EX; —Exg) / (Ex, +Exy —EX;)

Generator Ex + EXs = Exjg + EX +Exg+ 1wy = (BX, — EXg) [ (EXs — Exs — EXg)

Solution heat EX, +EXg = EX; + Ex, +1 Y = (EXs —EX.) 1 (EXg —EX)
exchanger
Solution pump Ex; +W, =EX +1 v = (EX, —EX) /W,

3.3. Economic model

The economic performance of the proposed CDHS can be evaluated by the unit

cost of exergy for the heat capacity which is expressed as:

[
C
ot = (13)

Q

C

where ¢ is the rate of cost of CDHS. It is the sum of heat source cost rate(([:hs)

cost

and capital investment and maintenance cost rate( 2 . )» and the balance equation is:

Ceost =Chs+Zx (14)

Chs = Cp Eth.in (15)
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Z,xop

«=—*"% _CRF (16)
N x 3600

where C, is the unit cost of exergy for the heat source. ¢ is the maintenance factor

and N is the annual operating hours. Z, is the capital investment cost of all the

components and can be calculated by the equation as follows [16]:

Z, =1397x A°® (17)

e
CRF is the capital recovery factor that present value can be converted into a
stream of equal annual payments, and it can be described as follows:

i(L+i)

CRF =
@+i) -1

(18)

where i is the annual interest rate and # is the system life time.
When calculating Z,, the area of the equipment(4) must be taken into account

and can be expressed as follows:

A= Q (19)
KFATIrn

Where K and AT, are the overall heat transfer coefficient and logarithmic mean

temperature difference in heat exchangers. F is the LMTD correction factor and can be

determined by Fettaka et al [17].

3.4. Multi-objective optimization

In this system, the payback period (PP) and net profit (NP) are chosen as objective
functions to analyze the thermo-economic performance of the CDHS. The NP is the
system life time times the difference of the benefit and cost, and the PP equals to the

cost of the system life time divided by the annual benefit. They can be defined as
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follows:

NP =(QxNxHP-C,_, x3600xN )xn 20)
C et 3600
cost X XN
PP=—"—"— (21)
QxHP

where HP is the heat price.

In this system, it is expected to maximize the NP and minimize the PP, but these
two goals are conflict. Therefore, multi-objective optimization is applied to solve this
problem. A fuzzy non-dimensionalization method is used to analyze the data of NP and
PP, and the TOPSIS method is applied to find the optimal design point in the CDHS

[ 18-21]. The maximizing objective NP and minimizing objective PP can be defined as:

NP, — NP™"
NP =— L —1 _
1 NPImaX _ NIDimln (22)
PP™ _ PP
PPP=— L L
1 Pplmax _ PPimln (23)

where i is the ith element.

TOPSIS method is a multi-objective decision making method. The principal of the
method is to define the ideal point and the negative ideal point of the decision making
problem which can find the optimal point in the feasible solution. The optimal point is
closest to the ideal point and furthest from the negative ideal point. The distance from

a point to a positive ideal point(S;") and the distance to a negative ideal point(S;”) can

be expressed as:

S = \/(Ppin —PP™)? +(NP" — NP™)? (24)
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Si_ = \/(Pp|n _ Ppimin)z +(NPin _ NF;i,min)z (25)
The proximity index can be defined as:

S’
C=— 26
TS (26)

If PP and NP are the ideal solution, then the C; equals to 1. If they are

negative solution, the C; isequalto 0. The closer C; gets to 1, the closer the solution

1s to the ideal solution

4. Case study

In order to ensure the practicability of the system, a commercial center project
located in Tianjin (China) is used for performance analysis.There are two geothermal
wells. One has an average water production rate of 30kg/s at 60°C and the other is for
recharging. The radiant floor heating is used for space heating in the commercial
building, of which the secondary supply and return water temperature are 45°C and 35
C, respectively. Thermodynamic design condition of the system has been listed in

Table 2 and the parameters applied in thermo-economic analysis are shown in Table 3.

Table 2 Thermodynamic design conditions of the case.

Parameters Value
Total heating capacity(MW) 18
Temperature of the geothermal water outlet, Tgw.out (°O) 60
Temperature of the geothermal water inlet, Tgw_in (°C) 19

The temperature of geothermal water at the inlet of evaporatorTgW.e\,a °C) 37
Temperature of the district heating supply water, T, (C) 45

Temperature of the district heating return water, Ty, , ('C) 35
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Temperature of the primary supply water, T, ('C) 110
Mass flow rate of the primary supply water, G (kg/s) 60
Mass flow rate of the geothermal water, Ggw (kg/s) 30
Temperature difference of evaporator, ATevap (‘C) 2
Temperature difference of condenser, AT, (‘C) 5
Temperature difference of generator, ATge ('C) 3
Temperature difference of absorber, AT, (C) 5
Temperature difference of solution heat exchanger, AT, (‘C) 20
Overall heat transfer coefficient of the evaporator, Kevap [W/(m2 « K)] 2791
Overall heat transfer coefficient of the condenser, K, [W/(m2 « K)] 5234
Overall heat transfer coefficient of the absorber, Kabs [W/(m2 « K)] 1163
Overall heat transfer coefficient of the generator, ng [W/(m2 « K)] 1623
Overall heat transfer coefficient of the solutuion heat exchanger, K, 465
[Wi(m?K)]

Correction factor of LMTD, F 1
Ambient temperature, T, ('C) 25
Ambient pressure, P, (kPa) 101.3

Table 3 The parameters using in thermo-economic analysis[22].

Parameters Value
Annual operational hours, N (h) 3600
Annual interest rate, i (%) 14
The system life time, N (year) 15
Heat price(gas-boiler), HP ($/GJ) 6.7
Maintenance factor, ¢ 1.06
Unit cost of exergy for the geothermal source, C,, ( $/GJ) 6.7
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5. Results and discussion

5.1. Performance of the CDHS
The performance of CDHS at variable geothermal water mass flow rate( G, ) and

temperature of geothermal water at the inlet of evaporator(T,,,,) were conducted in
this paper.

Fig. 4 shows the variations of the heat capacity and COP with the geothermal
water mass flow rate. It can be seen that the heat capacity is almost linearly increased
with the increase of geothermal water mass flow rate. But the geothermal water mass
flow rate in the range of 20-40kg/s has no impact on the COP. As the geothermal water
mass flow rate increases from 20kg/s to 40kg/s, the heat capacity increases from
16.35MW to 19.16MW and the COP remains unchanged, respectively. This can be
explained by that the increase of geothermal water mass flow rate leads to the increase
of heat transfer in evaporator and exchanger I. Then more vapor generating in
evaporator is absorbed which will enhance the absorption capacity and result in the
increase of heat capacity. However, operating conditions of the system including
temperature, pressure, temperature difference, enthalpy and solution concentration
remain unchanged with the increase of geothermal water mass flow rate. According to

the Eq(7), COP remains unchanged.

19.5 . . . . . . y v . 1.90
e
19.0 e
—@— Heat capacity /_.‘./ - 1.88
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= o
z
[ ]
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= 18.0 el Q
£ . =}
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. (
g5 ya By
= [ ]
o e
= 17.0 4 A
[ ]
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[ ]
16.0 " . . - r . ' . r 1.80
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Geothermal water mass flow rate (kg/s)
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Fig.4 Variation of heat capacity and COP with geothermal water mass flow rate

Fig. 5 displays the tendency of exergy efficiency and unit cost of exergy for heating
with geothermal water mass flow rate. What can be seen is that the exergy efficiency
and unit cost of exergy for heating decrease with the increase of the geothermal water
mass flow rate. According to the Eqs. (8-12), the exergy rate of driving source supply
and return water remain unchanged with the increase of geothermal water mass flow
rate. The exergy rate of district heating supply and return water, and the exergy rate of
geothermal supply and return water rise with the increase of geothermal water mass
flow rate. The decrease of exergy efficiency with the increase of geothermal water mass
flow rate can be explained by above. Additionally, with the increase of geothermal
water mass flow rate, there is an increase in the heat capacity and cost rate. But the
growth rate of heat capacity is greater than the cost rate which leads to the decrease of
unit cost of exergy for heating. The working fluid changes its phase from liquid to vapor

in evaporator.
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Fig. 5 Variation of exergy efficiency and unit cost of exergy for heating with geothermal

water mass flow rate
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Figs. 6 and 7 show the effect of the temperature of geothermal water at the inlet of
evaporator variation on the system performance. As the temperature of geothermal
water at the inlet of evaporator increases from 30°C to 40°C, the heat capacity increases
from 16.36MW to 18.98MW and the COP increases from 1.82 to 1.86. This is because
the increase of temperature of geothermal water at the inlet of evaporator results in the
increase of solution temperature. Then complete evaporation of working fluid takes
place at higher temperature in evaporator and the ability of the solution in the absorber
to absorb working fluid vapor is enhanced which causes the increase of heat transfer
rate of evaporator. According to the Eq(7), COP is proportional to the heat transfer rate
of evaporator. As is shown in the Fig. 7, the exergy efficiency and unit cost of exergy

for heating decrease with the increase of temperature of geothermal water into the

evaporator.
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5.2. Optimization analysis

Fig. 8 shows the effect of the primary supply water mass flow rate variation on the

system performance. It can be seen that the heat capacity indicates increase as the

primary supply water mass flow rate increases. It is obvious that the system has a

maximum heat capacity of 18MW and a constant COP of 1.85. Operating conditions of

the system remain unchanged with the mass flow rate of the primary supply water.

According to the Eq (7), COP remains unchanged. In order to find the optimal mass

flow rate of the primary supply water, the multi-objective optimization for the CDHS

was conducted.
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Fig. 8 Variation of heat capacity and COP with the mass flow rate of the primary supply

water

Fig. 9 indicates that the net profit increases with the increase of mass flow rate of
the primary supply water. However, the payback period shows a trend of falling first
and then rising. As the mass flow rate of the primary supply water increases from
20.24kg/s to 79.92kg/s, the net profit increases from 9.22M$ to 17.99MS. The system
has a minimum payback period of 2.07 year at the mass flow rate of the primary supply
water of 38.17kg/s, where the net profit is 14.688. The maximum net profit is
19.99M8$ at the mass flow rate of the primary supply water is 79.92kg/s, where the

payback period is 3.39year.
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Fig. 9 Variation of payback period and net profit with the mass flow rate of the primary
supply water
Fig. 10 shows the relation of non-dimensional net profit and payback period. The
TOPSOS decision making method is used to find the optimal design point. It can be
seen that the payback period and net profit at optimal point are 2.2year and 16.22M8$,
where the mass flow rate of the primary supply water is 46.16kg/s and COP is 1.85.

Table 4 exhibits the thermodynamic values of the system under the optimal condition.
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383 Fig. 10 Non-dimensional payback period and net profit
384
385 Table 4 Thermodynamic properties of the system under the optimal condition.
Parameters Value
Generator heat rate(kW) 2326.4
Evaporator heat rate(kW) 1987.7
Condenser heat rate(kW) 2122.6
Absorber heat rate(kW) 2192.2
Heat exchanger II heat rate(kW) 8797.4
Heat exchanger I heat rate(kW) 2539.8
Working fluid mass flow rate(kg/s) 0.856
Exergy efficiency 53%
COoP 1.85
Total heating capacity(kW) 15652.2
Net profit(M$) 16.22
Payback period(year) 2.2
386
387

388  5.3. Exergy loss analysis
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The exergy destruction analysis of each component are carried out and shown in
Fig. 11 under the optimal condition where the volume of primary supply water is
46.16kg/s. It is necessary to analyze which component has the largest exergy loss. It
can be observed that the generator accounts for the biggest amount of the exergy loss
which is more than 33%, followed by the solution heat exchanger which is nearly 20%.
The evaporator, absorber and condenser have almost the same exergy loss, and the
exergy loss of the pump is minimal. This is basically due to that the temperature
difference between the primary supply water and working fluid in generator is bigger.
Therefore, it is generator that has the biggest potential to decrease the exergy loss of
the system and the exergy loss of the generator can be reduced by lowering the

temperature difference.
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Fig. 11 Exergy destruction percentage of each component under the optimal condition
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6. Conclusion

In this paper, the performance of a novel composite district heating substation
using absorption heat pump based on energy, exergy and economic analysis was carried
out. To determine the maximum value of net profit and the minimum value of the
payback period, the mass flow rate of the primary supply water were considered. The

main conclusions drawn from this paper were summarized as follows:

(1) The heat capacity of the system was mainly influenced by the geothermal water
mass flow rate and the temperature of geothermal water at the inlet of evaporator, but
they had no effect on the COP. The heat capacity was almost linearly increased with the
increase of geothermal water mass flow rate and the temperature of geothermal water
at the inlet of evaporator, but the exergy efficiency and unit cost of exergy for heating

were opposite.

(2) The optimal primary supply water mass flow rate of the proposed system,
based on the TOPSIS decision-making method, was 46.16kg/s for the system under the

design conditions.

(3) The system had a net profit of 16.22 M$ in the life time and a small payback
period of about 2.2 years under the optimal condition. In addition, COP and exergy
efficiency of the system were 1.85 and 59.81%, respectively. The results demonstrated

the feasibility and economy of the system.

(4) The generator accounted for the largest share in the total exergy loss, which
was due to the large temperature difference between the primary supply water and

working fluid.
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