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Abstract: Developing accurate models is necessary to optimize the operation of heating systems. A
large number of field measurements from monitored heat pumps have made it possible to evaluate
different heat pump models and improve their accuracy. This study used measured data from a
heating system consisting of three heat pumps to compare five regression and two artificial neural
network (ANN) models. The models’ performance was compared to determine which model was
suitable during the design and operation stage by calibrating them using data provided by the
manufacturer and the measured data. A method to refine the ANN model was also presented. The
results indicate that simple regression models are more suitable when only manufacturers” data
are available, while ANN models are more suited to utilize a large amount of measured data. The
method to refine the ANN model is effective at increasing the accuracy of the model. The refined
models have a relative root mean square error (RMSE) of less than 5%.

Keywords: heat pump; artificial neural network; regression model; modeling; field measurements

1. Introduction

Heat pumps are an efficient way to provide heating and cooling. In recent years,
they have become more environmentally and economically viable due to an increasing
share of renewable sources in the energy mix and decreasing electricity prices [1,2]. The
use of large heat pumps as a part of heat networks has also increased in recent years as
they enable the use of low-temperature heat sources, such as waste heat from industry [3].
Additionally, heat pumps can convert excess electricity into heat, which can be stored and
used later [4,5]. Adding large heat pumps to the energy network will allow us to include
up to 40% of fluctuating renewable energy sources, such as solar and wind power, without
losing efficiency [6]. As a result, we can expect the size and complexity of heat pumps to
increase.

The accurate models of heat pumps can be used to improve the operation of heat
pumps, as demonstrated in several studies [7,8]. With an increasing number of large heat
pumps, the number of field measurements has also increased [5,9,10], which provided an
opportunity to improve the accuracy of the heat pump models. However, not all models
can use the additional data effectively. Hence, the choice of model is important.

Underwood [10] described four different types of heat pump models: balanced-state,
steady-state, fitted, and dynamic-state models. Balanced-state models use a constant coeffi-
cient of performance (COP) and are used to evaluate the seasonal or annual performance
of a heat pump. Refrigeration cycle-based steady-state models and regression-based fitted
models are used for optimizing the long-term operation of a heat pump, which requires a
time resolution of one hour. Dynamic models consider the heat pump’s transient behavior
and are suited for control system design, which requires a second scale-time resolution.

Refrigeration cycle-based models [11,12] use a simplified vapor compression cycle
to calculate the thermodynamic states of the refrigerant. Steady-state models of each
component, compressor, expansion valve, and heat exchanger (condenser and evaporator)
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are developed based on the thermodynamic states of the refrigerant and the efficiency of
the components. One of the drawbacks of such models is that they require a large number
of parameters related to the refrigerant and the components of the heat pump, which are
not available in many cases [9,11,13,14]. Jin [11] proposed the calibration of the model
parameters using performance data provided by the manufacturer as a solution to this
dilemma. Cimmino and Wetter [13] further refined the optimization process. Refrigeration
cycle-based models are not restricted by the range of data used for calibration, hence they
perform well in a wide range of operating conditions. However, the assumptions used to
simplify the refrigeration cycle-based models limit their accuracy. Therefore, regression
models are often preferred over refrigeration cycle models as they have higher accuracy
when good quality data that cover the entire range of operation of the heat pump are
available [10,15] and they are easier to generate [10].

Regression models are obtained by mapping the heat pumps’ performance to inputs,
such as condenser and evaporator temperature. The simplest regression model is the
bilinear model with COP as the output and evaporator and condenser temperatures as
input. Even this simple regression can provide a good fit [10]. However, a second-degree
polynomial with two or three inputs is used in most cases [16-18]. Some of the regression
models are presented in Section 3. The main drawback of regression models is low accuracy
when extrapolating. Ruschenburg et al. [19] showed that this problem could be reduced
by using a bilinear model for extrapolation and a biquadratic model for interpolation.
Regression models can be classified into black-box and gray-box models. The form of
gray-box models are bases on physical principals, hence the fitted coefficients of such
models have a physical significance. In comparison, the coefficients of black-box models
have no physical significance.

Several studies have compared different heat pump models. Carbonell Sanchez et al. [15]
compared a biquadratic regression model with a refrigeration cycle model. They concluded
that the regression model was better at predicting the COP within the limits of the training
data. However, the refrigeration cycle model demonstrated an advantage in predicting
the COP outside the training data. Lee and Lu [20] compared three regression models and
three gray-box models and found that the regression models had a better fit than gray-box
models. Among the regression models, biquadratic regression had the best performance.
Swider [14] compared three regression models—one gray-box model and two artificial
neural network (ANN) models—and showed that the ANN models are more accurate than
the regression models and gray-box models. Additionally, they found that the accuracy of
ANN models was better in a more complex case.

ANN:s are data-driven models that vaguely mimic a network of biological neurons.
ANN s consist of multiple layers of neurons, and each neuron uses the output of the previous
layer as input. Each neuron has a summation function that calculates the weighted sum of
the inputs and an activation function that transforms the weighted sum. Figure 1 shows a
schematic of an ANN. Mohanraj et al. [21] present an introduction to ANNs and a review
of their application in heat pumps, refrigeration, and air conditioning.
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Figure 1. (a) A schematic of an artificial neural network (ANN); and (b) a schematic of a node.
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There are several examples of ANNs being used to model heat pumps, especially in
complex cases. Bechtler et al. [22] used a generalized radial basis function ANN model to
predict a heat pump’s performance with evaporator outlet temperature, condenser outlet
temperature, and evaporator capacity as inputs. Bechtler et al. [22] developed the model
for three different refrigerants using experimental data and demonstrated that the ANN
was an acceptable alternative to refrigeration cycle-based models. Arcaklioglu et al. [23]
used a multilayer feed-forward network with a sigmoid transfer function to model heat
pumps with binary refrigerant mixtures. They included the mixing ratio as input and thus
found that the model accurately predicted the heat pump’s performance with different
mixing ratios. Esen et al. [24] and Benli [25] modeled ground-source heat pumps using
a multilayer feed-forward network with a hyperbolic tangent sigmoid transfer function.
Esen et al. [26,27] also used other machine learning techniques for modeling ground-source
heat pumps. The model predicted the COP of the heat pump using air temperature at
the inlet and outlet of a condenser fan-coil unit and ground temperatures at two different
depths as inputs. These examples show that ANNs can be a viable option to model a
variety of heat pumps. However, in the above-reviewed cases, the training data set was
obtained under laboratory conditions and not actual field measurements.

Both black-box models and grey-box models require parameters that must be deter-
mined for individual heat pumps. The parameters are obtained using either laboratory data
or data generated by simulations. Zhang et al. [28] demonstrated that using manufacturers’
data to develop regression models can lead to high uncertainty. Zhang et al. [28] trained
13 regression models on the manufacturers” data and showed that all models had a good fit.
However, when the models were used to predict a dynamic load, they deviated from each
other by up to 30%. Deviations among the models were reported to be due to non-standard
operating conditions such as operating below the design load, i.e., partial load operation,
and operating temperatures outside the specified limits. The influence of partial load was
included in some models using part-load efficiencies [29] for scroll compressors and on—off
cycle degradation [18].

However, the performance of heat pumps’ field operation is different from that in a
laboratory, not only due to non-standard operating conditions but also due to other reasons
such as transients, faults, or improper installation. Corberan et al. [30] validated their
regression model using field measurements. They noted that the condenser power of the
model deviated by up to 13.8% from the field measurements, mainly due to transients.
Ruschenburg et al. [19] compared monthly COP values simulated using a regression model
with field measurements for five similar installations and found that the average deviation
varied from 2% to 13%.

Using field measurements to calibrate the regression models can reduce the model’s
inaccuracy by accounting for variations in individual installations. The traditional heat
pumps market is single and multi-family houses that use small heat pumps, which are not
monitored. However, there has recently been a lot of effort to integrate large heat pumps
into district heating and cooling networks [2]. Large heat pumps are usually monitored,
and hence we now have the opportunity to calibrate the heat pump models using field
measurements. ANN-based models have an advantage over traditional regression models
when a large amount of monitored data are available as they can characterize the more
complex behavior of the heat pumps without explicitly defining the relationship between
the inputs and the outputs. The models developed using the field measurements can be
useful for fault detection or optimizing the operation of a heating system. Models for
optimizing the operation of a heating system can be particularly important when there is
flexibility in the heating system. For example, in the present case study, the domestic hot
water and space heating system of the building consists of a ground source heat pump and
heat from a district heating network, hence an accurate model of the heat pump can be
used to optimize the heat load distribution between the two sources of heat.

This study will present a comparison of seven models—five regression models, and
two ANN models—calibrated using both field measurements and manufacturers’ data.
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The objective of this comparison was to show how suitable the models are during the
design phase, when only manufacturers’ data are available, and during the operation,
when measured data are available. To the best of the authors” knowledge, such a compar-
ison is not available in the literature. The insight provided by the comparison will help
practitioners choose the right model. The models were developed for a large ground-source
heat pump system, which has been monitored since 2017. We also demonstrated how to
refine the ANN models for heat pumps to utilize the field measurements more effectively.

2. Description of the Studied Facility

The geothermal heating system is a supplement to the heating and cooling provided
by the district heating and cooling network at the university hospital in Umed, Sweden.
The installation consists of three heat pumps and a borehole heat exchanger consisting
of 125 boreholes. In summer, the heat from space cooling and the excess heat from the
heat pump are injected into the borehole heat exchanger; and in winter, the borehole
heat exchanger acts as a source of heat for the heat pumps. A detailed explanation of
the borehole heat exchanger and its model is presented in separate articles [31,32]. The
geothermal heat pump was designed to satisfy 95% of the hospital’s cooling load (5 GWh)
and 20% of the heating load (7 GWh). The heating and cooling provided by the geothermal
heat pump for a typical year are shown in Figure 2. The cooling load does not vary much
with the seasons, whereas the heating load decreases significantly during the summer.
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Figure 2. Measured heating and cooling loads of the geothermal heat pump.

Two heat pumps provide heat and cold for space heating and cooling, while the third
heat pump provides additional heat for space heating during cold days and heat for hot
water production. Figure 3 shows a schematic of the facility. The heat from the condensers
of heat pumps 1, 2, and 3 are used for space heating in three stages. The heat from the
sub-cooler of heat pumps 1 and 2 is used as a heat source for heat pump 3 and preheating
the domestic hot water. In the winter season, the heat extracted from the borehole heat
exchanger and minor space cooling demand of the hospital provides the heat required for
the evaporators of heat pumps 1 and 2. In the summer season, the cooling load dominates
the heat pump operation. Because the space heating load is lower than the heat released
by the condenser of heat pumps 1 and 2, the excess heat is injected into the borehole heat
exchanger. Additionally, the borehole heat exchanger is also used as a pre-cooler for the
evaporators of heat pumps 1 and 2.



Energies 2021, 14, 1750

50f 26

Heat pump 2

Cold water Hot water

vVIl:

Domestic hot

Subcooler
water heat

exchanger

=
S
p=1
o
<]
©
S
[}

Condenser

0

Space cooling

Heat pump 3

compressors

& {

Subcooler S _‘ stglg-les‘

Space

< < Heating
Heat pump 1 (SH)

Y
<
+«—— Storage of excess
uu heat during summer

Borehole Heat
Exchanger

! Eva!-orator
Condenser

Figure 3. Schematic layout of the geothermal heating system.

Heat pumps 1 and 2 have similar operating temperatures, while heat pump 3 has
a higher temperature range and a lower heat load. Hence, heat pumps 1 and 2 use the
same model of heat pump, model EMA from the manufacturer EnergyMachines, Gévle,
Sweden. Heat pumps 1 and 2 (HP1&2) have two loops (circuits), and each circuit has
twin compressors, as shown in Figure 3. The refrigerant in HP1&2 is R410A. Heat pump 3
(HP3) uses a different heat pump model, EMB from EnergyMachines, which consists of
two circuits with a single compressor, shown in Figure 3. The refrigerant in HP3 is R134a.
Although HP1&2 provide both heating and cooling, we will consider that the primary
purpose of each heat pump is heating and thus develop the models accordingly.

The installation has been operating since mid-February 2016, and it has been fully
monitored since January 2017. Table 1 shows a list of measurements that were performed
continuously. Since HP1&2 have a common condenser and evaporator for both circuits,
they have the same inlet and outlet water temperatures. HP3 has a separate condenser and
evaporator for each circuit. Compressor utilization time is the cumulative amount of time
the compressor has been turned on. The compressor utilization time is not measured for
HP3. The average hourly value of each measurement in Table 1 is calculated and stored in
a database.

Table 1. List of measured values.

Measurement Heat Pumps 1 and 2 Heat Pump 3
Evaporator refrigerant temperature (TgR) Each circuit Each circuit
Condenser refrigerant temperature (Tcgr) Each circuit Each circuit
Evaporator power (Qg) Each circuit Each circuit
Condenser power (Qc) Each circuit Each circuit
Sub-cooler power (Qsc) Each circuit Each circuit
Compressor power (P) Each circuit Each circuit
Evaporator water inlet temperature (Tgwin) Each heat pump Each circuit
Evaporator water outlet temperature (Tgwout) Each heat pump Each circuit
Condenser water inlet temperature (Tcwin) Each heat pump Each circuit
Condenser water outlet temperature (Tcwout) Each heat pump Each circuit
Sub-cooler water inlet temperature (Tscwin) Each heat pump None
Sub-cooler water outlet temperature (Tscwout) Each heat pump None

Compressor utilization time (UT) Each compressor None




Energies 2021, 14, 1750

6 of 26

The data are not continuous for the whole period of measurement due to faults in
the monitoring system. The malfunctioning of one or more sensors or the monitoring
system’s shut down for maintenance and upgrade caused these faults. For example, the
evaporator and condenser power measurements are not available from March 2019. Each
of the heat pumps is considered separately, enabling us to use the data from one heat pump
even when the measurement of another heat pump is incomplete. HP1&2 have 14,151 and
10,865 h of complete data, respectively. The majority of the data are from the period of
April 2017-March 2019. HP3 operates intermittently as it is only used during the coldest
hours and to produce domestic hot water. Hence, there are fewer hours with complete
data for HP3. However, the two circuits of HP3 operate almost independently and can be
considered as separate heat pumps. Circuit 1 and circuit 2 of HP3 have 2952 and 6915 h of
complete data, respectively. The measured data for a typical summer and winter day are
included in Appendix B.

We divided the measured data into two sets. One set was used for training the models,
and the other was used for testing. For HP1&2, the period from April 2017 to March 2019
has most of the continuous data. We must have at least one year of data to ensure that
the training data has the full range of variation in load and temperatures; hence, the data
until April 2018 were used for training, and the remaining data were used for testing. The
resulting training data set contained 54% of the data points, while the other 46% was used
for testing. The available data set for heat pump 3 was smaller and scattered over time. We
therefore randomly sorted the data for HP3 into two equal sets to ensure that both training
and testing data sets had similar variation.

The power delivered by the heat pumps was divided between the sub-cooler and the
condenser. However, many models used in this study do not consider a sub-cooler, and
therefore, the sub-cooler power is not considered in the calculation of COP.

3. Description of Models

Seven data-driven models for heat pumps are chosen for this study, including five
regression models and two neural network models. Table 2 compiles a list of the models
and their corresponding equations.

Table 2. List of models.

Model

Equation Inputs

Bilinear [10]
Biquadratic 1 [20]

Biquadratic 2 [18]

Multivariate Polynomial [14,20]

ASHRAE [28]

Neural Network 2 (NN_2)
Neural Network 3 (NN_3)

COP = (bg+ bTg) x (bp + bTE) Tcr, Ter
2
ﬁ =by+ bl& +bQc + b3% + b4% +b5Te + bgQcTe + b7Té + ngCT% Tcr, Qc
Qc = bq1 + bg2 T + bgsTc + basTeTc + bgsT? + bge T2

P =bp1 +bpyTg + bpsTc + bpa Te T + bpsT(% + bP6T(2: Tcr, Ter
COP = Qc/P
COP = Ter, Ter, O
bo+b1Qc + by Tg + b3 T + b4 Q% + b5T%2+ beT2 + b7Qc T + bsQc T + bo TE T CRs TER SC
cor = bo+ b I + b UGTD by o+ baQc + bs(Te — Te) Tew: Ter, Qe
- Tcr, Ter
- Tcr, Ter, Qc

The bilinear model was the simplest model used in this study. The model does not
include higher-order terms, but Underwood [33] showed that the bilinear model could
have good accuracy. The models” simplicity also reduces the chances of overfitting, and
hence the model has good accuracy while extrapolating [19]. The second model uses a
biquadratic equation with condenser temperature and condenser power as inputs. This
model had the best fit among six black-box and gray-box models compared in an earlier
investigation [20]. Another form of the biquadratic model often used [18] has the evaporator
and condenser temperatures as input and the condenser and compressor power as output.
The multivariate polynomial is another model that previous studies have shown to have
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good performance [14,20]. This model uses three inputs, condenser power and evaporator
and condenser temperatures. The ASHRAE (American Society of Heating, Refrigerating
and Air-Conditioning Engineers) model is a biquadratic model with the temperature
difference between the condenser and evaporator as one input and condenser power as the
other input. The output of the Biquadratic 2 model and the ASHRAE model were converted
to COP to compare the different models. Note that the models presented above can be
used with the temperatures from either the refrigerant or the water sides. We used the
refrigerant temperatures since the data provided by the manufacturer used the refrigerant
side temperatures. The subscript g in the “inputs” columns represents that we used the
refrigerant side temperatures.

A similar architecture was chosen for the two neural network models used in this
study: one hidden layer with five nodes and one node in the output layer. The output of
the neural network models was COP. The hyperbolic tangent function was used as the
activation function for the hidden layer. The difference between the neural network models
was the number of inputs; the neural network 2 (NN_2) model uses two inputs, evaporator
and condenser temperatures, while the neural network 3 (NN_3) model uses three input,
evaporator temperature, condenser temperatures, and condenser power. The trust region
algorithm was used to train the models. The algorithm finds local minima, and the result
of the optimization depends on the initial weights of the network, which are assigned
randomly. Hence, the algorithm was run 100 times with different initial weights, and the
solution with the lowest training error was chosen.

4. Development and Evaluation of Models

Models for HP1&2 and HP3 were determined from both the measured training set
described in Section 2 and the performance data supplied by the manufacturer. Both sets of
models were then evaluated by testing them on the measured testing data set. In the design
phase, the only data available for modeling the heat pump operation were the performance
data supplied by the manufacturer. Therefore, the models fitted using the manufacturer’s
data inform us about the deviation of actual performance from the design calculations.

The performance data supplied by the manufacturer were the data for full load and
steady-state operation of the heat pump within its theoretical operating range. The data
included every combination of evaporator temperature and condenser temperature with
a resolution of 1 °C. The performance data included the evaporator temperature (Tgr),
condenser temperature (Tcr), condenser power, compressor power, and COP. Table 3
shows the operating temperature range of the heat pumps. Note that the manufacturer’s
data were not laboratory measurements but data obtained using their model of the heat
pump, which was calibrated using laboratory data. Sample data from the manufacturer
are presented in Appendix B.

Table 3. Range of manufacturer’s data.

Heat Pump Model Evaporator Temperature Condenser Temperature
Range Range
HP1&2 (Heat Pump 1&2) —20°Cto20°C 20°Cto 60 °C
HP3 (Heat Pump 3) —25°Cto25°C 10°Cto 90 °C

The manufacturer’s data for HP3 contain some data points where the condenser
temperature is lower than the evaporator temperature, so these data points were not
included in the fitting process. The data points were used to determine the parameters by
least-squares methods, i.e., the sum of the square of errors was minimized.

Results

Table 4 shows the training error of models for HP1&?2 and HP3, trained using the
manufacturer’s data (Manu_fit) and the measured data (Meas_fit). The error was expressed
as the root mean square error (RMSE) of the models for their respective training data and
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percentage of error, which was calculated as the percentage of RMSE with respect to the
average COP of the training data set.

Table 4. Training error of HP1&2 and HP3 models.

RMSE Train % Error
Model
oaels Manu_fit Maes_fit Manu_fit Mes_fit

Bilinear 0.18 0.32 3.6 6.8

Biquadratic 1 0.03 0.43 0.5 8.9

Biquadratic 2 0.07 0.34 14 7.0

HP1&2 Multivariate 0.04 0.30 0.8 6.3
polynomial

ASHRAE 0.27 0.34 5.2 7.2

NN 2 0.01 0.30 0.2 6.2

NN 3 0.01 0.25 0.2 5.2

Bilinear 0.91 0.40 20.6 8.3

Biquadratic 1 0.13 0.41 3.0 8.4

Biquadratic 2 0.28 0.42 6.3 8.7

HP3 Multivariate 0.39 0.36 8.9 74
polynomial

ASHRAE 0.43 0.37 9.8 7.5

NN 2 0.03 0.39 0.7 8.0

NN 3 0.03 0.35 0.6 7.1

As seen from the first column of Table 4 and the right side of Figure 4, the models
that best represented the performance data supplied by the manufacturer (Manu_fit) were
the two neural network models, and among the regression models, biquadratic 1 had the
best fit. The ANN model NN_3 performed slightly better than NN_2, which was probably
because NN_3 had an additional input, Qc.

The ability of the different models to represent the measured data (Meas_fit) was
fairly equal, as seen in the left side of Figure 4, but in general, worse than the models
based on Manu_fit. The NN_3 model had the best fit in the case of Meas_fit as well as
for Manu_fit. However, the choice of model was less important in the case of Meas_{fit.
The manufacturer’s data were obtained from an ideal setting in which only the specified
inputs affected the COP, so a good model can thus accurately represent its behavior. In
actual operation, the heat pumps have to satisfy a dynamic load and have a sub-cooler.
Such non-standard operating conditions, along with measurement errors, influences the
measured COP of the heat pumps. Hence, the fact that the choice of the model is not
important for Meas_fit indicates that the variables not considered in the model influence
the results more than the choice of model.

We see that the Manu_fit models have a better fit for HP1&2 than for HP3. The
main difference between HP1&2 and HP3 is that the temperature range specified by the
manufacturer of HP3 is higher than HP1&2. Due to its higher temperature range, HP3 is
expected to require a more complex function to represent the relationship between COP
and the input variables. This is a plausible explanation of why the Manu_fit models of HP3
have a higher RMSE than HP1&2. Since ANN models are better than regression models
at representing a complex function, the difference in performance between the regression
models and the neural network models is higher for HP3. The Meas_f{it models for both
HP1&?2 and HP3 have similar RMSEs since the temperature range of the heat pumps’ actual
operation is lower than the operating range specified by the manufacturer.
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Figure 4. Training error of (a) HP1&2; and (b) HP3.

The models described above have been tested on the test set described in Section 2,
and the results are presented in Table 5 and Figure 5. Following the naming convention of
Table 4, Manu_fit refers to the models fitted using data from the manufacturer, and Meas_fit
refers to models trained using the measured data. The Meas_fit models have a lower RMSE
than the Manu_fit models. Among the Manu_fit models, the bilinear model has the least
RMSE. The models that use condenser power as one of the inputs, i.e., biquadratic 1,
multivariate polynomial, ASHRAE, and NN_3, have a higher RMSE than the models that
use only evaporator and condenser temperatures. This can be explained by the fact that
the condenser power during real operation is outside the range of the manufacturer’s data
since the heat pumps are not working at 100% load all the time. Using measured data to fit
the models eliminates this issue. Therefore, the NN_3 and multivariate polynomial models
have the lowest RMSE among the Meas_fit models. The same two models had the worst
performance in Manu_fit, which emphasizes the importance of choosing the complexity of
the model based on the availability of data.
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Table 5. Error of models for testing data.

RMSE Test % Error
Model
odels Manu_fit Meas_fit Manu_fit Meas_fit
Bilinear 0.37 0.36 7.6 7.5
Biquadratic 1 1.73 0.43 35.7 8.8
Biquadratic 2 0.55 0.36 11.3 7.4
HP1&2  Multivariate 179 037 36.9 77
polynomial
ASHRAE 0.63 0.36 129 7.4
NN_2 0.55 0.36 11.4 7.5
NN_3 0.58 0.31 11.9 6.4
Bilinear 0.69 0.41 14.2 8.5
Biquadratic 1 0.99 0.45 20.3 9.2
Biquadratic 2 0.58 0.48 11.9 9.9
HP3 Multivariate 6.72 0.37 137.9 76
polynomial
ASHRAE 0.79 0.37 16.2 7.6
NN_2 0.78 0.42 16.0 8.6
NN_3 7.36 0.36 151.2 7.5
160.00
120.00
g 80.00
is|
R
40.00
0.00 _-I—-_-_- - T
Manu_fit Meas_fit
(a) HP1&2
m Bilinear M Biquadratic 1 Biquadratic 2
Multivariate polynomial W ASHRAE m NN 2
Em NN 3
160.00
120.00
£ 8000
40.00
0.00 . N 1§ .
Manu_fit (b) HP3 Meas_fit

Figure 5. Testing error of (a) HP1&2; and (b) HP3.

5. Refining ANN Models

In the previous section, we noted that using the measured data could improve the
model accuracy. The neural network model with three inputs, NN_3, has the highest
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accuracy among the models, as seen in Table 5. This shows that the neural network model
is capable of utilizing the measured data better than traditional models. Another advantage
of neural network models over traditional regression models is that we can easily refine
the model to better utilize the measured data set and identify more patterns within the
measured data. However, there are many possible combinations of inputs, outputs, and
architectures for ANN. It can be a challenging task to come up with a strategy to optimize
the ANN model. Both the selection of inputs and optimizing the architecture of ANN are
active research fields [34,35]. The modeling of a heat pump is a relatively simple problem
for ANN. Hence it does not require a complex ANN architecture. Therefore, we will
describe a methodology to refine neural network models, which is appropriate for the
problem of heat pump modeling.

To select suitable measures to improve the ANN model, we first examined the error
of the NN_3 meas_fit model. The training error of the model for HP1&2 and HP3 models
was 5.2% and 7.1%, respectively, and the testing error of the model for HP1&2 and HP3 is
6.4% and 7.5%, respectively. The error of the testing set is only 0.4% higher than that of
the training set for HP3. The difference is higher for HP1&2. However, the difference is
due to change in operating conditions over the two years. Randomly dividing the data
into training and testing sets resulted in training and testing errors of 6.4% and 4.7%,
respectively, indicating that the model was not overfitting to the measured data. The low
difference in training and testing errors indicates that the model has low-variance and is
unable to capture the variations in the data. We can increase the variance of the model by
adding more input variables that explain the variations or by increasing the complexity of
the model by increasing the number of hidden layers. A high testing error would indicate
that the model was overfitting to the data. Overfitting can be reduced by regularization,
reducing the model’s complexity by reducing the size of the hidden layer, using a larger
training set. Changing the output variable from COP to compressor power was also tested
since a change in output will affect the ANN model.

5.1. Additional Inputs

Adding additional inputs that explain the variations in COP will increase the accuracy
of the model. The advantage of the neural network model compared with other models is
that the additional inputs can be included without explicitly defining the relation between
the input and output, which can be a complicated and time-consuming process.

The inputs are added to the model by changing the number of nodes in the input layer
without changing the architecture of the other layers, i.e., five nodes in the hidden layer
and one output layer. Three main inputs that may affect the heat pump’s performance are
considered, namely partial operation, sub-cooler operation, and COP from the manufac-
turer’s data. An input used to improve the accuracy of the model should have a correlation
to the output. However, it should not have a high correlation to the other inputs, as the
new input must add information not available in other inputs. To select the inputs, we
used a greedy forward selection process, in which the best inputs are sequentially added to
the model until the improvement in the model is below a threshold [36,37].

5.1.1. Inputs Tested

When the heating/cooling requirements are lower than the heat pump’s design load,
the heat pump is partially or completely switched off. This influences the performance
of the heat pump since the partial load operation of a heat pump is different from a full
load operation. Moreover, the steady-state of the heat pump is disturbed by switching
the compressor on/off. While the parameter Q. includes information about the partial
operation of the heat pump, an explicit variable to represent the fraction of operation may
improve the accuracy of the model.

Two different values are used to quantify the fraction of the heat pump’s operation:
the fraction of time the compressors are switched on in each circuit (UT;) and the ratio
of actual condenser power to design condenser power (Qc). Each circuit of HP1&2 has
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two compressors, which can be switched on and off independently. The parameter UT,
is calculated using the average utilization time (UT) of both the compressors, measured
every hour.

The ratio of condenser load to design condenser load, Q, is an alternative input that
can be used to estimate the fraction of operation. The design condenser load at each Tcr
and TR is calculated using the manufacturers’ data. Q¢ can be used for both HP1&2 and
HP3, unlike UT,, which is only available for HP1&2. Moreover, Q. can be estimated before
the measurements are available, using estimated and designed condenser load. Qc can
therefore be used for a wider range of applications.

A sub-cooler is used in both HP1&2 and HP3. The heat from the sub-cooler in HP1&2
acts as the source for HP3 and as a preheater for domestic hot water production, while
in HP3, the heat from the sub-cooler is used to preheat the water for space heating. To
include the effect of the sub-cooler in the model, we used the sub-cooler power (Qsc)
and sub-cooler temperature (Tsc) as additional inputs. Tsc is calculated as the average
of sub-cooler water inlet temperature (Tscwin) and outlet temperature (Tscwout)- Tscwin
and Tscwout Were only available for HP1&2. Note that the sub-cooler temperature is more
important in the case of HP1&2 since the heat capacity in the sub-cooler of HP1&2 is higher
than the heat capacity in the sub-cooler of HP3.

The temperature range of the evaporator and condenser specified by the manufacturer
is larger than the temperature range used in real operation. Hence, including the COP
obtained from the manufacturer’s model (COPmpany) as input to the neural network model
may improve the model’s range. COPmany obtained from the NN_2 inputs model trained
on the manufacturer’s data was used as the additional input, as illustrated in Figure 6.

11

NN_Z Manu_fit CoP

manu

Go—
GO—

Figure 6. Schematic of the ANN model that includes manufacturer’s coefficient of performance
(COP) as input.

5.1.2. Selection of Inputs

The additional inputs were selecting using greedy forward feature selection. In this
process, the best input is added to the model in each step. We defined the best input as the
input that gives the largest reduction in relative RMSE for the testing set. All the inputs
were tested in each step, and the best input was added to the model. We defined two
criteria to stop the forward selection process. The first was a threshold of 1% reduction
in relative RMSE, and the second was a threshold of 0.1%. Therefore, we will select two
models for each of HP1&2 and HP3 at the end of the forward selection. Five inputs, namely
UT:, Qcr, Qsc, Tsc, and COPmany, were tested for HP1&2. Three inputs were tested for
HP3 since UT; and Tgc were not available for HP3.

In the first step, the first additional input for NN_3 was chosen by adding each of
the inputs to the NN_3 model. Table 6 shows that the model with Qg as the fourth input
has the lowest relative RMSE for the testing set of both HP1&2 and HP3. Adding Qsc
to NNB3 results in a 1.5% reduction in relative RMSE for the testing set of HP1&2 and a
0.5% reduction for HP3. According to the first stopping criteria, we can stop the forward
selection process and select the NN_3 model as one of the selected models for HP3.
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Table 6. Step 1 of forward selection.

% Error
Model Inputs HP1&2 HP3
Train Test Train Test
NN_3 Tgr, Tcr, Qc 5.2 6.4 7.1 7.5
NN_4 UT; Ter, Ter, Qc, UT: 5.1 6.3
NN_4 Qcr Ter, Ter, Qc, Qer 5.1 6.2 7.1 7.5
NN_4 Qgc Ter, Tcr, Qc, Qsc 4.7 49 6.9 7.0
NN_4 Tsc Tgr, Tcr, Qc, Tsc 4.6 5.1
NN_4 COPmanu Tgr, Tcr, Qc, COPmanu 5.1 6.2 7.1 74

In the next step, the second additional input was chosen by adding each of the
remaining inputs to NN_4 Qgc. The results of step 2 are shown in Table 7. Adding Tsc
to the NN_4 Qgc model reduced the relative RMSE for the testing set of HP1&2 by 0.3%.
NN_4 Qsc was chosen for HP1&2 using the first stopping criteria. Adding a fifth input to
the HP3 model reduced the training error of the model, but it did not improve the testing
error. In fact, the relative RMSE for the testing set increased when the fifth variable was
added. This implied that the model started overfitting the training data. Therefore, the
NN4_Qsc model was chosen for HP3 according to the second stopping criteria.

Table 7. Step 2 of forward selection.

% Error
Model Inputs HP1&2 HP3
Train Test Train Test
NN_4 Qsc Ter, Tcr, Qc, Qsc 4.7 49 6.9 7.0

NN_5 QscUT; Ter, Tcr, Qc, Qsc, UTy 44 4.8
NN_5 QscQcr Ter, Tcr, Qc, Qsc, Qcr 44 4.8 6.7 7.6
NN_5 QscTsc Tgr, Tcr, Qc, Qsc, Tsc 4.3 4.6

NN_5 Ter, Tcr, Qc, Qsc,

44 5.0 6.8 7.1

QSCCOPmanu COPmanu

We tested the effect of adding a third additional input to the HP1&2 model, as shown
in Table 8. Since both the stopping criteria for the HP3 model were satisfied, HP3 is not
included in step 3. The remaining three variables were added to the NN_5 QgcTsc model
for HP1&2. Adding a sixth variable increases the relative RMSE for the testing set. Hence,
the forward selection processes are stopped, and NN_5 QgcTsc is chosen as the second
model for HP1&2. Therefore, the models chosen for HP3 are NN_3 and NN_4 Qgc using
the 1% and 0.1% stopping criteria, respectively, and the models chosen for HP1&2 are
NN_4 Qsc and NN_5 QgcTsc, using the 1% and 0.1% stopping criteria, respectively.

Table 8. Step 3 of forward selection.

% Error
Model Inputs HP1&2
Train Test
NN_5 QscTsc Ter, Tcr, Qc, Qsc, Tsc 4.3 4.6
NN_5 QscTscUTr Ter, Ter, Qc, Qsc, Tsc, UTr 43 53
NN_5 QscTscQer Ter, Ter, Qc, Qsc, Tsc, Qer 4.2 48
NN_5 Qsc TscCOPrmanu Ter, Ter, Qc, Qsc, Tsc, 40 5.4

COPmanu

The inputs that are selected by the method gives us some insights into the heat
pumps. Adding the sub-cooler data Qsc and Tsc as inputs significantly improves the
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model accuracy for HP1&2. The improvement in the accuracy of HP3 is less significant.
Including the effects of the sub-cooler is more important for HP1&2 since the relative Qgsc
is higher for HP1&2 than for HP3, Qgc /Qc for HP1&2 is 0.13, as compared to 0.08 for HP3.
Qsc is higher for HP1&?2 than for HP3 due to the difference in how the sub-coolers are
used, as seen in Figure 3 of Section 2. The sub-cooler of HP1&?2 is cooled by the evaporator
of HP3, which is at around 13.5 °C lower than the inlet water temperature of the condenser.
The temperature drop in the sub-cooler of HP1&?2 is therefore significant. However, the
sub-cooler of HP3 acts as a pre-cooler to the condenser, and the temperature drop in the
sub-cooler of HP3 is expected to be lower than HP1&2.

The variables that consider the partial operation of the heat pumps, UT; and Qc, were
not considered as significant inputs. This implies that Q., which is already input in the
reference model, is sufficient to account for the effects of the partial operation. Additional
inputs to account for the inefficiencies during the partial operation are not necessary.
COPmanu is the other input that was not selected. COPany was included as an additional
variable in the NN_3 model as it may help to improve the model accuracy for extrapolation.
Therefore, the results imply that the training and testing set are similar, and the amount of
extrapolation required is minimal.

5.2. Change of Output

In the above models, COP was used as the output of the models to compare the
models with the standard regression models. However, in many cases, compressor power
is a more useful output since it represents a physical quantity that can be used for other
analyses. We therefore studied whether changing the output to compressor power has any
effect on the accuracy of the models.

The four models selected in the previous section were tested with compressor power
as output instead of COP. Table 9 shows that using the compressor power for HP1&2
models results in a lower training error but higher testing error. However, changing the
output for HP3 models results in significantly lower training and testing errors. The testing
error reduces by 2.7% and 2.4% for NN_3 and NN_4 Qgc, respectively. Hence, the models
with compressor power as output were selected for HP3. The models will be referred to as
NN_3_PO and NN_4_Qgc_PO.

Table 9. Changing the output.

% RMSE
Model COP Output Power Output
Train Test Train Test
NN_4 Qsc 47 49 3.7 5.3
HP1&2 NN_5 Qsc Tsc 43 46 35 5.8
NN_3 7.1 7.5 4.6 4.8
HF3 NN_4 Qgc 6.9 7.0 45 46

5.3. Number of Hidden Nodes

All of the above models use one hidden layer with five nodes. The model might
learn more complex relations between inputs and output if the number of nodes in the
hidden layer or the number of hidden layers is increased. However, there is also a risk of
overtraining the model to the training data. Therefore, the number of nodes in the hidden
layer was increased for each of the four selected models until the testing error was reduced.

Table 10 shows that increasing the number of nodes in the hidden layer reduces the
relative RMSE of the training set. The testing error initially decreases as the number of
nodes increases but increasing the number of nodes further results in overfitting, and the
testing error increases. Hence, the optimal number of nodes for NN_4 Qs is 15 and 10 for
the other three models, NN_5 QgcTsc, NN_3 PO, and NN_4 Qgc PO.
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Table 10. Optimizing the number of hidden nodes.

% RMSE
Model No. of Hidden Nodes -

Train Test
5 4.7 49
10 4.2 4.8
NN_4 Qsc 15 41 4.6
HP1&2 20 4.0 4.6
5 4.3 4.6
10 4.0 4.5
NN_5 QscTsc 15 3.8 46
20 3.8 4.8
5 4.6 4.8
10 4.1 4.4
NN_3 PO 15 4.1 4.4
HP3 20 4.1 4.4
5 45 4.6
10 4.1 4.3
NN_4Qsc PO 15 3.9 44
20 3.9 4.5

6. Sensitivity Analysis

The partial correlation coefficients of the four models were calculated to understand
the influence of the inputs on the outputs. The correlations were calculated using the
measured inputs of the models and the simulated output of each of the four models.

Figure 7 shows the partial correlation coefficients between the inputs and outputs
of the models for HP1&2 and HP3. The plots show that for the HP1&2 model, which
calculates the COP, the condenser and evaporator temperatures are the most important
inputs. Introducing the fifth variable, Tsc, to the NN_4 Qsc model reduced the correlation
coefficient of Q¢ and Qgc. This indicates that Tgc is correlated to Q¢ and Qgc. Since the
model is trained on actual measurements where Qsc, Tsc and Q¢ vary simultaneously is
hard for the model to learn the influence of the individual input variables. The correlation
coefficient of Q¢ is higher for HP3 compared to HP1&2 since the models for HP3 output
compressor power. Increasing Tcr increases the COP but a high Tcg is also correlated
to high Q¢ and hence a higher compressor power. This demonstrates the difficulty in
interpreting the results of a black-box model.

1
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(a) HP1&2 (b) HP3

Figure 7. Partial correlation coefficients between the inputs and outputs of the selected models for (a) HP1&2; and (b) HP3.



Energies 2021, 14, 1750

16 of 26

7. Discussion

Section 4 shows that ANN models have the lowest training error among the models,
when only the manufacturer’s data are available. However, when the models trained on
manufacturer’s data were tested on the measured data, the bilinear model has a lower
testing error than almost all the other more complex models. This shows that the idealized
operation represented in the manufactured data does not include many of the variations
present in the real operation represented in the measured data. Hence, the additional
knowledge learned by the more complex models compared to the bilinear model does not
help in predicting the measured operation. Another interesting result in Section 4 is that
the models that do not use Q. as an input perform better than the models that use Q.. This
could be because the models with Q,, as one of the inputs, must extrapolate in part-load
condition since the manufacturers” data consist of only full load condition. Due to these
reasons, a simple model is suitable in the design phase, when only the manufacturer’s data
are available.

During the operation of the heat pump, the models can be trained on the measured
data. The measured data are generally a larger data set that includes the heat pump’s actual
range of operation. Moreover, the measured data also include many inefficiencies and non-
standard operating conditions of the real heat pump. The results of Section 4 demonstrate
that it is justified to use more complex models when measured data are available. Among
the models, the NN_3 model has the lowest testing error. Hence, the NN_3 model is better
than the regression models in utilizing the larger size and range of the measured data.

The NN_3 model performed better than the regression models, but the difference
between the accuracy of the models was small. To utilize the measured data effectively, we
must refine the models to utilize the measured data. Since ANN models do not require
an explicit relation between the inputs and the outputs, it is easier to refine ANN models
compared to regression models. We can change the inputs, outputs, and architecture of the
model. This gives ANN models an advantage over traditional regression models.

In Section 5, a method to refine the ANN model is presented. The method first
identified an appropriate set of measures for improving the ANN by examining the error
of the model. The measures were then tested and applied sequentially to the model. First,
additional inputs to the model were selected through greedy forward selection. Then, a
different output was tested for the model. In the last step, the number of nodes in the
hidden layer was optimized. We were able to achieve an error of less than 5% for both heat
pump models using this method. The relative RMSE for the test set reduced from 6.4% to
4.5% for HP1&2 and from 7.5% to 4.3% for HP3. The possibility of adding more inputs
to suit the application makes ANN models suitable for a wide variety of applications,
especially when the standard models cannot include some of the causes of variability in
the performance of the heat pump.

ANN models can be accurate and flexible, but they also have some inherent limitations.
The dependence of ANN models on training data is demonstrated in Section 4. The
ANN models trained on manufacturer’s data had a high RMSE when tested on measured
data. This is because the manufacturer’s data from an idealized simulation were not
representative of the measured heat pump operation. This alludes to a more general issue
with ANN models that the training data set must be representative of the testing data.
A modification to the heat pump will require the retraining of all the model parameters.
Since the behavior of the ANN model is hard to explain, we cannot retain/modify the
parameters of an ANN model of a heat pump to represent a similar heat pump without
retraining the model. Hence, ANN models are suitable in applications that do not aim to
modify the heat pump. Some applications in which ANN models are suitable are the fault
detection and optimization of heat pump operation by controlling the inputs.

In this study, we used the evaporator and condenser temperature of the refrigerant
side as input in the models. The refrigerant-side temperatures were provided by the
manufacturer and measured during actual operation. It was therefore convenient to use
refrigerant-side temperatures in our case. However, in most cases, it was more convenient
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to use evaporator inlet temperature (Tgwin) and condenser outlet temperature (Tcwout) On
the water side instead of Tgr and Tcr. The advantage of using Tgwin and Tcewout Over Ter
and Tcp is that they are easier to access. The source temperature determines Tgwin, and
the temperature requirement of the building gives Tcwout. We therefore tested how using
Tewin and Tewout instead of Tgr and Tcg in the NN_3 model affects the accuracy of the
model. Changing the inputs from Tgr and Tcr to Tgwin and Tcwout reduced the relative
RMSE for the testing data set from 6.4% to 6.5% for the HP1&2 model and 7.5% to 8.3% for
HP3. The accuracy of the model decreased in the water temperature case, but the decrease
in relative error was less than 1% of the average COP. This suggests that models can be
modified to use the water temperatures instead of the refrigerant temperatures without
any major reduction in accuracy.

8. Conclusions

In this study, we compared the accuracy of different regression and ANN models,
trained on the manufacturer’s data and the measured data. The study highlighted the
importance of considering the quantity and quality of data while choosing a regression or
an ANN model. The study showed that in the design phase, when only the manufacturer’s
data are available, simple models have an advantage. However, the more complex models
have higher accuracy compared to the simple models when measured data from actual
operation become available. An ANN model with three inputs has the lowest relative error
among the models.

We systematically refined the ANN model to utilize the measured data effectively. We
obtained an error of less than 5% for ANN models of both heat pumps using this method.
The flexibility in the selection of inputs and outputs makes ANN models an attractive
option for many applications that require additional inputs to model the operation of the
heat pump. However, the need for representative data to train the model is a constraint for
the application of ANN models.
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Nomenclature

Ter

Evaporator refrigerant temperature

Tcr Condenser refrigerant temperature

Tg Evaporator temperature

Tc Condenser temperature

Qr Evaporator power

Qc Condenser power

Qsc Sub-cooler power

cor Coefficient of performance

P Compressor power

TEwWin Evaporator water inlet temperature

TEWout Evaporator water outlet temperature

Tcwin Condenser water inlet temperature

Tcwout Condenser water outlet temperature

Tscwin Sub-cooler water inlet temperature

Tscwout Sub-cooler water outlet temperature

Tsc Average of sub-cooler water inlet temperature and outlet temperature
uUT Compressor utilization time

UT; Ratio of compressors on time to total time

Qcr Ratio of actual condenser power to design condenser power
COPmanu  COP from the manufacturer’s model

NN_X Artificial neural network model with X inputs
Abbreviations

ANN Artificial neural network

RMSE Root mean square error

HP1&2 Heat pumps 1 and 2

HP3 Heat pump 3

ASHRAE  American Society of Heating, Refrigerating and Air-Conditioning Engineers
Manu_fit Models fitted using data from the manufacturer

Meas_fit  Models trained using the measured data

Appendix A. Sample Measured Data
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Table A1. Sample data from HP1 for a typical winter day.

TEr Tcr Qg Qc Qsc P uT
Time Tert Terz Tcr1i Tcrz Qer Q2 Qa1 Q2 Qsci Qscz Pi P, UTy;; UTy; UTzr UTaz Tewink Tewout Tcwin Tcwout Tscwin Tscwout

°C °C °C °C kW kW kW kW kW kW kW kW Hr Hr Hr Hr °C °C °C °C °C °C
15-01-18 0:00 —41 -—-38 429 42.8 227 222 282 276 48 45 59 59 1.00 0.83 0.83 1.00 3.7 0.1 34.6 40.0 12.9 33.6
15-01-18 1:00 —41 -39 424 42.3 227 221 281 275 47 44 58 58 0.83 1.00 1.00 0.83 3.6 0.0 34.1 39.7 12.9 33.3
15-01-18 2:00 —41 -39 431 429 228 222 283 277 49 46 59 59 0.83 0.83 0.83 1.00 3.6 0.0 34.8 40.1 12.4 33.5
15-01-18 3:00 —41 -38 430 429 227 222 282 277 47 44 59 59 1.00 1.00 1.00 0.83 3.7 0.1 34.6 40.2 13.3 33.8
15-01-18 4:00 —41 -—-38 427 426 228 223 283 277 48 45 59 58 0.83 1.00 1.00 1.00 3.7 0.0 344 39.8 12.6 33.3
15-01-18 5:00 —41 -—-38 425 42.4 229 223 283 277 48 45 59 58 0.83 0.83 0.83 0.83 3.7 0.1 34.1 39.6 12.8 33.2
15-01-18 6:00 -39 =36 431 43.0 230 224 285 279 49 46 59 59 1.00 1.00 0.83 0.83 39 0.2 34.7 40.3 12.8 33.8
15-01-18 7:00 —-36 —33 432 43.1 232 227 287 283 48 46 60 59 0.83 0.83 1.00 1.00 4.2 0.5 34.8 40.3 13.3 34.2
15-01-18 8:00 —-33 =30 432 431 236 231 291 287 50 48 60 59 1.00 1.00 0.83 0.83 4.6 0.8 34.8 40.5 12.3 34.2
15-01-18 9:00 —2.8 =25 432 43.1 240 235 295 291 51 48 60 59 1.00 0.83 1.00 1.00 52 1.3 34.6 40.2 12.3 34.5

15-01-18 10:00 —28 —25 433 432 239 235 294 290 51 48 60 59 083 083 083 1.00 5.1 1.3 34.8 40.4 12.3 344
15-01-18 11:00 —26 —23 433 432 241 236 296 292 51 49 60 59 1.00 1.00 0.83 0.83 54 1.5 34.8 404 12.2 34.6
15-01-18 12:00 —26 —23 431 430 243 238 298 293 52 49 60 59 0.83 083 1.00 1.00 55 1.5 34.6 40.1 11.6 34.3
15-01-18 13:00 —29 26 430 429 239 234 294 289 50 47 60 59 083 1.00 0.83 0.83 5.1 1.2 34.5 40.1 12.7 344
15-01-18 14:00 -33 30 434 433 236 230 292 285 51 48 60 59 1.00 1.00 1.00 0.83 4.6 0.8 35.0 40.6 12.5 343
15-01-18 15:00 -33 3.0 437 436 234 229 291 284 50 47 60 60 0.83 083 1.00 1.00 4.6 0.8 35.3 40.9 13.0 34.7
15-01-18 16:00 -38 35 437 436 231 225 288 280 49 46 61 60 1.00 1.00 0.83 0.83 4.0 0.3 35.5 41.0 13.2 34.6
15-01-18 17:00 —40 =37 437 436 229 224 286 280 50 47 61 60 083 083 1.00 0.83 3.8 0.2 355 41.0 12.7 343

15-01-18 18:00 —42 —40 436 435 226 220 282 275 49 46 60 60 1.00 083 0.83 1.00 35 —0.1 354 40.5 13.3 34.2
15-01-18 19:00 —44 —42 432 431 226 219 281 275 49 46 60 59 1.00 1.00 0.83 0.83 3.3 —-02 350 40.3 12.7 33.6
15-01-18 20:00 —45 —43 429 428 224 218 278 273 47 44 59 59 083 083 1.00 1.00 32 —-04 347 40.1 13.2 334
15-01-18 21:00 —48 —46 429 428 222 215 277 270 47 44 59 59 083 083 0.83 1.00 29 —06 347 40.2 13.1 33.3

15-01-18 22:00 -49 -46 430 429 221 214 276 268 47 44 59 59 1.00 1.00 1.00 0.83 2.8 -0.7 34.8 40.3 13.3 334
15-01-18 23:00 -49 47 430 429 222 215 277 269 47 44 59 59 083 083 0.83 1.00 2.8 -0.7 34.9 40.3 12.9 33.3
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Table A2. Sample data from HP?2 for a typical winter day.

Ter Tcr Qg Qc Qsc P uT
Time Tert Terz Tcr1i Tcrze Qer Q2 Qa1 Q2 Qsci Qs Pi P, UTyn UTiz UTzr UTaz Tewin Tewout Tcwin Tcwout Tscwin Tscwout
°C °C °C °C kW kW kW kW kW kW kW kW Hr Hr Hr Hr °C °C °C °C °C °C
15-01-18 0:00 —-50 -—-26 475 44 4 196 125 256 151 51 30 64 30 0.83 0.83 1.00 0.00 35 0.5 40.0 442 12.7 33.4
15-01-18 1:00 —-50 -—-26 471 44.0 195 124 254 150 50 29 63 30 1.00 1.00 0.83 0.00 3.4 0.5 39.6 43.8 12.7 33.1
15-01-18 2:00 —-50 —-26 477 446 195 125 255 151 51 31 64 30 0.83 0.83 1.00 0.00 35 0.5 40.2 44 .4 12.1 33.2
15-01-18 3:00 —-50 =25 476 445 195 124 255 151 50 30 64 30 1.00 0.83 0.83 0.00 35 0.5 40.1 44.3 13.1 33.7
15-01-18 4:00 —-50 -—-25 473 443 196 125 255 151 51 30 64 30 0.83 1.00 0.83 0.00 35 0.5 39.8 44.0 12.3 33.1
15-01-18 5:00 —-5.0 —-25 471 44.0 197 126 256 151 50 30 64 30 0.83 0.83 1.00 0.00 35 0.5 39.6 43.8 12.6 33.1
15-01-18 6:00 —48 —24 477 447 197 126 257 153 51 30 65 30 1.00 1.00 0.83 0.00 3.6 0.6 40.2 44 .4 12.6 33.6
15-01-18 7:00 —45 —-21 478 44.8 198 127 259 154 51 30 65 30 0.83 0.83 1.00 0.00 4.0 0.9 40.3 445 13.2 34.1
15-01-18 8:00 —-43 =17 479 449 202 131 263 156 53 32 65 31 1.00 1.00 1.00 0.00 4.3 1.2 40.3 44.6 12.1 34.1
15-01-18 9:00 -3.8 —-13 479 449 206 133 266 157 54 32 65 31 0.83 1.00 0.83 0.00 4.8 1.7 40.3 445 12.1 34.5

15-01-18 10:00 -39 -13 479 450 205 133 265 157 54 32 65 31 1.00 0.83 1.00 0.00 4.8 1.7 404 44.6 12.1 345
15-01-18 11:00 =37 —-11 480 450 207 134 268 157 55 32 65 31 1.00 1.00 0.83 0.00 5.0 1.9 40.4 44.7 11.9 34.7
15-01-18 12:00 -36 —10 478 449 209 134 269 157 55 33 65 30 083 083 0.83 0.00 5.1 1.9 40.2 445 11.3 344
15-01-18 13:00 -38 —13 477 448 206 132 266 156 53 32 65 30 1.00 1.00 1.00 0.00 4.8 1.7 40.2 444 12.4 34.6
15-01-18 14:00 —42 -18 481 451 203 130 264 155 53 32 66 31 083 083 0.83 0.00 43 1.3 40.5 44.8 12.3 34.3
15-01-18 15:00 —42 —-16 483 453 201 131 262 156 53 32 66 31 1.00 083 1.00 0.00 4.3 1.3 40.8 45.0 12.8 349
15-01-18 16:00 —47 23 484 453 199 127 260 153 52 31 66 31 083 1.00 0.83 0.00 3.8 0.8 40.9 45.1 13.0 344
15-01-18 17:00 —49 -24 483 453 197 126 259 153 53 31 66 31 0.83 083 1.00 0.00 3.6 0.6 40.9 45.1 12.5 34.0
15-01-18 18:00 =51 25 482 449 19 125 256 151 51 31 66 31 1.00 1.00 0.83 0.00 3.3 0.4 40.8 449 13.1 345
15-01-18 19:00 =53 29 478 447 195 125 255 150 51 30 65 30 083 1.00 1.00 0.00 32 0.2 40.4 44.6 12.5 33.3
15-01-18 20:00 -53 =30 475 444 193 122 253 149 50 29 65 30 1.00 083 0.83 0.00 3.0 0.1 40.1 442 13.0 33.2
15-01-18 21:00 -56 33 475 444 192 120 252 147 49 29 65 30 1.00 1.00 1.00 0.00 2.7 -0.1 40.1 442 12.9 329
15-01-18 22:00 =57 34 476 444 191 120 251 147 49 29 65 30 083 083 0.83 0.00 2.6 —-02 401 443 13.2 33.0
15-01-18 23:00 -57 =33 476 445 191 121 251 148 50 29 65 30 1.00 083 0.83 0.00 2.6 —-02 402 44.3 12.7 32.8
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Table A3. Sample data from HP3 for a typical winter day.

Ter Tcr Qg Qc Qsc P
Time Tert Terz Tcecri Tecrze Q1 Q2 Qa1 Q2 Qsci Qsc2 Py P, Tewin  Tewout Tcwin  Tcwout TEwin  Tewout Tcwin  Tcwout

°C °C °C °C kW kW kW kW kW kW kW kW °C °C °C °C °C °C °C °C
15-01-18 0:00 15.0 8.2 48.1 48.6 131 71 156 90 16 8 27 19 22.4 19.6 43.2 46.4 14.9 11.5 43.4 47 .4
15-01-18 1:00 15.9 8.2 46.6 48.5 113 73 134 91 13 9 22 21 22.1 19.7 427 45.5 15.2 11.6 429 47.2
15-01-18 2:00 15.1 7.7 48.3 495 132 87 157 110 16 11 28 23 22.6 19.8 43.4 46.6 15.1 11.3 43.6 48.3
15-01-18 3:00 15.6 79 48.2 49.4 127 79 151 99 15 10 25 21 23.1 20.2 43.2 46.5 15.3 115 43.4 48.0
15-01-18 4:00 16.1 7.6 47.2 49.1 127 82 150 104 14 10 25 22 229 20.5 43.0 459 15.0 11.3 43.2 47.8
15-01-18 5:00 16.2 7.7 46.6 489 116 81 137 101 13 10 22 22 229 20.4 42.8 45.5 15.1 11.2 429 47.5
15-01-18 6:00 16.0 7.7 47.0 49.1 114 77 136 97 14 9 22 21 22.3 20.0 43.4 46.1 14.5 11.1 43.6 479
15-01-18 7:00 16.3 8.4 47.1 48.3 105 66 122 83 12 8 24 19 22.6 20.3 43.5 46.2 14.4 114 43.5 47.3
15-01-18 8:00 16.6 7.6 46.4 49.1 102 76 121 95 12 9 18 19 22.1 20.2 43.6 46.0 14.4 11.0 43.8 479
15-01-18 9:00 16.5 89 45.5 47.6 77 55 91 68 9 7 16 15 21.3 19.6 43.5 45.6 13.9 115 43.6 46.6
15-01-18 10:00 16.3 7.5 46.3 49.0 97 76 115 95 11 9 19 20 21.8 19.8 43.6 46.0 14.2 10.9 43.8 47.8
15-01-18 11:00 16.8 7.6 46.0 489 85 68 100 85 10 8 19 20 219 20.0 43.6 459 14.2 11.0 43.8 47.7
15-01-18 12:00 16.8 8.4 44.6 48.1 70 63 82 79 8 8 14 16 209 19.4 43.4 45.2 13.9 11.2 43.7 47.0
15-01-18 13:00 16.2 8.5 45.8 47.6 86 59 102 73 10 7 17 16 21.5 19.7 43.5 45.7 14.0 115 43.5 46.6
15-01-18 14:00 16.6 8.1 46.0 48.5 94 66 114 82 10 8 19 17 21.7 19.9 43.8 46.0 14.0 11.1 439 47 4
15-01-18 15:00 16.5 8.2 47 .4 48.7 104 63 123 79 12 7 22 16 22.1 20.0 44.0 46.6 14.1 11.3 442 47.7
15-01-18 16:00 15.8 7.8 48.2 494 117 68 140 85 14 8 24 19 225 20.1 44.0 47.0 14.3 11.2 442 48.1
15-01-18 17:00 16.4 7.5 47.3 50.1 106 80 125 101 13 10 21 21 22.5 20.4 44.0 46.8 14.7 11.0 442 48.8
15-01-18 18:00 16.5 8.3 47.1 489 109 68 130 83 13 8 24 17 225 20.3 439 46.5 14.5 115 441 47.8
15-01-18 19:00 16.0 7.5 47.3 49.6 113 84 134 105 13 10 23 22 225 20.1 43.5 46.3 14.8 11.1 43.8 48.3
15-01-18 20:00 16.0 7.6 47.3 489 108 78 128 98 12 9 22 20 22.6 20.2 43.2 46.0 14.8 11.2 43.4 47.7
15-01-18 21:00 15.8 8.0 47.2 48.8 123 76 145 95 14 9 24 20 225 20.0 43.2 46.1 15.0 114 43.4 47.6
15-01-18 22:00 15.8 8.5 47.5 489 120 73 142 91 14 9 24 19 22.8 20.2 43.3 46.2 15.2 11.8 43.5 47.6
15-01-18 23:00 16.6 8.1 46.8 495 108 85 128 106 12 10 22 24 22.7 20.5 43.3 46.0 15.6 11.7 43.5 48.1
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Table A4. Sample data from HP1 for a typical summer day.

Ter Tcr Qg Qc Qsc P UT
Time Ter1 Terz Tcri Tecrz Qmr Q2 Qa1 Q2 Qsci Qs i P, UTin UTiz UTazi UT2z Tewin  Tewout Tcwin Tewout Tscwin Tscwout
°C °C °C °C kW kW kW kW kW kW kW kW Hr Hr Hr Hr °C °C °C °C °C °C
10-07-18 0:00 1.9 2.8 341 339 260 265 304 309 8 7 48 48 0.83 1.00 0.83 0.83 11.6 6.4 22.9 30.9 28.2 30.9

10-07-18 1:00 49 2.8 33.0 346 185 269 205 315 7 13 26 49 0.00 083 1.00 1.00 11.5 6.7 24.3 30.8 26.6 31.2
10-07-18 2:00 43 49 357 347 209 162 236 185 12 8 33 24 0.67 1.00 1.00 0.00 11.0 7.1 27.6 33.0 27.5 32.7
10-07-18 3:00 52 49 359 355 168 158 187 181 9 8 25 25 0.00 083 083 0.00 10.8 7.4 289 33.6 28.8 334
10-07-18 4:00 4.7 4.8 36.7 360 181 157 203 180 11 9 28 25 033 083 0.83 0.00 10.9 7.2 29.3 34.0 27.6 33.9
10-07-18 5:00 5.0 4.8 346 342 169 158 187 180 10 10 24 24 0.00 1.00 1.00 0.00 10.7 72 27.6 32.3 26.2 321
10-07-18 6:00 3.7 2.5 329 339 196 248 219 288 11 15 30 45 017 1.00 0.83 0.83 10.9 6.1 24.0 31.1 24.3 30.7
10-07-18 7:00 1.7 25 33.0 326 274 277 317 320 18 17 47 47 050 083 1.00 0.83 11.4 6.0 21.6 29.6 21.2 29.6
10-07-18 8:00 21 3.0 334 331 273 278 317 322 16 15 47 47 1.00 083 0.83 1.00 11.9 6.4 220 30.1 229 30.1
10-07-18 9:00 22 3.0 337 333 277 282 322 327 19 18 47 48 083 083 1.00 0.83 12.0 6.4 22.3 30.4 21.0 30.3
10-07-18 10:00 23 32 339 336 277 283 321 328 18 17 48 48 1.00 1.00 0.83 1.00 12.1 6.5 22.5 30.6 22.3 30.5
10-07-18 11:00 24 3.3 339 337 278 285 323 329 19 18 48 48 1.00 1.00 0.83 0.83 12.2 6.6 22.6 30.7 21.8 30.7
10-07-18 12:00 24 32 340 338 280 288 325 333 22 21 48 48 083 083 1.00 0.83 12.2 6.6 22.7 30.8 20.1 30.8
10-07-18 13:00 24 3.3 341 339 275 282 320 326 18 17 48 48 083 1.00 1.00 1.00 12.3 6.7 22.8 30.9 22.6 30.9
10-07-18 14:00 25 34 342 339 274 279 318 323 15 14 48 48 1.00 083 0.83 1.00 12.3 6.8 22.8 31.0 24.1 30.9
10-07-18 15:00 2.5 3.5 343 340 273 278 318 323 14 13 48 48 083 083 0.83 0.83 12.4 6.8 229 31.0 24.7 31.0
10-07-18 16:00 25 3.5 344 340 274 278 319 323 14 13 48 48 1.00 1.00 1.00 0.83 12.4 6.9 23.0 31.1 25.2 31.1
10-07-18 17:00 25 3.5 345 341 273 275 319 320 13 12 49 48 0.83 1.00 0.83 1.00 124 6.9 23.1 31.1 25.8 31.2
10-07-18 18:00 2.5 3.5 345 341 273 276 319 321 12 11 49 48 083 083 1.00 0.83 12.4 6.9 23.0 31.2 26.1 31.2
10-07-18 19:00 25 34 346 342 272 275 317 320 13 12 49 48 1.00 083 1.00 1.00 12.3 6.8 23.2 31.2 25.8 31.3
10-07-18 20:00 24 3.3 345 341 270 274 315 320 12 11 49 49 0.83 1.00 0.83 0.83 12.2 6.8 23.1 31.2 26.2 31.2
10-07-18 21:00 22 3.1 345 341 269 272 315 317 12 11 49 48 1.00 083 1.00 1.00 12.0 6.6 23.1 31.2 26.5 31.2
10-07-18 22:00 4.0 52 33.8 327 224 185 257 211 9 6 36 26 1.00 083 0.83 0.50 11.7 74 24.6 31.0 27.1 30.7
10-07-18 23:00 5.0 5.1 361 355 176 162 197 184 12 10 28 25 067 033 083 0.00 11.0 7.5 28.8 33.6 26.7 33.3
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Table A5. Sample data from HP?2 for a typical summer day.

Ter Tcr Qg Qc Qsc P UT
Time Ter1 Terz Tcrt Teri Q1 Q2 Qa1 Q2 Qsci Qs P P, UTin UTiz UTazi UT2z Tewin  Tewout Tcwin Tewout Tscwin Tscwout
°C °C °C °C kW kW kW kW kW kW kW kW Hr Hr Hr Hr °C °C °C °C °C °C
10-07-18 0:00 2.4 2.7 40.9 40.1 213 231 262 287 3 4 53 60 0.83 0.83 1.00 0.83 11.6 7.3 31.0 379 28.3 379

10-07-18 1:00 5.0 37 387 387 156 202 175 248 7 6 25 48 0.00 083 0.67 1.00 11.5 7.6 31.3 36.8 26.7 36.7
10-07-18 2:00 4.6 49 39.8 387 153 140 172 169 13 11 26 31 0.00 1.00 0.00 0.83 11.0 79 329 37.5 27.6 37.4
10-07-18 3:00 44 48 404 393 150 139 169 169 12 10 26 32 0.00 083 0.00 1.00 10.7 7.8 33.5 38.2 28.9 38.0
10-07-18 4:00 5.0 49 39.7 395 129 141 150 171 11 12 24 32 083 0.00 0.00 0.83 10.8 8.1 34.1 38.3 27.7 38.2
10-07-18 5:00 4.6 47 383 378 133 142 151 170 12 12 23 30 050 083 0.00 0.83 10.7 79 323 36.5 26.3 36.4
10-07-18 6:00 4.1 32 382 379 156 191 176 232 12 11 27 45 017 067 050 1.00 10.8 71 30.8 36.1 244 36.0

10-07-18 7:00 2.1 25 39.5 386 223 239 272 293 5 7 53 59 050 083 0.67 1.00 11.4 7.0 29.7 36.6 21.3 36.5
10-07-18 8:00 24 30 401 391 224 239 275 294 4 5 54 59 0.83 1.00 1.00 0.83 11.9 7.4 30.2 37.2 23.0 37.1
10-07-18 9:00 2.6 30 402 393 225 241 275 296 5 7 54 59 1.00 1.00 1.00 0.83 12.0 74 30.4 37.3 21.1 37.3
10-07-18 10:00 2.6 32 404 395 223 241 273 296 5 6 54 60 1.00 083 0.83 1.00 12.1 7.6 30.6 37.6 22.4 37.6
10-07-18 11:00 2.8 32 405 396 225 242 275 298 5 6 54 60 0.83 1.00 0.83 0.83 12.2 7.7 30.7 37.7 21.8 37.7
10-07-18 12:00 2.8 33 405 396 225 243 276 299 6 8 54 60 083 083 1.00 1.00 12.2 7.6 30.8 37.8 20.2 37.7
10-07-18 13:00 2.7 33 408 399 224 240 275 296 5 6 55 60 1.00 083 0.83 1.00 12.2 7.7 30.9 379 22.8 379
10-07-18 14:00 2.8 34 410 400 224 240 275 296 4 5 55 61 0.83 1.00 1.00 0.83 12.3 7.8 31.0 38.0 24.1 38.0
10-07-18 15:00 29 35 410 401 222 239 274 296 4 4 55 61 083 1.00 0.83 0.83 12.3 79 31.1 38.1 24.8 38.1
10-07-18 16:00 29 34 412 402 222 240 274 297 4 4 55 61 1.00 0.83 1.00 0.83 12.4 79 31.2 38.2 253 38.2
10-07-18 17:00 2.8 34 413 403 221 238 273 295 4 4 55 61 1.00 083 0.83 1.00 124 79 31.3 38.4 259 38.3
10-07-18 18:00 2.8 34 413 403 223 239 275 296 4 4 56 61 083 083 0.83 1.00 12.3 79 31.3 38.3 26.2 38.3
10-07-18 19:00 2.8 34 414 404 221 237 272 293 4 4 55 61 083 1.00 1.00 0.83 12.3 79 31.3 38.4 259 38.4
10-07-18 20:00 27 34 413 404 220 237 271 294 4 4 55 61 1.00 1.00 1.00 0.83 12.2 7.8 31.3 38.3 26.3 38.3
10-07-18 21:00 2.7 3.1 411 403 220 236 272 292 4 4 56 61 1.00 083 0.83 1.00 12.0 7.6 31.3 38.3 26.6 38.2
10-07-18 22:00 5.4 4.6 380 377 163 181 183 220 8 7 26 40 083 0.00 0.67 0.83 11.6 8.1 30.8 36.0 27.2 359
10-07-18 23:00 8.4 6.7 33.6 350 33 113 38 131 3 10 4 21 050 050 017 0.83 11.0 9.7 334 34.7 26.8 34.6
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Table A6. Sample data from HP3 for a typical summer day.

Ter Tcr Qg Qc Qsc P

Time Tert Terz Tcecri Tecrze Q1 Q2 Qa1 Q2 Qsci Qsc2 Py P, Tewin  Tewout Tcwin  Tcwout TEwin  Tewout Tcwin  Tcwout
°C °C °C °C kW kW kW kW kW kW °C °C °C °C °C °C °C °C

w
=
~
=

10-07-18 0:00 24.5 29.9 60.9 29.5 59 0 72 0 5 0 16 0 28.6 27.5 58.6 59.3 30.1 29.8 37.4 37.1
10-07-18 1:00 23.6 29.9 60.1 29.5 57 0 70 0 6 0 12 0 27.1 259 58.4 58.7 30.2 29.9 36.0 36.1
10-07-18 2:00 243 30.0 61.0 29.6 55 0 69 0 6 0 11 0 28.2 27.1 59.0 59.2 30.3 299 36.5 36.2
10-07-18 3:00 249 30.0 61.2 29.7 60 0 73 0 6 0 19 0 29.2 28.0 58.7 58.9 30.4 29.9 37.1 36.8
10-07-18 4:00 25.0 30.0 60.7 29.7 67 0 81 0 6 0 16 0 29.1 28.0 58.4 58.8 30.5 30.0 37.4 37.3
10-07-18 5:00 223 30.0 61.1 29.7 80 0 99 0 8 0 23 0 27.0 254 58.4 59.8 30.5 30.1 35.6 35.9
10-07-18 6:00 21.4 30.0 60.8 29.6 68 0 85 0 7 0 20 0 254 241 58.4 59.4 30.5 30.0 35.3 35.2
10-07-18 7:00 17.5 29.9 62.4 29.6 78 0 100 0 8 0 22 0 23.1 21.3 58.2 60.3 304 29.9 35.9 35.6
10-07-18 8:00 21.1 29.8 61.2 29.5 67 0 86 0 7 0 17 0 25.2 24.0 58.3 59.1 30.2 29.7 36.3 36.1
10-07-18 9:00 17.4 29.8 62.3 29.5 82 0 105 0 8 0 27 0 234 21.5 58.0 60.3 30.0 29.6 36.5 36.5
10-07-18 10:00 19.4 29.8 62.3 29.5 83 0 105 0 8 0 20 0 244 229 58.6 60.3 29.9 29.5 36.8 36.7
10-07-18 11:00 19.2 29.7 61.9 29.5 78 0 98 0 7 0 23 0 24.6 22.8 57.9 59.8 29.8 29.4 37.0 36.8
10-07-18 12:00 17.0 29.7 62.1 29.5 83 0 104 0 8 0 27 0 23.0 21.2 57.6 60.0 29.8 29.4 37.1 36.8
10-07-18 13:00 20.4 29.7 61.6 29.5 71 0 89 0 6 0 26 0 253 23.8 58.1 59.5 29.8 29.3 37.1 37.0
10-07-18 14:00 21.7 29.6 61.8 294 78 0 97 0 7 0 22 0 26.2 24.7 58.4 60.2 29.8 29.3 37.4 37.1
10-07-18 15:00 22.5 29.6 60.9 29.4 63 0 78 0 5 0 14 0 26.4 25.1 58.3 59.3 29.8 29.4 37.4 37.2
10-07-18 16:00 22.2 29.6 61.0 294 65 0 79 0 6 0 18 0 26.9 254 58.0 59.4 29.8 294 37.4 374
10-07-18 17:00 23.1 29.7 61.3 294 66 0 83 0 6 0 17 0 27.1 259 58.9 59.5 29.8 29.5 37.6 37.5
10-07-18 18:00 229 29.7 61.1 29.5 64 0 79 0 5 0 20 0 27.5 26.0 58.2 59.3 29.9 29.6 37.7 37.4
10-07-18 19:00 23.0 29.7 61.1 29.5 75 0 91 0 6 0 16 0 27.1 25.8 58.7 59.4 30.0 29.7 37.7 37.5
10-07-18 20:00 23.0 29.8 60.7 29.5 70 0 86 0 6 0 15 0 27.6 26.2 58.1 59.6 30.0 29.7 37.7 374
10-07-18 21:00 23.6 29.9 61.1 29.5 57 0 71 0 5 0 13 0 27.5 26.4 59.0 59.0 30.1 29.8 37.6 37.4
10-07-18 22:00 23.3 29.8 60.6 29.5 66 0 81 0 6 0 12 0 27.2 26.1 58.8 58.9 30.2 29.9 35.4 35.7
10-07-18 23:00 23.6 29.9 60.4 29.5 52 0 63 0 5 0 15 0 27.3 26.0 58.9 58.6 30.2 29.9 34.8 345
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Appendix B. Sample Data from the Manufacturer

Table A7. Sample data from the manufacturer.

Tgr (°C) Tcr (°O) Qc (kW) P (kW)
HP1&2 -1 50 243 68
12 40 374 57
HP3 20 55 144 34
15 55 168 32
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