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a b s t r a c t

Increasing comfort conditions in buildings imply higher energy demands. However, these needs can
be mitigated by solar cooling solutions. These systems, such as absorption chillers, are complex and
require stable operation, with strict control to maximise the solar fraction and minimise gas consump-
tion. This is incompatible with the variability of renewable resources, so they are often coupled with
auxiliary gas systems. Although gas-free operation is possible if these systems are optimally controlled,
they would require special supervision. This paper aims to develop an experimental validation of an
inverse model to manage an absorption chiller coupled with a solar cooling plant. To know its real
behaviour, long-term experiments have been performed using this plant, which consists of a linear
Fresnel solar collector and an auxiliary natural gas boiler. The inverse model is used as a predictive
control tool to decide the auxiliary boiler commands of the absorption chiller to optimise its operation:
maximum cooling production by minimising gas consumption and maximising solar contribution. It
has been identified with data from two weeks and validated with data from one summer month.
Results show that the model estimates, on a time base of fewer than 30 min, are acceptable with errors
of less than 5%. In addition, the maximum error of the estimated seasonal COP and the renewable
fraction are less than 6% per day. Therefore, the results prove the usefulness of the proposal as a
predictive control for optimal operation. Furthermore, it could be used as a baseline for preventive
maintenance. If the proposed model is used for optimal management of the absorption chiller, the
thermal efficiency of the plant increases significantly, doubling the solar contribution. As a result, the
gas consumption of the solar cooling plant is halved and the total cost of air conditioning the building
decreases by 16%.

© 2022 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

International Energy Agency estimates that a third of CO2
missions come from buildings. If the population continues in-
reasing, energy needs could rise to 50% in 2050 (International
nergy Agency, 2013). New energy-saving regulations and grow-
ng awareness in society lead to the need for decreasing en-
rgy consumption in buildings (European Commission, 2018).
n addition, the cooling consumption of buildings represents a
onsiderable fraction of total energy consumption in the world
Santamouris et al., 2004). Therefore, emphasis must be placed
n reducing cooling needs and meeting the remaining needs with
ighly efficient equipment powered by renewable energy sources.

∗ Corresponding author.
E-mail address: alberto.cerezo@uca.es (A. Cerezo-Narváez).
ttps://doi.org/10.1016/j.egyr.2022.02.128
352-4847/© 2022 The Authors. Published by Elsevier Ltd. This is an open access a
c-nd/4.0/).
Considering that peak cooling demand occurs when solar en-
ergy potential is at its highest level, solar cooling would be
an attractive alternative to reduce the environmental impact
of conventional cooling systems (Bataineh and Taamneh, 2016).
However, a review of the studies carried out shows that, although
the technology exists in the market, its implementation in real
buildings is still scarce. One of these limitations is the control of
the absorption chiller operation (Ahn et al., 2019). In addition,
the hybridisation of these chillers with solar cooling systems
leads to changes in their performance due to the different char-
acteristics of solar energy compared to auxiliary energy sources.
However, many efforts have been made to discuss the perfor-
mance of these systems from different points of view, including
energy (Karki et al., 2019), economic (Leckner and Zmeureanu,
2011) and environmental impact (Chen et al., 2020). Therefore,

different methodologies have been used to optimise operation
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Nomenclature

A Area (m2)
BMS Building Management System (-)
Cp,w Specific heat of water (J/kg K)
CAPnom Nominal power expressed in EUROVENT

conditions (W)
Coldreal Cooling capacity in real operating condi-

tions (kW)
Coldnom Cooling capacity in nominal operating

conditions (kW)
ConGasHreal Gas consumption in heating mode in

real operating conditions (kW)
ConGasHnom Gas consumption in heating mode in

nominal operating conditions (kW)
ConElecHreal Electrical consumption in heating mode

in real operating conditions (kW)
ConElecHnom Electrical consumption in heating mode

in nominal operating conditions (kW)
ConGasC real Gas consumption in cooling mode in

real operating conditions (kW)
ConGasCnom Gas consumption in cooling mode in

nominal operating conditions (kW)
ConElecC real Electrical consumption in cooling mode

(kW)
ConElecCnom Electrical consumption in cooling mode

in nominal operating conditions (kW)
COP Coefficient Of Performance (-)
COP(t) Relationship between supplied and con-

sumed power (-)
DDt’ Adapted Characteristic Equation model

(-)
DEAM Double Effect Absorption Machine (-)
DHW Domestic Hot Water (-)
EER Energy Efficiency Ratio (-)
EES Engineering Equation Solver (-)
EHP Electric Heat Pump (-)
EPBD Energy Performance of Buildings Direc-

tive (-)
FCAP Correction factor that corrects the cool-

ing capacity based on the operating
temperature (-)

FCON−1 Correction factor of the efficiency curve
as a function of the condenser inlet
temperature (-)

FCON−2 Correction factor of the efficiency curve
as a function of the partial load factor at
which the machine works (-)

FDD Fault Detection and Diagnosis (-)
GEHP Gas Engine Heat Pump (-)
GNA Adapted Gordon-Ng model (-)
H2O Water (-)
Heat real Heat capacity in real operating condi-

tions (kW)
Heatnom Heat capacity in nominal operating con-

ditions (kW)
HTG(t) Generator temperature (◦C)

HVAC Heating, Ventilation and Air Condition-
ing (-)

LiBr Lithium bromide (-)
ṁgen Flow rate (kg/s)
3190
ṁ cond(t) Fluid flow rate through the condenser
(kg/s)

mrec Bypass flow (kg/s)
mw Water flow (kg/s)
MCp Thermal mass (J/K)
MCpon Thermal mass found in the generator

(J/K)
MCpoff Thermal mass in the generator taking

into account the calorific coefficient of
that mixture at stop (J/K)

MPR Multivariate Polynomial Regression
model (-)

NG Natural gas (-)
NZEB Nearly Zero Energy Building (-)
pCAPi Coefficient that defines the correction

curve (-)
pCONi−j Coefficient of the fit curve for the

correction factors (-)
PCM Phase-change material (-)
PLR Part load ratio (%)
Qcond(t) Power supplied by the condenser (W)
Qcooling Cooling power delivered by the machine

(W)
Qext (t) Necessary heat to be dissipated from the

generator for the correct operation of
the absorption machine (W)

Qgen,nom Nominal power of the generator (W)
QRECOVERY Heat recovery from cooling system of

engine (kW)
RecQHreal Heat recovery in heating mode in real

operating conditions (kW)
RecQHnom Heat recovery in heating mode in nom-

inal operating conditions (kW)
RecQC real Heat recovery in cooling mode in real

operating conditions (kW)
RecQCnom Heat recovery in cooling mode in nomi-

nal operating conditions (kW)
RER Renewable Energy Ratio (-)
SEER Seasonal Energy Efficiency Ratio (-)
SCOP Seasonal Coefficient Of Performance (-)
SCR Solar cooling ratio (-)
SHF Solar heat fraction (-)
τenf Time constant (s−1)
τon Generator start time constant (s−1)
τoff Generator shutdown time constant (s−1)
Tdr Outdoor dry-bulb temperature (◦C)
Twb Outdoor wet-bulb temperature (◦C)
Tevap,i Inlet water temperature to the evapora-

tor (◦C)
Tevap,o Outlet water temperature from the

evaporator (◦C)
Ton Starting temperature of the generator

(◦C)
Tg Generator temperature (◦C)
Tg,min Minimum working temperature in the

generator (◦C)
Tgen,i,nom Nominal operating temperature of the

generator (◦C)
Tg (t-∆t) Generator temperature at a previous

time (◦C)



M.C. Guerrero Delgado, J. Sánchez Ramos, D. Castro Medina et al. Energy Reports 8 (2022) 3189–3212

i
r
f
o
s
c
u
T
w
a
r

e
o
w
a
m
q
M
t
t
a
a
c
f
t
a
t
t
o
l

Tgen,i(t) Fluid temperature at the generator inlet
(◦C)

Tgen,o(t) Fluid temperature at the generator out-
let (◦C)

Tm(t) Average fluid temperature between the
inlet and outlet to the generator (◦C)

Tcond,i Inlet water temperature of the dissipa-
tion loop (◦C)

Tcond,o(t) Condenser outlet temperature (◦C)
Tirec Inlet water temperature of recovery

loop (◦C)
Torec Outlet water temperature of recovery

loop (◦C)
Tiw Inlet water temperature (◦C)
Tow Outlet water temperature (◦C)
TLIM−REC Minimum outdoor temperature to put

on recovery system of GEHP (◦C)
TSETPOINT Set point temperature (◦C)
TRNSYS Transient System Simulation Tool (-)
U Overall heat transfer coefficient (W/m2

K)
UA Overall heat transfer coefficient per

generator area (W/K)
UAon Overall transfer coefficient through gen-

erator area at start-up (W/k)
UAoff Overall heat transfer coefficient through

the generator area at stop (W/k)

strategies (Araújo and Silva, 2020) and system configurations,10
to improve the performance of hybrid solar cooling systems.

Absorption chillers are being used in most of the solar cool-
ng systems in operation today (Prieto et al., 2019). The typical
ange of cooling capacities for commercial absorption chillers is
rom 5 to 1500 kW (Xu and Wang, 2017). Thermal compression
f the refrigerant is achieved by using a liquid refrigerant (ab-
orbent) solution and a heat source, which replaces the electrical
onsumption of a mechanical compressor. There are two config-
rations for absorption systems: single effect and double effect.
he main difference between them is the operation temperature,
hich is lower in single effect ones. In addition, double-effect
bsorption chillers may have a higher COP due to possible energy
ecovery (Wang et al., 2017).

As mentioned above, control of the absorption machine op-
ration is required to optimise system performance. In first, the
peration of the system should be controlled. For example, the
eak point of this solution is the risk of crystallisation (Jradi
nd Riffat, 2014). For that, the dissipation water temperature
ust be controlled. On the other hand, a solar cooling plant re-
uires efficiency control to maximise the renewable contribution.
odelling can be considered an excellent solution for operating

his chiller (Jradi and Riffat, 2014) and predicting solar produc-
ion (Rivarolo et al., 2013). When modelling the performance of
n absorption chiller machine, the coupling between the device
nd the solar collector field must not be forgotten. This coupling
ondition consists of the thermal power produced by the solar
ield being greater than or equal to that required by the absorp-
ion chiller generator (Sarabia Escriva et al., 2011). This issue has
lso been studied by Evola et al. (2013), and they highlighted
he relevance of this problem for absorption chillers. In addition,
he high mass of the internal components and the accumulation
f fluids inside the vessels usually make the transient period

onger than in the case of mechanical compression. Therefore,
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authors as Sebastián et al. (2021) demonstrated the need for
well-characterised inertia models in short time steps (less than
30 min) for decision making in solar cooling plants. Previous
works showed the existing research gap in the literature on the
lack of solution about the coupling between the absortium chiller
model and solar sources.

Shirazi et al. (2018) conducted a comprehensive literature
review on the current status of this technology and its modelling.
This work showed the lack of experimental validation of many
publications and how the modelling streams are either TRNSYS
types (Klein, 2010) or models with detailed thermodynamic pro-
cesses. According to Martínez et al. (2016), there are primarily
two approaches to model an absorption chiller. The first option
(detailed models) consists of adding all thermodynamic charac-
teristics of the chiller into a set of simple algebraic equations. The
second option (simplified models) uses heat transfer coefficients
(U), heat exchange areas (A) and working fluid characteristics to
simulate machine behaviour. In this second case, mass and energy
balance equations are established for each cycle that considers
the different streams that converge in each component, defining
their thermodynamic behaviour. Table 1 summarises a review of
absorption chiller characterisation models.

The most recurrent option in the reviewed literature is to use
simplified models for the characterisation of absorption chillers.
However, the methodologies presented do not clearly explain
the formulation that allows the integration of manufacturer data
or the thermal parameters obtained through experiments into
these models. For example, it does not appear how to consider
a machine of better performance and therefore higher cost than
another of low performance. The existing literature (Nikbakhti
et al., 2020) also presents modelling proposals for absorption
chillers but does not provide a solution for their integration
with solar systems, avoiding connecting them to the manage-
ment system for optimal operation. The present work provides a
simplified model based on characteristic parameters that can be
identified from manufacturer or experimental data. In addition,
this proposal solves the integration with renewable sources in a
simple way.

Table 1 also shows how simplified models could present a
lack of cohesion between the experimental data, the actual per-
formance of the machines, and the input/output data of these
models. To close this gap, seasonal values can be used as the
key performance indicator to evaluate the acceptability of the
estimation or the real benefits of facilities (Kylili and Fokaides,
2015). For example, the most frequent are the thermal efficiency
of the chiller or the percentage of renewable contribution using
the RER of the building (Nikbakhti et al., 2020). Recent publica-
tions, such as Bilardo et al. (2020), discuss the limitations of using
simulations with the current state of models. Simplified models
remain the most compatible with transient energy performance
simulation tools (Castro et al., 2020). Many of these renewable
technology models appear in the databases of TRNSYS (Klein,
2010) or EnergyPlus (Anon, 2018). Although the models before
have not been updated for more than 20 years, and they are
not taking into account the progress of these technologies. These
simplified models characterise HVAC systems by the use of per-
formance curves (Ray et al., 2021). Sánchez Ramos et al. (2019)
demonstrated the validity of simplified models based on operat-
ing curves for equipment characterisation without high thermal
inertia, such as natural gas heat pumps. However, these proposals
should not be used for real-time optimal control due to their low
accuracy in simulation with short time steps (Lubis et al., 2018).
Nevertheless, the scientific community is accepting the use of
simplified models if their estimation of main key performance
indicators is acceptable.

According to the above, there is a lack of research on this topic.
However, this research addresses the experimental quantification
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Table 1
Review of absorption chiller characterisation models.
Reference Year Type of model Summary

Martínez et al. (2016) 2016 Simplified They proposed a simulation model in the EES software environment that considered the
internal characteristics of the absorption chiller. With this information, a weak solution flow
rate and UA values for each chiller heat exchanger were estimated to reproduce consistent
results that agreed with the available experimental data.

Florides et al. (2002) 2002 Simplified They used the TRNSYS software environment using a new Type to simulate this system. The
authors stressed the importance of providing measured input data, which the model should
consider in order to account for measurable data.

Zhao et al. (2020) 2020 Detailed They proposed a detailed model from which the different elements of a refrigeration machine
could be extracted. The elements were modelled by their thermodynamic formulation.

Chen et al. (2017) 2017 Simplified They developed a TRNSYS type, which was validated with experimental data. This comparison
was performed by exciting the model with the input data measured on the experimental
setup. The authors commented on the difficulty of establishing a proper definition of the
absorption machine based on models proposed in the literature.

Yu et al. (2019) 2019 Simplified They worked with the dynamic characterisation of the COP of an absorption machine in an
experimental facility. The measured and estimated instantaneous results were different.
However, the estimation of seasonal performance was acceptable. This work consolidates the
idea that simplified models are required but considering the dynamics of these machines.

Ibrahim et al. (2017) 2017 Simplified They studied an experimental facility attached to a building with thermal storage. Their
absorption system model was limited to assessing the machine COP as a function of operating
conditions. The authors commented on the non-validity of the model on a shorter time basis,
highlighting the need to consider the start-up and shutdown dynamics of this type of chillers.

Castro et al. (2020) 2020 Detailed They used a detailed modelling pathway to perform sensitivity studies for enabling the
optimal design of this type of chillers (manufacturer). They obtained the requirements for the
future modelisation and the monitoring system to develop an internal control for these
chillers.
of this control and management. For this purpose, the first goal
of this research is to develop an inverse model for the absorption
chiller, which enables its calibration with real operating data. It
should be noted that the coupling between the plant elements
(without optimising) has been solved in previous research (Gal-
lego et al., 2020). In this context, the accuracy of the model is
a critical parameter, as it is linked to the ability to analyse the
transient effect of these technologies. Therefore, this is considered
a point of great importance in order to optimise their operation.
Another key element in a solar cooling plant is the absorption
chiller (Shirazi et al., 2018), as it is connected to the natural
gas consumption of the auxiliary boiler and the renewable en-
ergy source. Consequently, if it is not optimally operated, the
solar contribution decreases significantly (Jalalizadeh et al., 2021).
Recent reviews, Settino et al. (2018) have concluded that the val-
idation of an absorption technology in a controlled environment
is different from that of the same technology but coupled to a
solar cooling plant. It is because solar plants are exposed to many
variations in renewable resources, which generates a greater need
for control in a short time, as Song et al. (2020) proved. Tradi-
tionally, linear and nonlinear models have been considered the
best option (Shirazi et al., 2018) to calibrate using experimental
data. Both are based on statistical errors when comparing real
production with theoretical statistical production (Gallego et al.,
2020). At present, artificial intelligence techniques are undergo-
ing massive development to analyse complex technologies such
as solar systems (Mao et al., 2020).

In this context, Amiri Rad and Davoodi (2021) and Ali and
atismith (2021) worked with simplified models, in which these
ystems are coupled into higher-order entities (in their case,
horny plants). Sharafi et al. (2015) optimise this renewable ratio
nd conclude that transient models with low computational over-
ead are needed to achieve seasonal results and generate robust
ransient results such as required peak powers. This research
roposes a new model that combines equipment performance
urves from experimental data provided by manufacturers with
‘in situ’’ experiments that include fast start up and shut down
ffects for the absorption chiller. Nevertheless, these authors did
ot solve the model for the coupling between performance curves

nd transient effects.
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Furthermore, the second goal of this research is to contribute
to the existing literature by proposing an optimised model for the
characterisation of absorption chillers coupled to solar systems.
In addition, the inverse model is integrated into the management
system as a predictive control to support the operator decision.
The validation of the model is based on an experimental installa-
tion of solar cooling in a Fresnel collector attached to a university
building for air conditioning. An entire solar cooling plant is
operated to achieve these research goals. These experimental
results are interesting and will be fully analysed throughout the
paper.

2. Method

This research intends to couple an absorption chiller with the
energy management model of a solar cooling plant through an
inverse model. This model is validated using a solar cooling plant.
The experimental facility is coupled with a real building and
operated in actual conditions. Furthermore, this research provides
the identification, design and development of an inverse model
for the chiller. In addition, a decision support system performs
this coupling as a predictive control for the plant. Therefore, the
main contributions of this paper are: the proposed model to
characterise the absorption chiller coupled to the solar cooling
plant, the experimental results obtained during the validation
of the model, and the results linked with the application of the
model as a predictive control for the plant.

Fig. 1 shows the context of this research: the renewable
thermal production system with storage and the building that
requires this energy for cooling. For this purpose, a double-effect
absorption machine receives heat both from renewable resources
and a backup boiler coupled to it. This support boiler operates in
accordance with the availability of renewable resources and the
working instructions of the absorption machine. Therefore, if the
control management is not performed intelligently to maintain
the operating instructions of the absorption machine, uncon-
trolled entry from the natural gas support system may occur. For
this reason, a characterisation model is needed to infer the re-

sponse of the absorption machine to variations in building cooling
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Fig. 1. Scheme of the methodology.
eeds and renewable resources. Consequently, gas consumption
an be minimised and the use of renewable resources maximised
ecause the inverse model allows deciding the best command to
perate the absorption chiller. The proposed model is validated
sing available experimental data of real system operation.
As mentioned above, a model of the behaviour of the absorp-

ion machine from the behaviour curves is defined. Both working
emperatures and parameters of the absorption machine are used
s variables. The developed model requires data from the man-
facturer (curves and nominal parameters) and flow rates and
emperatures of the input flows (solar generator, dissipation sys-
em and building cooling circuit). Then, the model estimates the
utlet temperature of each flow and the possible gas consump-
ion required, according to the control signal received (predictive
ontrol). The inverse model is executed every 30 min to evaluate
he operation strategy for the absorption chiller. The inputs and
utputs of the model will be detailed in the next section.

. Experimental solar cooling plant

.1. Overview of the solar cooling plant

A pilot solar cooling plant was developed to test a cost-
fficient alternative to grid power consumption, taking advantage
f the high insolation levels in the Spanish region of Andalusia.
he plant was coupled to an existing compression chiller cooling
ystem. Both systems are located on the roof of a university
3193
building. Its main components are summarised in Fig. 2. The
main aim of this plant is to prove the feasibility of significantly
reducing the high electrical energy consumption of buildings for
air conditioning by using solar energy.

The plant has been operating since 2008. It has been tested
and monitored during this period to obtain data to evidence
the feasibility of the concept, refine the design and operating
practices, and assess its potential economic and environmental
value. The double effect absorption chiller (see Fig. 2 left) uses
LiBr–H2O as a refrigerant. The generator is powered by the heat
coming from a linear Fresnel solar collector (see Fig. 2 right),
which is able to reach a water temperature of up to 180 ◦C,
thanks to a solar tracking system implemented in its mirrors.
If the solar field cannot reach the temperature required for the
operation of the absorption machine, a PCM storage tank (see
Fig. 2 centre) is available for use. The cooling capacity of the
system is 174 (kW). The proximity of the Guadalquivir river
provides the source of cooling water used in an open-loop since
the river water temperature during the summer is about 27 ◦C.
Fig. 3 shows the different subsystems within the plant that can be
distinguished, which require a detailed description. Their synergy
provides the energy direction of the plant design.

Table 2 shows the parameters that characterise the Fresnel
solar collector. In addition, the Fresnel solar collector starts track-
ing the sun when direct solar radiance exceeds 200 W/m2. This
system is shown in detail in Fig. 4. The highest allowable tem-
perature in the tube is 180 ◦C. If the temperature exceeds 190 ◦C,
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Fig. 2. Components of the solar pilot cooling plant installed at the Engineering School of Seville (Spain) (left: Absorption Chiller, centre: PCM Storage Tank, right:
Linear Fresnel Solar Collector).
Fig. 3. Diagram of the pilot solar cooling plant installed at the Engineering School of Seville (Spain).
Table 2
Fresnel solar collector parameters.
Ground surface 512 m2

Solar field 352 m2

Orientation East–West (azimut of solar collector is 18◦

from North)
Absorber tube length 64 m
Receiver height 4 m
Secondary width 0.3 m
Absorber tube model SCHOTT PTR©70
Thermal fluid Liquid water
Operating temperature 180 ◦C
Operating pressure 13 bar
Mirror dimension 2 × 0.5 m2

Mirror reflectivity 0.92
Collector concentration 25

all mirrors are automatically turned upside down to protect the
system. The temperature is controlled to be maintained at a set
point which, in the case shown (see Fig. 4 right), was 170 ◦C,
lthough it is normally 180 ◦C. For a water flow of 12 m3/h, the

average temperature gap between inlet and outlet was 7.2 ◦C,
hich corresponds to a solar thermal power of 100 kW. This
ower is used to provide heat to the chiller generator.
3194
The Fresnel solar collector and the absorption chiller are con-
nected through a 150 m long pipeline and a 6 m3 PCM storage
tank. This tank is 18 m long and 1.31 m in diameter. It is a
shell and tube heat exchanger with a theoretical thermal storage
capacity of 275.5 kWh, corresponding to a temperature range
of 145–180 ◦C. The substance used in the tank is hydroquinone
(3500 kg), with a melting point of 170 ◦C.

The absorption chiller of the plant only covers 30% of the total
cooling needs of the building. However, it should be noted that
this is a pilot plant. The absorption machine installed corresponds
to the BROAD-BZH15 model, which has a nominal power of
174 kW and a theoretical COP of 1.34. The high-temperature gen-
erator receives hot water from the solar field, with a temperature
range that is usually between 140–170 ◦C, with a nominal flow of
13 m3/h. If the temperature is lower than 145 ◦C, the absorption
machine starts the auxiliary system, which uses natural gas as
fuel. The evaporator is an exchanger that cools the water from
14 ◦C to 7 ◦C with a nominal flow rate of 30 m3/h. In the nominal
operating regime, the temperature of the high-pressure generator
is close to 145 ◦C, and most of the thermal power supplied to
the machine comes from the solar collector water. The cooling
capacity is maintained at around 135 kW (75% of its nominal
capacity).
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Fig. 4. Linear Fresnel solar collector installed at the Engineering School of Seville (Spain).
The plant runs in different operating modes. In Fig. 5, those
sed in the experiments performed during a full cooling season
f the building (from May to October) are shown:

– Mode 1. Plant start-up. When direct solar irradiation is
higher than 200 W/m2, the solar collector starts in recircu-
lation mode. This recirculation is activated until the water
temperature in the primary circuit is higher than 100 ◦C. At
this point, Mode 2 is activated.

– Mode 2. PCM tank preheating. The solar loop opens, and
water flows into the PCM tank. The thermal storage sys-
tem is discharged by heating the water until it reaches a
temperature higher than 155 ◦C.

– Mode 3. Chiller start-up. The absorption machine is turned
on when the water temperature is higher than or equal to
155 ◦C. Then, the water access to the PCM tank is closed.
On a typical day, the absorption chiller starts up at mid-
day. When the water temperature of the solar collectors
is enough (at least 155 ◦C), the control system opens the
valve, allowing the generator to preheat. However, if the
generator temperature drops below 145 ◦C, the natural gas
burner starts up. It should be noted that the internal control
of the chiller system prioritises the temperature level of
the generator. This is why it is so important to predict its
temperature in order to minimise the use of the gas burner.

– Mode 4. Energy storage. If the outlet temperature of the
solar collector is higher than 165 ◦C or the cooling needs
of the building decrease, the PCM tank opens to be charged
with the excess heat from the solar collector.

There is also a Mode 5 that operates on weekend. The system is
switched on to store heat in the PCM tank. For that, the water
from the solar field is recirculated until it reaches 180 ◦C in a
closed loop. At that point, access to the PCM tank is opened. This
mode remains active as long as the inlet temperature to the PCM
tank is 2 ◦C higher than the outlet temperature.

On the other hand, it can be noted that the chiller start-up is
possible before Mode 3 is activated. For this purpose, the support
of the gas boiler is required. It is usually used in the early and
late afternoon. This additional option is a further advantage to
dispose of a model for predicting the behaviour of the chiller
that improves its performance. Amiri Rad and Davoodi (2021)
conclude how critical the operation of absorption chillers is when
different energy sources are involved. In the case of this research,
the internal control of the chiller attempts to ensure stable per-
formance by operating the auxiliary boiler when the conditions
of the renewable energy source vary.

3.2. Description of test plan and fault detection and diagnosis

To develop the test plan and fault detection and diagnosis
(FDD), the plant was operated and data was recorded for the
results evaluation. From this point of view, two options were

considered:

3195
– Type 1: Normal operation. The system operates in nominal
values and automatic mode, satisfying the cooling/heating
demand according to operating conditions.

– Type 2: Parameter deviation. One or more parameters that
are available to researchers are modified, such as flow and
temperature setpoints, energy management modes of the
absorption machine, valve position to force an operating
mode, weekend operation to reduce load, etc.

In the test plan and FDD, Type 1 experiments are performed
from Monday to Friday. These are used to evaluate the efficiency
of the installation and its equipment in normal operation, check
the correct operation of all the elements (equipment, control
system and strategies) and finally provide information to achieve
possible improvements in both the elements and the whole. Type
2 tests are performed from Saturday to Sunday. The purpose of
these is to operate the equipment at different points in order to
obtain its operating curves. In this regard, it should be empha-
sised that the test plan and FDD should include several parameter
deviation tests where several setpoint values and modes could be
scanned on the same day.

In particular, the following parameters are analysed to char-
acterise the operation of the double effect absorption machine:
absorption machine inlet and outlet temperatures in all circuits;
flow rates through the absorption machine in all circuits; natural
gas consumption; exhaust gas outlet temperature; and percent-
age of CO2 in the exhaust gases. These last two parameters are
used to verify the good performance of the natural gas burner.

In this context, the behaviour of the machine was studied
for these nominal flow rates: cold water flow rate (30 m3/h),
hot water flow rate (14.5 m3/h), condensing water flow rate
(36.6 m3/h) and solar circuit water flow rate (7.6 m3/h). A partial
load analysis was also performed by taking flow values of ± (25,
50, 75) %. In this way, how the COP varies at different loads was
studied, comparing the results obtained with the values provided
by the manufacturer.

From the analysis of the days of operation in cooling mode,
the following findings can be taken:

– The collector operated with an average daily efficiency of
more than 30%, reaching values around 37%.

– The average pipe loss rate was 16.47%. This value is high due
to the existence of thermal bridges.

– The average solar factor obtained in the cooling period was
over 60%, due to the cold starts and the direct radiation
decrease in the late afternoon. The solar factor even dropped
to 50% of previous values on cloudy days. Further details of
these results are discussed in Section 5.1.

In addition, the most probable measured results when the
machine operated at 100% load being powered by the renewable
resource were as follows: a cooling capacity of 174.4 kW was
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Fig. 5. Operation modes of the pilot solar cooling plant.
elivered, with the condenser dissipating a capacity of 296.4 kW.
nder these conditions, the efficiency of the machine was 1.34.
After the most relevant Type 1 findings have been shown, Type
ones are now considered. For this purpose, the failures that
ccurred in the solar cooling plant during a period of operation
f 2 years are analysed (a first year of commissioning of the
xperimental installation and a second one in which the results
resented in this work were carried out). To this end, a database
as set up in which 433 orders were collected during operation,
aking it possible to know the place where they occurred, the
tart and end date and the type of order. Among all of them, 133
rrors were distinguished, which can be divided according to the
ype of error, the zone in which they occurred or the equipment
rom which they were produced.

Fig. 6 shows the frequency of faults divided by type. In the
bsorption solar cooling plant, the most frequent ones were the
ontrol system with 30.75%, mostly due to errors in the data
cquisition system or in the reading/writing of signals. The next
ost frequent faults were electromechanical, mostly from pumps
nd solenoid valves, with 28.50%. These were followed by ex-
lusively electrical faults in protections and other switchboard
lements with 15.75%. The errors classified as ‘‘Others’’, with
2.00%, corresponded to errors related to issues such as corrosion,
nsulation, low battery in equipment, broken mirrors, etc.

Fig. 7 shows the frequency of shutdowns and faults recorded
n the solar cooling plant divided by zone. As can be checked,
he zone where most errors occurred was the solar circuit, with
4.85%, as this is the zone of the installation with the highest
echnical requirements. In second place, the cooling circuit with
frequency of 18.38%, mainly due to errors in the start-up or

hutdown due to low pressure in the cooling circuit. In third
3196
place, the control system, with a frequency of 13.97%, followed
by those related to the machine room, the raw water circuit, the
distribution panel, the heat circuit and, finally, the exhaust gases
and the gas train.

Fig. 8 shows the frequency of shutdowns and faults recorded
in the solar cooling plant divided by the equipment on which
this occurs and, therefore, on which it will be necessary to act,
in accordance with the contingency plan. To this end, the errors
found are divided according to the equipment from which they
occurred. The equipment with the highest number of failures was
the Fresnel collector with a frequency of 24.81%, mainly due to
connection issues with the control system, failures in the row
motors and control failures in the mirror rows. This was followed
by failures in the pipe installation, due to instabilities in pressure
and flow levels, as well as the occurrence of leaks. In third place,
the control system was with a frequency of 12.78%.

A corrective measure is formulated for each of the errors.
Therefore, by way of example, each of the faults found in the dou-
ble effect absorption machine (DEAM) are compiled in Table 3,
supported by a brief description and the consequence of the fault,
as well as the corrective measure applied.

4. Model

4.1. Description

Absorption machines are based on the principle of conden-
sation and evaporation of a refrigerant to obtain heat or cold,
as required. They are systems capable of generating cold from
the use of a medium/high-temperature heat source. Fig. 9 shows
the main elements that compose this type of machine. The heat
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Fig. 6. Frequency of faults by type (in %).
Fig. 7. Frequency of faults by zone (in %).
Fig. 8. Frequency of faults by equipment (in %).
lows (colour orange in Fig. 9) are explicitly shown in the machine
odel.
If the information provided by the manufacturer is analysed

ogether with the experimental data obtained, then the behaviour
f the machine under study can be simplified into three operating
odes, as shown in Fig. 10. The orange line represents the tem-
erature of the generator, whereas the blue one represents the
emperature of the evaporator.

According to Fig. 10, Mode 1 corresponds to start up. The hot
eat transfer fluid enters the generator to increase its temper-
ture in this mode. However, this temperature (colour orange
3197
in Fig. 10) is not enough for the absorption machine operates.
Once the temperature of the generator is adequate, the unit con-
trol starts the absorber–evaporator and condenser of the chiller
sequentially. This Mode 2 refers to the nominal operation of
the device, which ends with the shutdown mode. This model
concerns the operation after the absorption machine stops due
to the dilution effect. After turning off the device, the generator
gradually cools down. Simultaneously, the evaporator produces
cold water (blue colour in Fig. 10), although not at the nominal
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Table 3
Fault detection and diagnosis.
Fault Description/consequence Corrective measure

Refrigerant level control
system error

The refrigerant level in the DEAM exceeded one of the
permissible limit values resulting in a shutdown

Removal of refrigerant from the circuit to prevent the
limit from being exceeded

High evaporator pressure The pressure in the DEAM evaporator exceeded the
imposed limit, reducing the capacity to produce cold

Pressure relief valve

Excess temperature at the
outlet of the DEAM in the
cooling circuit

The outlet temperature of the DEAM in the cooling
circuit is so high that instead of combating the heat
load of the building, the conventional production
system is penalised

Reprogramming, which involves shutting down the
installation if this happens in order to prevent this from
causing a penalty in the conventional system

No natural gas flow Issues with the electric natural gas safety valve
preventing the flow of fuel to the DEAM burner.

Reprogramming (electric natural gas safety valve
incorrectly programmed)

No flame on burner The DEAM burner fails to maintain flame after several
unsuccessful reignition attempts resulting in shutdown.

Reprogramming of the electric natural gas safety valve,
ensuring a minimum flow that allows the continuity of
the flame

Irregular flow The flow rate through the evaporator is below the
required minimum, causing the equipment to shut
down for protection

Repair of the hydraulic circuit due to large losses
caused by a rupture

Incorrect seasonal mode of
operation

Human error resulting from incompatibility between the
DEAM configuration and the circuit valve control system

Reprogramming of the system that prevents DEAM
actuation if the circuit is not set up for correct operation
Fig. 9. Parallel scheme of the installation. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
Fig. 10. Typical evolution of generator temperature in one cycle of machine operation. (For interpretation of the references to colour in this figure legend, the reader
is referred to the web version of this article.)
3198
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temperature. This model has a second stage in which the absorp-
tion chiller has stopped producing cold water. Moreover, all the
pumps are shut down.

In the following sections, each mode and its characteristics are
ormulated separately. Modes are an internal decision of the con-
rol unit algorithm. Each mode requires a different formulation.
ased on the conditions of the previous instants, the algorithm
ecides which mode should be the one to execute the next
imestep to be studied.

.2. Mode 1: Start-up

Mode 1 is the characterisation model of the start-up mode.
his model is based on the simplification of treating the generator
s a capacity system whose temperature is Tg. Fig. 11 shows ex-
erimental data of temperatures (up) and thermal power (down)
or a typical operating day during the three modes: start-up (yel-
ow zone), regular operation (cyan zone) and shutdown (green
one). In addition, Fig. 11 (up) shows the high temperature of
he system (generator, blue line) and the cold temperature of
he system (outlet water of evaporator, red line). Finally, Fig. 11
down) shows the thermal power linked with the solar pro-
uction (blue line), the natural gas boiler (purple line), and the
ooling production into the evaporator (orange line).
System starts up at approximately 10:00 AM, using the natural

as boiler. Then, Fig. 8 shows the nominal operating temperature
f the generator, which is 140 ◦C, as indicated by the manufac-
urer. Because the minimum temperature is 120 ◦C, the starting
emperature is around 130 ◦C. It has been assumed that the mode
hange occurs in the proposed model at that temperature.
Modes are based on the following balance of energy in the

enerator that Eqs. (1)–(3) show. It should be noted that the
nergy that enters the generator minus that which is extracted
s used to increase the generator energy.

UA ·
(
Tm (t) − Tg (t)

)
− Qext (t) = MCp ·

dTg (t)
dt

(1)

ṁgen · cp,w ·
(
Tgen,i (t) − Tgen,o (t)

)
= UA · (Tm (t) − HTG (t)) (2)

Tm (t) =
Tgen,i (t) + Tgen,o (t)

2
(3)

Where: Tgen,o (t) is the fluid temperature at the generator outlet
[◦C]; Tgen,i (t) is the fluid temperature at the generator inlet [◦C];
TG (t) is the generator temperature [◦C]; Tm (t) is the average
luid temperature between the inlet and outlet to the generator
◦C]; UA is the overall heat transfer coefficient per generator area
W/K]; Qext (t) is the necessary heat to be dissipated from the
enerator for the correct operation of the absorption machine
W]; and MCp is the thermal mass [J/K] found in the generator,
aking into account the calorific coefficient of that mixture. This
arameter should be stable if the water flow rates through the
enerator are stable. On the other hand, ṁgen is the flow rate of
luid that circulates through the generator [kg/s]; and cp,w is the
pecific heat of water [J/kg K].
The machine maintains this operating mode as long as its

ontrol signal is activated. The generator temperature in the
revious simulation step is lower than the starting temperature
see Eq. (5)), and this start-up temperature is a variable not pro-
ided by the manufacturer. Experimentally, it has been deduced
hat the starting temperature is approximately at the midpoint
etween the nominal operating temperature of the generator
nd the minimum temperature at which operation is possible, as
hown in Eq. (4).

ON = Average(Tgen,i_nom; Tgen,i_min) (4)

here: TON is the starting temperature of the generator; Tgen,i,_nom
is the nominal operating temperature of the generator; and
3199
Tgen,i_min is the minimum operating temperature of the generator.

If (HTG (t − ∆t) < TON) (5)

Where: TON is the starting temperature of the generator and
Tg (t − ∆t) is the temperature of the generator at a previous time.

The inlet energy into the generator is used to increase the tem-
perature of the generator (as shown in Eq. (6)). The evaporator
does not produce cold, so the heat extracted is zero.

HTG(t) = HTG(t−∆t)+
[
Tgen_i (t) − HTG (t − ∆t)

]
·exp

(
−

1
τon

· ∆t
)

(6)

Where: τon is the generator start time constant [s−1]. This time
onstant is the parameter from which the machine start up is
haracterised and approximated from the manufacturer data (see
qs. (7)–(9)).

τon =
UAON

MCpON
(7)

UAON =
ṁgen · cp,w ·

(
Tgen,i (t) − Tgen,o (t)

)
(Tm (t) − HTG (t))

(8)

MCpON =
∆t(

1
UAON

)
· ln

(
Tg (t)−Tgen,i(t)

Tg (t−∆t)−Tgen,i(t)

) (9)

Where: UAON is the overall transfer coefficient through generator
area at start-up [W/K]; and MCpON is the thermal mass [J/K]
which is found in the generator, taking into account the calorific
coefficient of the mixture at the start up.

The start-up time constant is identified using experimental
data. For this purpose, start-ups are taken on different days. The
time constant arises when the generator feedwater temperature
difference (inlet minus outlet) is 37% of the initial temperature
difference. This value of 37% has been taken from the proposal
of Söderström (Mao et al., 2020). It should be noted that this
value has been estimated at 44 min (minimum value of 38 and
maximum of 49) using experimental data,. After that time, the ab-
sorption machine starts up the evaporator because the minimum
working temperature in the generator Tg,min has been reached.
In turn, the thermal ignition mass takes a value of 7922 kJ/K
(minimum value obtained from experimental data 7534 kJ/K and
maximum of 8456 kJ/K).

In addition, solving Eqs. (1)–(3) allows obtaining the out-
let temperature of the heat transfer fluid of the generator (see
Eq. (10)). This variable can be measured and estimated by the
model to be used for validation.

Tgen,o(t) =

(
ṁgen · cp,w −

UA
2

)
· Tgen,i(t) + UA · HTG (t)

ṁgen · cp,w +
UA
2

(10)

The model proposed is a function of the temperatures and
flows involved in the thermal process. All the variables used can
be measured in an installation. Due to the usual control of this
type of facility, this variable can be employed to control them, as
suggested by Martínez et al. (Yu et al., 2019).

4.3. Mode 2: Regular operation

When the generator temperature exceeds the starting temper-
ature, the generator starts operating. At that moment, Mode 2 is
activated (see Fig. 10), which is based on the curves provided by
the manufacturer and considers that the generator temperature
is constant and equal to the nominal temperature.

It is important to emphasise that this constant temperature
operating mode is assumed for machines with a heat input via
fuel (by direct flame). In this case, the operating curves do not
depend on this temperature because the nominal operating mode
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Fig. 11. Experimental data: Mode 1 (yellow), Mode 2 (cyan) and Mode 3 (green) Up: operation temperatures, Down: thermal power. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
is assumed for it. If the machine is supposed to be connected to a
renewable resource or to a recovered heat source (cogeneration),
then the generator temperature will be assumed as a variable.
In addition, the operating curves to be used will depend on it.
Curves are used to define the thermal behaviour of the chiller in
regular operation. This is usual for the energy characterisation of
air conditioning systems (DOE, 2010).

First, cooling capacity Qcooling is defined as a function of its
nominal capacity CAPNOM , the outlet water temperature from
the evaporator Tevap,o and the inlet water temperature in the
condenser Tcond,i, as shown in Eq. (11).

Qcooling (t) = CAPNOM · FCAP · PLR(t) (11)

Where: Qcooling is the actual delivered cooling capacity [W];
CAPNOM [W] is the nominal power in Eurovent conditions (Anon,
2021); FCAP is the correction factor that corrects the cooling
capacity, which is based on the operating temperatures, both
the evaporator outlet temperature Tevap,o [K] and the generator
temperature T [K]; and PLR is the partial load ratio [-].
g

3200
Then, the correction curve for the cooling capacity FCAP can be
represented according to the function defined by Eq. (12), which
depends on the operating temperatures.

FCAP = pCAP1 + pCAP2 · Tevap,o(t) + pCAP3 · Tcond,i(t) + pCAP4

·
(
Tevap,o(t)

)2
+ pCAP5 · Tevap,o(t) · Tcond,i(t)

+ pCAP6 ·
(
Tcond,i(t)

)2 (12)

Where: pCAPi are the coefficients that define the correction curve;
Tevap,o is the evaporator outlet temperature [K]; and Tcond,i is the
condenser inlet temperature [K].

In addition, cooling production is directly linked to the flow
rate and temperatures of the water in the evaporator, as shown
in Eq. (13).

Qcooling (t) = ˙mevap(t) · Cpw · (Tevap,i(t) − Tevap,o(t)) (13)

Where Tevap,i is the inlet temperature to the evaporator [K].
However, the cooling production requires a heat supply at the

generator, and that supply must be compatible with the operating
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temperatures and the PLR must be adjusted to cover the set point.
This thermal consumption is calculated according to the following
expressions (see Eqs. (14)–(17)):

Qgen(t) = Qgen,nom · FCON−1(t) · FCON−2(t) (14)

Tgen,o(t) = Tgen,i(t) −
Qgen(t)

mgen(t) · Cpw

(15)

CCON−1(t) = pCON1−1 + pCON1−2 · Tcond,i(t) + pCON1−2 ·
(
Tcond,i(t)

)2
(16)

FCCON−2(t) = pCON2−1 + pCON2−2 · PLR(t) + pCON2−3 · PLR(t)2

+ pCON2−4 · PLR(t)3 (17)

Where: Qgen,nom is the heat consumption of the generator; FCON−1
is the correction factor of the efficiency curve as a function of the
condenser inlet temperature; and FCON−2 is the correction factor
of the efficiency curve. This corrector is a function of the partial
load factor the machine operates. In this context, pCONi−j are the
coefficients of the fit curve for the correction factors.

Next, the outlet temperature of the heat transfer fluid in the
generator is cleared. This temperature will serve as a validation
variable for the model, linking it with the solar system. It should
be noted that from both the nominal cooling power and the
nominal COP, the nominal flow rate of the generator can be
deduced.

Finally, the power transferred to the condenser must be equal
to the sum of the previous ones. The temperature at its outlet is
calculated in the same way, as shown in Eqs. (18)–(20).

Qcond (t) = Qgen(t) + Qevap(t) (18)

Tcond,o(t) = Tcond,i(t) −
Qcond(t)

mcond(t) · Cpw

(19)

COP(t) =
Qevap(t)

Qgen(t)
(20)

here: Qcond(t) is the required dissipation heat in the condenser;
cond,o(t) is the condenser outlet temperature; ṁcond(t) is the
low rate through the condenser, and COP(t) is the relationship
etween supplied and consumed power.
The curves presented here depend on the manufacturer and

he type of machine. The algorithm details the integration be-
ween the different inputs, parameters, curves and outputs of the
odel.
At this point, the problem is coupled. There are the mini-

um and maximum operating ranges for generator, condenser
nd inlet/outlet evaporator temperatures. The manufacturer sets
hese ranges. It is understood that they are to ensure the safety
f the machine in case of crystallisation, overpressure, loss of
acuum, etc. If it is supposed that these ranges do not comply
ith the defined system of equations, then the internal control
f the machine would regulate the load regime to modify the set
oint temperature.

.4. Mode 3: Shutdown

Mode 3 is similar to Mode 1 (see Fig. 10), except that heat
s lost to the generator for cooling. This cooling is performed
ith the heat transfer fluid of the generator without circulation
ut with the generator fan activated. The model provides this
ossibility in the downtime constant. This operating mode is
aintained until the dissipation loop is stopped or the machine

s turned on again.
In this mode, the machine is off. Eqs. (21)–(25) governing its

ehaviour are as follows:

Q (t) = 0 → T (t) = T (t) (21)
evap evap,o evap,i

3201
HTG (t) = HTG (t − ∆t) +
[
HTG (t − ∆t) − Tcond,i (t)

]
· exp

(
−

1
τenf

· ∆t
)

(22)

Qgen(t) =
MCp · (Tgen (t) − HTG (t − ∆t))

∆t
(23)

Qcond(t) = Qgen(t) (24)

cond,o(t) = Tcond,i(t) −
Qcond(t)

mcond(t) · Cpw

(25)

here: τenf is the time constant [s−1].
In this mode, the restriction is set by the condenser. If the

condenser outlet temperature exceeds the maximum, the heat
removed from the generator should be corrected. In that case,
a new generator temperature would be calculated. It should be
noted that the balance equations are analogous to those proposed
in Mode 1, except that it is the condenser that evacuates the
heat from the generator of the machine. Eq. (2), instead of a
heat supply to the generator, would be an evacuation through
the condenser. Eqs. (26)–(29) show the formulation of these
parameters.

τOFF =
UAOFF

MCpOFF
(26)

UAOFF =
Qcond(t)

(Tm (t) − HTG (t))
(27)

Tm (t) =
Tcond,o(t) + Tcond,i(t)

2
(28)

MCpOFF =
∆t(

1
UAOFF

)
· ln

(
HTG(t)−Tcond,i(t)

HTG(t−∆t)−Tcond,i(t)

) (29)

Where: τOFF is the generator shut down time constant [s−1]; UAOFF
id the overall heat transfer coefficient through the generator area
at stop [W/K]; and MCpOFF is the thermal mass of the generator
when it is turning off.

As the condenser and evaporator have decoupled behaviours,
each characteristic time constant is required independently. Fol-
lowing the procedure discussed for the start-up of the system, the
cooling time constant is 115 min, with values ranging between
98 and 134 min. The thermal mass of the absorption machine has
been taken as the equivalent thermal mass as if it were water. The
value accepted is 8547 kJ/K (from experimental data, a minimum
of 7862 kJ/K and a maximum of 8879 kJ/K have been obtained).

4.5. Identification of model

Thirty-three days of the cooling period of the building have
been selected for this research. Several key performance indica-
tors have been calculated for the solar collector, the absorption
chiller, and the complete set for each day. The appendix shows
the daily value of the incident solar energy in the solar field,
the solar energy absorbed by the water in the collector, and the
energy balance in the TES system. For the absorption machine,
it shows the daily amount of heat supplied by the natural gas
boiler and the solar field; the cooling produced by the system and
delivered to the building collector; the average daily COP; and the
percentage of solar contribution to total refrigeration produced
(solar fraction). At last, the average efficiency performance of
the plant is shown as the ratio between the cooling realised by
the solar contribution and the total solar energy incident on the
collectors. In addition, Table A.1 in Appendix shows these 33 days
and their measured data.

On the other hand, 11 days have been taken from the sample
presented in Table A.1 to estimate the coefficients of the model.
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Fig. 12. Validation of the model: Detailed results. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of
this article.)
They have been chosen at random and correspond to days 2–
3, 5–6, 9, 12, 15, 22, 24, 27 and 31. The remaining days will
be used for validation. The starts and stops of these days are
employed to correct the values of the estimated time constants in
Modes 1 and 3. Moreover, in Mode 2, the measured values of the
thermal gas consumption, the thermal energy of the solar loop in
the generator, the heat dissipated in the condenser, and the cold
generated in nominal conditions are applied.

The model parameters are calculated from the experimental
ata at a step time of 10 min. These parameters are the heating
nd cooling time constants and the thermal mass of the gen-
rator. As explained before, these three parameters have been
stimated using 11 days out of the 33 experimental days studied.
or example, Fig. 12 shows one of the days chosen at random.
he minimum generator temperature is 125 ◦C, which is reached
2 min (from 12:30 to 13:12 in Fig. 12) after starting the heating
f the generator by passing water from the solar collector (see
he yellow area in Fig. 12). After almost an hour of activation, the
ooling has not concluded (see the cyan area in Fig. 12). It reaches
he system shut down value after 122 min (from 19:10 to 21:12
n Fig. 12). At that moment, the temperature of the generator is
elow 45 ◦C.
On the other hand, the model requires identifying the coeffi-

ients of the operating curves. It should be noted that the data
equired to obtain these curves have been extracted from the
nformation provided by the manufacturer. Fig. 13 shows the es-
imation of the coefficients of these curves and their comparison
ith the values of the manufacturer. In addition, Fig. 13 also
hows the cooling capacity and EER as a function of outlet water
emperature (X-axis in Fig. 13) and the inlet water temperature
n the condenser (legend of Fig. 13). Finally, Fig. 13 shows the
ariation of EER due to the partial load ratio. As can be noted in
hese graphs, the fits are acceptable. Therefore, these operating
urves can be used to analyse air conditioning systems, just as
ecommended in the literature (Sánchez Ramos et al., 2019).

Figs. 14–15 show the generator temperature, condenser outlet
emperature, and evaporator flow temperature estimated by the
odel on a randomly chosen pair of days. For this purpose, the

low rates and inlet temperatures of each of the loops are taken as
ata. The time step is 10 min, and each sample is referred to 1 h
3202
with a set of 6 data. The validation is performed during operating
Mode 2 in the working regime.

On the other hand, Figs. 14–15 also show the estimates for
each of the loops involved in the absorption machine: the con-
densation loop, heat input to the generator, and cold production
in the evaporator. In addition to knowing the flow rates, the
inlet water temperature (see green colour in Figs. 14–15) of
each loop is taken as data. Based on these two temperatures,
the response temperature of the case study can be estimated
(see blue colour in Figs. 14–15) and measured (see red colour
in Figs. 14–15). The generator temperature (upper graphs), the
condensation water outlet temperature (middle graphs), and the
discharge temperature of the cold to the building (lower graphs)
can also be obtained. The model estimates respond to the trend
of the measured values. Although the target results are not in a
short time step (10 min), the model is run in this time step in
order to be able to evaluate the operator decisions.

5. Results

This section shows the impact of chiller energy decision sup-
port on cooling production, minimising natural gas consumption
and maximising the solar fraction. First, the importance of the
chiller in the key performance indicators of the system is stressed.
Second, the performance estimates of the entire solar cooling
plant are validated. Third, the benefits of the application are
justified.

5.1. Analysis of the initial situation

As mentioned previously, the absorption cooling system is
provided with two possible heat inputs. The chiller receives heat
from the solar field (priority) and the auxiliary gas boiler. During
these years of experimentation (Bermejo et al., 2010), poor
control over the system has been proven to generate a significant
gas consumption. Therefore, this model has been developed to
perform a predictive estimation of the chiller behaviour in order
to minimise gas consumption. Fig. 16 shows the experimental
results without (Fig. 16 up) using the energy manager for the
chiller, which will further be compared with the results estimated
with the decision support tool that optimises the system (Fig. 16
down).
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Fig. 13. Performance curves of the absorption chiller (provided by the manufacturer and implemented in the absorption chiller model).
On a typical sunny day, the average efficiency of the solar
collector in the pilot solar plant is 0.35, with a maximum value of
0.40. When the collector water temperature rises 160 ◦C, a valve
s opened so that the solar heating water reaches the generator
nd HTG heats up 145 ◦C. The operating mode prioritises the
3203
solar source upon the natural gas combustion. However, if the
HTG drops below 145 ◦C after 30 min from start-up, the burner
automatically switches on, providing a backup energy contribu-
tion to maintain the cooling power at approximately 135 kW.
It should be noted that even so, most of the power supplied to
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Fig. 14. First results of the model validation: Detailed results (Day 4). (For interpretation of the references to colour in this figure legend, the reader is referred to
the web version of this article.)
the absorption chiller generator is provided by solar hot water
(approximately 80%). Fig. 17 shows the evolution of the COP of
the machine as the generator reaches this temperature. It is an
interesting result because it allows knowing the real performance
3204
of the absorption chiller, being the maximum COP during the
summer 1.45 and its average value 1.24.

Cooling needs of the building change along with cooling re-
quirements throughout the day, with the highest levels corre-
sponding to the 130–140 kW evaporator capacity. Similarly, the
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Fig. 15. First results of the model validation: Detailed results (Day 17). (For interpretation of the references to colour in this figure legend, the reader is referred to
the web version of this article.)
COP also varies throughout the day. The initial two hours cor-
respond to the transition period after start-up until the tempera-
tures of the different chiller sections reach a stable status and the
maximum COP value is achieved.

The Sankey diagram shown in Fig. 18 provides all the energy
lows on a typical sunny day. Pipeline losses accounted for 20% of
he total energy absorbed in the collector tubes. The absorption
hiller COP was 1.16, and the SHF was 0.75, with the remaining
3205
0.25 corresponding to the energy supplied by the natural gas for
the HTG. In addition, the SCR reached 0.44.

The validation has been performed using 33 consecutive days
of operation. The absorption machine model is running during
these days, and its daily estimate is compared with the values
measured. Representative daily measured data are summarised in
Table A.1 in Appendix. It should be noted that the only reliable
data are the operating flow rates and inlet temperatures of each
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Fig. 16. Operation data of solar cooling plant during cooling season.

Fig. 17. Operation data of solar cooling plant during a typical day.

3206
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Fig. 18. Sankey diagram of a typical day validation of the plant operator.
Table 4
Results of validation of the solar cooling plant.

Solar cooling plant Solar cooling plant

Solar energy
efficiency ratio

Error Solar energy
efficiency ratio

Error

– % – %

Day 1 0.27 −0.1 Day 18 0.3 6
Day 2 0.26 1.6 Day 19 0.35 1.6
Day 3 0.29 −2.2 Day 20 0.33 5
Day 4 0.24 −3.3 Day 21 0.41 −2.5
Day 5 0.28 −3.2 Day 22 0.33 1.4
Day 6 0.23 4 Day 23 0.27 −3.4
Day 7 0.25 −2.2 Day 24 0.24 4
Day 8 0.24 −1.7 Day 25 0.16 −5.1
Day 9 0.25 0.3 Day 26 0.43 5.2
Day 10 0.39 −1.4 Day 27 0.37 −2.5
Day 11 0.38 −0.3 Day 28 0.36 2.7
Day 12 0.38 −6.1 Day 29 0.01 25.7
Day 13 0.18 −4.3 Day 30 0.28 −6.2
Day 14 0.27 0.4 Day 31 0.41 −0.6
Day 15 0.11 −0.4 Day 32 0.36 1.5
Day 16 0.36 5.3 Day 33 0.41 −2.8
Day 17 0.29 −2.5
loop. These loops are the condensation circuit, evaporator cooling
water, and solar plant generator.

Variables calculated are the thermal energy consumption of
he solar installation, the natural gas consumption and the cooling
nergy production. Therefore, the main key performance indica-
ors are the COP and the solar energy efficiency ratio. The COP is
alculated as the quotient between the cooling energy produced
nd the thermal energy consumption of the absorption machine.
n addition, the solar energy efficiency ratio is calculated as the
uotient between the cooling production and the maximum solar
nergy captured in the primary receiver. Table A.2 in Appendix
hows all the validation results. However, Table 4 and Fig. 19
ummarise the most relevant results.
3207
Relative errors obtained are low (which are shown in Table 4),
proving the usefulness of the model for real-time predictive con-
trol or planning operating strategies for the system. In addition,
the results are interesting because a plant efficiency higher than
40% is observed. The solar fraction of the solar cooling production
system is more significant than 60% on average. It is a very useful
result. The simplified methodology also fits nicely, being an easy
and fast calculation solution.

5.2. Application of the inverse model for the plan operator

The inverse model is integrated into the management system
of the plant as a predictive control tool. The model is executed
using the actual data of the plant as its inputs. So, it estimates
the behaviour of the chiller and decides the optimum partial load
ratio of the auxiliary boiler to maximise the cooling production
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Fig. 19. Relative error of the model estimation (monthly and annual values).
Table 5
Operational costs with & without pilot plant and with & without predictive control.
Year Scenario Electricity

consumption
(MWh)

Natural gas
consumption
(MWh)

Cooling
production
(MWh)

1 Conventional system (measured) 171.41 0 720
2 Conventional system & pilot plant (measured) 108.72 264.59 822.79
2 Conventional system & pilot plant & predictive control (estimated) 106.91 134.52 822.79
and the solar fraction. So, it operates as a primary decision sup-
port system for the management system. The application allows
validating how the proposed model improves the control of the
plant by increasing the physical component of the system. Table 5
justifies the interest of this proposal, showing the measured
consumption (MWh and =C) of the building operation in three
cenarios: without the pilot solar cooling plant (year 1), and
ith the solar cooling plant but without predictive control of the
bsorption system (year 2), as well as the estimation when the
roposed model is implemented in the system management of
he pilot solar cooling plant (year 2 too).

Table 5 shows the results of two different operation years. The
irst of them (year 1) does not include the solar cooling plant.
he second one (year 2) integrates the solar cooling plant into
he conventional system of the building. Regarding the results
resented, although the conventional chiller achieves a very high
OP (higher than 4, as shown in Table 5, year 1), the improvement
f the whole system thanks to the pilot plant can be checked.
owever, despite this improvement, it is still possible to save
n additional 49% of the natural gas consumption and 16% of
he total cost if the absorption chiller operates optimally (third
cenario). This is thanks to the predictive control of the auxiliary
3208
boiler to heat the generator when hot water from the Fresnel
solar collector varies.

6. Conclusions

In this research, an absorption chiller has been coupled with
the energy management model of a solar cooling plant by means
of an inverse model. The model is connected to the manufacturer
data and the experimental data by identifying its parameters. This
allows the replicability of the model for other chillers or condi-
tions, as demonstrated by the validation performed. Furthermore,
the usability of this model is validated by its integration into the
control system of the plant. Therefore, the paper eliminates the
performance gaps and solves the integration with the renewable
source.

The research also shows an experimental analysis to optimise
an absorption chiller. With these experimental data, it has been
possible to know the real operation of this system. In addition, a
characterisation model is proposed, whose parameters use readily
available experimental data. This model predicts the behaviour of
the system in the case of changes in the input energy flows or in
the control system. The model is robust, as demonstrated by the
validation performed, whose experiments have been shown to be
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Table A.1
Representative daily measured data.
very accurate, easy to reproduce, and adaptable to any absorption
chiller system. Moreover, the results prove that:

– To model the behaviour of this technology in three sections
is interesting in order to be able to adjust the dynamics of
the system. The three stages are start-up, regular operation
and shutdown. The detailed validation results indicate a
3209
good approximation of the estimates made with acceptable
errors.

– The application performed shows that the coupling of the
model in higher-order energy simulation tools may be in-
teresting. Because of the daily and seasonal estimates of
renewable consumption, yields or fractions match those
obtained in the experiments. This evidences that it is still
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Table A.2
Results of validation: Absorption chiller.
possible to save almost 50% of natural gas consumption with
the same cooling production.

Finally, the proposed procedure for characterising an absorp-
ion chiller and providing a solution for modelling this type of
echnology may be used as a methodology for evaluating and
iagnosing these units. If these systems are in real operation,
he values obtained by monitoring them can be compared with
3210
the estimates made with the curves proposed under the same
conditions. This model can also be integrated into real-time pre-
dictive control for solar cooling facilities. This inverse model
would allow solving the definition of optimal operating strategies.
The results prove the interest of the model. Furthermore, the
proposed methodology can be applied to any hybrid solar system
for whatever control requirements.
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