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Concentrating on the problem of massive energy loss in the compressor,
expansion valve, and the other components present in the high-temperature
heat pump system under extensive temperature lift, the dual-flash compound
circulation system is proposed and the thermodynamic model of the dual-flash
compound circulation system was established. The article combines the
multivariate simulated annealing algorithm, utilizes the system COP as the
optimization goal, and completes the calculation of the thermodynamic
parameters in the steady-state of the system that is based on satisfying the
conditions of the system process. Using R245fa as the refrigerant, the
condensation temperature is set within the range of 110°C-140°C for the
model calculation. The results show that, compared to the traditional two-
stage compression system under the same environment, the COP of the dual-
flash compound circulation system can be increased up to 5.71%-12.13%, and
the exergy efficiency can be increased by 5.11%—-10.71%, respectively. Besides,
steam production per unit refrigerant is also increased by 3.79%-5.14%. Finally,
the feasibility of the theoretical model is verified by simulation, and it is
concluded that the dual-flash compound circulation system has better
steam production performance at the extensive temperature lift and the
elevated condensation temperature.

KEYWORDS

high-temperature heat pump steam-system, multiple annealing optimization, energy
analysis, the dual-flash compound circulation system, large temperature lift conditions

Introduction

With the rapid development of the world economy, the serious pollution caused by
industrial production can not be ignored. According to the 2019 China Statistical
Yearbook, from 1990 to 2018, China’s total energy consumption increased from
987.03 million tons of standard coal to 4.64 billion tons, a nearly five-fold increase in
energy consumption (China National Bureau of Statistics, 2019). At present, the main
types of energy consumption are still coal and oil, but with the development of green
energy technology, the proportion of fossil energy consumption is gradually declining. As
shown in Figure 1A, China’s total energy consumption in 2017 was 4.485 billion tons of
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standard coal. The energy consumption of each industry and its
proportion statistics are shown in Figure 1B. Industrial and
the highest
accounting for 41.11% and 34.22%, respectively. In that year,

manufacturing industries consume energy,
industrial sulfur dioxide, industrial nitrogen oxide and other
harmful gas emissions reached 2.3782 million tons.

In order to reduce the emission of harmful gases, many
scholars turn their attention to the field of high temperature heat
pumps (HTHP) (Chamoun et al., 2014; Wu et al,, 2016). It is
hoped to use HTHP technology to replace part of the traditional
calcination boiler technology to achieve 100-130°C steam
production (Meggers and Leibundgut, 2011; Xing et al., 2014).

The HTHP system usually has the characteristics of high
condensation temperature and the temperature lift is huge, which
also makes the system has higher requirements for its circulation
structure and working refrigerant. HTHP technology is divided
into the compression HTHP technology and the absorption
HTHP technology. Gao et al. (2021) proposed an absorbing
compound HTHP with large temperature lift condition by using
air source as heat source. The coefficient of performance was
between 1.2 and 1.7. Liu et al. (2022) proposed to use the waste
heat of low-temperature flue gas at 170°C to produce steam at
150°C, and verified by the experimental prototype that the steam
heat output reached 70.15 kW. KOBELCO and CRIEPI (Japan
Electric Power Company) (KOBELCO and TEPCO, 2011; Kaida
etal,, 2015) first proposed the use of HTHP technology for steam
production, and in 2011 designed the first commercial high-
temperature heat pump steam system, model SGH120. The
energy efficiency coefficient (COP) of the system at 120°C was
3.5. Gong YL et al. (Liu et al., 2015) analyzed and compared five
high-temperature refrigerants (R123, R141b, R245ca, R245fa and
R114) based on the SGH120 model. The results show that R245fa
has better comprehensive performance when the temperature lift
of the system is in the range of 60-80°C, and the COP of the
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system is 3.65% higher than that of R114. Subsequently, Gong
YL’s team (Liu et al., 2017) optimized the model of the HTHP
system. By introducing the air supplement parameter (air
supplement rate B) and the sub-cooler parameters (heat
source water subcooling rate A), it is pointed out that the
parameter-B and the parameter-A also have significant
influence on the thermodynamic performance of the system.
When the typical values of B and A are .4 and .2, respectively, the
COP of the system is 13.5% higher than that of SGH120.
Bamigbetan et al. (2018) pointed out that HTHP systems
using butane as refrigerant have the ability to replace
steam production. To test this
theoretical hypothesis, the team (Bamigbetan et al, 2019)
designed a butane compressor and built an experimental
platform with a HTHP system. D. H et al. (KANG et al,
2017) first analyzed the difference between SGHI120 and
SGH165. Summarized the influence of the flash tank and
MVR device on the steam system of HTHP. In 2019, the
team (Hoon et al, 2019) developed a HTHP system for steam

traditional boilers for

generation, including an internal heat exchanger (IHX) based on
theoretical research. The final steam produced by the system can
reach temperatures of 130°C. Dai et al. (2020) adopted the
structure of dual-pressure condenser to carry out piecewise
heat transfer for thermal products, effectively reducing the
exergic loss caused by excessive heat exchange temperature
difference. Zhang YT et al. (Hao et al, 2022) conducted
relevant research on the influence of IHX in the steam system
of a complex HTHP, and the results showed that the COP after
IHX positioning was increased by 4.87% compared with the
conventional cycle. Xu et al. (2021) pointed out that the
compressed heat pump had higher COP but lower exergy
efficiency, indicating that exergy loss generated by the cycling
process should be reduced if the compressed HTHP system was
used to produce steam.

Proportion of energy consumption

I 1ndustry [ Manufacturing

Transportation, storage, etc. Other industry
[ Electricity gas, supply industry, etc. [ Living consumption
] Wholesale and retail industry, catering and accommodation industry

[ Construction industry

41.11%

4.42%
1.19%
5.89%

3.3994-74%

8.04%

Energy consumption in different years and various fields in China. (A) Energy consumption data. (B) Proportion of energy consumption.
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FIGURE 2
The structure of the dual-flash compound circulation system.

In summary, from the perspective of steam production process,
the global optimization of the system is often easily neglected. The
single optimization of high temperature heat pump system will
easily lead to a large temperature difference between the initial
temperature of thermal products and the condensing temperature
of refrigerant, which will increase the exergy loss of the system.
Therefore, the high temperature heat pump system is optimized
globally in this paper. On the one hand, the COP and exergy
efficiency of the system were improved through double flash gas
injection process. On the other hand, the method of piecewise heat
transfer is adopted to reduce the exergy loss caused by large heat
transfer temperature difference. Finally, a set of the Dual-Flash
Compound Circulation System was put forward. Based on this
system, the multiple simulated annealing algorithm is used to
optimize the thermodynamic parameters of the system, and a
multi-objective parameter optimization algorithm for complex
heat pump system is proposed, so as to improve the steam
production performance of HTHP.

System model
Cycle structure and principle

The research result of Zhang YT et al. (Hao et al., 2022)
showed that avoiding part of refrigerant from entering the
expansion valve (Ev) was an effective way to improve the
exergy efficiency of heat pump system without affecting the
gas-liquid ratio of FT. Meanwhile, in order to reduce the loss
of exergy generated by condensation, the dual-flash compound
circulation system combined multiple vapor injection process
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with segmental heat transfer process. The design structure of the
system is shown in Figure 2:

As shown in the figure, the dual-flash compound circulation
is composed of two thermal cycles. Circulation-1 is a dual-flash
vapor injection circulation consisting of two compressors and
two flash tanks. The refrigerant enters into compressor-1 from
the evaporator for quasi-primary compression. It is then mixed
with the saturated vapor refrigerant of FT-2 and compressed
again by compressor-1. This process is called the vapor injection
compression process. Part of the refrigerant at the outlet of
compressor-1 flows into compressor-2 through the shunt
the
compression. After this part of refrigerant completes all the

valve assembly to realize second vapor injection
compression process, it enters condenser-1 and the subcooler
to transfer heat to the thermal product for steam preparation.
After heat exchange, the refrigerant passes through Ev-1, Ev-2
and Ev-3 in turn, and finally enters the evaporator to form the
dual-flash vapor injection circulation structure. Circulation-2
is the traditional FT quasi-two-stage compression cycle
structure. The two circulation structures are coupled by
sharing FT-2, Ev-3, and evaporator, and the refrigerant is
shunted through the shunt valve set. Condenser-1, subcooler
and condenser-2 were used to realize the segmented heat
transfer process for heat products.

The pressure enthalpy characteristics of the dual-flash
compound circulation system are shown in Figure 3 below:

It can be seen from the pressure enthalpy characteristics of
the system in Figure 3 that there are five pressures in the HTHP
system, namely condensing pressure pcondl of the condenser-1,
flash pressure pgr; of the FT-1, condensing pressure peongo 0f the

condenser-2 (Intermediate pressure pp;q), flash pressure pgr, of
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The pressure and enthalpy characteristics of the dual-flash
compound circulation system.

the FT-2 and evaporating pressure pe,, of the evaporator. In
order to facilitate the subsequent optimization calculation, the
intermediate pressure optimization experience of the traditional
two-stage compression system is used, which sets the pressure
Pmid is set to a fixed value, denoted as Eq. 1.

pmid = pcondl = Peva X pcondl

The relationship between the five pressures in the system is

1

shown in Eq. 2:

2

pcondl > pFTl > pmid = PcondZ > pFTZ > peva

Therefore, when the peongz and peva in the system are
determined, the intermediate pressure of the system will
become a fixed value. The two flash pressures of the system
will be used as variable parameters to optimize the system.

Thermodynamic model

According to the dual-flash compound circulation system,
the thermodynamic models of heat source, compound
circulation and steam generation were established respectively.

The heat exchange of the heat source thermodynamic model
is the main heat source of steam produced by the system. When
the mass flow rate of the heat source is m,, Q. is used to represent

the heat supply of the heat source:

Q. =m x (hcl - hcz) (3)

where h, is the specific enthalpy of the heat source before
heating, kJ/kg; h., is the specific enthalpy of the heat source
after heating, kJ/kg; m. is the mass flow of the quantitative heat
source, kg/s.
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The HTHP compound circulation is the hub of heat transfer
in the the
thermodynamic performance of the heat pump system.
the
circulation has a

system, and its advancement determines

Meanwhile, shunt coefficient x of the compound
the
performance. The shunt coefficient x is the proportion of the

significant  influence on system
refrigerant flow from the shunt valve to compressor-2. The mass
flow rate of the refrigerant at the outlet of compressor-1 is m,
and that at the outlet of compressor-2 is m,. The relationship

between m;y, m, and x can be expressed as follows:

4

m, =m; - X

They are assuming that the gas ratios of FT-1 and FT-2 are
denoted as a and b, respectively. According to the law of mass
conservation, the expressions of a and b are shown in Eq. 5.

a= (heo-out — hFTl—l)/ (h¥rioy — Ber1o1)
b=[(1-x) X heonar + X + hprio1 — heraa]/ (Bera-y — herar)

®)

Among them, h¢,_ o, represents the specific enthalpy of the
refrigerant discharged from the sub-cooler, kJ/kg; hgri.1, hpri-
v» Mer2, and hpr,y represent the specific enthalpy of the
saturated liquid refrigerant and the saturated gaseous
refrigerant in the FT-1, respectively. The specific enthalpy
and the specific enthalpy of the saturated liquid refrigerant
and the specific enthalpy of the saturated gaseous refrigerant
in the FT-2, KJ/kg; hconda represents the specific enthalpy of
the condenser-2, in the saturated liquid state of the
refrigerant, kJ/kg.

Combining Eqs 4, 5, the expression of m; is determined from
the heat supply of the heat source, which is Eq. 6.

) Q
(hcoml—in - hEv3—out) : (1 - b)

my (6)
where hcomi.in represents the specific enthalpy of the refrigerant
at the inlet of the compressor-1, kJ/kg; hgy3_ou represents the
specific enthalpy of the refrigerant at the outlet of the Ev-3,
kJ/kg.

According to the process, the heat released by Condenser-1,
sub-cooler, and the Condenser-2 in the high-temperature heat
pump subsystem is defined as Q;, Q,, and Qs, respectively, and
expressed as:

According to the steam production process of the system, the
heat released by condenser-1, subcooler and condenser-2 in the
HTHP compound cycle is defined as Q;, Q,, and Q3, as shown in
Eq. 7:

Q =m,- (hcomz—out - hcondl)
Qz =my - (hcondl - hco—out)
Q3 =my (hcoml—out - hcondl) X (1 - X)

@)

Among them, hcomiour and Heoma-our T€present the specific
enthalpy of the refrigerant discharged from the compressor-1
and the compressor-2, kJ/kg; hcona1 represents the specific
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enthalpy of the refrigerant in the saturated liquid state after heat
exchange in Condenser-1, kJ/kg.

The isentropic efficiency of the air-injected compressor is
calculated according to the total pressure ratio of the suction and
the exhaust, referring to the isentropic efficiency fitting formula
that is #;, = .9343-.04478 x A, proposed by Zheng (2017), the
Compressor-1 and the isentropic efficiency of Compressor-2 is
expressed as:

By referring to the isentropic efficiency fitting formula of #;s =
9343-.04478 x A, proposed by Zheng (2017), the isentropic
efficiency of the vapor-injected compressor is calculated according
to the pressure ratio of suction and exhaust., then the isentropic
efficiency of compressor-1 and compressor-2 can be expressed as:

8)

My = 0.9343 — 0.04478 X (Prmia/ Peva)
Moy = 0.9343 = 0.04478 X (Peonar / Pmia)

The power consumption of compressor-1 and compressor-2
is expressed as W, and Wy:

Wl =my - [(1 - b) X (hcomlfl - hcomlfin) + (hcomlfout - hmixl)]
WZ =my- [(1 - a) X (hcom271 - hcomlfout) + (hc0m27out - hmixZ)]

)

where heomio1 and heoma_1, respectively, represent the specific
enthalpy of the quasi-stage compression of the refrigerant by
the compressor-1 and compressor-2, kJ/kg; heomi-in a0d Heoma-in
represent the specific enthalpy of refrigerant at the suction port of
compressor-1 and compressor-2, KkJ/kg hpmixi and By,
respectively represent the specific enthalpy after the vapor
injection refrigerant and the quasi-stage compression refrigerant
in the compressor-1 and compressor-2 are mixed, kJ/kg.

The COP of the dual-flash compound circulation system can
be expressed as Equation 10.

COP:Q1+Q2+Q3 (10)
W,+W,

It is assumed that the initial temperature of the inlet hot
water at the steam generating side is Tyjno, and the heat loss in
the heat transfer process is ignored. The mass flow rate of the hot
water at the steam generating side is gy, which is the steam
output obtained by the system, as shown in Equation 11.

Qi +Q+ Qs
Mg = ———————— 11)
) hsink - hsinkO

hgni is the specific enthalpy of the final saturated steam,
kJ/kg; hginko is the inlet hot water at the steam generating side,
kJ/kg.

Exergy analysis

When the ambient temperature is Tamp, the specific
enthalpy and specific entropy of the corresponding
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environment are expressed as iy, and samp. According to
the definition of exergy, exergy loss expressions of the dual-
flash compound circulation system equipment in each process
are shown in Table 1 below:

Through the expression of exergy loss of equipment in each
process of the system, the total exergy loss of the system can be
obtained, which is expressed as Eq. 12.

Etotal = Econdl + EcondZ + Esubcooler + EEva + EEVI + EEV2 + EEV3
+ EEV4 + EFTI + EFTZ + Ecoml + Ecomz
(12)

The exergy efficiency of the system is the ratio of exergy
output and exergy obtained by the system, which can reflect the
advancement of a circulatory system to a large extent, and can be
expressed by Eq. 13.

1-E,
Eoo= ———od (13)
W+ W,

Process constraints

Exergy loss of the system could be reduced and
thermodynamic performance of the system could be
improved in the hierarchical heat transfer process, but it
had certain restrictions on the heat transfer relationship of
the system. When the initial temperature of the
supplementary hot water is Tk, and the mass flow rate
is Mgk assuming that the pinch temperature in the heat
transfer process is 5 °C, according to the second law of
thermodynamics, the water temperature reached after the
absorption of Q; should not be higher than T4, 5°C. Set
this limit temperature as T’ = Teond2 -5 C, then the specific
enthalpy of the hot water added at this temperature is A, .
When the hot water absorbs Q, and Qy, the final production
steam temperature should not be higher than T.,n41 -5,
denoted as Tgnk. The hgnky is the specific enthalpy of
saturated steam and hg,g is the specific enthalpy of
saturated hot water. Due to the conservation of energy
and mass during the cycle operation of the system, two
heat specific requirements related to the phase transition
of hot water were derived, denoted R ondition1 and Reondition2
respectively. The relevant expression is as follows (14).

hsinkv - hsinkl
Reondition1 = ﬁ
sinkl — tsink0
(14)
hsinkl - hsink'

RconditionZ = A A
sink’ ~ "lsink0

Based on this, when the system satisfies Eq. 15 at the same
time, the long-term steady operation of the system can be
realized.
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TABLE 1 Exergy loss model of each component.

10.3389/fenrg.2022.1043087

System equipment Exergy loss expression

Evaporator
Condenser-1

Condenser-2

Egyva = Tamb X [m1 x (1=0)+ (Scomi-in — SEv3-our) = Mc * (Sc1 = $c2)]
Econdt = Tamb X [Msink = (Ssinki = Ssink2) = 72 - (Scom2-out ~ Scond1)]

Econd2 = Tamb X [Msink = (Ssink1 = Ssinko) = 711 % (1 = %) - (Scom1-out ~ Scond2)]

Subcooler Esubcooler = T'amb X [Msink + (Ssink2 = Ssink1) = 712 - (Scond1 — Sco-out)]
Ev-1 Egvi = Tamb - 12 X (SEvi-out ~ Sco-out)
Ev-2 Egyy = Tamb - My - (1= a) X (Skv2-out = SET1-1)
Ev-3 Egys = Tamb - 111 - (1= b) X (Sy3-out = SE12-1)
Ev-4 Egyg = Tamb - m1 - (1= %) X (SEva-out = Scond2)
FT-1 Egpry = Tamb -y - [@ - Ser1y + (1= @) - SE11-1 = SEvi-out]
FT-2 Epry = Tamb -1 - [b- spra—y + (1 = 1) - Se12-1 = SEv2-out * X = Skva—out - (1 = X)]
Compressor-1 Ecomi-1 Ecomi-1 = Tamb - M1 - (1 =b) X (Scomi-1 = Scom1-in)
Ecom1-2 Ecomi-2 = Tamb - 71 X (Scom1-out — Smix1)
Ecom1-mix Ecomi-mix = Tamb - 11 X [Smixi = (1 =) - Scom1-1 = b - Sp12-v]
Compressor-2 Ecoma-1 Ecoma-1 = T'amb - M2 - (1 = a) X (Scoma-1 — Scom1-out)
Ecomz-2 Ecom2-2 = Tamb - M2 X (Scom2-out — Smix2)

Ecoml-mix

Ecomz-mix = Tamb - 72 X [Smixz = (1 = @) - Scomz-1 — @ - SpT1-v]

Q
Q+Qs

Reondition1 <
(15)

>

Reondition2 < Qs

It is assumed that the evaporation temperature of the system
is 50°C, the evaporation superheat is 5°C, the condensation
temperature is 120°C, and the condensation supercooling
degree is 5°C. When the mass flow rate of heat source is 1 kg/
s, and the initial temperature is 60°C. The above parameters were
quantified, the shunt coefficient x and pgr; and pgr, were set as
variable parameters, and the calculation system was optimized to
maximize COP.

The relationship between Rconditiont> Reondition2> and Qy, Qa,
and Q; are shown in Figure 4.

It can be seen that, with the change of x in the dual-flash
compound circulation system, the heat transfer ratio of Reondition1
was constant 8.11, while Ropdition2 Was always equal to 1.3947. It
follows that when the evaporation temperature is set, the value of
Reondition1 depends only on the maximum condensing
temperature of the system, while Reonditionz iS not only
affected by the T.onq1, but also related to the T onq of the
and  Reondition2> the
coefficient x needs to be greater than .958 and .952 at the
same time. Therefore, the shunt coefficient x greater than

system. Combined Riondition1 shunt

958 under this condition is the technical condition limitation
of the system.

Frontiers in Energy Research

Methodology

Due to the complex cycle process of the system, the
parameters in the system have coupling and variability.
Therefore, it is necessary to optimize each parameter in the
system by appropriate optimization algorithm to ensure the
heating performance of the system. The multivariable
simulated annealing algorithm has the advantages of simple
optimization process and strong robustness, which is suitable
for the multi-objective parameter optimization process of the
Dual-Flash Compound Circulation system (Kryukova et al,
2019; Zhang et al., 2022).

Simulated annealing algorithm (SA) is an optimization
algorithm which is often used to find the global nadir through
the simulated annealing process. For the parameter optimization
of the high point bit, the optimization process can be realized by
adding symbols or changing the operation direction. The
schematic diagram of the algorithm is shown in Figure 5 (Bai
and Liu, 2016).

It can be seen from the annealing calculation that there are
multiple annealing points during the whole annealing process.
Under the action of multiple influential variables, the highest
annealing point of the whole process is finally obtained as the
unique solution of the system optimization. In order to maintain
the stability of the system, some unnecessary variables need to be
reduced. Thermodynamic model based on the system, the shunt
coefficient of x, system too cold quantity ATy o, the FT-1 flash

06 frontiersin.org
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FIGURE 5
Principle of the simulated annealing algorithm.

pressure pgr, FT-1 flash prr COP of the system have a significant
impact, including x and AT, has also changed the constraints
in the process of system. Therefore, the above four parameters as
variables, determine multivariate calculation process of
simulated annealing algorithm, as shown in Figure 6.

Due to the system variables is more, the algorithm
parameters must be large enough to satisfy the movement
step length, step length is set to 100,000. Simulated annealing
temperature gradient reduction should be small enough, the
period is set to .1°°. The thermodynamic model of the system
was introduced into the algorithm flow, as shown in Figure 6, and
the maximum COP was taken as the optimization condition of

the judicial system. When the judgment condition and
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termination condition are satisfied at the same time, the
system optimization parameters obtained are substituted into
the system thermodynamic model to obtain the system
conditions and other thermodynamic parameters.

Results and discussions
Optimization and analysis of parameters
The working condition of the system is formulated. The

evaporation temperature is 50°C, the condensation temperature
tends to change within the range of 110-140°C, the pinch
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Variable relationship of intermediate pressure at different
condensation temperatures.

temperature of heat transfer in the system is 5°C, and the
intermediate pressure is calculated through Eq. 1 to reduce
the calculation time of the optimization model. The other
intermediate parameters were optimized according to the
simulated  annealing As  the
temperature of the changes, the
relationship between the intermediate pressure corresponding

multivariate algorithm.

condensation system

to the maximum COP of the system is shown in Figure 7 below.
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The pimiq is a variable related to the condensing pressure and
evaporation pressure. According to Eq. I, when the evaporation
pressure does not change, p;,ia shows a linear change with a slow
increase as the condensation temperature increases. The flash
pressure pgpr; and the pgr, fluctuated with the increase of the
condensation temperature. This is due to the parameter
fluctuation caused by considering the global optimal solution
in the multi-objective optimization process of the system. From
the fluctuation range, with the increase of condensation
temperature, the change of pressure variables in the system is
more significant. However, the variation range of the other two
variables parameters is relatively small, and the variation trend is
shown in Table 2.

From the optimized parameters, it can be concluded that the
split coefficient x is in the limit position as the condensation
temperature changes. Therefore can be concluded that under the
conditions, the smaller x leads to the higher the COP of the
system. When the condensing temperature was higher than
125°C, the minimum value of the shunt coefficient x was
reduced from .96 to .95, which verified that R.ndition1 and
Reonditionz Were affected by the condensing temperature and
gradually decreased with the increase of the condensing
temperature. At the same time, the optimal subcooling degree
of the system increases first and then decreases with the increase
of the condensation temperature, and the cut-off point is the
same as the condensation temperature of 125°C. Therefore, the
optimal value of the subcooling degree has a certain correlation
with the condensation temperature Teonq; and the shunt
coefficient x. To analyze the influence of x on the subcooling
degree, the working condition in Table 2 is defined as working
condition-1, and the x is set as working condition-2. In this case,
the variation of the parameters of the subcooling degree
corresponding to the optimal COP of the system is shown in
Figure 8.

Figure 8 shows that the system subcooling under the two
working conditions shows a trend of first increasing and then
decreasing. However, the difference is that the variation of the
value in working condition-1 is relatively smooth, while the value
in working condition-2 drops abruptly when the condensation
temperature is higher than 125°C. The reason for this trend is that
the temperature lift of the system causes a change in the
intermediate pressure, which indirectly changes the R.ondition2
required by the process through the condensing temperature
Teond2- When the final condensation temperature Tonq; Of the
system is higher than 125°C, The SA algorithm will reduce the
subcooling to meet the requirements of R.ondition-

Thermal performance analysis
The dual-flash compound circulation system is mainly used

to convert hot water into steam. In addition to the COP of the
system, the steam production and cooling capacity of the unit
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TABLE 2 x and ATg,-co change trend with condensation temperature.

Condensation temperature/’C

10.3389/fenrg.2022.1043087

ATgp-co/ 'C 4.7 4.9

X .96 .96

4.6 44 4.1

‘ .96 95 95 .95

TABLE 3 Technical parameters of the expansion valve to be used.

Parameter Constant coefficient/-

Valve diameter/mm

Poppet angle/’

Open limit/mm

Value 75 10

TABLE 4 Technical parameters of the proposed compressor.
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FIGURE 8 rated cooling capacity.
System subcooling changes under two working conditions.

refrigerant will also be used as the standard parameters to
evaluate the thermodynamic performance of the system.

To simplify the calculation, the influence of system
refrigerant flow rate on the dual-flash compound circulation
system was analyzed under the specified cooling capacity, and the
mass flow relationship of refrigerant in each stage of compound
circulation was analyzed is show in Figure 9.

When the cooling capacity and evaporation temperature are
constant, the mass flow of refrigerant through the evaporator in
the dual-flash compound circulation system and the traditional
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two-stage compression system are both #1;, and the mass flow of
refrigerant discharged from the high-pressure compressor are 1,
and m;, respectively. As shown in Figure 8, with the same cooling
capacity, m, increases from .195kg/s to 0.321kg/s, and m;
increases from .205kg/s to .362kg/s with the increase of
condensation temperature T onq;. The ms3 is 5.13%-12.8%
higher than m,. Under the same cooling capacity, the increase
in refrigerant demand leads to an increase in cost, and the
circulation process may cause a greater resistance loss. In
addition, the

refrigerant, action of equivalent circulating

according to mass flow

the

relationship  of
under
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temperatures.

refrigerant, the unit refrigerant refrigerating capacity of the
traditional two-stage compression system and the dual-flash
compound circulation system showed a downward trend with
the increase of the condensation temperature. However, the unit
refrigerating capacity of the dual-flash compound circulation
system is 21.42%-37.17% higher than that of the traditional two-
stage compression system. Therefore, facing the same production
scale, the dual-flash compound circulation system can more fully
use of the heat source of heat.

The thermodynamic models of the traditional two-stage
compression system and the dual-flash compound circulation
system were calculated. Under the same environment, the
maximum COP of the two systems at different condensing
could be
optimization by SA algorithm, as shown in Figure 10.

temperatures obtained through parameter

As shown in Figure 10, with the increase of the condensation
temperature, the maximum COP of both the traditional two-
stage compression system and the dual-flash compound
circulation system showed a downward trend. Among them,
the COP of the dual-flash compound circulation system
decreased from 4.49 to 2.81, which was 571% ~ 12.13%
higher than that of the traditional two-stage compression
system in the same environment. This trend shows that the
higher the condensation temperature required by the system, the
more advantages the dual-flash compound circulation system has
in heating.

To verify this advantage, the vapor production per unit
refrigerant was compared between the two systems under
different condensing temperature requirements, as shown in
Figure 11.

Figure 11 shows the variation of steam production for the two
systems with the same mass flow rate of refrigerant. When the
condensing temperature of the system was within the range of
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The change of unit steam volume of the system at different
condensing temperatures.

110-140°C, the mass flow rate of steam generated by the dual-
flash compound circulation system was .0401-.0559 kg/s.
Compared with the conventional two-stage compression
system, the steam production is increased by 3.79%-5.14%. In
addition, in the process of steam production, there are two
fluctuation points when the system condensing temperature is
120°C and 130°C. This phenomenon is exact because the two
fluctuation points of m; in Figure 10 correspond to the change of
the system steam production caused by the change of m;, which
does not affect the optimization theory.

Exergy analysis

In the thermodynamic analysis of heat pump system, the
COP can usually reflect the heating performance of the system at
the economic benefits, but it cannot reflect the advanced nature
of the thermal cycle of the system. The advancement of
thermodynamic cycle of a system is usually expressed by
thermodynamic perfection or exergy efficiency. Therefore,
exergy model of the dual-flash compound circulation system
was established, exergy changes of each component in the
compound circulation of the system were analyzed, and the
pros and cons of the system were further judged. As the
change of condensation temperature, describes the exergy loss
of each component in the system as shown in Figure 12.

Under the condition of the large temperature lift, the total
exergy loss of the system increases from 2.646kW to 4.649 kW
with the increase of condensing temperature, and the exergy loss
of the compressor accounts for 50.12%-54.35%. It can be
concluded that the compressor is the main component
causing exergy loss in the system under the condition of high
condensing temperature and the large temperature lift. As the
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condensing temperature under the same heating capacity.

condensing temperature increased in the system, the percentage
of exergy loss of compressor fluctuated slightly, while the
percentage of exergy loss of condensers -1, evaporator, Ev-2
and Ev-3 changed significantly.

When the condensing temperature of the system increased
from 110°C to 140°C, the proportion of exergy loss of condenser-
1 increased from 9.98% to 17.16%, and that of evaporator from
4.83% to 8.22%. The exergy loss of Ev-2 decreased from 4.23% to
4.11%, the Ev-3 decreased from 8.49% to 8.33%. The result
showed that under the same heating capacity, with the
increase of temperature Tconqi, the exergy loss generation
process of the system gradually changed from pressure
transformation process to heat transfer process. It is worth
noting that the exergy loss ratio of Ev-1 did not fluctuate.
Therefore, it can be concluded that the main reason for the
change of exergy loss of Ev-2 and Ev-3 is the vapor injection
process. In order to further understand the advancement of
thermal cycle of the system, exergy efficiency of the system
was calculated and compared with that of traditional two-
stage compression cycle.

According to the exergy model of the system, the variation
trend of exergy efficiency of the system at different condensing
temperatures is obtained, as shown in Figure 13.

As can be seen, when the condensing temperature
increased from 110°C to 140°C, the exergy efficiency of the
dual-flash compound circulation system decreased from
.5588 to .522. On the one hand, the overall exergy loss of
the system increases with the increase of condensing
temperature. On the other hand, the increase of pressure
ratio increases the compression power of the compressor.
However, the exergy efficiency of the traditional two-stage
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The trend of exergy efficiency of the system under the same
cooling capacity.

compression system decreased from .5316 to .4715 in the
same environment, which was 5.11%-10.71% lower than that
of the dual-flash compound circulation system. Thus, from
the perspective of the advanced nature of thermal cycle, the
dual-flash compound circulation

system has obvious

advantages.

Simulation verification

To verify the feasibility of the theoretical model, the system
can be modeled and simulated by using Aspen Plus V9 software.
Due to the large number of parameter variables and constraints
in the theoretical model, in order to simplify the calculation
process, the heat transfer iteration process of the simulation
model is replaced by energy value through the relationship
between the output heat in Riondition1 and Reondition2> and the
system model is shown in Figure 14 below.

The simulation environment of the simulation system
takes the evaporation temperature of 50 °C and the
condensation temperature of 120 °C as an example. The
physical property data of REFPROP are substituted into
Aspen Plus, and QOUT1, QOUT2 and QOUTS3 are set as
the cold utilities.
respectively according to the theoretical calculation values.

The boundary conditions are set
The pressure of thermal products is set as a fixed value of
.169 MPa (saturated steam 115°C), and the inlet temperature
of QOUT3 is 50°C. The outlet vapor fraction of QOUT1 is 1.
QIN is the hot utilities, and the initial value of heat refers to
the theoretical calculation of heat supply from the heat
source.
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The state of each node of the model after the steady-state.

The technical parameters of the compressor and expansion
valve in circulation are shown in the following Table 3 and
Table 4.

The resistance loss along the pipeline is not considered.
The theoretical optimized system parameters were used as
the initial values of each pressure in the simulation model,
where peonar = 1.9275 MPa, ppr; = 1.126 MPa, puig =
.8145 MPa, ppr, = .6828 MPa, p.,, = .3442 MPa. The
compressor is selected as a compressor module with
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W (G)
507
Wi m O Temperature (C)

D Pressure (bar)
E Mass Flow Rate (kg/hr)
D Vapor Fraction

Q Duty (cal/sec)

1

W Power(kw)

%

EVA

T QIN
Q=4994 Q

double trays and vapor injection performance. In order to
compare with the theoretical value, the isentropic efficiency
and compressor-2 is based on the
.757, .831, .813 and .782,
respectively. In the simulation model, the splitter is used

of compressor-1
theoretical value, which is

to replace the shunt valve group, and the shunt coefficient x is
set to .96. The initial refrigerant mass flow rate at node 6 in
Figure 7 was set to .2236 kg/s. After setting the initial
of the wvariable pressure

conditions, the parameters
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element (compressor, expansion valve) in the simulation
model will be debugted until steady state. The state of
each node is shown in Figure 15 below.

It can be seen from Figure 15 that under the cold utilities and
the hot utilities and restrictions, the simulation system has no
errors and warnings, indicating that the theoretical model is
indeed feasible. According to the numerical relationship between
the heating energy and compressor power consumption, the
COP of the simulation system is 3.716, which is only 2.16%
different from the theoretical calculation value. These errors are
due to the system performance deviation caused by the inability
to control the precise circulating refrigerant in the simulation
system, and do not affect the feasibility and performance analysis
of the system.

Conclusion

The dual-flash compound circulation system was used to
realize the efficient heating process of hot water to steam. The
system reduced the heat loss of key components such as
compressor and expansion valve during heating process, and
had better thermodynamic performance under the same working
condition.

(1) The thermodynamic model of double flash compound
cycle system is established, and the limiting conditions of
the thermodynamic model are also established. When
the temperature lift from 50°C to 120°C, the shunt
coefficient in the system should not be less than .958.

(2) Combined with simulated annealing algorithm, a multi-

objective parameter optimization model with COP as the

established. ~ Through

optimization calculation, it is found that the pressure of FT-

optimization ~ objective  was
1 and FT-2 increases almost linearly with the increase of Teopnds-
However, the shunt coefficient x and the system undercooling
degree largely depend on the technological conditions of the
system, especially the system undercooling degree.

According to theoretical calculation, the COP of the dual-

flash compound circulation system was in the range of

3)

2.81-4.49 when the condensation temperature was in the
range of 110-140°C, which was 5.71%-12.13% higher than
that of the traditional two-stage compression system. The
exergy efficiency of the system was 5.11%-10.71% higher
than that of the dual-flash compound circulation system.
The comprehensive analysis showed that the dual-flash
compound circulation system had more advantages when
facing the heating condition with high condensation
temperature.
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(4) In addition, Aspen was used to simulate the dual-flash
compound circulation system. The results showed that the
COP calculated by the simulation results was only 2.16%
different from the theoretical value after the system was in
steady state, which proved that the system had certain
feasibility.
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Nomenclature

COP Coefficient of performance (-)

h Enthalpy (kJ/kg)

s Entropy (kJ/(K-kg))

m Mass flow rate (kg/s)

T Temperature (K)

p pressure(MPa)

E Exergy (kW)

Q Heat transfer (kW)

W Power consumption (kW)
n Efficiency (-)

a, b Vapor ratio (-)

Tamb Ambient temperature (K)

x The split coefficient (-)

Subscripts

Cond Condensation
Eva Evaporation

Ev Expansion valve
Comp Compressor
FT Flash tank
sub-co Subcooler

sink Thermal product
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¢ Heat source

in Intake

out Exhaust

mid Middle-pressure position

is Isentropic state

Abbreviations

HTHP High-temperature heat pump
IHX Internal heat exchanger
SA Simulated annealing algorithm

Other symbols

m,; Compressor-1 refrigerant displacement
m, Compressor-2 refrigerant displacement
Reondition1 Cyclic requirement condition one
Reondition2 Cyclic requirement condition two
Q; Heat transfer of the Condenser-1

Q, Heat transfer of the Subcooler

Q3 Heat transfer of the Condenser-2

condl Condenser-1

cond2 Condenser-2

AKim> DKim> Mp> Vins SA algorithm parameters
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