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Abstract

A design platform, namely Smart Thermal Energy Design Platform (STED platform), for thermal energy-intensive
industrial facilities is being developed for any user with an intuitive interface and smart guide during design process.
Among design modules in STED platform, the vapor compression heat pump design module gives suitable design results
for heat pumps under the given operation conditions. The module can model three heat pump layouts: basic, internal heat
exchanger, and injection. To validate the design results from the module, a lab-scale heat pump experimental device,
namely heat pump simulator, was made based on the calculation results from the heat pump design module. As a result,
the calculated performance from the platform and the measured performance from the simulator had an error of 0.1% in
terms of mean COP for 30minutes.
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1. Introduction

According to the global energy-related CO, emissions by sector from IEA data [1], industry sector occupies
23% of total global CO; emissions. In 2021, the sector accounted for 38% (169EJ) of total global final energy
use, and the fraction of fossil fuel energy in the whole industry sector final energy use was about 68% [2]. To
reduce the emissions in the sector, fossil fuel based thermal systems like boilers should be electrified. Reported
by Net Zero Roadmap [3], electricity share in light industry should be 76% to accomplish net zero until 2050.
Heat pumps could be a great option to electrify the industrial heat because compared to electric heaters heat
pumps can generate a few times of generate process heat by inputting a same electric power. Many previous
works reported that energy consumption in the industrial sector could be saved about 40 to 60% if process heat
under 200°C that is utilized in most industrial sectors is replaced with heat pumps [4] [5] [6] [7] [8]. Despite
these benefits of heat pumps, there is a lack of holistic design algorithms for heat pump systems because they
involve various combinations of design parameters, such as cycle layouts, specifications of sub-components,
refrigerants, and degrees of superheating and subcooling, and so on [9]. Thus, it is hard for small-, and medium-
sized enterprises to design their own heat pump systems because they generally have deficient R&D
infrastructure and insufficient capital to pay the license fees of state-of-the-art design platforms to enhance the
performance of heat pumps. According to Meng et al. [10], these enterprises approximately accounted for 50%
of CO; emissions, so that improving the performance of heat pumps used by small-, and medium-sized
companies could contribute to reduction of CO, emissions in industry sector. To solve the problem, the latest
national R&D technologies should be efficiently disseminated to those enterprises.

Smart Thermal Energy Design platform, namely STED platform could be a solution to provide preliminary
design results of the thermal energy-intensive facilities such as burners, furnaces, dryers, heat exchangers, and
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heat pumps to the energy consumers or vendors. Among variety of design modules, heat pump design module
could treat three kinds of heat pump layouts which are basic, internal heat exchanger, and injection. In this
study, the design algorithms of the layouts were suggested, and the design result of basic layout were validated
with experimental test loop for heat pump design module, namely heat pump simulator.

2. Design algorithms for various heat pump layouts

At the first step to design heat pump cycle, inputs are applied into specifications of major components in a
heat pump system should be inputted as listed in Table 1.

Table 1. Input list for heat pump design

Category Input parameters Symbol

Inputs of hot process (condenser)

Mass flow rate 1y
Pressure Ph

Inlet temperature Thi
Outlet temperature Tho

Inputs of cold process (evaporator)

Mass flow rate e
Pressure Pe

Inlet temperature Tei
Outlet temperature Teo

Inputs of major components

Approach temperature (Plate type HX) ATgp

LMTD (Fin type HX) AT
Basic cycle input Pressure drop in HX channels AP
*Commonly used in other layouts  Degree of superheat AT

Degree of subcooling AT

Isentropic efficiency of compressor MNeomp
IHX cycle input Internal HX effectiveness €IHX
Injection cycle Isentropic efficiency of 2™ compressor TNcomp.2

The heat pump design module adopts CoolProp database for utilizing fluid properties [11], but not all fluids
are not considered a refrigerant in a heat pump users intend to design owing to the computational resource
problem. Instead, the appropriate refrigerants are dynamically selected from the list according to the
temperature of process fluid, and the specifications of an evaporator and condenser like approach temperature
and LMTD. In the condenser, a refrigerant with high pressure is condensed by the hot-side process fluid such
that the critical temperature of the refrigerant is higher than the temperature of the hot-side process fluid
considering the pinch point, as shown in Eq.(1). In the evaporator, a refrigerant with low pressure is evaporated
by the cold-side process fluid. The refrigerant pressure in the evaporator should be higher than the ambient
pressure because of the purity problem in the heat pump system. Thus, the saturation temperature of the
ambient pressure considering the pinch point should be lower than that of the cold-side process fluid, as
expressed in EQ.(2).

Tcrit > Tho +A Tpp,cond (1)

TNBP < Tco +A Tpp,evap (2)

This is because heat pumps designed by the module should be a subcritical vapor compression heat pump.
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2.1. Basic layout

A heat pump system with basic layout is composed of an evaporator, compressor, condenser, and expansion
valve. Initially, low pressure and high pressure of the refrigerant in evaporator should be estimated considering
atmosphere pressure, critical pressure, and process temperatures. The saturation temperature in evaporator can
be calculated from the estimated low pressure by CoolProp database. Adding the superheat inputted by a user
to the saturation temperature, the evaporator outlet temperature (i.e. compressor inlet) can be obtained. From
the pressure ratio of estimated high to low pressure, and the entered isentropic efficiency of a compressor, the
compressor outlet state (i.e. condenser inlet) can be calculated as shown in Eq.(3)(4).

Tcomp,in = Lsat@Peyap + ATsp (3)
1 hcomp,out,ideal (4)
hcomp,aut =(1- hcomp,in +
Ncomp Ncomp

The saturation temperature in condenser can be calculated from the assumed high pressure of refrigerant in
condenser, and the condenser outlet temperature can be obtained by subtracting degree of subcooling from the
saturation temperature in condenser as written in Eq.(5). After condenser inlet and outlet temperature are
defined, mass flow rate of the system can be calculated by energy conservation between refrigerant side and
process fluid side as shown in Eq.(6)(7). The subscripts ‘hot_in,sec’ and ‘hot_out,sec’ mean the inlet and outlet
state of hot secondary flow like water and air in condenser. However, the approach temperature point in
condenser does not usually exist at the channel inlet or outlet as single-phase heat exchangers do. This is
because phase change occurs on refrigerant side in condenser while do not happened in process fluid side. To
search the approach temperature in channels, the condenser channel should be divided into finite discrete
nodes, and each state can be obtained based on energy conservation equation as shown in Figure. 1. Comparing
the calculated approach temperature of condenser to the approach temperature inputted by a user, the error can
be defined as Eq.(8). If the error is not met under the entered tolerance, the high pressure in condenser is
adjusted until satisfying the convergence tolerance.

Teona_out = Tsat@Pcond — AT, (%)
Qcona = Mot sec (Rnot_out,sec = Nnot in,sec) (©)
Myer = Qeona/(Reona_in — Neona_out) (7)
€ > AT,y cona = AT pp,condl (8)
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Figure. 1. Internal channel calculation of condenser using finite discrete nodes

After the condenser outlet state is obtained, through expansion valve, evaporator inlet state can be calculated
through with isenthalpic process of the condenser outlet state to the low pressure as expressed in Eq, (9).

Tevapjn = f(Pevap' hcond,out) (9)
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Thus, evaporator inlet and outlet can be determined, and the approach temperature of evaporator is also
calculated by the finite discrete nodes method similar to the condenser as shown in Eq.(10)(11)(12). The
subscripts ‘cold in,sec’ and ‘cold out,sec’ mean the inlet and outlet state of cold secondary flow like water
and air in evaporator. The error of evaporator’s approach temperature is a criterion to judge the convergence
of low pressure in evaporator.

Qevap = mref (hevap_out - hevap in) (10)

. 11
hcold_out,sec = hcold_in,sec - Qevap/mcold,sec ( )
£ > |ATypset — ATpp evap| (12)

When both the approach temperature errors of condenser and evaporator are under the user inputted tolerance,

| Assume Pgqp |‘7
I

| Assume Pggqg |<7
|

| Calculate Teomp, out |

I

| Calculate Teong,out |

!

| Calculate AT pp cona

Yes

| Calculate ATpp__evap |

No

Yes

| Calculation end |

the cycle design is completed. Figure.2 shows the flow chart for designing a basic layout heat pump.

2.2. Internal heat exchanger layout

The design algorithm of IHX heat pump is basically identical with that of the basic layout heat pump but
the evaporator outlet and condenser outlet transfer their heat through IHX, so the superheat at the compressor
inlet and subcooling at the expansion inlet is more enhanced by the IHX. In the IHX channels, the phases of
condenser and evaporator are both single phase. Therefore, the transferred heat can be calculated based on the
effectiveness of IHX inputted by a user. Eq.(13) to (18) show the calculation process of IHX cold side and hot
side states.

Tux i = Sat@Peyqp + ATy (13)

14
Tiux ni = Sat@Peyap — AT, (14)

Gideal = Min (Apx pi — hli%(%o, hf?&‘féo — hiux_ci) (15)
Qactual = €rax9ideal (16)
hIHX_co = hIHX_Ci + Gactual (17)

Figure.2. Design algorithm of basic layout heat pump
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(18)

hinx no = Minx_ni — Qactual

Figure.3 shows the design algorithm of a IHX layout heat pump.
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Figure.3. Design algorithm of IHX layout heat pump

2.3. Injection layout

An injection layout heat pump does not directly expand from the high pressure at condenser to the low
pressure at evaporator, but there is a flash tank with intermediate pressure between condenser and evaporator.
Thus, when the high pressure fluid expands in flash tank, the subcooled refrigerant at the condenser outlet
changes saturated state, so that saturation gas partly appears in the tank in Eq.(19). Bypassing the gas to the
middle of compression process in a compressor, consumption work of the compressor is substantially
decreased due to the intercooling of the compression process in Eq.(20). Remarkably, as intermediate pressure
changes, the injection layout heat pump has optimal performance point as illustrated in Figure.4.

Xfsh = f(Pinter: hcond_out) (19)

20
hcompz_in = xfshhfsh_v + (1 - xfsh)hcompl_out ( )
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Figure.4. Optimal intermediate pressure for maximal COP
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Figure.5 shows the flow chart of injection layout heat pump.
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Figure.5. Design algorithm of injection layout heat pump

3. Heat pump simulator

To validate the calculation results from the heat pump design module in STED platform, a simulator was built.
The simulator is composed of a compressor, plate type condenser and evaporator, and EEV. The compressor
is a twin rotary (two cylinder rolling piston type) with hermetic motor, and PVE oil. Temperatures are
measured by RTD with 1/16-inch probe, and pressures of compressor inlet and outlet are measured by high
accuracy pressure transmitter with FS £0.075%. Coriolis flow meter is adopted to obtain the mass flow rate in
the system. Figure.5 shows the picture of simulator for heat pump design module in STED platform.

.ﬁ‘r
e10iei
Patiorm

IS A2|(STED) FEHE US4 S| =Hm 2
for v

8 Al
St Thesd Energy Design

Figure.6. Picture of simulator for heat pump design module in STED platform
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The monitoring system of the simulator was implemented by Labview 2020 version. The heat pump design
platform was embedded in the Labview, so that the platform results and measurements directly compared on
the monitoring system. In Figure.7, the center PFD shows the schematic flow lines of the simulator, and the
left side the comparison results of platform calculation and measurements. Especially, the cycle states can be
expressed by TS and PH diagrams, and the blue line represents the platform results and red lines shows the
measurements from the simulator. They show high agreement between platform and simulator. Moreover,
calculating the COPs calculated from the platform and measured from the simulator, the estimated error was
only 0.1% with average of 30 minutes. Table 2 shows the differences of major parameters between calculation
from the platform and measurements from the simulator. Due to the measurement error of power meter, the
compression work showed the largest deviation. Coincidently, the measurement of evaporation heat is also
smaller than the calculation so that COP has extremely low error. The difference of subcooling is not reported
because the condenser outlet of refrigerant side is in the saturated state so that it is hard to compare the
calculation of subcooling to the measurement.
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Figure.7. The monitoring system of the simulator
Table 2. Absolute errors between calculation results and measurements
Parameters Calculation results Measurements Differences [%]
COP 51 5.093 0.14
Evaporation heat 3.89 kW 4.05 kw 4%
Compression work 0.761 kW 0.795 kW 4.4%
Evaporating pressure 9.6 bar 9.68 bar 0.8%
Condensing pressure 22.9 bar 22.5 bar 1.9%
Superheat 5°C 5.17°C 3.5%
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4. GUI of heat pump design module

After the results of the heat pump design module was demonstrated, the platform was visualized by PyQt5
module in Python library. The first step is selecting heat pump layout a user wants to design. At the next step,
the user enter the required inputs as listed in Table 1. Finishing the calculation, the results are summarized
with the refrigerant states, and essential diagrams.
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1. Select heat pump layout 2. Enter the specifications and process information 3. Report the calculation results

Figure.8. GUI manual

5. Results

To respond to demands for developing user-friendly design platform, Smart Thermal Energy Design platform
was developed. Among the thermal energy-intensive facilities the platform treats, the heat pump module
algorithms were discussed in this study. Basic, internal heat exchanger, and injection cycles are dealt with, and
basic layout heat pump was validated by the simulator with mean error of 0.1%. Thus, the heat pump design
module in the platform can provide accurate design results to users.
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