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Abstract

Water-to-air heat pumps are widely used Heating, Ven-
tilation, and Air Conditioning (HVAC) devices due to
their versatility and energy efficiency. However, there is
a scarcity of readily available Modelica models that sup-
port reversible operation (heating and cooling modes), use
compressor speed as the control signal, and accurately
predict the system performance. To address this gap, this
paper presents a speed-input water-to-air heat pump model
developed using Modelica. Performance curves are em-
ployed to represent the functionality and predict the sys-
tem’s capacity and power usage. To validate the pro-
posed model’s effectiveness, manufacturer-provided data
are used to generate the performance curves. The model,
based on these curves, is then used to simulate testing
conditions, which are implemented in a real heat pump
testbed. The comparison between simulated and mea-
sured values shows that the errors during normal opera-
tion stages are within an acceptable range, demonstrating
the effectiveness of the developed water-to-air heat pump
model.

Keywords: Modelica, Water-to-air heat pump, Perfor-
mance curve, Validation

1 Introduction

Water-to-air heat pumps are versatile HVAC devices capa-
ble of providing both heating and cooling by transferring
heat between water and air. They have gained wide ap-
plications due to their energy efficiency, ability to reduce
operating costs, and environmentally friendly character-
istics. Unlike air-source heat pumps (ASHP) which ex-
change heat from the outside air, water source heat pumps
(WSHP) use water as its heat source or heat sink to pro-
vide heating or cooling. The water source could be a lake,
river, pond, groundwater, or a closed-loop system where
water circulates through buried pipes. Because water has
a higher heat capacity and generally maintains more stable
and moderate temperatures compared to air, WSHPs tend
to be more energy-efficient and weather-independent. In
addition, WSHPs are favored for their quiet operation and
long lifespan (Chua, Chou, and Yang 2010; Gaur, Fitiwi,
and Curtis 2021). These characteristics make WSHPs be-
come a good choice for both residential and commercial
buildings, especially where a reliable water source is avail-
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able or where ground temperatures are stable.

In particular, heat pump-based heating and cooling sys-
tems are increasingly being integrated into building-to-
grid systems for electrifications. This integration allows
buildings equipped with these heat pumps to participate
in demand response programs, where the operation of the
HVAC system can be adjusted based on the needs of the
grid. During periods of peak demand, the heat pumps can
reduce their load or shift their operation to off-peak hours,
contributing to grid stability and enabling a better use of
renewable energy sources. This capability not only pro-
vides economic benefits to building owners through in-
centives and reduced energy bills, but also supports the
broader goal of creating a more resilient and sustainable
energy infrastructure.

As modeling is a widely acknowledged tool for
better understanding, analyzing, and applying heat
pumps, numerous studies have been conducted on the
development and improvement of heat pump models
for various applications (Montagud, Corberan, and
Ruiz-Calvo 2013; Baccoli, Mastino, and Rodriguez
2015; Huang et al. 2019). Among these, Modelica,
an object-oriented, equation-based language, has been
widely adopted in the modeling of heat pumps due
to its ability to directly incorporate physical laws into
models, facilitate reusable components, and support
multi-domain simulations (Fritzson and Engelson 1998).
For example, the Modelica Buildings library’s Build-
ings.Fluid.HeatPumps.EquationFitReversible is  built
upon the curves-based model from EnergyPlus (Crawley
et al. 2001) and mainly used for water to water heat pump;
the control input of this model is the set point for the
leaving fluid temperature (Wetter et al. 2014). The IDEAS
library (Jorissen et al. 2018) developed by KU Leuven
and 3E offers models of air-to-air and water-to-water heat
pumps, but none of aforementioned heat pump models
incorporate the compressor speed as a control variable
for the heat pump with variable speed drivers, while it is
anticipated that inverter-based heat pump will play more
roles for electrifying buildings. Additionally, the AixLib
(Maier et al. 2024) developed a generic grey-box heat
pump model (AixLib.Fluid.HeatPumps.HeatPump)
that employs empirical data for modeling the refrigerant
cycle. This model enables the heat pump on/off control
and inverter based reversible operation. However, this



model lacks support for water-to-air heat pump applica-
tions. The DLR ThermoFluid Stream Library (Zimmer,
MeiBiner, and Weber 2022) provides robust modeling of
complex thermofluid architectures including heat pumps.
However, it focuses more on detailed vapor compression
component modeling, which can be computationally
inefficient for overall system performance. Moreover, this
model has not yet been validated.

To the best of the authors’ knowledge, there is no read-
ily available and open-source variable-speed water-to-air
heat pump model in Modelica that simultaneously meets
the following requirements: 1) utilizes the compressor
speed as a control signal, 2) seamlessly switches between
heating and cooling modes, 3) predicts power usage and
capacity, including both sensible and latent components.
4) has been validated using experiment measurements.

The development of such a model is crucial. Since the
performance of variable-speed heat pump systems is di-
rectly influenced by compressor speed, this model enables
more accurate simulations to predict overall system per-
formance, including power usage and both sensible and
latent heat capacity under various speed conditions. This
is particularly important for control applications, where
utilizing compressor speed as a control variable provides
a more direct method of adjusting system performance.
Modulating compressor speed directly affects the system’s
capacity and energy consumption, allowing for more pre-
cise management of the heat pump’s operation. By incor-
porating compressor speed into the model, engineers can
develop and test advanced control strategies that dynam-
ically respond to changing conditions, thereby improving
system efficiency and occupant comfort.

The lack of such a model also limits the ability to fully
explore building-to-grid integration. A model with com-
pressor speed control could be used to simulate the heat
pump’s behavior in response to grid signals, helping to de-
sign systems that can participate in demand response pro-
grams and contribute to grid stability. This integration is a
key component of creating energy-efficient buildings that
can interact seamlessly with the broader energy grid. In
summary, developing a reversible water-to-air heat pump
model that takes the compressor speed as a control sig-
nal in Modelica is not only necessary for improving the
performance and efficiency of HVAC systems but also for
advancing research in building energy management and
grid integration. Therefore, in this study, a variable-speed
reversible water-to-air heat pump model developed using
Modelica is presented. The developed water-to-air heat
pump model is based on the performance curve method
and is capable of supporting the reversible operation (i.e.,
heating and cooling modes), taking the compressor speed
as the control signal to facilitate the investigation of ad-
vanced control methods.

The paper is organized as follows: Section 2 introduces
the model development process, beginning with a concise
introduction to the major components and working princi-
ples of water-to-air heat pumps. It then details the Model-
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ica implementation, including interfaces and performance
curves. In Section 3, the validation process is described,
where simulation results using the developed Modelica
model are compared with measurements from a real heat
pump testbed. In Section 4, the applicability of the devel-
oped model across various heat pump operating stages is
discussed. Finally, Section 5 concludes this study.

2 Modelica Development

2.1 Overview of Water-to-Air Heat Pumps

A typical water-to-air heat pump consists of several key
components: a compressor, an expansion valve, two heat
exchangers (a refrigerant-to-water heat exchanger and a
refrigerant-to-air heat exchanger), and a reversing valve.
Among these, the compressor, expansion valve, and the
two refrigerant heat exchangers are the primary compo-
nents of the refrigeration cycle, which provides the es-
sential functions of heating and cooling. The reversing
valve, located between the compressor and the refrigerant-
to-water heat exchanger, enables the reversal of refrigerant
flow, allowing the system to switch between heating and
cooling modes. Figure 1 illustrates the schematic of the
heat pump’s heating and cooling cycles. In heating mode,
the heat pump extracts heat from the water side (acting as
the evaporator) and releases heat into the air side (acting
as the condenser), resulting in an increase in room temper-
ature. Conversely, in cooling mode, the reversing valve re-
verses the refrigerant flow, causing the water side to func-
tion as the condenser and the air side to function as the
evaporator. Heat is then transferred from the indoor air to
the refrigerant, thereby lowering the indoor air tempera-
ture.

2.2 Modelica Implementation

Despite including all the aforementioned components in
the water-to-air heat pump, the focus of this study is to
predict the overall heat pump performance rather than the
performance of individual components. Therefore, a va-
por compression cycle with each component was not mod-
eled. Instead, performance curves are used to represent
the functionality of water-to-air heat pumps due to their
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Figure 1. Schematic of the heating and cooling cycles in a re-
versible water-to-air heat pump (Trane Technologies 2024a)
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simplicity in implementation and wide application (Ying
Zhang et al. 2020).

The proposed model was developed based on the fol-
lowing assumptions:

1. The model uses heating/cooling/off signals and the
compressor speed as control inputs.

2. The steady-state performance of the heat pump, in-
cluding total capacity (Q) and Energy Input Ra-
tio (EIR), is computed using polynomial equations.
These equations account for the mass flow fractions
on both the water and air sides, the inlet temperatures
on both sides, and the compressor speed ratio.

Figure 2 shows the Modelica diagram of the
developed heat pump model. To simplify and
expedite the modeling process, DX coil models
(Buildings.Fluid.DXSystems) from the Model-
ica Buildings Library (version 10.0.0) are reused and
modified to develop the heat pump model in this study.
(Wetter et al. 2014). Two data records (datCoiHea and
datCoiCoo) are included in the model to record the
nominal values and performance curves for heating mode
and cooling mode, respectively.

datCoiCoo datCoitea
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QSen_flow
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TSouEntWat
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Figure 2. Diagram of the heat pump model in Dymola.

Table 1 lists all the connectors of the developed heat
pump model. The model inputs include system operating
mode (uMod), compressor speed (speRat). Both water-
side and airside inlet information, such as flow rates, tem-
peratures, and humidity ratios, are read from fluid ports.
The model then calculates the real-time system capacity
and power usage based on this information. These outputs
can also be read from the interfaces shown in Figure 2.

The proposed model calculates the steady-state total ca-
pacity (Q) and energy input ratio (EIR) at off-designed
conditions based on Equation 1 and Equation 2, respec-
tively. Both these equations are the product of functions
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Table 1. Connectors of the developed heat pump model.

Type Name Description

FluidPort_a port_a Fluid connector for the
inlet of the load side

FluidPort_b port_b Fluid connector for the

FluidPort_a

portSou_a

outlet of the load side
Fluid connector for the
inlet of the source side
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FluidPort_b portSou_b  Fluid connector for the
outlet of the source
side

input Reallnput speRat Speed ratio [1]

input Integerlnput  uMod Controlinput signal,

cooling mode=-1,
off=0, heating
mode=+1

Electrical power
consumed by the unit
(W]

output RealOutput P

output RealOutput QSen_flow Sensible heat flow rate
of the load side [W]
output RealOutput QLat_flow Latent heat flow rate

of the load side [W]

that account for changes in the inlet temperatures of both
the source side (waterside) (0y04in) and load side (airside)
(Bs0uin)> changes in mass flow rates of both the source side
(msoy) and load side (ritjp,) and compressor speed ratio
(speRat).

Q (eloa,ina esou,inaffloavffmu) =
cape (eloa,ina esou,in) X CAPFFLoa (ff]ga) X
CAPFFSou (ffsou) X CaPspe (SpeRat) X Q (D

EIR (eloa,inv esou,invfflowffsau) -

EIRG (910a,ina Gsou,in) X EIRFFLoa (ffloa) X
EIRqp. (speRat) /COPyom 2)

where 0;,, i, is the inlet temperature of the load side (air-
side), which is the dry-bulb air temperature if the coil
is dry or the wet-bulb air temperature if the coil is wet.
Os0uin 18 the inlet temperature of the source side (water-
side). ffj,q 15 the normalized mass flow rate at the load
side and is calculated as 704/ Mioanom- ffgou is the nor-
malized mass flow rate at the source side and is calculated
as Moy / Msou nom- Moa,nom 18 the nominal mass flow rate at
the load side, and 750y nom 1s the nominal mass flow rate at
the source side. The capacity modifiers capg, caprrroa,
Caprrsou> capspe and the EIR modifiers EIRg, EIRpF1oq
EIRFFsou, EIRp, are functions of inlet temperatures, load
side flow rate, source side flow rate, and compressor speed
ratio, respectively. These modifiers can be calculated us-
ing Equation 3 to Equation 10:

[



——f=

2
capeg (elua,ina esoujn) =ar+a ell)a,in +as3 Gl(m_yin"‘

2
ag Osou,in +as Gsou,in +ag eloa,in Osouin

(3)
caprrLoa(ffioa) = b1+ baf froa+ bsf fipat+
baf fipa+ - @)
caprrsou(ffsou) = €1+ 2f frou+3f foput
caffoout - )
capgpe (speRat) = dy + dyspeRat + dyspeRat* + ...
(6)

EIRG(Ge,inv ec,in) =e1+ eZBIoa,in + e3 9[20&['”_'_

2
64 esou,in + 65 esoujn + e6 eloa,in GSOM,in

)
EIRprroa (ffioa) = fi + fof froa+ F3f fhat

Saf Tt - ®)
EIRFFsou(f frou) = 81+ 82f frou+ 83 Frou+

gaffaput - 9)

EIRqp. (speRat) = hy + hyspeRat + hzspeRat® + . ..

(10)

The coefficients used in the above performance curves
can be obtained by fitting the performance data provided
by manufacturers or from on-site measurements. It should
be noted that although the form of the performance curves
is identical for heating and cooling operation modes, dif-
ferent coefficients should be used and fitted respectively.

3 Validation
3.1 Heat Pump Testbed

To validate the effectiveness of the developed heat pump
model, measurement data were gathered from an actual
heat pump testbed situated at Texas A&M University and
then compared with the simulated values using the pro-
posed heat pump model.

Figure 3 shows a photograph of the heat pump testbed.
The heat pump used in the testbed is a 2-ton water-to-
air heat pump. Load emulators are equipped within the
testbed to emulate various testing conditions. Multiple
sensors are installed to collect and monitor real-time inlet
and outlet conditions for both the waterside and airside,
compressor speed, and unit power consumption. A more
detailed introduction to the testbed can be found in (Calfa
et al. 2023). Table 2 shows part of the rated information
from the product catalog (Trane Technologies 2024b).

3.2 Performance Curves from Manufacturer
Datasets
The performance curves of the heat pump model are fitted

using the dataset provided by the manufacturer, which in-
cludes various inlet conditions for both the waterside and

Table 2. Rated information of the studied heat pump model.

Parameter Value
Water side flow rate [kg/s] 0.39
Air side flow rate [m3/s] 0.44
Cooling capacity [kW] 7.21
Cooling COP [-] 54
Heating capacity [kW] 8.88
Heating COP [-] 6.1

airside. The range of each normalized dependent variable
in the performance curves is shown in Table 3.

Table 3. Rated information of the studied heat pump model.
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Variable Range
Normalized water flow rate [-] [0.65, 1]
Normalized air flow rate [-] [0.46, 1]
Air inlet dry bulb temperature [°C] [21.1, 32.2]
Air inlet wet bulb temperature [°C] [11.3, 23.8]
Water inlet temperature [°C] [7.2,35]
Compressor speed ratio [-] [0.5, 1]

The data sets are divided into two distinct subsets: train-
ing and test sets, with an 80:20 split ratio. The curve fitting
process utilizes solely the data from the training set. The
generalized least squares method is used to estimate the
coefficients for the performance curves, as introduced in
Section 2. Table 4 lists part of the estimated coefficients
of performance curves as examples.

Following the training process, the fitted performance
curves are tested on the test set to evaluate the fitting ac-
curacy. Figure 4 presents the model performance for cool-
ing and heating operations using the test set. The results
indicate that the overall fitting of the heat pump’s perfor-
mance is satisfactory for both heating and cooling con-
ditions, with most prediction errors falling within 15%.
To further quantitatively evaluate the model performance,
Normalized Mean Bias Error (NMBE) and Coefficient of
Variation of the Root Mean Squared Error (CVRMSE) are
used as performance metrics to reflect the error between
the simulated and measured values. The equations to cal-
culate NMBE and CVRMSE are shown in Equation 11
and Equation 12, respectively.

i1 (i —9i)
Ty b

\ o L O = 91)2
CVRMSE = . x100%  (12)
y

where y; are the observed values, y; are the predicted val-
ues, y is the mean of observed values, and » is the number
of observations.

NMBE = x 100%
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Figure 3. A photograph of the heat pump testbed (Calfa et al. 2023)
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Figure 4. Prediction performance of WSHP performance curve on the testing dataset.
Table 4. Estimated coefficients of performance curves.
Performance curve Cooling Heating
capo(Bloa,in, Osouin) [0.4861, 0.03002, -2.128x104,-1.376x104,  [0.4593, -0.0013051, -1.902x10°3,
-2.067x1073, -1.994x10] 0.01901, 4.276x107, -1.448x10™]
caprrroa (f fioa) [0.7686, 0.315] [0.8935, 0.1463]
caprrsou (f fou) [0.9856, 0.01642] [0.9213, 0.07482]
capgpe (speRat) [0, 1.628, -0.4200] [0, 1.807, -0.1575]
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Table 5 presents the performance metrics on the test
set, demonstrating the accuracy of the predictive model.
This model will then be applied to the actual measurement
dataset for additional validation.

Table 5. Performance metrics on the test set.

NMBE CVRMSE NMBE CVRMSE

Cooling  Cooling  Heating  Heating
Capacity 0.039% 5.70% 0.159% 2.23%
EIR 0.121% 8.19% 0.039% 7.47%

3.3 Validation with Experimental Datasets

Various testing conditions are conducted in the testbed,
and data are collected accordingly. After data pre-
processing, such as excluding data points recorded during
startup/shutdown cycles, a total of 311 data points are ob-
tained for cooling mode and 181 data points are obtained
for heating mode. Figure 5 uses compressor speed as an
example to illustrate the data distribution for both manu-
facturer and measurement data. For each data point, the
monitored conditions as listed in Table 1 are used as in-
puts for the developed Modelica heat pump model. Af-
ter the simulations, the model outputs are compared with
the measurements. The compared values include heat-
ing/cooling capacity, EIR and electricity power. Figure 6
shows comparisons between simulated and measured val-
ues for capacity, EIR, and power in cooling and heating
modes, respectively. Table 6 presents the calculated per-
formance metrics.

B Manufacturer B Measurement
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Figure 5. Data distribution of compressor speed ratio for both
manufacturer and measurement data in cooling (top) and heating
(bottom) modes.

PROCEEDINGS OF THE AMERICAN MODELICA CONFERENCE 2024 OCTOBER 14-16, STORRS, CT, USA

Table 6. Performance metrics on the measurement set.

NMBE CVRMSE NMBE CVRMSE

Cooling  Cooling  Heating  Heating
Capacity  1.09% 3.77% 4.89% 8.22%
EIR 1.24% -5.33% 3.96% 9.77%
Power 2.96% -1.32% 5.67% 5.85%

From the comparison results, it can be observed that
the simulated values using the developed model generally
align with the observed values, and the error metrics are
within an acceptable range, validating the effectiveness
of the developed reversible water-to-air heat pump model.
The discrepancy between the simulated and measured val-
ues might arise from the following sources:

1. Model Simplifications and Assumptions: The pro-
posed heat pump model uses simplified performance
curves to represent its performance. Although the re-
sults prove its effectiveness, some inevitable model
errors arise from this simplification.

2. Measurement Errors: Due to sensor uncertainties,
measurement values can have errors, leading to dis-
crepancies. This error can be mitigated by using
highly accurate sensors.

4 Discussions

This section evaluates the effectiveness of the developed
WSHP model by comparing continuous testing conditions
gathered from two full days of operation—one focused
on cooling and the other on heating. Unlike the valida-
tion section which only considers normal steady-state run-
ning stages, the testing conditions here encompass all heat
pump operation stages, including startup, normal steady-
state running, and shutdown phases. Data were sampled
at 5-second intervals, with a rolling average applied—S5
minutes for the heating day and 3 minutes for the cooling
day—resulting in 288 testing points for cooling and 480
for heating. The model required inputs detailed in Table 1
are obtained from onsite measurements and then fed into
the developed model. The simulation outputs are subse-
quently compared with the measured values, specifically
focusing on system capacity as a comparison example.
Figure 7 presents the comparison results for two days with
cooling and heating operations, respectively. The figure
uses a yellow background to denote continuous steady-
state operation stages and a pink background to highlight
other stages, including startup, shutdown cycles, and off
periods.

From Figure 7, it can be observed that during normal
steady-state operation periods, the predicted system ca-
pacity closely matches the measured values. However,
during startup and shutdown cycles, the model fails to cap-
ture the transient variations for the system capacity, lead-
ing to discrepancies between the predicted and measured
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Figure 6. Comparison between simulated and measured values for system capacity, EIR, and power.

values. The comparison results demonstrate the applica-
tion restrictions of the proposed heat pump model. As
the performance curves adopted in the proposed model are
only valid during stable operation conditions, this model
is not suitable for simulating transient heat pump perfor-
mance, such as startup and shutdown cycles. Therefore,
other modeling approaches should be considered if tran-
sient behaviors are expected. In particular, behaviors from
Pulse Width Modulation (PWM) to adjust the system ca-
pacity need to be incorporated.

5 Conclusions and Future Work

In this paper, a new inverter-based variable-speed water-
to-air heat pump model developed in Modelica is pre-
sented. This model is expanded and modified based on
the DX coil model provided in the Modelica Buildings Li-
brary. Using multiple performance curves to represent the
overall functionality of the heat pump, it is able to simu-
late the heat pump’s total capacity and power usage under
different operational modes (heating/cooling) and variable
speed scenarios. The effectiveness of the proposed model
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is validated through a comparison between simulated val-
ues and measurements from a real heat pump testbed.
The simulated capacity, EIR, and power correspond well
with measurements for both heating and cooling condi-
tions, demonstrating the model’s capability in predicting
variable-speed heat pump performance.

Future work in the following aspects can be considered:

* Improving Sensible Heat Ratio (SHR) Prediction:
Although the current model performs well in predict-
ing the total cooling capacity, the simulated sensible
heat ratio does not align well with measurement val-
ues. SHR, which describes the ratio of sensible heat
load to total heat load, needs further refinements to
improve the model performance.

» Extending Application Scenarios: The proposed heat
pump model can be applied to additional scenar-
ios, such as building-to-grid systems or district heat
pump systems (Yuhang Zhang et al. 2024). Further
verification of its effectiveness in these contexts is
needed.
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