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ABSTRACT

This work describes the methodology used to realize a performance analysis of an ammonia-water condensing
gas absorption heat pump. This heat pump shows a nominal heating output of 18,9 kW for an outdoor tem-
perature of 7 °C and a delivery temperature of 35 °C, and it is designed for domestic hot water and heating
production. The experimental results obtained in the laboratory are contrasted with those obtained from the
monitoring of two residential facilities in the northern part of Belgium. Experimental tests were carried out in a
climatic chamber to emulate different outdoor climatic conditions based on a combination of the EN 12309
requirements and typical Belgium weather data. Measurements of gas consumption, electrical consumption,
water flows, and temperatures were collected to compute performance indicators. On the other hand, the
monitoring data was analyzed and contrasted with the experimental results to evaluate the field systems’ per-
formance; the problems found and modifications made are described and discussed. The results show that the
performance of the systems is highly dependent on the coupling with other appliances, on the operating con-
ditions and control of the system, resulting in penalties that can be considerable depending on the configuration
used. An empirical model calibrated with experimental data is proposed, as well as a penalization factor cali-
brated with the monitoring data. The results presented evidence the differences found between the studied fa-
cilities, highlighting the main role of proper installation and control not to diminish the main performance
indicators.

Introduction

In this context, the building sector has been pointed out as one of the
key areas in the matter; in 2017, the household sector represented 30 %

International commitments related to energy use, environmental
impact, and decarbonization goals are increasingly restrictive and
ambitious. In most scenarios, electrification is one of the key milestones,
combined with the effects of smart control systems, more efficient
buildings, technologies, and changes in consumer behaviors.

It is not possible, however, to electrify everything in the short term.
Today half of the energy demand in buildings in Europe was used for
space and water heating, with fossil fuels covering 60 % of this heating
energy demand in 2021 (International Energy Agency, 2022). In the
world, natural gas is the most commonly used fuel for heating, repre-
senting 42 % of the total share in buildings, and its demand increases in
every World Energy Model scenario over the next five years (Stated
Policies Scenario STEPS, Announced Pledges Scenario APS, Net Zero
Scenario NZE), diverging afterward due to many factors depending on
countries and regions (International Energy Agency, 2022; Interna-
tional Energy Agency, 2021).
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of the final energy consumption in the European Union (EU) with a total
of 288 million tons of oil equivalent (Mtoe), only being surpassed by the
industrial sector (European Environment Agency, 2020). According to
2016 data, the energy consumption in dwellings in Belgium destinated
just to space and water heating represented 1.52 Mtoe (European
Environment Agency, 2016), where the consumption of natural gas
represented 45.6 % of the total energy consumption followed by elec-
tricity consumption (29.7 %), solid fuel consumption (22.4 %) and pe-
troleum products (9.4 %) (European Environment Agency, 2013). Other
studies also suggest that the use phase in technologies that provide space
heating and domestic hot water in Europe contributes to more than 97 %
of the total environmental impact of the appliance (Famiglietti et al.,
2021).

Heat pumps appear as an interesting topic since they are a more
efficient technology compatible with residential applications. Studies
have shown that heat pumps are a good alternative to reduce energy
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consumption and CO, emissions (Aste et al., 2013; Blarke, 2012; Chua
et al., 2010). Also, it is a market that is undoubtedly growing: between
2005 and 2018, the use of heat pumps in the heating sector in the EU
represented an increase in energy consumption of 8.3 Mtoe, surpassed
only by the use of solid biomass (European Environment Agency, 2020).
Government policies and private sector strategies point, in the short
term, to an increase in the market share of heat pump technologies
(International Energy Agency, 2022; International Energy Agency,
2022).

An attractive alternative to traditional appliances are gas absorption
heat pumps (GAHP) since it offers substantial cost and energy savings
compared to conventional commercially available systems for water
heating (Keinath and Srinivas, 2017). It also presents an alternative to
reduce the peak demand on the electrical grid produced by the use of
electric heat pumps (Hommelberg et al., 2022) and opens the door to the
use of alternative fuels such as hydrogen-enriched natural gas (Inter-
national Energy Agency, 2022).

At (Fumagalli et al., 2017), an standardization method for monitored
heat pumps that includes the type of use, system configuration and
technology is proposed; different system boundaries are defined,
showing that the performance of the system is not only determined by
the efficiency of the heat pump but that is highly dependent on the
correct integration, sizing, and control of the system to not negatively
affect the COP. In particular, the monitored systems that were more
affected in their efficiency were the ones that did not work on steady
state conditions, what is usually the consequence of an oversized system
for the thermal demand requirements.

On the other hand, several studies have been done to compare
different gas-driven heat pumps considering their components, the
system thermodynamic cycle, control strategies, and parameters such as
delivery water temperature and gas input, arriving to complex and
detailed models (Babak Dehghan et al., 2020; Wu et al., 2020) that
aimed to provide realistic results for different applications and opera-
tional conditions where no experimental data is available. Different
control and optimization strategies are applied, resulting in optimal
design and control guidelines for the proposed cases. Some GAHP
models are experimentally calibrated (Aprile et al., 2017; Aprile et al.,
2016), but the amount of data available is far from being representative,

Combustion
gases

@+ @~

HC
A

Cleaner Energy Systems 6 (2023) 100087

appealing to linear interpolations and extrapolations to cover a higher
range of operating conditions; also, the research interest is in the cycle
itself and control strategies, having the appliance as boundary and not
taking into account the integration of the system into real applications.

This work seeks to compare the behavior of the same system under
controlled operating conditions in the laboratory and field facilities. The
differences found in the performances are discussed and quantified. The
results allows to perform a empirical model calibrated with experi-
mental data that includes operation condition variables such as delivery
water temperature, outdoor temperature and part load working capac-
ity; the model allows to compute performance indicators such as the
COP, as well as the heating capacity, gas heat input and electrical input.
The penalties related to operation under ideal and real conditions are
taken into account by including a penalization factor in the model,
calibrated with the monitoring data, that is related to the operating
conditions in the field, the quality of the installation and the coupling
with other heat generation systems.

Description of the system

Designed for space heating (SH) and domestic hot water (DHW) for
residential applications, the tested gas absorption heat pump (GAHP)
has a nominal heating capacity of 18.9 kW. The system is based on the
Water-Ammonia absorption cycle using outdoor air as renewable energy
source (low-temperature heat source) and natural gas combustion as
high-temperature heat source; the delivered hot water is the medium-
temperature heat sink. The working principle of the system is repre-
sented in the diagram shown in Fig. 1.

To heat the absorbent-refrigerant solution in the Generator (GEN), a
Burner (BRN) driven by natural gas is used. The heat delivered to the
GEN causes the separation of the two components of the solution by
desorption. The desorbed ammonia vapor leaves the GEN and passes
through the Rectifier (REC) to remove the last parts of water that could
remain. Then it continues to the Condenser (COND), transferring the
heat of the refrigerant to the water destinated to the Heating Circuit
(HC) e.g., radiators, floor heating, or others. The water is previously Pre-
Heated in a heat exchanger (PH) by the combustion gases and driven by
the Water Circulation Pump (WP).

HC-; --------

Natural
Gas

| BRN

SCA

Condensate

Ammonia
""""" Condensed water
= = = = Heating circuit water

Poor ammonia-water solution
Combustion heat flow

=> Outdoor air
@— Thermocouple

| Absorbed ammonia-water soluti

Fig. 1. Gas absorption heat pump working principle scheme.
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To reduce its pressure, the refrigerant leaving the COND is throttled
by means of a restrictor valve and cooled down inside the Pipe in Pipe
heat exchanger (PiPHx); then, by means of a second restrictor valve, is
brought to the ideal pressure and temperature conditions before
entering the Evaporator (EVAP) where the liquid refrigerant is evapo-
rated by taking heat from the surrounding air. Then, the low-pressure
vapor ammonia is overheated in the PiPHx before being sent to the
Solution Cooled Absorber (SCA), where it meets the poor refrigerant
solution coming from the GEN whose pressure is reduced by a third
restrictor valve. Here, a first absorption stage takes place, having as
result an ammonia-water solution with traces of vapor ammonia.

Since the absorption process is an exothermic reaction, the solution
coming from the SCA is sent to the Water Cooled Absorber (WCA) where
a considerable amount of thermal energy is transferred to the water of
the heating circuit. Here the vapor ammonia absorption process is
completed, and the solution is pumped back to the GEN using a Solution
Pump (SP) where the cycle starts again.

Description of the test bench

The system is an outdoor unit, thus, it is installed and the tests are
performed in a climatic chamber to vary and control the temperature
and humidity conditions. The test bench facilities are shown in Fig. 2.

The appliance needs to be supplied by electricity and natural gas,
consumptions that are measured. To emulate the heat demand of a
house, a heat exchanger is placed in the room adjacent to the climate
chamber where the load is regulated by controlling the chilled-water
flow rate through the exchanger by means of the valve V1. The prod-
ucts derived from the operation of the system such as combustion gases
and condensate are removed from the test bench; the hot water pro-
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and drawn out of the chamber. Once the temperature and humidity
setpoints are reached, a steady state is maintained by means of an
electrical heater and a humidifier. These latter are connected to an
acquisition system and controlled by a PI controller which receives the
signal of temperature and humidity sensors placed at the entrance of the
evaporator.

In terms of measuring devices, inside the heat pump, only surface
thermocouples were installed on the different pipes between the com-
ponents. These thermocouples were placed on an electro-insulating and
thermo-conductive sheet, fixed with plastic clamps, and insulated at
each measurement point to ensure thermal contact and correctly mea-
sure the fluid temperature. On the rest of the test bench, in-pipe ther-
mocouples were used. In the cases where the temperature of a large
cross-section had to be measured, a grid of thermocouples was used;
more precisely, 4 equidistant thermocouples were installed at the fan
exhaust and 9 at the evaporator supply. Measurements of gas con-
sumption, water consumption, electrical consumption, room tempera-
ture, and humidity are also collected.

For caution and since the unit works with an ammonia-water solu-
tion that is harmful to health, an ammonia sensor was installed close to
the unit to detect leaks and a release pipe was installed to extract the
ammonia out of the room if necessary. The measuring devices and their
characteristics are summarized in Table 1.

Table 1

Measuring devices.
Sensor Type Accuracy
Thermocouples T +0.3K
Humidity Capacitive-wettable +2 %

. . Water meter Volumetric +2 % Qp; £5 % Qmin
duced is sent to the HC loop to fulfill the heat demand. Magnetic £0.5 % from 0.3 to 11.89 m/s
The room temperature is decreased by means of an outdoor air-to- Gas meter Diaphragm +0.5 %
water heat pump unit located inside the chamber. The humidity of the Power meter Multifunctional +0.5 %
room is reduced by water condensation in the evaporators of both units Ammonia sensor Electrochemical +5 ppm
Heating Circuit Climatic Room ' ."'-.,Chinmey
i * Electrical box [ |—| O
: iqiti Ammonia | T°/HR .
Acquisition i Air-to-water
Exp. AAR sensor | sensor (
| N heat pump
vesse i .
. @P —Dx4 Air-to-water indoor unit
"""""""""""""""" heat pump
V4 .
S outdoor unit
X5 A GAHP
A —>
‘ B &
g |-
54 Water flow
meter
Heat Indoor Outdoor
exchanger Room Room
g g g
- -® @ Electrical heater = =
g Humidifi 2 g
o umidifier o A
15 15 o
< < <
PN, Tap Gas Control General
water meter ;

\%! Water flow Natural
meter Gas

electrical panel

—® Thermocouple

Fig. 2. Schematic of the test bench used to characterize the absorption heat pump.
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Testing conditions

The gas absorption heat pump has certain operating parameters that
are supplied by the manufacturer and some of these are modifiable. A
display board gives access to different menus and to facilitate the
characterization of the system, some of them are changed as described
hereunder.

First, it is sought to maintain a constant water temperature difference
between the delivery and the inlet of the appliance. To achieve this, the
modulation of the circulation pump is activated and the water delta T° is
set to 10 K.

Second, it is necessary to set the permissible delivery and return
water temperature range of the appliance not to restrict the system’s
behavior. In other words, a wide enough water temperature range al-
lows it to not operate, for example, at partial load. Therefore, the de-
livery water temperature range is set between 30 °C and 75 °C, while the
return range goes between 20 °C and 30 °C.

Third, the control method of the delivery water temperature should
be set. This can be done by a variable water setpoint which depends on
the outdoor temperature (weather-compensated control) or by means of
a fixed setpoint. The latter method is used, coinciding with the
maximum delivery water temperature set (75 °C) and having the option
of modifying it if necessary.

Finally, it is possible to establish a heating capacity control of the
system allowing the modulation of the burner or based on an “On/Off”
behavior. The first option is chosen, having as a consequence a modu-
lation of the gas flow rate on the burner side, while in the absorption
cycle it is reflected in variations in the fan and water circulation pump
drive voltage.

The described adjustable parameters configuration is shown in
Table 2.

The performed test matrix is shown in Table 3. The test campaign is
based on the EN 12309 (European Standards, 2014) regarding the test
conditions at full load concerning the type of appliance (e.g.,
air-to-water, water-to-water), its application (e.g., low/medium/high
temperature), the outdoor heat exchanger conditions referring to
dry-wet bulb temperatures and the classification of the climate (e.g.,
medium, warm, or cold).

To consider the weather conditions to which the appliances are
subjected in the field in terms of temperature and humidity, a weather
data analysis was made for the cold season from October 2018 to March
2019 based on two local weather stations close to systems (Weather
Underground, 2020).

Based on these two aspects, the performed test matrix is shown in
Table 3. Here, five outdoor air-dry bulb temperatures and four water
delivery temperatures are considered. This base matrix is performed for
a relative humidity of 75 % since it is the most frequent value obtained
from the weather data analysis. Every test is performed at full load on a
steady state for a period of 20 min. The test conditions are monitored
throughout the test with the test bench acquisition system, and also with
a smartphone connected to the appliance to verify the data; the manu-
facturer application allows to have real time information, such as
operation temperatures, current heating capacity output, activation of
defrost cycles, among others, based on the internal sensors of the
appliance.

Table 2

Adjustable parameters configuration.
Description Setting
Modulation of the circulation pump Active

Heating circuit water AT® setpoint 10K

Delivery water temperature range From 30 °Cto 75 °C
Return water temperature range From 20 °C to 30 °C
Delivery water temperature setpoint 75°C

Heating capacity modulation Active
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Table 3
Gas absorption heat pump test matrix.

Water delivery temperature [ °C]

35 45 55 65
12
7
Outdoor dry bulb Temp. [°C] 2 75 %
-7
-10

Monitoring

The system is installed in two residential houses in the northern part
of Belgium. The two houses are considered to be in the same climatic
region. These installations have sensors that provide information
equivalent to the one obtained in the laboratory to analyze the system’s
inputs and outputs, allowing to estimate efficiencies. The data collected
with a sampling rate of five minutes is daily sent to the Cloud for later
analysis.

The sites named Brasschaat and Brecht are equally monitored. The
used sensors are identical between sites and are placed at the same in-
door spots, as can be seen in the installation schemes shown in Figs. 3
and 4, respectively.

Both installations have sensors to measure indoor and outdoor
ambient conditions, as well as gas and electric meters to measure the
consumption of the system. A heat meter is installed between the inlet
and outlet pipes of the machine to measure the heating energy delivered
by the system based on the measurement of the water flow that circu-
lates through the heating circuit and its respective inlet and outlet
temperatures.

The monitored houses count with water tanks for domestic hot water
and heat storage. In both sites, the space heating is provided by radia-
tors. Additionally, Brasschaat site has thermal solar panels and an extra
buffer for DHW storage, adding complexity to the installation. The heat
produced by the gas absorption heat pump is directed towards one or the
other tank depending on whether the demand is for SH or DHW. Two
temperature probes control the behavior of the appliance at Brasschaat
(numbers 1 and 2), while at Brecht only one probe is used (number 1).

The hydraulic pipelines are properly insulated to avoid thermal
losses. The distance between the system and the indoor room is less than
one meter, with the temperature sensor’s placed one meter farther away
from the wall. The system and sensors installation has been carried out
and approved by the manufacturer; no leakages has been detected after
installation not during the period of operation and monitoring of the
system. This last point is verified thanks to the error history recorded by
the system, to which the manufacturer has access through the control
panel.

The sensors references, their precision and resolution of the acquired
data are presented in Table 4.

It is worth mentioning that some control and internal parameters of
the systems such as heating capacity modulation or temperature setpoint
are not remotely controlled or monitored. This means that changes or
modifications made by the user or installer could not be communicated,
being difficult or impossible to identify only with the data analysis. A
constant monitoring is carried out, without guaranteeing that no omis-
sions occurred that could potentially affect the monitoring data and its
subsequent analysis.

Results and discussion
Laboratory
A valid data collection period is defined on the European standard

based on the coefficient of change shown in Eq. (1). If this coefficient
remains within 2.5 % during the data collection period, then the test can
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Fig. 3. Installation scheme of Brasschaat monitoring site.
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Fig. 4. Installation scheme of Brecht monitoring site.
be considered as steady state. This coefficient is the difference between AT AT
the outlet and the inlet temperatures of the heat transfer medium at the BAT = =0 7 270 100 @D)]

indoor room heat exchanger and should be calculated every 5 min ATi-0)

starting at the end of the previous period (z = 0). where %AT is the coefficient of change, in %; AT;.—) is the average

difference between the outlet and the inlet temperatures for the first 5
min period; ATy is the average difference between the outlet and the
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Table 4
Sensors used at monitored sites.
Sensor Reference Resolution Precision
External temperature Weptech Munia 0,1 K +0,3K
and humidity 0,1 % +2 %
Internal temperature and ~ Weptech Munia 0,1 K +0,3K
humidity 0,1 % +2 %
Heat counter Qalcosonic E1 1 kWh Accuracy
1L Class 2 (OIML R
0,1 K 49-1, 2006)
Machine electrical Iskraemeco 1 Wh Accuracy
energy counter ME162 Class 1 (IEC
62053-21, 2003)
Gas volume counter Elster BK-G4T 10L <1 %

Data logger (cloud Viltrus MX-9 - -

connection)

" Data logger included.

inlet temperatures for another 5-min period than the first 5 min.

In addition, allowable deviation values from the set values are
established. This corresponds to 0.3 K for room temperature, +2 % for
room mean humidity and +1 K from the setpoint for the depart water
temperature.

The COPgqpq of each test was estimated as the ratio of the heating
capacity output to heat and electric power input as defined in Eq. (2).
The COPy, and COPg; are defined in the same way in Egs. (3) and (4),
only taking into account the respective input.

One
COPglobal = QWS—ZC% 2
copy, = 2ue @)
gas
COPy = One ©))

in
The heating capacity output corresponds to that given to the heating
circuit Quc while the inputs are the thermal heat rate obtained from the
natural gas combustion ng and the electric input to the appliance Wi,.

The heat transfer rate transferred to the heating circuit water is defined
in Eq. (5).

Ouc = Owea + Ceona + anses ()

where Quea, Qeona and an_ges are the heat transfer rates obtained from the
water cooled absorber, the condenser, and the combustion gases,
respectively.

Since the internal configuration of the system makes it difficult to
install sensors between components that allow measuring the previously
defined heat inputs individually, it is decided to measure the heating
capacity output of the appliance transferred to the heating circuit water
as shown in Eq. (6).

Onc = e, * oo * (Towr — Tin) (6)

where mpyc, is the heating circuit water flow, ¢, is the specific heat of
water, Ty, and Tj, are the outlet and inlet water temperatures of the
system. Similarly, the heat input is defined in Eq. (7).

Oas = Vias ¥ HCV @)

where Vg is the consumed gas flow and HCV is the daily average high
calorific value. This value is calculated by the natural gas company ac-
cording to the ISO 6974 by a chromatographic analysis at the metering
station at 15 bar and 11 °C. The supplied values are corrected as indi-
cated in (Paulus and Lemort, 2022), resulting in a reduction of 0.13 % of
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the value provided.

The electric consumption of the appliance Wy, is constantly regis-
tered and considered in the results, with maximum variations of 2 %
between tests and close to 0.35 kW. This consumption includes com-
ponents such as the fan, oil pump, water circulation pump, and internal
Sensors.

With these considerations, the results obtained for the test matrix for
the COPgypq are shown in Table 5; for COPyy, and COPyg, the results are
summarized in Tables 6 and 7. The results are computed meeting the
requirements of Eq. (1) and are based on the average values of the
measurements carried out during 20 min for each test.

The results obtained in the laboratory confirm the expected trends,
with a global performance that increase as the ambient temperature
does, and decreases if the water outlet temperature increases; the same
is observed for the thermal capacity. The performance penalty due to the
electrical consumption it is observed in Table 6, representing between 2
and 4 points of the COPggpq.

Monitoring

Both sites were exhaustively monitored during 2020 and 2021. Their
monthly COPg,pq for the whole year based on the high calorific value are
shown in Fig. 5.

A clear seasonal effect can be observed, showing a penalty in the
COPgopq during summer that is related to the fact that the systems are
less frequently used and no SH is required, generating more on/off cy-
cles to supply only the production of DHW. In this sense, a greater
impact is observed in Brasschaat site. This can be partially explained by
the coupling of the thermal solar panels and their effect on the working
temperature, inducing a change in the behavior of the system. However,
these results are far from the ones expected and obtained in the labo-
ratory, especially for winter conditions. Even more, unexpected large
differences are observed between the performances of both machines.

To try to explain the differences with Tables 5, 6 and 7, an in-depth
analysis of the behavior of both systems was carried out. Fig. 6 shows the
daily thermal production of both sites in relation to their COP,opq during
2020. Even though Brecht produces more thermal energy compared to
Brasschaat, the system is less efficient.

On the other hand, the daily thermal production is related to the way
in which the production of the system is controlled (i.e., On/Off or
modulation). Since this information is unknown and is not part of the
data collected from the monitoring, a deeper look to try to establish a
relationship between the smoothness of the behavior of the system and
the electrical consumption is made in Fig. 7. Here, Brecht has a higher

Table 5
COPgobat and Thermal Capacity values at a relative humidity of 75 %.
COPgiobal T° delivery
35 45 55 65
12 1.45 £ 0.05 1.34 £ 0.05 1.19 £ 0.05 1.05 + 0.04
7 1.38 £ 0.05 1.29 £ 0.05 1.13 + 0.04 1.04 + 0.04
Outdoor T° 2 1.36 + 0.05 1.21 £+ 0.05 1.09 + 0.04 0.95 + 0.04
-7 1.21 £ 0.05 1.13 £ 0.04 1.02 + 0.04 0.86 £+ 0.03
-10 1.16 £ 0.04 1.14 £ 0.04 0.95 £+ 0.04 0.86 + 0.03
Th. capacity [kW] T° delivery
35 45 55 65
12 21.11 + 19.31 + 16.98 + 14.82 +
0.79 0.74 0.66 0.58
7 19.55 + 18.57 + 16.30 + 14.92 +
0.77 0.71 0.64 0.59
Outdoor 2 20.10 + 18.01 + 15.64 + 13.70 +
T° 0.78 0.69 0.61 0.54
-7 18.33 + 16.89 + 15.13 £ 12.65 +
0.69 0.64 0.59 0.50
-10 17.36 + 16.82 + 14.14 + 12.66 +
0.65 0.63 0.55 0.50
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Table 6
COPyy, values at a relative humidity of 75 %.
COPr, 75 % T° delivery
35 45 55 65
12 1,48 + 0.06 1,38 + 0.05 1,22 + 0.05 1,08 + 0.04
7 1,41 + 0.06 1,32 £ 0.05 1,16 + 0.05 1,06 + 0.04
Outdoor T° 2 1,39 £ 0.05 1,24 £ 0.05 1,12 + 0.04 0,98 £+ 0.04
-7 1,24 + 0.05 1,16 + 0.04 1,05 £ 0.04 0,89 £+ 0.04
-10 1,18 + 0.04 1,17 £ 0.04 0,98 + 0.04 0,88 + 0.04
Table 7
COPg; values at a relative humidity of 75 %.
COPg; 75 % T° delivery
35 45 55 65
12 60.32 + 55.17 + 48.51 + 42.35 +
2.27 2.13 1.90 1.68
7 55.86 + 53.05 £ 47.94 + 42.62 +
2.22 2.04 1.90 1.69
Outdoor 2 57.42 + 51.45 + 44.69 + 39.16 £
T° 2.26 1.97 1.75 1.56
-7 52.38 + 48.25 + 43.24 + 36.15 +
1.99 1.83 1.69 1.44
-10 49.60 + 48.07 £ 40.41 £ 36.16 £
1.88 1.82 1.57 1.43

electrical consumption, thus the machine is working for a longer amount
of time which could be related to a smoother behavior; this information
though is not conclusive to explain the differences found.

It is noticed that the working temperature of both systems is different
as can be seen in Fig. 8 for year 2020. Here, the distribution of the depart
and return temperatures of both monitored systems is summarized,
where the mid line corresponds to the median of the dataset.

It is observed that the working operation temperature range of both
sites is wide. This is normal for the return temperatures towards the
system due to the fact that it evolves according to the way in which the
heating circuit is progressively heated. Nevertheless, the depart tem-
perature distribution in Brasschaat is more narrow than in Brecht, where
the latter works with a depart water temperature regime of 5 K higher
than the former, what could explain the differences between sites.

The presented results show that the systems are not as efficient as
expected in the field, thus, an intervention is performed in situ on July

1.2
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2021 to verify the installation of the systems and their parameters
configuration.

As a result of these interventions it was found that in both sites the
gas valve was wrongly set for the type of gas, what affects the reliability
of the system. Furthermore, not enough gas was being burned in Brecht
affecting the performances; the system was configurated to work with
rich gas while in reality it was lean gas, causing the gas consumption to
be lower due to the parameter used and resulting in a lower thermal
output.

On the other hand, the error log in Brecht registered many “On/Off”
cycles due to the fact that the circulation pump of the appliance was
incorrectly wired to the control board; besides, the temperature probe
that controls the modulation of the system based on the return water
temperature was misplaced on the hydraulic circuit (point 1 in Fig. 4
instead of the point 1"). This caused that the return water temperatures
to the system to be high, forcing the unit to decrease its heating capacity
output to the minimum possible (about 60 %) and affecting the COP. The
reduction of the heating capacity to the minimum occurs when the AT°
between the depart and return temperatures of the system is less than
the 10 K set.

The results of the interventions on the previously shown indicators
can be seen comparing Figs. 9 and 12, were the vertical line points out
the time of the modifications made on site. A few percentual points of
improvement can be observed for both sites for the monthly COPgopa
after intervention, raising in Brasschaat above 1; Brecht on the other
hand, remains close to 0.9 as maximum monthly value but improving
also its monthly values.

Despite this small monthly increase in the COPgpq, Figs. 10 and 11
show the differences between the production and consumption before
and after intervention, approaching the results of both facilities,
decreasing the data dispersion and explaining the differences between
sites. Now the thermal daily production in Brasschaat is clearly higher
than the one in Brecht; this added to the similar electrical daily con-
sumption in both sites, the better performance results from one site
relative to the other one are much clearer.

The contrast between Figs. 8 and 12 evidences the improvements
made in Brecht in terms of depart and return water temperatures; in
contrast, no major effect can be observed in Brasschaat.

This is explained by the fact that, as show in Fig. 3, the thermal
production in Brasschaat is dispatched to the circuit that requires it by
means of a 3-way valve, allowing a better control of the appliance be
means of two control probes (1 and 2); since the control probes were
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Fig. 5. Monitored GAHP’s monthly COPg,pq during 2020.
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Fig. 7. Monitored GAHP’s daily electrical consumption during 2020.

placed since the beginning, the installation was not significantly affected
by the interventions made in July; besides this, the coupling with
thermal solar panels causes the return temperature range to be very
broad suggesting less demanding working conditions. At Brecht in the
other hand and as shown in Fig. 4, the thermal production is dispatched
to a single buffer tank; thus, the installation is simpler and the inter-
vention had a greater effect in terms of system behavior since the sonde
was misplaced.

The previous analysis made for the daily and monthly performances
shows that an improvement has been achieved on site during the studied
period; the results, however, are far from those obtained in the
laboratory.

This does not imply, nonetheless, that the appliances never worked
with higher performance results. In an effort to be consistent with the
methodology followed during the experimental laboratory campaign, a
more detailed analysis is performed for the monitored sites.

Small windows of time are selected during the year under a series of
criteria that allow to say that the appliances are working under full
power regime during the analyzed period. These periods have a duration
of five minutes each, equivalent to the sampling rate of the data. A
window of time is valid for further analyze if:

1 Electric consumption: the difference between two consecutive mea-
surements exists and is at least greater or equal than 27.5 Wh

2 Gas consumption: the difference between two consecutive mea-
surements exists and is at least greater or equal than 0.11 m>

3 Thermal production: the difference between two consecutive mea-
surements is zero, and at least one of the terms is greater than zero;
this ensures that a thermal production was achieved, and that it is the
same at the beginning and at the end of the period studied

With this is possible to ensure that, for the selected period of time,
the appliance has a consumption of natural gas and electricity equiva-
lent to the minimum observed in the laboratory for full load operation;
also, it can be said that the heat production observed is a result of these
consumptions and not from the heat storage buffers since the index of
the counters increases. Finally, if this heat production is the same at the
beginning and at the end of the period, it could be assumed that the
system worked those five minutes under the same conditions; in other
words, and steady state can be assumed, considering also that the heat
counter is placed directly in the depart and return pipes of the appliance
and measures the instantaneous thermal power provided (not an index).

The results of the COPgqyq for years 2020 and 2021, for both sites, as



C. Davila et al.

Cleaner Energy Systems 6 (2023) 100087

70

60

wv
o

Ey
o

s

20 '

Temperature [°C]
w
o

10

+*e

T°4ep Brasschaat T°et Brasschaat

T°g4ep Brecht T°ret Brecht

Site temperature

Fig. 8. Monitored GAHP’s depart and return temperature during 2020.

1.2

I0! COPyjopar Brasschaat
] Copglabal Brecht

1.0

o
©

COP, global [-]
o
o

©
IS

M M

J
Month

J

Fig. 9. Monitored GAHP’s monthly COPg,p during 2021.

a function of the outdoor temperature and water delivery temperature
are summarized between Figs. 13 and 16. In Brasschaat during 2020
(Fig. 13), 3 COPgepq outliers above 1.4 were discarded with the intention
of homogenizing the y-axis scale and simplify the results comparison
between sites. Those 3 outliers of a total of 258 points, represent the
system warming up process where there is a delta T° higher than 20 K
and a peak of heating capacity is registered; thus, those points can be
neither considered as a steady state period nor valid for further analysis.
The same principle is applied for 1 outlier in 2021, of a total of 298
points in Fig. 14.

The results obtained for very low delivery temperatures at Brecht are
also considered as outliers for similar reasons as the ones previously
exposed. The low COPg values obtained are result of conditions that
fulfilled the valid windows criteria exposed in points 1, 2 and 3, but just
with the minimum. The common point of these situations is a small heat
production and a small water temperature difference between delivery
and return of the appliance (~1-2 K), for gas and electricity inputs that
are considered as full power regime during that window. Since the

appliance is meant to work at higher temperatures (above 50 °C), those
points cannot be considered as a steady state period or representative
results of low delivery water temperatures. Nevertheless, these are only
few points of the global (Fig. 15).

For Brasschaat site, the same reasoning can be applied but a wider
range of temperatures could be accepted as valid since there are two
temperature probes controlling the system (1 and 2 in Fig. 3), where the
one corresponding to the SH control allows lower temperature
operations.

The difference between the amount of points between sites that fulfill
the imposed criteria is a direct cause of the control of the appliances and
the coupling with other systems on site. At Brasschaat, less full load
steady state points are found and at lower temperatures which shows
that the GAHP is less thermally demanded compared to Brecht in terms
of temperature regime (as shown in Figs. 8 and 12) and operation time;
additionally, the coupling with thermal solar panels relieves the load
imposed to the system, in contrast to Brecht where both the DHW and SH
demands depend only on the GAHP. Nevertheless, since Brasschaat
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Fig. 11. Monitored GAHP’s daily electrical consumption during 2021.

shows a better monthly behavior, the smaller amount of full load points
proves that the system works more time under capacity modulation
regime, leading to better overall results.

The field interventions had a less significant effect on the perfor-
mance in Brasschaat than in Brecht, since 21 % of the points in Fig. 14
correspond to the period after intervention versus 67% in Fig. 16. In
general terms, the trend in the COPgy,q in both sites regarding the
outdoor temperatures is correct and in line with the laboratory results,
that is to say, increasing as outdoor temperature does and vice versa. In
terms of delivery water temperature a clearer effect can be observed in
Brasschaat; since two temperature probes control the appliance, it is
possible to identify two temperature levels in the results, while in Brecht
only one high temperature level is noticeable with scattered results.

In any case, it is clear that the COPgpq is more affected by the de-
livery water temperature than for the outdoor temperature. In general
the field results are lower compared to those obtained in the laboratory,
but there are points in which they approach to what is expected.

Modeling

An analysis of the data is carried out to define which variables

10

influence the most the outputs of interest to model, and what is the
shape of the data to define the model equations. The conclusions of this
analysis are applied in this section to define the main guidelines of the
model proposed.

From the experimental results, a simple model based on non-linear
least squares curve fitting is developed; here, the optimal values for
the parameters of each proposed equation are found in such a way that
the sum of squared residuals is minimized as shown in Eq. (8).
min Y || F(x) = yill* ®
where F(x;) is a nonlinear function and y; is independent data.

The model should give the Heating Capacity at full load (QHC.FL) asa
function of outdoor temperature (T,,) and delivery water temperature
(Tgetivery) as shown in Eq. (9). The global COP at full load (COPgjopar 1)
depends on the same variables as shown in Eq. (10).

Ot = (Tous Tuetivery) ©

COPGopat. . = &(Tours Tictivery ) (10)

A second test campaign is performed to collect data and information
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Fig. 13. COPgppq for valid windows in Brasschaat during 2020.

regarding the behavior of the system at part load. This second round of
experiments includes a hundred points and presents differences
compared to the full load test campaign: it is performed for shorter test
periods (not 20 min as before, but 3 to 5 min) and the focus is on un-
derstanding the behavior of the system while collecting data.

Variations of the thermal load imposed are made to record a variety
of modulations. It is observed that during part load operation the
heating capacity of the system changes thanks to the variation of the
heating water flow made by the modulation of WP in Fig. 1. Variations
on the inputs of the system are also found: the thermal input of the
system is reduced through a reduction of the gas flow rate by the gas
valve; in parallel, the combustion airflow is also reduced by a decrease of
the combustion blower speed. These changes are reflected in the elec-
tricity consumption of the appliance, thus they must be considered in the
model.

11

The part load ratio (PLR) is the ratio of the heating capacity at part
load (QHC,PL) to the heating capacity at full load as expressed in Eq. (11).
This ratio is an input and must be a number between 0 and 1 since the
heating capacity varies proportionally with the modulation of the sys-
tem; this was verified with the experimental data.

_ ()

PLR 1)

HC,FL

The gas heat input and electrical input are defined as ans and Wy, in
Egs. (12) and (13). The gas heat input varies according to the water
delivery temperature and outdoor temperature, in addition to the
modulation of the system; the electrical consumption is defined as a
value that depends only on the modulation of the system, then, it is
modeled as a function of the part load ratio and represented as a linear
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(12)

13)

Based on this, the COP at part load (COPp;) is computed based on the
inputs and outputs at part load as shown in Eq. (14).

Opc.,
COPGioparpr, = ﬁ

14)

With these statements and the experimental data available, a curve is

12

fit. Boundaries are applied to be in line with the experimental trends.
That is to say, the coefficients related to T, should be positive and the
ones related to Tyeery Negative for both, QHC_FL and COPgjopa fr; this en-
sures that both the COP and the heating capacity are adequately rep-
resented to increase as the outdoor temperature does, and decrease
when the delivery temperature increases.

The results where the sum of squared residuals is minimized per
equation are shown in Egs. (15), (16), (17) and (18).

QHC‘FL = 0.12492 T,,, — 0.17745 Typjivery + 25.30042 (15)

COPglopar,rr. = 0.00853 T, — 0.01106 Tgesivery + 1.68884 (16)
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@a7)

(18)

COPGiopat, ;.= Finsi.copsrecii < Fint,cop Brasschaar < Finst,cOP taboratory

(20)

The results of the penalty factors found are shown in Table 8. Here it

where Toy and Tgepery are in [°CJ; QHC:FL, qus and Wi, are in [kW];
COPgiopai i, and PLR are dimensionless. The parity plots to compare the
model results against the experimental data per equation are shown in
Fig. 17. It can be seen that most of the values are within the +5 % range.

The model represents well the behavior in the laboratory, where the
installation of the appliance and the control are in such a way as to
obtain the best possible output. However, the model derived from lab-
oratory data does not reflect the field behavior. This is due to the fact
that the installations are different from the test bench in terms of control
and coupling with other systems as shown in Figs. 3 and 4, reflected in
poorer results in the field.

Therefore, a way is sought to penalize the COP and heating capacity
for both field sites accordingly, based on the experimental model.

The same approach is used: a non-linear least squares curve fitting is
used with sum of squared residuals minimization. The data found at full
capacity from the small windows of time in the field is used and applied
to the laboratory model, but now aiming to find a penalty factor for
installation, in the form:

QHC,FL = (a * Toul —bx Tdel[verv =+ C) * F[nsz,HC7 0< F[nsz,HC < 1
COPGioparrr. = (a * Tour — b % Tgetivery + C) * Finscors 0 < Finsrcor <1

where a, b and c are the coefficients obtained for Egs. (15) and (16)
respectively, and 1 representing an installation factor equivalent to the
laboratory conditions. Based on the data analyzed per site, the results for
the installation factor of each equation are in the form shown in 19 and
20 since the thermal production of each site decreases as shown in
Fig. 10 with respect to the laboratory results, just like the COP does. Also
and as stated before, since two temperature probes are used in Bras-
schaat, the control and results of this site are better than in Brecht,
positioning the latter as the worst result expected.

19)

QHC.FL - F[nst,HC,Br('cht < Finxl.HC,Bmssclmal < F[nsz,HCJabmmm'y

13

can be seen that more demanding operating conditions (i.e. higher
temperature regime) along with non-optimal control can penalize the
heating capacity and associated COP at full load conditions up to 47 %; a
less demanding operation with better control on the other hand, could
penalize the heating capacity and the COP in 18 % and 29 %
respectively.

A comparison between the penalized model and the field sample data
is shown from Figs. 18 to 21. It can be seen that the penalized factor per
site applied to the experimental model reflects in an accurate way the
behavior observed at Brasschaat for both, heating capacity and COP
(Figs. 18 and 19). On the other hand, the characteristics of the instal-
lation, operating conditions and the bad control at Brecht are reflected
in a dispersed behavior of the field data that is difficult to model, reason
why the penalty factor is so large for this case (Figs. 20 and 21).

Conclusions

An experimental investigation of a gas absorption heat pump has
been conducted where coefficients of performance have been calculated
both in the laboratory and in the field, finding discrepancies between
them being the latter lower than the former.

The results obtained in the laboratory confirm the expected trends,
with performance that increase as the ambient temperature increases
and decreases if the water outlet temperature increases. The orders of
magnitude obtained correspond to those indicated by the manufacturer
for the specified conditions.

For the monitored systems, a seasonal effect is clearly observed with
global performance drops during the summer mainly related to the
frequency of use of the systems and the impact on the thermal heat
production. Both machines show not negligible differences between
them of at least 10 percentage points on their performance values, re-
sults that led to perform interventions in the field, having a greater
impact on one site than the other.

Even though the conditions in the field are far from being stationary,
an attempt has been made to find windows of time in the monitored data
that reflect the conditions of steady state observed in the laboratory.
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Table 8

Penalty factor Fi,s for heating capacity and COP.
Finstne 0.53<082<1
Finst.cop 053<071<1

Criteria regarding gas consumption, electricity consumption and heat
production are considered to state a full load regime; delivery water
temperature and outdoor temperature are considered to compute the
global coefficient of performance.

In general terms, the field performances are still far from those ob-
tained in the laboratory, but there are points in which they approach to
what is expected. The results show that the combination of the working
temperature regime, operation time, appropriate control for the specific

14

application, proper installation of the system and consideration of
coupling with other heat generation systems have led to significant
differences on the resulting global coefficient of performance.

An experimental model is proposed to compute performance esti-
mators based on the working temperature conditions (outdoor temper-
ature, water delivery temperature) and operation regime (full load, part
load). The experimental model represents in a proper way the behavior
of the system in a facility where the goal is to get the best possible re-
sults, with most of the values within 5 % error.

The experimental model is then used to obtain a penalized model
that includes a penalty factor based on the field results. This penalized
model turns out to be more accurate for one facility than the other
mostly due to the spread nature of the data caused by a poor control. The
proposed penalty factor is mostly related to the quality of the appliance
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control for a higher delivery temperature regime, resulting in a decrease
in the heating capacity which can vary between 18 % and 47 %; with
respect to the COP, it can be penalized between 29 % and 47 %.

The few available information related to the monitored appliances
and the low frequency sample rate of the measurement devices is a
limitation of this work. Assumptions based on experimental observa-
tions had been made and applied to the field data in order to make
possible a comparison between the two, limiting the accuracy of the
results and the level of analysis that can be performed. Also, it is possible
that the dynamics of the monitored sites differ from those observed in
the laboratory and that not reported modification such as setpoint
temperatures have taken place, affecting the behavior of the system and
not being possible to detected them in the monitoring data.

Despite this, the presented results stress the differences found be-
tween the three studied facilities, highlighting the main role of proper
installation and control not to diminish the main performance indicators
such as the heating capacity and the COP.
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