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ABSTRACT

Replacing combustion appliances with heat pumps can be part of a strategy to electrify buildings. When their electricity
is supplied by renewables, the adoption of heat pumps for space heating may help curb the CO, emissions inherent
to traditional heating systems that burn natural gas or coal. When operating in very cold climates, however, heat
pump performance deteriorates, sometimes requiring backup heating supplied by electric resistances or other sources
to continue to function. To avoid the use of electric resistances, complementary technologies, like thermal energy
storage, solar collectors, or alternative refrigerants, have been explored in recent years. In this study, we present an
open-source Python-based numerical model developed to evaluate the annual hourly performance of an air source heat
pump (ASHP) operating in the USA. Simulation results include coefficient of performance and heating capacity. The
model, validated with experimental results, will be employed in the future to investigate the feasibility of integrating
thermal energy storage and other technologies into ASHPs operating in cold climates.

1. INTRODUCTION

Heat pumps can support the transition from fossil fuel appliances to electrified heating systems, which may foster the
decarbonization of the building sector (Le et al., 2019). Heat pumps can supply heating demands up to five times more
efficiently than electric resistances by running a vapor compression cycle (Dincer et al., 2017). The higher efficiency
aligned with the fast growth of renewables’ share in the world energy mix suggest an increase in the deployment of
heat pumps in the near future (Bianco et al., 2017). There have been several recent scientific publications exploring
the adoption of heat pumps to replace combustion appliances. Most of those studies rely on simulation models, a
less expensive option than experiments, and an increasing number of simulation platforms for heat pumps have been
documented.

Heat pump models can be structured as unified solutions (one single expression correlating the performance with
independent parameters). Unified solutions consist of using regressions and generic correlations with experimental data
to obtain the heat pump coefficient of performance (COP). These black-box models lead to very simple expressions,
which can be solved with low computational effort. However, because they are curve fittings for specific equipment,
the results are limited because no extrapolation can be made (Lyden, 2020).

Alternatively one can create separate models for each component because it facilitates exchanging the components
(Huang et al., 2020). The strategy relies on using thermodynamic sub-models for each device of the heat pump,
explicitly considering their construction and operational parameters being as complex as required. Such simulation can
capture transient behaviors of the cycle (Han et al., 2008) but, to simplify the simulation, a quasi steady-state approach
has been commonly adopted to build scenarios or to assess equipment performance (Hirmiz et al., 2020).

Due to their user-friendly interfaces and powerful solvers, commercial software like TRNSYS®, MATLAB®, and
Dymola® have been extensively used for simulating the operation of heat pumps (Palomba et al., 2019). Despite their
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wide adoption, commercial platforms can be expensive, and sometimes integration with other systems can be limited,
therefore instigating the development of open-source packages to simulate thermal systems. Open-source codes were
employed in the study of heat pump parameters (Moreno et al., 2014; Shen et al., 2018; Cimmino and Wetter, 2017),
or to build forecast scenarios for different systems integrating heat pumps (Carroll et al., 2020; Hilpert, 2020).

Among the available programming languages, Python is a high-level, general-purpose language that serves both linear
and object-oriented programming (Lyden, 2020). Python is included in the Open Energy Modelling Initiative (Open-
mod, 2022), and some packages have been developed to model heat pumps. PyLESA, for instance, is a local energy
system platform for Python that can be used for the simulation of heat pumps integrated to thermal and electric stor-
age (Lyden et al., 2021). This open-source modeling package offers a Microsoft Excel interface that facilitates its
use. Users may select among three approaches for COP calculation: (i) a Generic Regression Model, (ii) the Lorentz
Model, and (iii) a Standard Test Regression Model. All of these are gray- or black-box models require manufacturer
data or experimental results to build the regressions to predict the heat pump COP and capacity. TESPy—Thermal
Engineering Systems in Python (Witte and Tuschy, 2020)—is another available collaborative package that embeds
several thermal systems, is object-oriented, and includes heat pump components. Although the thermodynamic cycle
is solved at each time-step, in the current available library the condenser and the evaporator are modeled as having
only one phase in the refrigerant side. Moreover, the user interface is complex, and the learning curve may be steep.
Other libraries are available in the official Python repository (Foundation, 2022), however, most of the options lack
documentation.

In this work we present a quasi-steady heat pump model developed in Python 3 to simulate the operation of air-air
and air-water heat pumps. The model includes construction parameters of the heat exchangers like tube length, fin
ratio, and fin efficiency. Compressor rotation, displacement, and isentropic and volumetric efficiencies are considered
to solve the thermodynamic cycle in each time step. Model validation and an application example are also provided
in the paper. The proposed structure is flexible, allowing for simulating ASHP-TES with different components and
operation conditions. The heat exchanger model is more detailed when compared with the existent packages, however,
computational time is not compromised.

2. MODELING

Heat pumps operate a vapor compression cycle to transport energy from a relatively colder outside environment to the
indoors through a vapor compression cycle. Although equipment presents several additional peripheral components,
the basic cycle includes of a compressor, a condenser, an expansion device, and an evaporator. Aiming flexibility
and future extrapolation the model was conceived in an object-oriented philosophy: each component (compressor,
condenser, evaporator, and expansion vale) is an object, and they are combined in the greater object to represent the
heat pump operation. The whole system is then composed of a heat pump, the residential thermal load, and a thermal
storage device.

2.1 Vapor Compression Cycle

Figure 1a shows the schematic of a basic air-to-water heat pump integrated with sensible TES (a water tank). The heat
pump is used to charge the TES, and water is recirculated from the TES tank to radiators to distribute heat in the home.
All the equipment are modeled separately, hence, they can be replaced by regressions, gray-box, finite-volume (FV),
or any other type of model.

Figure 1b shows the temperature-entropy diagram of the vapor compression cycle. The refrigerant mass flowrate in
kgs™! is calculated by

I’hr =P Vcomp (}'l/60) Myots (1)

where Vo 1s the displacement [m3], n the compressor rotation speed [rpm], 1, the volumetric efficiency. The energy
balance on the condenser can be expressed by

Oc=m(hy=hs) = 1i,UcAe(T, = Tainy, ), &

with 7, and /3 the specific enthalpies [kg/kJ] in the condenser inlet and outlet, respectively, U, the overall heat transfer
coefficient [Wm™2 K], and 4. the condenser area [m?]. The average temperature of the refrigerant in the condenser
is denoted by 7,,.. The expansion device is considered isenthalpic, therefore 44 = h3. In the evaporator, the energy
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Figure 1: Air-water air source heat pump integrated with sensible thermal energy storage.

balance is similar to the condenser so that

Qe = ’hr(hl - h4) = mrUeAe(Tme - Tairw,,dum)v (3)

where U, and A4, are the evaporator overall heat transfer coefficient and external surface area, respectively. T, is the
average temperature of the refrigerant in the evaporator. The heat exchange model for both condenser and evaporator
is presented in the next section.

2.2 Heat Exchangers

A simple way of modeling heat exchangers is to assume they have a fixed effectiveness (Witte and Tuschy, 2020).
Li et al. (2020), for instance, investigated the performance of a ASHP when charging a PCM storage tank, with a
MATLAB® and TRNSYS® model with constant effectiveness in the condenser and evaporator. More detailed models
can be employed to improve the accuracy of the results through finite volumes or finite elements, but they require a
larger simulation time, which may limit their usage (Bonamente et al., 2016; Huang et al., 2020). In the current study for
refrigerant-air heat exchangers (evaporator and condenser) we adopted the Kriging-assisted three-zone model proposed
by Huang et al. (2020). This model can be up to 600 times faster than a finite volume approach, yet presents good
accuracy (error < 0.9 %). This model cannot be used for a refrigerant-water heat exchanger because the water
temperature cannot be assumed as uniform. Therefore, for the refrigerant-water condenser we considered a constant
effectiveness model.

The Kriging-assisted three-zone model considers the presence of three different regions in the heat exchanger with
their respective phases, as presented in Figure 2. The refrigerant in the condenser is expected to have a super-heated
(SH) refrigerant in the inlet, a 2-phase state in the middle region, and a sub-cooled (SC) state in the outlet. The length
of each region will depend on the state of the refrigerant at the HX inlet and the external air temperature.

Tairin
SHvapor | 2-phase : SClig Mgir
- Y Y .
‘Inlet Outlet Pin o Pout
Di—>» > Tin —>» 2-phase —> Toy
B hzn hout
............... totallength Toiny.

Figure 2: Kriging-assisted three-zone model (Huang et al., 2020) applied to the condenser.

The overall heat transfer coefficient, given in Wm K™, is calculated for each zone as (Li et al., 2020)

-1
1 1
Une=|7—7+—""7" ’ (4)
( h; hair’]ﬁnRﬁn )
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Figure 3: Vapor compression solution scheme.

where A, and A, are the refrigerant-side and air-side heat transfer coefficients, respectively. Nfin stands for the fin’s
efficiency, and Ry, is the fin ratio. For the vapor and liquid phases, we assumed a representative heat transfer coefficient
of hyyy = hiig = 600 Wm=>K™', while for the 2-phase region it is Ay, = 3000 Wm™2K™". hy;, is assumed to be
100 Wm™2K~!. The adopted values are representative for the studied case, although they can vary depending on the
fluids and the flow conditions. By performing an energy balance on each zone one can calculate the zone length (Eq. 5),
outlet enthalpy (Eq. 6), or the outlet temperature (Eq. 7) (Huang et al., 2020).

in.dh
Loope = L (5)
dTU,,,e.wD
dT
hzone = hin - UzoneAzone.i (6)

”

T. _ UzaneAzone(Tairm - O.STm) + 1y * Cp, * Tin )
zone = ("hrcpr +0.5 UzgngAzone)

The zone area is Ay = LoonemD for a tube with diameter D and zone length L., both in m. dh is the enthalpy variation
along the zone, and dT is the difference between the zone mean temperature and 7;,,. The refrigerant-specific heat
G, kg™' K1) is evaluated at the zone inlet.

2.3 Thermal Load

The residential load factor method from standard 169-2021 (ANSI/ASHRAE, 2021) was used to simulate the heating
load considering a detached single-family 120 m? dwelling with the following features: walls (4,, = 132 m? and U,, =
0.51 Wm™2K™") and roof (4, = 120m? and U, = 0.18 Wm~2K™"). The thermal load is then calculated by

Qload:Awa(Tamb_Tsp) +ArUr(Tamb_Tsp) (8)
The indoor temperature setpoint 7, is considered constant in the home.

2.4 Solution Scheme

Figure 3 displays the solution scheme, which was based on the enthalpy marching solution procedure (Winkler et al.,
2008). After setting the system parameters, the pressures at points 1 and 2 are initially guessed. The energy balance is
then applied for each equipment in the cycle, with a sub-cooling condition imposed to the condenser outlet (3) as well
as a super-heating level imposed to the compressor inlet (1).

The SciPy optimization package (Virtanen et al., 2020) was employed to numerically solve the cycle, and the
calculation is considered complete when the convergence criteria (residual < 107°) is satisfied. Usually, the COP and
the system capacity are relevant results when assessing heat pumps (Bianco et al., 2017; Li et al., 2020). The former
expresses the device efficiency when transporting thermal energy from the air outside to the indoor environment, and
it is necessary to evaluate the compressor energy required to meet the heating loads.

3. MODEL ASSESSMENT

3.1 Validation with Experimental Data

The heat pump model was validated with experimental data reported by Shoukas et al. (2022), where a 35,000 Btu/h
(10263 W) commercial heat pump unit was evaluated in a controlled environment at the National Renewable Energy
Laboratory (NREL). The model was fed with the parameters of the heat pump, so the predictions of the COP and the
system capacity could be compared. Model and experimental results are presented in Figure 4 with the measurement
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Figure 4: Validation with experimental data (Shoukas et al., 2022).

uncertainties. A maximum 10 % relative deviation was found for COP results, while the mean deviation for the entire
range was 1.43 %. Regarding the system capacity, the model deviates 1.18 % from the experimental results on average,
and the maximum deviation was 6.58 %. Model results show good agreement with the experimental data for the entire

operation range, including the low temperature region, with the most significant deviations in the range of 275K to
285K.

3.2 Comparison with Heat Pump Simulator—Oak Ridge National Laboratory (ORNL)

We also compared the model with simulation results from the Heat Pump Design Model from Oak Ridge National
Laboratory (2019) to increase our confidence on its accuracy. The parameters in Table 1 were provided to both models
to compare COP and heating capacity, displayed in Figure 5. Over the simulated range of outdoor temperatures 264 K

Table 1: Parameters of the heat pump simulated in the ORNL model (Oak Ridge National Laboratory, 2019).

Parameter Value Unit Parameter Value  Unit
Compressor speed 3500 rpm Condenser air flow  0.47 m’s™!
Isentropic efficiency 0.63 - Evaporator air flow  1.18 m3s™!
Volumetric efficiency 0.95 - Condenser area 20.72 m?
Displacement 537x107° m’ Evaporator area 41.87 m?
Refrigerant R134a - Indoor temperature 294 K
4.0
—— ORNL model —— ORNL model
————— Present model <€ 3094 ---- Present model
3.51 2
[aa]
o =3 25
ol |
G 3.0 Z
o)
3
c 201
2.5 ©
265 270 275 280 285 290 265 270 275 280 285 290
Air temperature outdoor [K] Air temperature outdoor [K]

Figure 5: Comparison between ORNL heat pump simulator and the present model: COP and system capacity (Oak
Ridge National Laboratory, 2019).

to 289 K, the maximum and average deviations for COP results were 1.98 % and 0.63 %, respectively. For the system
capacity, the deviations were 1.79 % (max) and 0.4 % (average).

3.3 Sensitivity Analysis

A sensitivity analysis was performed with the independent input variables Ty pudoor Varying from 250K to 290 K
and the condenser inlet temperature T in the range of 295K to 330 K. A Sobol’s sampling with n'? resulted in 24,576
simulated points (Saltelli et al., 2008). Polynomial regressions were built from 70 % of the data set, while the remaining
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30 % was used to verify the regression quality, which presented a 0.019 root mean square error. Results indicate that
the COP has a similar correlation to 7y ourdoor and T (approx. 0.51), as shown in Figure 6a. Heat capacity is strongly
correlated to 7y ourdoor and weakly correlated to T3, Figure 6b.

325
325 .
320 320
o 315 31519 S
— — o o
310 231015 "
305 305
300 300
29 421 293
360 265 270 275 280 285 60 265 270 275 280 285
Tair, amb [K] Tair,amb [K]
(a) COP (b) Heating capacity [BTU/h]

Figure 6: Contour plots for COP and heating capacity as a function of the ambient air temperature 7y oudoor, and the
condenser temperature 7.
4. ASHP-TES INTEGRATION

To illustrate the model capability of representing the integration between a heat pump and a thermal storage device, an
application example is presented. Table 2 shows the parameters adopted for the system (Figure 1). An artificial sinu-

Table 2: System parameters adopted in the example.

Device Parameter Value
Compressor n 3600
Disp 5.37x 1073
Niso 0.63
Nyol 0.95
Condenser Effectiveness 0.7
Water tank Area 6.28 m?
Volume 1.17m?
Overall heat transfer coeff. U 1Wm2K™!
Pump B Mass flow rate 0.1kgs™!

soidal temperature profile varying from 265 K to 285 K was imposed to 7, to assess the model response. Moreover,
an initial state of charge (SOC) = 15 % was considered for the TES.

The example considered the system operating under four different modes, as observed in Table 3. If 7,400 > 270 and
Oloaa > 0 mode 1 is adopted. Mode 2 is adopted if the ambient temperature is lower than 270 K and the SOC of TES
is > 10 %. Whenever Q). = 0, no heat transfer to the indoors takes place (mode 3). In this situation if the SOC is less
than 95 % the heat pump is used to charge the TES. Mode 4 is assumed when Qj,,q = 0 and SOC > 95 %. The logic of
Table 3 is a basic approach to operate an ASHP-TES system. More elaborated strategies can be explored and depends
on the system goals. For example, if the electricity rate differs depending on the hour of the day, one may want to shift
the heating load by using the system of Figure 3. Another example is the integration with renewables like solar and
wind. In this case the system can introduce flexibility by supplying the heating loads in times when renewables are not
available.

Figure 7a displays the state of charge of the TES, the operation mode, and the outdoor temperature over 24 h of oper-
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Table 3: ASHP-TES operation logic adopted for this example.

Mode Heat pump Thermal storage Temp. outdoor [K] Thermal load [W]

1 ON Charging/Discharging > 270 >0
2 OFF Discharging <270 >0
3 ON Charging >270 =0
4 OFF OFF >270 =0

ation. Due to the imposed rules, the system only assumed operation modes 3, 1, and 2 while mode 4 was never in use.
During the first 10 hours the system is charging the TES and supplying Oj,.4, modes 3 and 1. In the following hours

285 r3
280 31
v w
= Q.o
%275 8 2§ ?5 5
~ O
270
1,
HP
265 : ‘ ‘ ‘ 1 ASHP-TES
5 10 15 20 0
Time [h] 10 20
Time lh1
(a) SOC and MODE (b) COP

Figure 7: System operation mode and COP results over time.

mode 2 is activated and TES is discharged from SOC = 80 % to 25 %. Figure 7b displays the system COP for the same
time range. It is interesting to note that although 7, is increasing in time O h to 10 h the system COP is decreasing.
This occurs because Ty is also increasing with the TES SOC. Additionally, from time 10 h to 24 h the system COP is
zero because the TES is in discharge mode and the heat pump is off.

Figure 8 shows the temperature of the relevant points of the vapor compression cycle and the water circuit for the same
time window. 75 is the temperature of the refrigerant entering the condenser, hence it is only presented when the heat
pump is on. Ts, the water leaving the condenser, follows 7, trend, while T and T3 represent the water temperature
in the tank. Regarding computational time, the model took 8 s to complete the 24 h simulation in a windows-based
computer (CPU Intel® Core i7-9750H CPU @2.6 GHz, 16 Gb RAM DDR4), which indicates computational time of
600 s for annual simulations. Several arrangements and operation strategies may be envisioned for ASHP-TES systems.
It may be used for peak-shaving and load shifting, specially observing different electricity rates. The use of TES may
also prevent the heat pump from operating under extremely low temperatures, where the heat pump performance is
lower.
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Figure 8: Temperatures in relevant points of the system and the heat exchange levels.

5. CONCLUSIONS

In this study we developed a Python package to simulate air source heat pumps integrated with thermal energy storage.
The model solves the thermodynamic states of each component by following an enthalpy marching solver solution
procedure. The framework was built in a modular philosophy to facilitate further investigation with different equip-
ment and sub models. A Kriging-assisted three-zone model was adopted to solve the refrigerant-air condenser and
evaporator. For the refrigerant-water condenser, the effectiveness was set constant. Validation with experimental data
obtained from a real heat pump is provided, with maximum and average deviations of 10 % and 1.43 % for COP results
and 6.58 % and 1.18 % for the system capacity. An example of how the model can be used to assess AHSP-TES inte-
gration was presented, with the system operating over 24 h. Results demonstrate the model capability in representing
the system operation and allows for simulations in different time-steps. Given the low computational effort further
analyses in a annual base can now be developed for different locations in a reasonable time (approx. 600 s).

NOMENCLATURE
Latin Symbols
A Area (m?)
G Specific heat at constant pressure (Jkg™ 'K
h Specific enthalpy kg™
h Convective heat transfer coefficient (Wm2K™h
ID Inner diameter (m)
L Length (m)
m Mass flow rate (kgs™")
n Angular speed (rpm)
0 Heat transfer rate W)
R Fin thermal resistance (Wm™2K™)
T Temperature (K)
U Overall heat transfer coefficient (Wm™2K™)
Vv Displacement (m?)
Greek Symbols
n Efficiency )
p Specific mass (kgm™)
Subscripts
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amb Ambient

comp Compressor
c Condenser
e Evaporator
m Average

p Pressure

r Refrigerant
vol Volumetric
z Zone
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