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Abstract

The efficiency of a heat pump system has been
calculated for varying temperature conditions,
refrigerants, simulation programs and thermodynamic
models. Evaluated components are ammonia, the
chlorofluorocarbons R-11, R-12, R-22 and propane.
The equations of state Peng-Robinson (PR) and Soave-
Redlich-Kwong (SRK) and the activity model Non-
Random-Two-Liquid (NRTL) were used. COP values
have been calculated to values between 3 and 9. Aspen
Plus and Aspen HYSYS are evaluated to be powerful
tools for heat pump calculations. The calculated
differences between heat pump efficiencies with
different components at different conditions are
reasonable.
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1 Introduction

Heat pump technology provides an efficient and
sustainable solution for both heating and cooling. A
traditional heat pump can be defined as a mechanical
compression cycle refrigeration system powered by
mechanical energy or electricity. Traditional
refrigerants used in heat pumps are ammonia and
chlorinated or fluorinated hydrocarbons. Because many
of the most used chlorofluorohydrocarbons (CFC’s) are
ozone-depleting components, development of more
environmentally friendly refrigerants like pure
hydrocarbons is important (EU, 2009). The efficiency
of a heat pump is traditionally measured by the ratio of
delivered heat at a high temperature divided by the
electricity (or work) input. This is defined as the
coefficient of performance (COP).

There are several simulation tools available for the
simulation of heat pumps.  Traditional process
simulation tools like Aspen HYSYS or Aspen Plus are
useful because they have data for several components
inside the program, and many thermodynamic models
like equations of states available. It is of interest to
calculate the efficiency of a heat pump system when
varying temperature conditions, refrigerants, simulation
programs and thermodynamic models. There are few
references to such comparisons in the open literature.
An example of earlier work on simulation of heat pumps
is Domanski and Didion (1985).

This work is based on the Master Thesis work of
Irene Yuste Tirados (Tirados, 2015). The background
information and the evaluation of the calculation results
are extended compared to the content in the Master
Thesis report.

2 Process Description

The circulation medium (refrigerant) alternates between
different pressures and temperatures by the help of a
compressor and an expansion valve between the
temperatures 25 and 4, 27 and 2 or 27 and -20 °C. The
lowest temperature is the evaporation temperature and
the highest is the condensing temperature. The
pressures are specified as the saturation pressures at the
given temperatures. A simple diagram of the
refrigeration circuit is shown in Figure 1.
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Figure 1. Simple diagram of a heat pump's mechanical
compression cycle

In an air to air heat pump, taking heat from a cold
environment to a warmer environment, the temperature
profiles in the condensation unit and evaporating unit
are typically as in Figure 2. The condensing and
evaporating temperatures in the figure are 25 and 4 °C.
The corresponding outside and outside air temperatures
are 9 and 20 °C. In the condenser, the refrigerant
coming from the compressor is normally warmer than
the condensation temperature and the refrigerant must
be cooled down to the condensation temperature in the
first part of the condenser.
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Figure 2. Temperature profiles in the evaporator and
condenser for low difference temperature conditions.

The evaluated components are ammonia, R-11, R-12,
R-22 and propane. The CFC components are not
accepted as refrigerants in heat pumps any longer, but
they are relevant because they have been used in many
heat pump applications, and new refrigerants
components will be compared against the CFC
components. The explanations for the abbreviations for
the different refrigerant components (the R-numbers)
can be found e.g. in an EU report on ozone layer
depletion (EU, 2009). The equations of state Peng-
Robinson (PR) and Soave-Redlich-Kwong (SRK) and
the activity model Non-Random-Two-Liquid (NRTL)
were used in the process simulation programs Aspen
HYSYS and Aspen Plus.

The coefficient of performance (COP) is an
expression of the efficiency of a heat pump. The
coefficient of performance for a heat pump is the ratio
of the energy transferred for heating to the input energy
used in the process.

_ Q¢
COP—W

W =0Q;— Qg (D

In equation (1) Qc is the heat output from the condenser,
Qe is the heat input from the evaporator and W is the
power supplied to the compressor. If there is no heat
loss the work added equals the difference between the
heat output and the heat input.

In this work, it is assumed that the refrigerant loop
operates at a specified condensation and evaporation
temperature. Because pure components are used in this
work, the evaporating and condensing pressures are the
saturation pressures. The expansion valve is assumed to
operate adiabatically and except of that it is assumed no
pressure drops in the circulation loop. The compressor
is assumed to have the default adiabatic efficiency of
0.75. A motor or motor efficiency is not included in the
calculations, and if a motor efficiency should be
included, this would reduce the COP slightly. Version
8.0 of Aspen Plus and Aspen HYSY'S have been used.

3 Thermodynamic Models

3.1 General about Property Calculations

To calculate the temperature (7), pressure (P or p),
specific volume (v), heat (Q) or work (W) for different
conditions in process simulation programs like Aspen
Plus and Aspen HYSYS, there are thermodynamic
models, model parameters and calculation procedures
available. In other tools for heat pump calculations,
thermodynamic property data for the components are
directly available as correlations in data banks. These
data can be based on direct measurements or they can be
based on thermodynamic models.

In the addition to the calculation of energy functions
as enthalpy (H) and entropy (), the key thermodynamic
property calculation performed in a simulation is the
phase equilibrium. Phase equilibrium is calculated using
the fugacity (which is a measure of the tendency of a
component to leave its phase). Equilibrium is achieved
when the fugacity of the component is equal in all
phases. In this work only pure components are treated,
so0 g; is the fugacity of the actual component.

There are two common methods for representing the
fugacity coefficients from the phase equilibrium
relationship in terms of measurable state variables, the
equation of state method and the activity coefficient
method as explained in Smith et al. (2005).

Equation of state methods use the various equations
of state from chemical engineering thermodynamics to
calculate the equilibrium conditions. The two most
familiar are PR (Peng and Robinson, 1976) and SRK or
Soave-Redlich-Kwong (Soave, 1972). Both of them are
cubic equations of state and they only need critical
properties and ideal gas enthalpies for each component
to calculate all the necessary thermodynamic properties
for equilibrium calculations.

An activity coefficient method is a more empirical
approach to calculate the equilibrium. This method uses
various relationships to calculate the liquid phase
activity coefficient and then the fugacity coefficient. A
common activity model is NRTL or Non-Random Two
Liquid (Renon and Prausnitz, 1968). In Aspen Plus
ideal gas enthalpy and heat of vaporization correlations
are used to calculate enthalpies. The NRTL model is the
same in Aspen HYSY'S and Aspen Plus as in the original
paper. The results from an activity model are dependent
on the parameter values for the components and
enthalpy correlations. These parameter values may be
different in different program versions.

3.2 General about Equations of State

Equation of states are often expressed by critical or
reduced temperatures and pressures. The critical
temperature (7;) and pressure (P.) for a pure component
are component characteristics. Reduced properties (7
and P,) are defined as the property divided by the critical
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property. R is the gas constant. The acentric factor w is
also a component characteristic which is defined in
equation (2).

w=-1- [10910Prsat]rr=o,7 (@)

A widely used equation of state is the SRK model
(Soave, 1972). This model is described by equation (3)
with a (the pressure correction parameter), b (the
volume correction parameter), a and m defined below.

_ RT _ aa

~v—b v(v+b) &)
{a _ 0,42748R?*T? b= 0,08664RTC}

Pc Pc

a=[tem(1-1")

m = 0.48508 + 1.55171w — 0.15613w?

These coefficients in the m equation are from the
original work of Soave and can be different in other
versions.

A similar equation of state shown in equation (4) was
developed by Peng & Robinson (1976) with more
accurate liquid density predictions.

RT aa

P=%"b  vwtbh)+h(v—b) “)
{a _ 0AST24R*TZ |, _ 0,07780RTC}
Pe Pe

a=[tem(1-1")

m = 0.37464 + 1.54226w — 0.26992w?

The coefficients in the m equation are from the original
work of Peng and Robinson.

There are numerous of other equation of state and
activity coefficient models, and some of them are
available in the Aspen HYSYS and Aspen Plus
programs. The PR, SRK and NRTL models are used
because they are well-known to be simple and efficient.
There are some equations of state which are further
developments of the SRK and PR equations of state.
One variation is from Peneloux (1982) where a volume
correction ¢ is added to every volume in the SRK or PR
equations. This is used in the SRK and PR versions in
the program Aspen Plus.

In this work, the default parameter values from the
Aspen HYSYS and Aspen Plus programs for the PR,
SRK and NRTL models are used. There are some small
differences between the two programs in the model
equations and the parameter values.

3.3 Aspen HYSYS Property Documentation

The equations used in Aspen HYSYS are shown in
equations (5) to (10). They are from the documentation
of an earlier version of the Aspen HYSYS program
(Hyprotech, 2003). This documentation is more
complete than for the later versions. It is assumed that
the equations used are the same also in Aspen HYSYS
version 8.0. The equations include mole fractions (x;
values) and k; parameters (component interaction
coefficients) which are not used in this work with only
pure components.

SRK:

RT a
P=3=p v(v+b) ©)

> 0,08664RT,
b= Z xb , bh=— €
Pe

i=1
N N

0,5
a = Z Z xixj(al-aj) (1 - k’-])
i=1j=1

_ 0,42748R?T?

a; =acga; Aci
Pc

a; = [1 + m; (1 - T:/Z)]Z

m; = 0,48 + 1,574w; — 0,176w;2

PR:

RT a
P=%"b  vwtbh)+h(v—b) ©)

3 0,077796RT,
b= Z xby . hj=———C
Pe

l

1N N
a= z z xixj(a:ay)” (1 = kiy)

i=1j=1

0,457235R2T?
a; = aci®; Aei =—————
Pc
1 2
a; = [1+ml(1—Tr 2)]
m; = 0,37464 + 1,54226w; — 0,26992w;2

It can be noted that the m coefficients in equation (6)
are equal to the original PR coefficients in equation (4).
The coefficients in equation (5) are not equal to the
original SRK coefficients in equation (3).

Enthalpy and entropy departure calculations

The principles for the numerical calculation of the
enthalpy and entropy calculation (based on residual
properties) can be found in Smith et al. (2005). These
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numerical calculations (and also fugacity calculations)
may be different in Aspen Plus and Aspen HYSYS.

The enthalpy and entropy departure calculations used
in Aspen HYSYS are shown in equations (7) and (8). Z
is the compression factor (defined by RT/Pv).
Superscript ID is for ideal gas, and subscript 0 is a
reference state.

Gzt () e o

= mzong (), -
T —an—lnP0+f RaTv_ dv  (8)

V.
Fugacity coefficient

SRK:

Ing; = (Z—Z—?)HZ—D——

b
~ i [f a2 S S (1 - k) - Y (145) ©

PR:

Ing; = l(Z b) ¢
i = =n\Z =57 ) = 3ispRT

|G et (1 k) -

ﬁ] . v+(2%°+1)b
PIT v—(2%-1)p

+(Z—1)%'...

(10)

3.4 Aspen Plus Property Documentation

The equations used in Aspen Plus are shown in equation
(11) to (14). The equations are taken from the
documentation of an earlier version of the Aspen Plus
program (Aspentech, 2001). As for Aspen HYSYS it is
assumed that these are the equations used also for Aspen
Plus version 8.0.

SRK:
RT a
p= Um+c—b  (vyp+o)(Wy+c+b) at)
- 0,08664RT,
b = Z xibl- ) bi =
Pc

v ;0,42747R2T?
szxj(aiaj)o's(l—kij)’ R
c

i=1j=1
o= [ m (1))
mi|1-T,
m; = 0,48508 + 1,5517w; — 0,15613w?

These versions of SRK and PR are not equal to the
original versions. A volume translation concept and the
¢ parameter introduced by Peneloux and Rauzy (1982)
is used to improve the molar liquid volume calculated
from the cubic equation of state.

PR:

_ RT _ a (12)
p= c+vm)—b  (Wm+o)(Vvm+c+b)+b(vm+c—b)

J 0,07780RT,
b= Z xb , b =—C
. Pe

Z Z xix; (@) (1 - ki)
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; 0,45724R2T2
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“[uems-r)

m; = 0,37464 + 1,54226w; — 0,26992w;2

N
C=inci ’

i=1

a; = acq; , Aci =

;=0 40768( ) (0,29441 — zg4;)

Enthalpy and entropy departure calculations

The enthalpy and entropy departure calculations use the
following equations (13) and (14). Subscript m is for
mixture conditions and superscript ig is for ideal gas
conditions.

(Hm—H,if):—f (P—7)dv—RTln(vvq)+ -

it T(Sp = S9) + RT(Zp — 1) (13)

(Sm_sgg)z_f;[(g_;) ——]dv+Rln( lq) (14)

4 Specifications and Calculation Principle

4.1 Specifications

When calculating the COP for a process as in Figure 1
in Aspen HYSYS or Aspen Plus, only a few

N
specifications are necessary. A circulation flow must be
= iCi i —040768( ) 0,29441 — . . . .
; i ( Zrai) specified, but can be specified arbitrarily as e.g. 1 kg/h.
If it assumed that the evaporation and condensing is at
saturation conditions, the only necessary specifications
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are the evaporating temperature and condensing
temperature.

It is not necessary to calculate the conditions outside
the refrigeration circuit to calculate the COP. The air
amounts in Figure 2 can be calculated if all the air
temperatures are specified. Including an efficiency loss
in the compressor motor and including the power needed
for air flow in Figure 2 would reduce the calculated COP
values slightly.

4.2 Calculation Principle

The calculation starts with a pure component flow at the
lowest (evaporating) temperature at saturated vapour
conditions. Then the vapour is compressed with a
default adiabatic efficiency to the pressure which gives
condensation at the highest (condensing) pressure. The
compressed gas is cooled in a condenser to saturated
liquid. Then the liquid is expanded in an expansion
valve at adiabatic conditions. The expanded gas/liquid
mixture is heated in the evaporator to the original state
of saturated vapour. The COP is calculated as the
condenser heat divided by the power consumption in the
COMPressor.

5 Results

The results are shown in Figures 3 to 7, one figure for
each component. In all the figures the results are shown
for 3 temperature differences using 3 models and 2
simulation tools.

All the models in both simulation programs show as
expected a decrease in COP with increase in temperature
difference for all the cases.

For some of the components, the deviations in COP
are large for the same model in different programs.
These differences are larger than expected.

PR SRK NTRL

BDAspen Flus
BAspen HYSYS

Temperature conditions

Figure 3. Calculated COP values for ammonia for
different temperature conditions, programs and models.

Ammonia is the component with the highest COP
(together with R-12) for the lowest temperature
difference. As can be seen in Figure 3, all the models in
Aspen Plus gave similar COP results for the lowest
temperature difference, while Aspen HYSYS gave
higher COP values (about 8.2) than Aspen Plus (about
7.5) when using the models PR and SRK.

BAspen Flus

COP values of R-11

BAspen HYSYS

Temperature conditions

Figure 4. Calculated COP values for R-11 for different
temperature conditions, programs and models.

For R-11 there were very few deviations between the
models, as seen in Figure 4, but there were slight
deviations between COP values calculated with Aspen
Plus and Aspen HYSYS. Aspen HYSYS calculated
slightly higher COP values for most of the cases.

PR SRK NTRL

COP viaues of R-12

D Aspen Plus
BAgen HYSYS

Temperature conditions

Figure 5. Calculated COP values for R-12 for different
temperature conditions, programs and models.

R-12 (together with ammonia) gave the highest COP
for the lowest temperature difference. For the low
temperature difference, Aspen Plus and Aspen HYSYS
gave very similar COP results close to 8.0 as seen in
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Figure 5. Using NRTL, Aspen Plus gave 8.0, while
Aspen HYSYS gave a lower value (7.5).

FR SRK NTRL

of R-22

COP values

B@Aspen Flus
BAsen HYSYS

Temperature conditions

Figure 6. Calculated COP values for R-22 for different
temperature conditions, programs and models.

R-22 gave the highest COP values for the highest
temperature difference. For the high temperature
difference, the COP results in Figure 6 were similar, all
between 3.4 and 3.9. The larges deviations were
between the simulation programs Aspen Plus and Aspen
HYSYS for the PR and SRK models. For PR and SRK
Aspen HYSYS calculated the highest COP values.
When using the NRTL model, Aspen Plus calculated a
slightly higher COP than Aspen HYSYS.

PR SRK NTRL

@ Aspen Plus

COP values of Propane

DAspen HYSYS

4~

0¥ &
£ ; Rw)
£ 4 £
& &

&
Temperature conditions

Figure 7. Calculated COP values for propane for different
temperature conditions, programs and models.

The COP values in Figure 7 calculated with propane
were only slightly less than for the more usual
refrigerants. The COP value calculated with Aspen
HYSYS using NRTL for the lowest temperature
difference was very high (9.2), but all the other COP
values for the same conditions was close to 8.0.

6 Discussion

The calculated absolute values (COP values) are
probably high compared to actual values for heat pumps
in operation. Including motor efficiency, heat losses and
pressure drops would reduce the calculated COP values.
It is however expected that the calculated differences are
reasonable. The main purpose of this work is to evaluate
these differences.

The models PR and SRK have obtained similar
values as expected when calculated in the same
simulation program. Both are equations of state using
the same parameters, T¢, P, and .

The model NRTL gave similar results in most of the
cases compared to values obtained with PR and SRK,
but there were some deviations. As NRTL is not an
equation of state method, this difference could be
reasonable.

Differences between Aspen Plus and Aspen HYSYS
for the same model can be seen. For the PR model
slightly higher values are calculated in Aspen HYSYS
than in Aspen Plus. However, for the case of NRTL
model there is not a clear trend in the deviations.

The explanation of deviations in PR and SRK is also
difficult, but some differences in the equations of the
models have been found which could be the reason for
deviations.

The parameter values of the critical data (7¢, P, and
w) were checked to be the same in Aspen Plus and
Aspen HYSYS, so this cannot explain the differences.
The coefficients in the m equations for SRK are slightly
different from Aspen Plus to Aspen HYSYS. The
coefficients are however equal for the PR equations, so
this can not explain the difference in case of the PR
equation.

The most clear difference between the Aspen
HYSYS versions and Aspen Plus versions of SRK and
PR is that the Aspen HYSYS versions are close to the
original SRK and PR versions while the Aspen Plus
versions use a volume correction as suggested by
Peneloux (1982). These corrections influence the
equation of state, the equations for calculation of
enthalpy and entropy corrections and the calculation of
the fugacity coefficients. This may explain the
differences between COP values calculated by Aspen
Plus and Aspen HYSYS.

In development of new refrigerants, one trend is to
use a mixture of different components. The simulations
in Aspen HYSYS and Aspen Plus in this work can be
easily extended to multicomponent simulations. The
uncertainty in the calculated COP values will probably
be slightly higher due to higher uncertainty in the
physical property calculation methods. When using the
SRK and PR models, it is expected that the
thermodynamic properties are calculated quite
accurately also for mixtures. It is assumed that
calculating heat pumps with a mixture of refrigerants
using Aspen HYSYS or Aspen Plus with the SRK or PR
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model will give reasonable results. A reasonable
extension of this work is to evaluate the heat pump
efficiency for different mixtures at different conditions.

7 Conclusion

COP values have been calculated to values between 3
and 9. The highest COP was calculated for the lowest
temperature difference. The components giving the
highest COP value between the temperatures 22 and 7
°C were ammonia and R-12, and R-22 gave the highest
COP between -15 and 22 °C. Propane (which is not a
CFC) gave slightly lower COP values than the other
components.

The differences between the thermodynamic models
and the different programs were normally low.
However, some differences between Aspen Plus and
Aspen HYSYSS for the same model were calculated. The
calculated deviations between the same models using
different programs are difficult to explain. Different
equations and model parameters in different programs
may explain differences between the same models in
different programs.

Aspen Plus and Aspen HYSYS are powerful tools for
heat pump calculations. The calculated differences
between heat pump efficiencies with different
components at different conditions are thought to be
reasonable.

Subscripts/superscripts:

C Condenser

c Critical

E Evaporator

i General component
ID Ideal

ig ideal gas

J General component
m mixture

r Reduced

sat Saturated

0 Reference state
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