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Abstract 
In United Arab Emirates (UAE), a huge proportion of electrical energy consumed in buildings is used to run 
air conditioning equipments. This is because UAE’s climate is characterized by very high ambient 
temperatures and high humidity, especially during summer periods. There is need to promote air conditioning 
systems that are run by renewable energy based power because of the environment threats and energy 
security negative issues associated with conventional fossil fuel – energy powered systems. The huge 
buildings’ cooling loads occur during periods of high solar insolation; this creates a huge potential of using 
solar powered cooling systems for air conditioning applications. However, the solar air conditioning systems 
still face a number of challenges in UAE which include; the availability of cheap electricity from fossil fuel 
resources and lack of government incentives to promote renewable energy resources. In order to understand 
the potential of applying solar cooling systems for air conditioning applications versus conventional systems, 
there was a need to experimentally and/or theoretically evaluate the performance of pilot solar cooling 
systems in UAE.      

In this project, the performance of a 10 TR solar cooling system in Ras Al Khaimah (RAK) Emirate of UAE 
was evaluated by both experiment and theoretical simulation. TRNSYS, a transient – systems simulation 
software that was developed by Solar Energy Laboratory – University of Winsconsin, was used for the 
purpose of the theoretical simulations of the system. The solar cooling absorption equipment used for this 
study is an R&D system that was developed by CSEM – uae in RAK for the purpose of assessing the 
potential of applying solar cooling systems in UAE. The solar cooling system is based on absorption chilling 
technology run by hot water produced by a field of evacuated tube solar collectors.  

Experimental results were compared with TRNSYS – theoretical simulations results and areas of possible 
improvements in the solar cooling system were recommended. Results of the study show that the solar 
cooling system runs with a COP in the range of 0.60 – 0.80, with an average COP of 0.70. It was also 
observed that the inlet cooling and hot water temperatures to the absorption chiller have a huge impact on 
the performance of the solar cooling system. A need to isolate the absorption chiller hot water circuit from 
the hot water stratified tank by incorporation of a heat exchanger between the chiller and the stratified tank 
was also identified. This will help to improve the degree of stratification during the operation of the solar 
cooling system. Theoretical performance evaluation of the system using a typical TMY2 weather data shows 
that the system can meet its cooling requirement for at least eight (8) months of the year. In conclusion, this 
study has indicated that solar cooling for air conditioning application in UAE has a huge potential. However, 
further research is necessary to enable improvement of the performance of solar cooling systems and to 
assess the possibility of commercialization of such systems.  

Keywords: Solar cooling air – conditioning, Energy efficiency, vacuum tube collectors, TRNSYS 
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1 INTRODUCTION 

1.1 Background 

United Arab Emirates (UAE) is a country made of seven Emirates including; Abu Dhabi, Dubai, Sharjah, 
Umm – al – Qaiwain, Ajman, Fujairah, and Ras al – Khaimah (RAK). The country is located in the Middle 
East (ME), bordering the Gulf of Oman and Persian Gulf between Oman and Saudi Arabia. The country’s 
latitude and longitude lies between 22050’ and 260N and 510 and 56025’E respectively. RAK in particular lies 
at a latitude of 2405’ N and a longitude of 55059’E. The climate in UAE, just like many other ME and 
particularly the Gulf countries, is hot and humid with the hottest months being July and August when the 
average temperatures reach above 400C, LCFRD, Library of congress – Federal Research division [1]. 

UAE is the world’s largest energy consumer on per capita basis, Peter [2]. The electricity demand in UAE has 
increased by 555% between 1980 and 2000 from 5.5 billion kWh to 36 billion kWh, Al – Alriani [3]. If the 
trend of energy usage in the transport sector, industry and particularly building operation remains the same 
for the few coming decades, the average ambient temperatures of UAE and her neighbors are expected to 
increase even more, LCFRD [1].This means an average annual growth rate of 10 %. LCFRD [1] points it out 
that the two biggest concerns of the UAE energy sector are the steady growing energy demand in the country 
and CO2 emissions.  

Over 30% of the country’s total energy consumption is consumed in buildings mainly for air conditioning of 
the buildings’ occupied spaces and providing of lighting. Both commercial and residential buildings contribute 
by over 30% of the country’s carbon emission, Kazim [4]. Since the country is located in a hot and humid 
region characterized by high ambient temperatures especially during the summer seasons, buildings require 
intensive cooling for providing of comfort to the occupants. For example in the Emirate of Abu Dhabi, 
cooling and air conditioning of buildings accounts for 75% of the electricity consumption during summer 
seasons, Clarion Associates [5]. The common conventional air conditioning systems are run by fossil fuel 
based power. Dependence on fossil fuels is not only an environmental threat but also these resources are 
under depletion and hence unsustainable. Conventional air cooling systems also use refrigerants with high 
ozone depletion and/or global warming potential. With the appropriate technology, solar cooling systems 
have an opportunity of combating these global worries associated with conventional fossil fuel powered air 
conditioning systems, Martin Henning et al [6]. 

High cooling requirement of buildings occurs during periods of high ambient temperatures and solar 
insolation which is also in phase with a high solar assisted or driven cooling potential. The country and 
particularly the RAK receives a peak global solar radiation of over 900 W/m2 according to CSEM- UAE, 
Swiss Centre for electronics and micro technology – UAE branch [7]. The yearly average solar radiation 
between the years of 2008 to 2011 was measured by CSEM – UAE as 604 W/m2, based on an 8 hours day 
duration of measurements. This indicates a huge potential of applying solar assisted or driven cooling systems 
in this country. 

In order to assess the potential of solar cooling and poly – generation systems in UAE, CSEM – UAE, a 
nonprofit joint venture company of CSEM and RAK Investment Authority (RAKIA), operating in RAK – 
UAE, developed a solar cooling R&D facility with 1 TR cooling capacity in 2010. The facility was extended to 
a 10 TR cooling capacity in 2011. The system consists of evacuated tube solar thermal collectors, stratified 
hot water storage and back up tanks, two absorption chiller units with two wet cooling towers and chilled 
water storage tank. The system is meant to serve the cooling load of three temporarily built cabins and one 
tent structure through Fan Coil Units (FCUs) in the occupied zones. The motive of this study was to evaluate 
the performance of the 10 TR solar cooling system by both experimentation and theoretical simulation.  
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1.2 Overview about solar cooling systems 
A solar cooling system basically contains three major subsystems and these include; the heat production, cold 
production and cooling load subsystems. These subsystems work hand in hand with other auxiliary 
components including; thermal storage, control unit(s), pipes, pumps and the cooling tower. A brief about the 
first two subsystems are given in the proceeding sections. The load subsystem is not given much attention 
since the components used are similar to the systems used by conventional cooling systems. 

1.2.1 Heat collection subsystem 

The heat production subsystem consists of thermal solar collectors of different types and among the 
commonest ones include; evacuated tube collectors, flat plate collectors or stationary compound parabolic 
concentrators. The flat plate collectors dominate the solar application market. They represent 90% of the 
solar collectors’ market, Martin Henning et al [7]. However, evacuated tube collectors are also finding a bigger 
share for solar cooling applications due to their ability to withstand higher temperatures with an appreciable 
low reduction in efficiency. Both flat plate and evacuated tube solar collectors have their efficiency defined by 
the efficiency curve equation of general form shown in Equation 1.1. 

η = η − a − Ga ………………………………………………………….1.1 

Where η0 is known as the intercept efficiency and a1 and a2 are known as the negative of first order efficiency 
and negative of second order efficiency respectively. 

Besides the solar collectors, the heat production subsystem may also contain the hot thermal storage unit(s). 
The thermal storage unit(s) is/are predominantly of fluid filled thermal storage type for the case of solar air 
conditioning applications.  

Figure 1.1 shows the area dimensional definition used in the technical description of evacuated tube solar 
collectors, the type of collectors used by CSEM – UAE solar cooling equipment. The area of these collectors 
can be defined in three different forms. The absorber area is the total area of the solar radiation absorbing 
surfaces (plates). The aperture area is the normal total area of the glass. The gross area defines the total area of 
the solar collectors including frames and other parts that are not transparent to the incident radiation.  

 
Figure 1.1: Area definition of Evacuated tube collectors (Source: Martin Henning [6]) 
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1.2.2 Backup heat source 

It is sometimes necessary to provide backup in solar – assisted air conditioning systems. Backup heat source 
can be provided from different heat sources including electric and gas fired heaters among others. The 
importance of backup heaters is to provide cooling especially during days with hot and humid weather but 
with cloudy conditions. These days are characterized by high cooling loads that can’t be met by the solar 
cooling system without backup heating.  Backup can also be provided on the cold side of the solar cooling 
system. In this case the solar cooling system is supplemented by a backup cooling system that helps to meet 
the cooling loads that are unmet by solar energy. 

1.2.3 Thermal storage 

The heat storage is helpful to store the excess solar heat or cooling power to later be used during periods of 
insufficient solar heat. Therefore, there are two types thermal storages namely, the hot and cold storages. The 
most common methods of hot storage are hot water storage and storages with phase change. The former 
involves having a hot water filled in a well insulated tank between the solar – thermal collection subsystem 
and the chilling unit and the latter involves use of materials under phase change that absorb heat energy 
inform of latent heat. The common materials used for phase change storage systems are paraffins, salt 
hydrates, and fatty acids, Martin Henning [6]. 

1.2.4 Cold production subsystem 

The two major types of cold production subsystems for solar cooling applications are thermally driven chiller 
based and desiccant systems. The former is finding a better share of solar cooling market. The thermally 
driven chiller based systems are called closed systems and the desiccant systems are referred to as open 
systems. The two most common types of thermally driven chillers are absorption and adsorption chillers 

Absorption chillers 

The absorption chillers operate on a principle similar to that of conventional vapor compression systems. The 
principle is that an evaporating liquid extracts heat at a low temperature. The pressure of the formed vapor is 
raised and then allowed to condense at a higher temperature. Absorption chillers however, use a thermally 
driven compressor that comprises of two major components; the absorber and generator. 

Figure 1.2 shows the general schematic drawing of an absorption chilling cycle. The cycle is based on the fact 
that the boiling point of a mixture is higher than that of the corresponding pure liquid. 

The absorption chiller cycle consists of the following steps listed by Martin Henning [6]: 

1. The refrigerant evaporates in the evaporator, extracting heat from the low temperature medium 
hence resulting into the chilling power. 

2. The resulting refrigerant vapor is then absorbed by a concentrated solution in the absorber. The 
resultant heat of condensation and mixing is extracted by a cooling water stream from the cooling 
tower. 

3. The diluted solution from the absorber is pumped to a generator that is receiving heat from a driving 
heat source (solar collectors). The mixture is heated and the refrigerant vapor is released at high 
pressure. The concentrated solution flows back to the absorber. 

4. The refrigerant vapor from the generator condenses in the condenser. Here the heat of condensation 
is also rejected at an intermediate temperature level with the help cooling water from the cooling 
tower. 

5. The pressure of the refrigerant condensate is reduced using an expansion device e.g. throttle valve 
and it then flows back to the evaporator. The cycle then repeats. 
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Figure 1.2: Schematic of the absorption chilling cycle (Source: Yazaki [8]) 

There are two main pairs of refrigerant/absorbent that are commonly used and these are water/lithium 
bromide (LiBr) and ammonia/water pair. In the former pair, water is the refrigerant and LiBr is the absorbent 
while for the latter pair ammonia and water are the refrigerant and absorbent respectively.  

IEE – Intelligent Energy Europe [9], lists the advantages of using water/LiBr pair, which is the most 
common for solar air-conditioning application, as: 

 Uses non toxic substances 
 Lower working pressures 
 Non volatile absorbent i.e. there is no need of rectification of the refrigerant 
 COP is relatively high (typical values are 40% higher than those of water/ammonia based systems). 

However, there are disadvantages associated with the water/LiBr pair and these include: 

 Water cooling is required, which is commonly accomplished by a cooling tower. Cooling towers have 
the risk of legionella.  

 Systems have bigger sizes which are due to the large volume of the water vapor. 

Double effect absorption chillers 

Double effect absorption chiller cycles can be viewed as having two single effect cycles stacked on each other. 
The generator of the higher level receives heat at a higher temperature level than a single effect machine. This 
heat is normally provided by a natural gas or oil burner or indirectly supplying steam. The heat added to the 
top level cycle generator is used to generate a refrigerant vapor that is at a higher temperature and pressure 
relative to the bottom cycle. The heat of condensation of this vapor in the top cycle is used to drive the 
generator of the bottom level cycle. Double effect machines require a higher driving temperature, 140 – 
160°C, and result into a higher COP of about 1.1, Martin Henning [6]. However, the high driving temperature 
requirement of this technology makes it less suitable for solar driven air conditioning systems. 
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Adsorption chiller cycle 

Adsorption cycles are similar to absorption cycles. The difference in the former is that instead of the 
refrigerant being absorbed by a solution, it is adsorbed on the internal surface of highly porous solid. Typical 
examples of working pairs include; water/silca gel, water/zeolite, ammonia/activated carbon, or 
methanol/activated carbon. Only machines working on the first pair are available on market according to 
Martin Henning [6]. IEE [9] lists the advantages of adsorption machines as compared to adsorption ones as; 

 The operating temperatures at the generator can be lower e.g. 60°C – 90°C as compared to 90°C – 
120°C for single effect absorption chillers. 

 There is no lower limit to the cooling water temperature. This is because there is no risk of 
crystallization as the case for absorption chillers. 

 The changes in COP are not dependant on the generator water temperature or cooling water 
temperature which is the case for absorption chillers. 

Among the disadvantages of adsorption chiller systems include: 

 The average COP of adsorption chillers is lower in comparison with absorption machines 
 The adsorption machines available are both large and heavier than the single effect absorption 

chillers 
 Absorption technology is more expensive. 

Advantages of solar driven cooling systems compared to vapor compression systems 

 The maximum cooling load is in phase with the maximum available radiation and hence potential of 
the cooling system 

 The equipment uses completely harmless working fluids 
 The solar cooling technology enables taking advantage of solar thermal plants even when there is no 

heat demand 
 Maintenance costs are lower due to fewer moving parts 
 Operation costs are lower due to low electricity consumption. The electricity consumption is in the 

range of 1 – 5% of the water chilled capacity (IEE,2008). 

1.3 Purpose of the research 

Solar assisted cooling systems in UAE still face challenges of high capital and operational costs and low cost 
of electricity generated by fossil fuels yet there is lack of government incentives to promote renewable 
energies. Evaluation (by both experimentally and theoretical simulations) of the performance of solar assisted 
cooling systems has enabled determination of the actual performance of such renewable energy driven 
cooling plants. This will allow further comparison of these systems with the conventional systems run on 
fossil based power and also enable assessment of application of poly – generation in a country with a huge 
potential of solar energy like UAE. The study has also enabled identification of the key parameters that can 
be optimized to make the solar assisted solar cooling system more competitive. 
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1.4 Project objectives and scope 

1.4.1 Main objective  

To experimentally and theoretically evaluate the performance of the solar cooling system that consists of a 
single effect absorption chiller, an evacuated tube solar thermal field and heat rejection system (wet cooling 
tower) installed by CSEM – uae, in RAK, UAE. 

1.4.2 Specific objectives 

 Evaluation of the thermal performance of solar collectors as function of tilt angle 
 Experimental determination of the performance of the complete solar cooling system 
 Comparison of the experimental results with the theoretical prediction of the performances 
 Theoretically determine the performance of the solar cooling system for typical year of operation. 
 Carrying out the complete system documentation; this included documenting a detailed system’s 

description and generating the operations manual for future users of the system.  

1.4.3 Project scope 

This project was limited to evaluation of the energy performance of the 10 TR solar cooling system and the 
complete system documentation. The performance of the old 1 TR cooling system was not considered in the 
evaluation. 

1.5 10 TR solar cooling system at CSEM - uae 

The solar cooling system is run by evacuated tube solar collectors. It uses the absorption chiller process to 
convert the collected solar thermal energy into the required cooling load. The heat generated from the 
absorber and condenser components of the absorption chiller is dissipated to the environment with the help 
of a wet cooling tower. The test rig is fitted with appropriate measuring sensors. Figure 1.3 shows the major 
components of the system. The proceeding sections give a brief description of the major components.  

1.5.1 Solar collectors 

The solar cooling system uses evacuated tube solar collector (model SEIDO 1 -16) to capture the incident 
solar radiation energy and convert it into thermal energy by heating up a circulating heat transfer fluid (water). 
Table 1.1 below shows the technical description of the collectors according to the manufacturer’s description. 
These were stated based on the measurements made by SPF - Solartechnik Prufung Forshung [10]. 

Table 1.1: Solar collector technical specifications (SPF, 2005) 
Dimensions Technical data 

 Total length 2.126 m Minimum flow rate 100 l/h 
Total width 1.920 m Nominal flow rate 130 l/h 
Gross area 4.082 m2 Maximum flow rate 300 l/h 
Aperture area 3.008 m2 Fluid content 1.0 l 
Absorber area 2.859 m2 Maximum operating pressure 6 bar 
Weight – empty 102 kg   
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Figure 1.3: Solar cooling system at CSEM - uae outdoor test facility 
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The system consists of a solar collector field that has a total of 32 SEIDO 1 -16 collectors, with 4 collectors 
arranged in a series array and 8 of these series arrays connected in parallel. This field has the capacity of 
delivering 10 TR of cooling load by driving the Yazaki absorption chiller. The hydraulic circuit diagram of the 
solar field can be found in Appendix 7.1.  

1.5.2 Absorption chiller 

The system consists of a single effect absorption chiller. The absorption chiller is a Yazaki absorption chiller, 
model WFC - SC10, with a rated cooling capacity 35.2 kW when producing chilled water outlet temperature 
7°C.  The chiller unit is connected to; the water supply from the hot water storage, chilled water storage and 
wet cooling tower with the appropriate measuring sensors installed. The hydraulic circuit diagram of the 
connection of the absorption chiller is included in Appendix 7.1.  Table 1.2 shows the key technical 
specifications of the Yazaki WFC – SC10 absorption chiller model. 

1.5.3 Thermal storage 

The system has two forms of thermal storage; the hot thermal storage and the cold thermal storage. The 
heated up hot water (heat transfer fluid) from the collectors supply heat to a Tisun Pro Heat stratified tank 
(Model PH 1000B) insulated by polyester fiber fleece. The Pro Heat stratified tank is directly connected to a 
Tisun buffer back up tank (Model TH - 150). Both of these two tanks have a capacity of 980 l. In addition to 
the hot thermal storage, the system has a Tisun cold back up cold thermal storage tank (Model TH – 150) of 
capacity 980 l. See Appendix 7.1 for the hydraulic circuit diagram of the hot thermal storage connection. 

1.5.4 Chilled water distribution 

The chilled water generated to the cold water back up tank is circulated to meet the cooling load requirements 
of three cabins and one tent located at the outdoor laboratory of CSEM – UAE. Coolth is supplied to the 
occupied spaces of these temporary structures using sets of FCUs.  See Appendix 7.1 for the hydraulic 
diagram of the chilled water distribution system.    

Table 1.2: Technical specifications of Yazaki WFC - SC10 chiller model (Source: Yazaki [8]) 
Item                                                               Value 
Cooling capacity kW 35.2 
Chilled water Inlet temperature oC 12.5 

Outlet temperature oC 7.0 
Rated flow  rate m3/hr 5.47 
Max operating pressure kPa 588 

Cooling water Rated inlet temperature oC 31.0 
Rated outlet temperature oC 35.0 
Max operating pressure kPa 588 
Rated flow rater m3/hr 18.4 

Hot water Rated inlet temperature oC 88 
Rated outlet temperature oC 83 
Inlet limit oC 70 - 95 
Max operating pressure kPa 588 
Rated flow rate m3/hr 8.64 

Electrical Power source  400 V 50Hz 3ph 
Consumption W 210 
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1.6 Overview about TRNSYS 

Various theoretical simulations were carried out using TRNSYS software. TRNSYS is a complete and 
extensible simulation environment for the transient simulation of systems. It can be used to validate new 
energy system components ranging from the small water heater systems to more complex systems like the 
simulation of buildings including their equipment, control strategies, occupant behavior and alternative energy 
systems like wind, solar among others. 

A TRNSYS project is typically setup by connecting components graphically in the Simulation Studio. Each 
Type of component is described by a mathematical model in the TRNSYS simulation engine and has a set of 
matching Proforma's in the Simulation Studio. The proforma has a black-box description of a component: 
inputs, outputs, parameters, etc. The connections created between the components in the simulation studio 
act as paths of information flow between coupled components. The outputs of the first component are 
configured to be the inputs of the second component. Figure 1.4 shows an example of a project (connection 
of different TRNSYS components) created in TRNYS simulation studio. The components in TNSYS are 
referred to as TYPES e.g. Type 71 is used for modeling evacuated tubes collector and Type 56 is used for 
multizone building modeling.  

TRNSYS basically has two major software simulation environments namely; the simulation studio and the 
TRNBUILD. The former is used to model a TRNSYS project, which is a connection of a number of 
TRNSYS inbuilt or created component while the latter is used to generate the input files for modeling a 
multizone building component using Type 56. 

 

 
Figure 1.4: Example of TRNSYS project in simulation studio environment 

The DLL-based architecture of TRNSYS allows users and third-party developers to easily add custom 
component models, using all common programming languages (C, C++, PASCAL, FORTRAN, etc.). In 
addition, TRNSYS can be easily connected to many other applications, for pre- or post processing or through 
interactive calls during the simulation e.g. Microsoft Excel, Matlab, etc. 

1.6.1 Key components (Types) used in simulations 

A number of TRNSYS inbuilt components were used to carry out various simulations. This section gives a 
brief about the key components used. 
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Type 71 – Evacuated tube solar collectors 

This TRSNSYS inbuilt type is used to model evacuated tube thermal solar collector. The main difference 
between this component and Type 1, used to model flat plate collectors, is the way in which it treats 
incidence angle modifiers (IAMs). Type 71 reads a text file containing a list of transverse and longitudinal 
IAMs corresponding to different values of transverse and longitudinal incidence angles.  

Type 109 TMY2 – Weather data reader 

This component reads weather data and processes it to calculate the solar radiation at any surface tilt. It reads 
data supplied in the TMY2 format. The weather data used in this project was generated using the Mateonorm 
6.1 software at the location of the experimental setup. The details of the weather data used are given in 
section 3.2. 

Type 109 user 

Type 109 user is similar to Type 109 TMY2, the only difference is that the former allows for the user to 
provide weather data in a user defined data format other than the TMY2 format. 

Type 4a – Fluid filled thermal storage 

Type 4a can be used to model the thermal performance of a fluid – filled sensible storage tank, subject to 
stratification. The degree of stratification is determined by the number of tank nodes, N, used. If N = 1, the 
tank is modeled as fully mixed with no stratification effects. With, 1 < 푁 ≤ 15, the tank is modeled as a 
stratified tank with, N, temperature levels. Type 4a can also be used to model a tank with at most two 
auxiliary heaters; however, the effect of the auxiliary heaters can be removed by simply setting the values of 
the control signals of both heaters to zero in the inputs of the component. This component assumes fixed 
fluid inlet positions within the source code. The fluid at the hot side of the tank is added to the tank node 
below the first auxiliary heater while the fluid entering the cold side of the tank enters the bottom node. 

Type 60c 

Type 60c also models the performance of a fluid – filled sensible storage tank subject to stratification. The 
difference between this model and Type 4a is that it allows for the user to define his/her own inlet and outlet 
positions of the fluid into/out of the tank and position of the auxiliary heater. 

Type 270 – Absorption chiller 

The TRNSYS inbuilt Type 107 for modeling single effect absorption chillers uses an external absorption 
chiller performance data file for predicting the chiller performance at the prevailing conditions of hot water 
supply, cooling water, and chilled water inlet temperature. This model requires knowledge of the effect of the 
following factors on the performance of the absorption chiller: 

 Chilled water inlet temperature 
 Cooling water inlet temperature 
 Hot water inlet temperature and 
 Part load ratio 

However, the Yazaki WFC – SC10 model manufacturer provides the effect of only the first three factors on 
the performance of the chiller. This limitation required development of a user developed model that better 
suits the performance data provided by the absorption chiller’s manufacturer. This model was named 
Type270. Details of the model are given in section 3.5.1. 
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Type 51b – Wet cooling tower 

This component models a cooling tower where the hot water stream gets into direct contact with an air 
stream and the former is cooled as a result of latent heat transfer on the air side. The air and water streams 
can be configured as either counter flow or cross flow arrangements. A cooling tower normally consists of a 
number of tower cells that are in parallel and these cells share a common sump. Water loss from the tower 
cells is replaced by make – up water to the sump. There are two primary modes for this model; the first one 
and the most critical one (MODE 1) requires knowledge of the coefficients of mass transfer correlations, c 
and, n.   

Type 33e - Psychometrics 

This type was used to determine the wet bulb temperature, which was a key input to determine the wet 
cooling tower performance and sump make up water inlet temperature. It takes the dry bulb temperature 
(equal to ambient temperature) and percentage relative humidity as inputs to compute and output the key 
moist air thermal properties including; dry bulb temperature, dew point temperature, wet bulb temperature, 
relative humidity, absolute humidity ratio and enthalpy. Table 1.3 below shows all the other types used in this 
project’s theoretical simulations. 

Table 1.3: More TRNSYS types used for theoretical simulations 
Type (Component) Importance 
Equa – New equation  Used to in put a relationship between the outputs and inputs of two 

connected components e.g. Multiplying the useful energy output 
from a single series array by the number of series array in parallel to 
get total thermal energy collected by the collector field 

Type 2b – On and off control Used to give a control signal to both pump and absorption chiller 
depending on input temperature conditions required 

Type 3b – Single speed pump Pump model that computes a mass flow rate using a variable 
control function, which must have a value between 1 and 0, and a 
fixed maximum flow capacity specified by the user.  

System plotter Creates outputs’ plots versus time that are used to check quality of 
simulations 

System printer Provides printed text file for a list of outputs specified by the user. 

The details of the components’ mathematical models can be found in the TRNSYS manual part 05 – 
mathematical reference [11].  
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2 METHODOLOGY 
This chapter gives an overview of the different research methods that were used in order to achieve the 
project’s main objective. The proceeding chapters 3 and 4 give the full details of the steps that were followed 
during the TRNSYS simulations and experimentation of the system respectively. 

2.1 Literature review 
Previously published literature was reviewed to find the current status of the solar cooling systems’ 
performance evaluation and measurement studies.  Among the sources of this information used included; 
recently published articles, internet, textbooks related to solar engineering, journals and manufacturer’s 
specifications and documentation of the different system components. The information gathered was used as 
a basis of analyzing experimental and theoretical simulation data, and identification of the key parameters to 
consider in this study. 

2.2 System documentation 
The solar cooling system at CSEM – uae was not previously well documented for users and researchers. 
During this project, the complete documentation of the system was done. This involved: 

 Developing of the hydraulic schematic diagrams of the key components of the system. 
 Writing an operations manual for future users of the system. This involved highlighting the key steps 

that must be followed while starting, operating and closing the system. The manual also gives the key 
safety precautions and measures, and requirements before using the system.     

 Writing the systems Bill of materials giving the brief description of all the components of the system, 
their numbers and key specifications. 

2.3 Experimentation 
A number of experiments were carried out in order to measure the actual performance of the solar cooling 
system installed at CSEM – uae outdoor test facility. The key experiments that were carried out during this 
project are described in the proceeding sections. 

2.3.1 Collector performance versus tilt 
During this experiment, the effect of the collector slope on the performance of the evacuated tube 
solar collector was determined. Experiments were carried out for two different days of September to 
determine the most optimum collector tilt angle during this period. Results from these experiments 
were used as a basis for comparison with theoretical prediction of the effect of the collector tilt on 
the collector performance. The test rig used for this experimentation is described in section 4.1.1. 

2.3.2 Determination of collector efficiency curve 
The efficiency curve of the collector operating under typical UAE conditions was also determined. This 
experiment was carried out using the same test rig that was used to measure the effect of collector tilt on the 
collector performance. The collector efficiency curve was determined and compared to the one specified by 
the manufacturer. The determined efficiency curve coefficients were also used in TRNSYS simulations and 
the results obtained were compared to those obtained from TRNSYS simulations based on the 
manufacturer’s specified efficiency curve. 
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2.3.3 Performance of the complete solar cooling system 

Experiments were carried to measure the performance of the overall solar cooling system. These experiments 
involved determination of the solar collector thermal power gain, chilling power, heat input and cooling 
power of the absorption chiller for three different test days during the month of November. The measured 
instantaneous powers were used as a basis of comparison to the predictions from the theoretical simulations. 
A number of performance indicators were computed from the measured thermal powers. The performance 
indicators included; collector net and gross efficiency, absorption chiller COP, specific collector yield and 
solar fraction cooling.  The test rig used in this experimentation is the complete solar cooling system as 
explained in section 1.5 with key measuring sensors installed. 

2.4 Theoretical simulations 
A number of theoretical simulations were run during this study. Because of it’s open architecture, TRNSYS 
software was used for all the theoretical simulations. The two major aims of the theoretical simulations were; 
giving a basis for comparison with experiment results and secondly to use them for prediction of the 
performance of the system for longer periods that could not be predicted from a short period of experimental 
study. There were four kinds of simulations that were run, and a brief of each of these is given in the 
following sections (the details of each are discussed in chapter 3). 

2.4.1 Weather data 

The weather data corresponding to the location of the solar cooling system was necessary for a successful 
simulation to be achieved. For the purpose of an annual simulation of the performance of the complete 
system or long periods of time e.g. months, a TMY2 weather data generated by Mateonorm 6.1 software was 
used. For comparison with experimental results, simulations were run using measured weather data of the 
corresponding test day. This data was read into TRNSYS by a special TRNSYS inbuilt model, Type 109 user.   

2.4.2 Optimum tilt and tilt test 

Using TRNSYS simulations, the optimum collector tilt for the different periods of the year was estimated. 
The optimum tilt was determined basing on the amount of total thermal energy collected for the different 
periods of the year. The optimum tilt is the one that leads to a maximum possible thermal gain by the 
collector. Similar simulations were used to compare the experiment results to determine the optimum tilt 
during the month of September.  

2.4.3 Cooling requirement 

This involved estimation of the cooling requirement (load) that must be met by the solar cooling system 
during the different periods of the year and also during the days of experimentation.  

2.4.4 Overall cooling system performance 

The performance of the overall cooling system for the complete typical year was simulated. The performance 
parameters of the system were computed for different periods of the year. Similar simulations were also run 
using the different experiment days’ measured weather data to compare the experiment results to the 
theoretical simulations.    

A number of system global parameters that can be changed to change the performance of the system were 
investigated. The effect of changing of each of these parameters on the performance of the system for a 
typical metrological year was determined.  
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2.5 Data analysis 
Both experiment and simulation data was analyzed with the help of MS excel. In MS excel, different charts 
that clearly illustrate the results of the analysis were generated. From this analysis, recommendations for 
improvement of the performance of the system were drawn.  
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3 TRNSYS SIMULATIONS 

A number of theoretical TRNSYS simulations were carried out to enable prediction of the performance of 
the solar thermal collectors with respect to collector slope, performance of the collector solar field and the 
overall cooling system. This section is intended to give a detail of the simulations that were carried out, clearly 
giving the details of the different TRNSYS components used and their respective input parameters.  

3.1 Tanks loss coefficients 
For a good accuracy of the simulation, a good approximation of the storage tank loss coefficient was 
necessary. The heat released per unit time, q, by a composite cylinder (whose walls are made of two layers of 
different materials) illustrated in Figure 3.1 is given by Equation 3.1, Adrian and Allan [12].  

 
Figure 3.1: Cross section of cylindrical tank with a wall of two layers  

푞 =
/  ( / )/ ( / )/ /

 ……………………………………………….3.1 

Where; 

 h1 and h2 are the convective heat transfer coefficients of the fluid inside and outside of the cylinder 
respectively.  

k1 and k2 are the thermal conductivities of the two different layers of the cylinder wall and, L, is the length of 
the cylinder. 

푇  and 푇  are the temperatures of the fluids inside and at the outside of the tank respectively. 

Using Equation 3.1, the tank thermal loss coefficient, U, based on the surface area of the un – insulated tank 
(radius rs,o) was estimated using Equation 3.2. In this equation, the effect of radiation heat loss was neglected. 

U =
, / , , , / , / , , / , / , / ,

 ……………………………………………….3.2  

Where, 

ls and ks – the tank wall material thickness (3 mm) and thermal conductivity (≅ 43W/mK) respectively. 

li and ki are the tank insulation thickness (= 100 mm) and thermal conductivity (=0.035 W/mK) respectively. 

푟 ,  and 푟 ,  are the uninsulated tank internal and outside radius respectively. 
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푟 ,  and 푟 ,  are the insulation outside and inside radius respectively. 

The internal and external heat transfer coefficients were computed as the average heat transfer coefficients,h, 
using Equation 3.3, obtained from Adrian and Allan [12].  

Nu = =
( )

/
+ ( )

( )
 …………………………………………………………...3.3 

Where; 

Nu  - is the average Nusselt number of the cylindrical tank of length, l. (l = 1.86 m, outside and l = 1.66 m 
without insulation) 

k – the fluid thermal conductivity (water  - inside, and air  - outside) 

Gr and Pr are Grachorff and Prandtl numbers computed using Equations 3.4 and 3.5 respectively 

G = ( ) …………………………………………………………………………………………....3.4 

P =   ……………………………………………………………………………...…………………3.5 

Where;  

g – acceleration due to gravity = 9.81 m/s2 

V – volumetric thermal expansion [K-1] 

x – characteristic length, [m] (equal to the length or height of tank) 

υ – kinematic viscocity of fluid, [m2/s] 

ΔT - temperature difference between surface and fluid [K]. 

The air properties for computation of, h2, were determined at the average design dry bulb temperature of 
35°C and those for water were computed for the average operating temperature of the tank of 83°C. In the 
computation of Gr, an average temperature difference of 2 K between the surfaces and their contact fluids 
was assumed. 

3.2 Weather data  
For a successful simulation, an accurate weather data for computation of the incident radiation energy on the 
collector surface and the ambient temperature, relative humidity and wind speed under which the collector 
and the overall system simulated is working was necessary.  

For comparison between the experimental results with TRNSYS simulations prediction, the experiment 
measured weather data (Including wind speed, Relative humidity, ambient temperature, diffuse radiation and 
global radiation) on the test days was averaged out for intervals of 30 minutes. This was then used for 
simulations in TRNSYS by using a weather data reader “Type109 user” that can read weather data in any user 
defined format.  

For prediction of the cooling system performance for the whole average year, weather data was generated by 
Mateonorm version 6.1 software at the location with longitude 55047’E and a latitude of 25040’N, 
corresponding to the location of the experimental setup. This software uses the weather data of the nearby 
station for the periods of 1996 – 2005 and 1981 – 2000 for temperature and radiation respectively to predict 
current weather of the specified location.  

Figures 3.2 and 3.3 show the annual variation of global radiation, diffuse radiation and ambient temperature 
respectively as determined using Meteonorm 6.1 software. 
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Figure 3.3: Annual variation of ambient temperature 

From Figure 3.2, it is evident that the peak (close to 900 W/m2) incident total radiation energy occurs during 
the months of May to September. In a similar way, this period is also characterized by high ambient 
temperature (the peak reaching close to 45°C during the months of July and August). This affirms the fact 
that the available solar radiation energy is in phase with cooling requirement of the buildings which provides a 
very huge potential for solar cooling systems. 

3.3 Effect of tilt on collector performance  
The collectors are responsible for the conversion of incident solar radiation energy into thermal energy that is 
later useful in the running of the absorption chiller to produce chilled water. Therefore, the solar thermal 
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collection components of the solar cooling system are such an important part that their performance must be 
optimized for a better performance of the whole system. One of the key parameters that can be easily 
changed to optimize the collector performance is the collector tilt angle. The tilt angle is the angle the plane 
of the collectors makes with the horizontal.  

The effect of tilt angle greatly depends on the collector orientation and the time of the year. For surfaces in 
Oman oriented towards south, the effect of tilt angle on the received solar radiation is very small during the 
period between October and March, Al – Rawahi et al [13]. But the tilt angle effect for a south facing surface 
has more significance between April and September. For surfaces oriented towards North, the received solar 
radiation is very sensitive to the tilt angle throughout the whole year.   

TRNSYS simulations were carried out to predict the effect of the collector slope to the horizontal on the 
thermal performance of the collector.  After comparison to the experimental results, the simulation was then 
used to predict the optimum tilt angles for different periods and seasons of the year. Figure 3.4 shows the 
connection of TRNSYS components in the Simulation studio that was used to predict the performance of 
thermal collection of the collectors with respect to the collector tilt. Table 3.1 shows the key parameters 
defined for the different Types used in the simulation. 

  
Figure 3.4: TRNSYS project used to simulate the performance of collector with respect to tilt 
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Table 3.1: Key input parameters for tilt - performance TRNSYS simulation 
TRNSYS type Parameter Value Unit 

Type 3b – pump Maximum flow 240 kg/hr 
Fluid specific heat 4.19 kJ/kgK 

Maximum power 648 kJ/hr 

Conversion coefficient 0 - 

Type 71 – ETC Number in series 1 - 

Efficiency parameters 휂  0.73 - 

a1 5.4 kJ/hr.m2K 

a2 0.01944 kJ/hr.m2K2 

Collector area 3.008 m2 

Type 4a Tank volume 520 Liters 

Fluid specific heat 4.19 kJ/kgK 

Fluid density 1000 kg/m3 

Loss coefficient 0.8483 kJ/hr.m2K 

Number of temperature levels (Nodes) 1 - 

The maximum flow of the pump was set to 240 kg/hr such that with a constant pump control signal of 1.0, 
the fluid flow is constant at 4lpm, the value of flow used in the tilt experiments. In this type (Type 3b) it was 
assumed that there is no heat loss to the fluid (water) since the pump motor is actually located outside of the 
fluid stream, hence the conversion coefficient of 0.0 was used. The maximum power used was according to 
manufacturer’s specifications of the test rig pump (i.e. 648 kJ/hr = 180 W). 

The collector efficiency parameters used were those based on the aperture area of 3.008 m2 as specified by 
the manufacturer. These parameters include; η = 0.73, a = 1.5 W/m K = 5.4 kJ/hr. m K and a =
0.0054 W/m K = 0.01944 kJ/hr. m K  [10]. Type 71 models the evacuated tubes solar collector by 
reading an external text file of IAMs stated for at least five different transverse and longitudinal incidence 
angles. Table 3.2 below shows the list of IAMs specified at 10 different transverse and longitudinal angles that 
was used to model the SEIDO 1 – 16 solar thermal collectors as given by BSSET - Beijing Sunda solar 
Energy Technology Ltd obtained from the measurements made on SEIDO 1- 16 by SPF[10] 

Table 3.2: Incidence angle modifiers for the SEIDO 1 -16 solar collectors (Source: SPF [10])  
θ  00 100 200 300 400 500 600 700 800 900 

IAMθT 1.00 1.00 1.01 1.04 1.07 1.06 0.99 0.86 0.61 0.00 
IAMθL 1.00 1.00 1.00 1.00 1.00 0.98 0.95 0.86 0.61 0.00 

IAMθT is the IAM corresponding to Transverse incidence angle, θ, and zero longitudinal incidence angle while 
IAMθL is the IAM for a longitudinal incidence angle, θ, and zero transverse angle. For a combination of non 
zero transverse and longitudinal incidence angles, θT and θL, the resultant IAM, IAMθL,θT, was obtained by as a 
product of the two IAMs, KθT and KθL, i.e. IAM , = IAM . IAM .   

3.3.1 Prediction of optimum tilt for different periods  

The optimum tilt angle (or range of tilt angles) for different periods of the year were determined by TRNSYS 
simulations by determining the tilt that maximizes the thermal energy gain from the solar collector field over 
a given period of time. The TRNSYS simulation project illustrated in Figure 3.4 could not be used for this 
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purpose, because this project doesn’t give a means for rejection of accumulated heat energy in the thermal 
storage tank. Therefore, it could not be used to for long periods of simulation time i.e. months or a full year. 

Figure 3.5 shows the simulation project that was used to determine the optimum collector tilts for different 
periods of the year. Using this simulation project, the total thermal energy gain of the solar collector field 
could be obtained for different collector tilts. The energy gain per unit collector gross area was then 
determined for each collector slope. The total annual energy per unit collector gross area for each collector tilt 
was also obtained to determine the optimum annual tilt. Optimum tilts for the seasons of winter and summer 
were also determined by taking typical summer and winter quarters for simulation i.e. January to March for 
winter and July to September for summer. In this case both collector fields were considered i.e. both fields 
for the 1TR and 10 TR cooling systems at the CSEM outdoor test facility. These were modeled by two 
collector arrays, Type 71 – 2 and Type 71 respectively.  

The parameter settings of the collectors are similar to those shown in Table 3.1. The only difference in this 
case is that the total collector area is the area of the number of collectors in series.  

  
Figure 3.5: TRNSYS project used to simulate the total solar collector field and determination of optimum tilt 

Table 3.3 shows the key parameters used for each TRNSYS type that was crucial in the simulation of the 
solar collector field to enable determination of the optimum tilts for different periods of the year. 

An on and off controller (Type 2b) was included between the exit of the total solar collector field and the 
inlet to the hot heat storage tank. This controller is meant to replicate what is happening in real life; it 
switches off the circulation of the water (by setting the pump, Type 3b -2, control signal to 0) when the 
temperature difference between the exit of the field and the tank bottom level temperature becomes less than 
2 K and switches on the circulation again (by setting the pump’s control signal to 1) when this difference 
becomes more than 4 K. For safety the circulation is also switched off when the average tank temperature 
exceeds 950C.  

Table 3.3: Key input parameters for TRNSYS components used to simulate the total solar field 
TRNSYS type Parameter Value Unit 
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Type 3b -2 – pump Maximum flow 2880 kg/hr 
Fluid specific heat 4.19 kJ/kgK 

Maximum power 2232 kJ/hr 

Conversion coefficient 0 - 

Type 71 -1 – ETC field A 
(For 10 TR system) 

Number in series 4 - 

Efficiency parameters 휂  0.73 - 

a1 5.4 kJ/hr.m2K 

a2 0.01944 kJ/hr.m2K2 

Collector area 12.032 m2 

Type 71 -2 – ETC field B 
(For 1 TR system) 

Number in series 3 - 

Efficiency parameters 휂  0.73 - 

a1 5.4 kJ/hr.m2K 

a2 0.01944 kJ/hr.m2K2 

Collector area 9.024 m2 

Type 4a – Provides an 
infinite cooling load to the 
chiller 

Tank volume 1000 m3 

Fluid specific heat 4.19 kJ/kgK 

Fluid density 1000 kg/m3 

Loss coefficient 0.6469 kJ/hr.m2K 

Number of temperature levels  5 - 

For rejection of accumulated thermal energy in the hot storage tank, the tank was connected to an arbitrary 
Absorption chiller (Type 107) which is connected to a wet cooling tower (Type 51b) and an arbitrary huge 
volume cold thermal storage tank. This tank provides an infinitive cooling load to the chiller unit (Type 107) 
to enable determination of the maximum thermal output obtainable from the solar collector field. 

A number of equations were incorporated to enable simulation of the total solar collector field. This is 
because the field contains a number of series arrays connected in parallel, which TRNSYS cannot model 
using Type 71 alone. Table 3.4 shows the importance of each equation component in modeling the solar field. 
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Table 3.4: Importance of equations components used to model the solar collector field 
Equation Importance 

Equa – 3  For dividing the total pump flow into the number of collector series arrays to 
give flow to each series array  

Equa – 2 For computing flow out of the complete solar field A. This is done by 
multiplying the flow of a single collector series array by the number of arrays 
(8). 

Equa – 5  For computing of flow out of the complete solar field B. This is done by 
multiplying the flow of a single collector series array by the number of arrays 
(4). 

Equa – 6 It combines the flow from both fields to get the total flow into the tank. It 
also applies an energy balance to compute the inlet temperature to the hot 
storage tank.  

Note 

 This simulation could allow switching off one of the collector field or collector series array. To switch off 
one of the fields completely, the flow to that field is set to zero. And to reduce the number of series array 
in a given field, the multiplier number is reduced and the total maximum flow in the pump changed 
accordingly.  

 Equa – 6 applies an energy balance to determine the inlet temperature to the hot storage tank. For 
example if both the complete fields A and B are included into the simulation, equation 3.6 is used to 
determine the inlet temperature to the tank, Ttank, where Tfield A and Tfield B are exit water temperatures 
from the bigger and smaller solar fields respectively (Which are actually equal to the collector series array 
outlet temperature) 
T = . T  + . T   ……………………………………………………………………….3.6 

This equation considers that the total flow to the bigger collector field (field A) is twice that to smaller 
collector field (field B) because the latter has twice the number of collector series arrays than the former. 

3.4 Total cooling requirement 
In order to assess the performance of the solar cooling system, it was necessary to determine the cooling 
requirement that must be met by the system. One of the advantages TRNSYS has over other simulation 
applications is its wide range of application and hence the same software was used for this purpose.  

TRNBUILD, an inbuilt TRNSYS application, was used to define the different thermal zones of the cabins 
and tent whose cooling loads are meant to be met by the solar cooling system. Under TRNBUILD, the 
different gains, volumes, areas of walls, wall orientations, and walls layer materials and properties were 
defined. The different cabin zones and tents were combined into one TRNBUILD project. This project was 
used to generate the required files (i.e. the BUI and TRN files) to model the cooling loads of a multi zone 
building using Type 56 in TRNSYS simulation studio. 
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3.4.1 Cabins’ wall constructions 

Figure 3.6 below shows the construction of the cabins whose cooling loads are served by the solar cooling 
system. The construction of all the three cabins is the same in terms of wall layers and shape. The only 
difference between the three is the total volume and orientations of the cabins. 

 
Figure 3.6: Construction of the cabins (Source: Albadda international [14])  

The roof of the cabins at the CSEM - uae outdoor test facility is made of GI steel sheets of gauge 30 
(thicknesses ≈0.40 mm). External walls of the cabins consist of 42 mm of polystyrene insulation sandwiched 
between two layers of 4 mm ply wood. The floor consists of a 1 mm internal layer of linoleum fixed on a 
layer of 18mm plywood. The roof is separated from the living zone of the cabins by a ceiling that is made of a 
layer of 4mm thick plywood. Figure 3.7 shows the detailed view of the construction of the external walls of 
the cabins. 

 
Figure 3.7: Detailed view of the cabins external walls cross section (Source: Albadda international [14]) 

3.4.2 Tent dimensions and wall construction 

Figure 3.8 shows the dimensions (indicated in Table 3.5) and the material composition of the layers that make 
up the tent walls. In addition to this type of wall construction, the tent has some parts of transparent soft 
PVC layers that provide natural lighting inside the tent. This transparent layer is of 0.40 mm thickness.   
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Figure 3.8: Tent dimensions and detailed view of tent walls cross section (Source Albadda international [14]) 

Table 3.5: Tent dimensions 
Symbol Length [m] 
L1 5.00 
L2 5.00 
L2 5.24 
H3 5.60 
H2 3.75 
H1 2.44 

3.4.3 TRNBUILD information input 

To generate the BUI and TRN files in TRNBUILD, the latter had to be fed with the right information 
regarding the; construction, volumes, gains, orientation, wall areas, and wall layers of the different cabins and 
tent. This kind of information was fed into TRNBUILD at three different levels of information input. These 
levels include; the layers level, the walls level, and the zones level. 

Layers TRNBUILD information input level 

At the layers information input level, the user defines the name and type of layer (massive or massless) and 
thermal properties of the material making up the layer. All layers whose thickness is less than 1 mm were 
defined as massless. TRNBUILD requires a massive layer to have a thickness of not less than 1 mm. The 
thermal properties of a massless layer are defined by specifying its thermal resistance only. The thermal 
resistance [hm2K/kJ] was computed according to the relationship in Equation 3.7. Table 3.6 shows the key 
information regarding the different wall layers that was fed into TRNSBUILD. 

Thermal resistance =   
 

 …………………………………………………………………………3.7 
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Table 3.6: Wall layers TRNBUILD information input 
Layer name  Type  Properties  Area of application  
Asphalt  Massive  Conductivity = 2.664 kJ/hmK = 0.74 W/mK 

Specific heat = 0.92 kJ/kgK 
Density = 2110 kg/m3  

Tent floor  

GI steel  Massless  Resistance = 7.41×10-6 hm2K/kJ  Cabin roofs  
Linoleum  Massive  Conductivity = 0.61 kJ/hmK = 0.178 W/mK 

Specific heat = 1 kJ/kgK 
Density = 1000 kg/m3  

Cabin floors  

Ply wood  Massive  Conductivity = 0.54 kJ/hmK = 0.15 W/mK 
Specific heat = 1.2 kJ/kgK 
Density = 800 kg/m3  

Cabin walls and 
ceilings  

Polystyren  Massive  Conductivity = 0.13 kJ/hmK = 0.036 W/mK 
Specific heat = 1.25 kJ/kgK 
Density = 25 kg/m3  

Cabin walls  

Tent – 
Opeque  

Massless  Resistance = 5.265×10-3 hm2K/kJ [0.1 mm 
soft PVC (0.17 W/mK)*2 + 0.4 mm polyster 
(0.0225 W/mK)]  

Tent walls  

Tent – 
transparent  

Massless  Resistance = 7.936×10-4 hm2K/kJ  Tent walls  

Walls TRNBUILD information input level 

At the walls level of TRNBUILD information input, the user defines the; name of the wall, layers making up 
the wall, thicknesses of each layer and inside and outside solar absorptances of the wall. Table 3.7 shows the 
key information input into TRNBUILD to define all the walls. 

The solar absorptance coefficients were chosen according to Table 3.8. These values are suggested by 
TRNSYS developers under the TRNSYS manual. 

Zones TRNBUILD information input level 

At the zones level of TRNBUILD information input, the user specifies the following information: 

 Zone volume, 
 Walls making up the zone with their corresponding areas, orientations, and sky view factors, 
  Windows, their areas, orientation and type of glazing if any 
 Different gains in the zone including; infiltration, ventilation, internal gains and any other possible 

gain. 
 Type of cooling and/or heating if any. 

The sky view factors of different walls were computed using the relationship shown in equation 3.8. 

sky view factor =  β ……………………………………………………………………………….3.8  
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Table 3.7: Walls TRNBUILD information input 

Wall name  Layers Thickness 
[mm] 

Absorptance Area of application 

Cabin_external  Plywood  4  Inside = 0.625 
Outside = 0.325  

Cabin Walls  
Polystyrene  42  
Plywood  4  

Cabin_floor  Linoleum  1  Inside = 0.625 
Outside = 0.625  

Cabin floors  
Plywood  18  

Cabin_roof  GI steel  -  Inside = 0.75 
Outside = 0.75  

Cabin roofs  

Ceiling  Plywood  6  Inside = 0.325 
Outside = 0.325  

Cabin ceilings  

Door  Plywood  40  Outside = 0.625 
Inside = 0.625  

Cabin doors  

Tent  Tent - 
opeque  

-  Inside = 0.1454 
Outside = 
0.1454  

Tent walls  

Tent - floor  Asphalt  100  Inside = 0.60 
Outside = 0.60  

Tent floor  

Tent - window  Tent - 
transparent  

-  Inside = 0.1454 
Outside = 
0.1454  

Tent transparent 
walls  

 

Table 3.8: Solar absorptances for different wall surfaces (Source: TRNSYS manual – Mathematical refference) 
Surface Type  Surface finish  Solar absorptance  

Roof coating  Green  0.60 - 0.65  
Aluminum color  0.60 - 0.65  
Light grey, bright  0.30 - 0.40  
White smooth  0.20 - 0.25  

Exterior wall  Smooth surface, dark color  0.70 - 0.75  
Rough surface, medium bright color (yellow, brick)  0.65 - 0.70  

Smooth surface, medium bright color  0.60 - 0.65  
Rough surface, white color  0.30 - 0.35  
Smooth surface, white color  0.25 - 0.30  

Metallic surface  Zinc sheet, aged and dirty  0.75 - 0.80  
Aluminum, matted surface  0.50 - 0.55  
Aluminum color  0.35 - 0.40  
Bright and polished  0.20 - 0.25  

There were six different living zones considered in simulations. The solar cooling and PV portacabins have 
two partitions and each partition was considered as a separate zone because they are separately served by 
different Fan Coil Units (FCUs). Table 3.9 shows the key information for the different zones. The six zones 
are; SC1 - first solar cooling cabin partition, SC2 – second solar cooling cabin partition, PV1 – first PV cabin, 
second PV cabin, Tent, and SI – Solar Island cabin. In addition to the living rooms, the cabins’ roofs were 
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also considered as adjacent unconditioned zones hence three more zones; SC ATTIC, PV ATTIC and SI 
ATTIC. 

Table 3.9: Zones TRNBUILD information input 
Zone Volume 

[m3] 
Floor area 

[m2] 
Walls Wall area 

[m2]   
Wall orientation Window (single 

glazing) area 
[m2] 

SC1 61.55 25.73 Cabin_external 18.23 North East  
16.47 South West 1.00 
8.68 North West  
6.92 Adjacent to SC2  

Door 1.76 South west  
1.76 Adjacent to SC2  

Cabin_Floor 25.73 Boundary with ambient  
Ceiling 25.73 Adjacent to SC ATTIC  

SC2 40.47 16.98 Cabin_external 12.03 North East  
10.27 South West 1.00 
5.16 South East  
6.92 Adjacent to SC1  

Cabin_Floor 16.98 Boundary with ambient  
Ceiling 16.98 Adjacent to SC Attic  
Door 1.76 South West  

1.76 Adjacent to SC1  
3.52 South East  

PV1 47.39 20.02 Cabin_External 12.40 North  
10.64 South 1.00 
9.93 East  
9.93 Adjacent to PV2  

Door 1.76 North  
Cabin_Floor 20.02 Boundary with ambient  

Ceiling 20.02 Adjacent to PV ATTIC  
PV2 28.10 12.04 Cabin_External 9.93 Adjacent to PV1  

7.45 North  
7.45 South 1.00 
9.93 West  

Cabin_Floor 12.04 Boundary with ambient  
Ceiling 12.04 Adjacent to PV ATTIC  

SI 40.47 16.98 Cabin_External 12.03 North West 1.00 
12.03 South East 1.00 
8.68 South west  
6.92 Adjacent to a conditioned 

space 
 

Cabin_Floor 16.98 Boundary to ambient  
Ceiling 16.98 Adjacent to SI ATTIC  

Tent 92.5 25.00 Tent 6.67 North East  
9.59 South West 2.00 
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6.67 South East  
6.67 North West  
19.91 NESLOPE_TENT  
19.91 SWSLOPE_TENT  
19.91 SESLOPE_TENT  
19.91 NWSLOPE_TENT  

Tent_Floor 25.00 Boundary with ground  
Tent_window 5.83 North East  

5.83 South East  
5.83 North West  
2.91 South West  

SC 
Attic 

11.52 42.71 Cabin_External 0.98 North West  
0.98 South East  

Cabin_roof 21.62 NESLOPE  
21.62 SWSLOPE  

Ceiling 42.71 Adjacent to SC1+SC2  
PV 
Attic 

8.52 32.06 Cabin_external 1.12 East  
 1.12 West  

Cabin_roof 16.19 SSlOPE  
 16.19 NSLOPE  

Ceiling 32.06 Adjacent to PV1 + PV2  
SI 
Attic 

11.86 42.71 Cabin_external 0.98 North East  
 0.98 South West  

Cabin_roof 21.45 SESLOPE  
 21.45 NWSLOPE  

Ceiling 42.71 Adjacent to SI and a 
conditioned space 

 

In addition to the known standard orientations, eight more user defined orientations were introduced into 
TRNBUILD to enable definition of sloping walls. These user defined orientations include; 
NESLOPE_TENT, SWSLOPE_TENT, SESLOPE_TENT, NWSLOPE_TENT, NESLOPE, SWSLOPE, 
SSLOPE, NSLOPE, SESLOPE and NWSLOPE. These orientations were fully defined by specifying the 
correct azimuth angles and the corresponding slopes. The orientation definition of the different surfaces is 
detailed in section 3.4.4. 

There are two kinds of internal gains that were considered in estimation of the cooling requirement and these 
are; computer and persons internal gains. According to ASHREA, 1997, an occupancy of 1 person per 10 m2 
of an office building was considered in estimating occupancy of the zones. Each person was assumed to be 
using a personal desktop computer with 140 W color monitor. The ISO 7730 (TRNBUILD inbuilt) standard 
was used to determine the metabolism heat dissipation rate of the occupants. 

All cabin zones were assumed to have an infiltration rate of 0.500 ACH, a value suggested for new 
constructions.  To cater for the improper infiltration management in the tent, this value was increased to 
0.700 ACH for the tent. All zones were given a 22°C indoor set point temperature above which cooling is 
necessary. This temperature corresponds to the indoor comfort temperature during a cooling season. 

In this estimation, it was assumed that the ground temperature is approximately at ambient temperature. All 
floors of the cabins were exposed to the ambient though receiving no radiation; therefore these were set as 
boundary walls whose boundary temperature is the ambient temperature. Similarly, the floor of the tent is 
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made of an Asphalt layer in contact with the ground hence it was set as a boundary wall with boundary 
temperature corresponding to the prevailing ambient temperature. 

3.4.4 Estimation of cooling requirements in SIMULATION STUDIO 

Figure 3.9 shows the TRNSYS project used to estimate the annual cooling requirement of the cooling system.  

 
Figure 3.9: Simulation studio project for estimation of cooling loads 

The cooling requirement for the complete year and different months and seasons of the year was determined 
using weather data that was generated using Mateonorm 6.1 software as explained in section 3.2. This weather 
data is read by Type 109 TMY2 in TMY2 format which it uses to compute radiation on different surfaces 
defined by the user. The radiation was set to be converted using the Perez radiation conversion model. It is in 
this Type 109 – TMY2 that the azimuth and tilt angles of all walls of the multi - zone building model created 
in TRNBUILD are defined. All vertical walls were set with a tilt angle of 90° and the corresponding azimuth 
angles were set accordingly with angles to the West of south set positive and those towards the East set 
negative. The tilt angles of the non vertical surfaces were input according to the dimensions of the cabins and 
tent. Table3.10 shows the orientations and slopes of these non vertical surfaces.  
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Table 3.10: Slopes and azimuth angles of all non vertical surfaces 
Surface orientation name Slope [o] Azimuth angle [o] Area of application 

NESLOPE_TENT 51.1 -135 Tent sloping walls 

SWSLOPE_TENT 51.1 45 Tent sloping walls 

SESLOPE_TENT 51.1 -45 Tent sloping walls 

NWSLOPE_TENT 51.1 135 Tent sloping walls 

NESLOPE 9.1 -135 SC cabin roof 

SWSLOPE 9.1 45 SC cabin roof 

SSLOPE 8.0 0 PV cabin roof 

NSLOPE 8.0 180 PV cabin roof 

SESLOPE 8.0 -45 SI cabin slope 

NWSLOPE 8.0 135 SI cabin slope 

Type 56 was used to model the different cabins and tent as a multizone building. This Type uses the BUI and 
TRN files generated in TRNBUILD to model the multi – zone building.  The solar transmission through the 
walls of the tent was modeled using Type 35. This is because TRNBUILD doesn’t model for the translucent 
nature of the building walls apart from inclusion of a window in the wall. Each wall of the Tent was modeled 
using one Type 35, and using solar radiation in the orientation of the corresponding surface and the solar 
transmittance of the tent wall material, the solar radiation energy transmitted into the tent through its walls 
could be estimated. The total transmitted energy from all the surfaces was considered as an additional cooling 
load to the tent.   

The sky temperature was computed using Type 69b, which uses ambient temperature, dew point temperature 
and the altitude above sea level to compute the sky temperature. The dew point temperature was determined 
using an inbuilt Type 33e. Type 33e computes the different moist air thermal properties including; humidity 
ratio, wet bulb temperature, enthalpy, density of moist air, density of dry air, percentage relative humidity, dry 
bulb temperature and dew point temperature. 

The total cooling requirement of the different zones was computed assuming an unlimited cooling capacity 
that is only limited by the existing indoor temperature. The cooling loads were computed for only a period of 
0800 hrs to 1800 hrs, which corresponds to a typical working day in UAE. The results of computation were 
printed into a text file using an inbuilt system printer. The data from the text file was further used in MS 
Excel to analyze the cooling requirements of the different zones. 

For determination of the cooling requirements during test days, a similar TRNSYS project was used. 
However, there were two major changes that were made to this project for this purpose; 

 The weather data reader model, Type 109 TMY2, was replaced with an inbuilt model, Type 109 user. 
This latter model is similar to the former; however, it allows the user to use weather data in a free 
user format instead of the TMY2 format.   

 The cooling load was modified by removing the SI cabin to match the total cooling load connected 
to the solar cooling system during testing. Experiments were carried out before the FCUs in the Solar 
Island cabin were connected to the cooling system.   

3.5 Simulation of the complete system 
Figure 3.10 shows the TRNSYS simulation studio environment project that was used to theoretically predict 
the performance of the whole cooling system.  The yellow solid lines show the flow of weather data 



31 
 

information, black solid lines show the flow of system energy information, the red dotted lines show the flow 
of control strategy information and the green solid lines show the flow of the output information from the 
simulation. 

 
Figure 3.10: TRNSYS project for simulation of the solar cooling system 

The components used are similar to those in the simulation for determination of the optimum collector tilts 
for different periods of the year. However, in this case a user developed component, Type 270, was used 
instead of an inbuilt Type 107. The cooling load was provided by the cabins and Tent multi building model 
created in TRNBUILD instead of having an infinitive load provided by a huge chilled water tank. The BUI 
file created in TRNBUILD for modeling the cooling loads was read by Type 56b. In this case only one field, 
that is used to provide thermal power to the 10 TR cooling system was included. A more detailed control 
strategy was used to replicate the real operation of the solar cooling system. Table 3.11 gives a summary of 
the key inputs and parameters used to model the different components of whole solar cooling system.   

The single solar collector series array was modeled by specifying similar key parameters described in section 
3.3. Two equations, Equa – 3, and, Equa – 2, were used to model the total field catering for the number of 
collector series arrays in the field. Equa – 3 was used to divide the total pump flow by the number of collector 
series arrays in the solar field to determine the flow to each array. Similarly Equa – 2 was used to multiply the 
flow from each series array by the number of arrays to determine the total flow to the tank from the fields.  

Table 3.11 shows summary of the parameters and inputs of the models that were used to model the different 
key components of the solar cooling system; 

Table 3.11: Key parameters and inputs of TRNSYS models used to model the complete solar cooling system 
TRNSYS type Parameters and key inputs Value Unit 

Type 60C – Stratified hot Volume 1960 Liters 
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water tank with user defined 
inlets and outlets 

Tank height 1.85 M 

Tank loss coefficient 0.8037 kJ/hr.m2K 

Number of Nodes 10 - 

Type 270 – User developed 
model for modeling Yazaki 
WFC SC10 

WFC SC10 performance data file - - 

Design chilling capacity 126720 kJ/hr 

Design COP 0.70 - 

Fluid specific heat capacity 4.19 kJ/kgK 

Auxiliary power consumption 756 kJ/hr 

Chiller on and off signal 0 or 1 - 

Type 51b – For modeling 
wet cooling tower 
performance 

Maximum air flow rate 19800 m3/hr 

Fan maximum power 5400 kJ/hr 

Mass transfer coefficient  1.05 - 

Mass transfer exponent -0.60 - 

Sump volume 400 Liters 

Type 4a – Chilled water tank Volume 980 Liters 

Tank loss coefficient 0.8483 kJ/hr.m2K 

Tank height 1.85 M 

Number of temperature nodes 1 - 

Type 52b – cooling coil in 
the different thermal zones 

Number of rows 4 - 

Number of tubes 10 - 

Tube inner and outer diameters 8 & 9.5 Mm 

Tube thermal conductivity 1443.6 kJ/hr.mK 

Fin thickness 0.02 Mm 

Fin spacing 2 Mm 

Fin thermal conductivity 738 kJ/hr.mK 

Centre to centre distance 2.5 Cm 

Type 3b, was used to model the different pumps in the cooling system. This inbuilt model requires; maximum 
flow rate, fluid specific heat capacity, maximum power, conversion   coefficients, and power coefficient as 
parameters to model the operation of the pump. In addition to this, a control signal that varies between 0 and 
1 can be used to model the on and off or variable speed operation of the pump. The whole system contains a 
total of five pumps circulating; water to the solar field, hot water between hot storage and absorption chiller, 
chilled water between chilled water tank absorption chiller, cooling water between cooling tower and chiller 
unit and chilled water from the chilled water tank to the different occupied zones. These respective pumps 
are modeled by Types 3b – 5, 3b – 6, 3b -2, 3b and 3b – 3 respectively. 

The stratified hot water tank was modeled using an inbuilt model, Type 60C. This model allows user defined 
water inlet and outlet levels into/out of the tank unlike Type 4a whose inlets and outlet levels are fixed in the 
model source code. This model can be used to model both fully mixed fluid filled and stratified hot storage 
tank. Stratification is modeled by specifying a given number of temperature nodes in the tank, N, where, 
1 < 푁 ≤ 15. For N=1, the tank is modeled as a fully mixed type. In this case 10 nodes of temperature levels 
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were defined to enable modeling of a stratified tank. The hot storage tank consists of a stratified tank of 
volume 980l connected to a back up tank of equal capacity. To model this scenario, the heat loss coefficient 
of the total volume of 1960 l was taken to be equal to that of a single 980l. This loss coefficient was estimated 
using relations described in section 3.1. 

The wet cooling tower that provides cooling to the condenser and absorber components of the absorption 
chiller was modeled using an inbuilt model, Type 51b. This model uses user defined mass transfer coefficient 
and exponent to predict the performance of the cooling tower. The mass transfer coefficient, C, and 
exponent are used to compute the tower characteristic, , according to the relation shown in Equation 3.9. 

= C  ……………………………………………………………………………………………………....3.9 

, is called the ratio of liquid (water) to air flow. The value of the exponent, n, averages to a value of 0.6 
according to ASHREA [15]. Using a design water flow rate of 306.67 lpm (=18400 kg/hr) and a design air 
flow rate of  330 m3/min (=23769 kg/hr), a typical mass transfer coefficient, C, was determined as 1.05. 

The chilled water tank was modeled using an inbuilt model, Type 4a. Type 4a model is similar to Type 60C, 
the difference is that the former does not allow for a user defined inlet and outlet positions to the tank. The 
system chilled tank is a fully mixed tank and hence, this tank was modeled using one temperature node, N. 

The air handling units, AHUs, serving the cooling loads in the occupied zones are fan coil units. The 
specifications of these units are as shown in Table 3.11. The tubes of the cooling coils are made of copper 
and the coil fins are aluminum based. These AHUs were modeled using an inbuilt model, Type 52b. 

One of the challenges that was met in using TRNBUILD to model the cooling loads of the different cabins 
and tent is the inability of TRNBUILD to model for the tent walls solar transmission cooling. TRNBUILD 
has no option of considering translucent walls. This transmission was modeled using Type 35a. This Type 
models a window of variable solar transmittance and/or heat loss coefficient to determine the solar radiation 
thermal energy transmitted into an occupied zone. All walls of the tent were considered as separate windows 
facing in the orientation of the given surface. The walls of the tent have material composition and layers as 
described in section 3.4.2. The transparent parts of the tent walls are made of roll clear soft PVC material. 
This material has an approximate solar transmittance value of 80%. The translucent tent walls are of type 
PVC gauge 0.6 mm, of composition layers as described in section 3.4.2. The solar transmittance of this wall is 
approximately 10.98%.  

All mathematical models of the inbuilt Types used in the prescribed simulation projects are fully described in 
the TRNSYS user manual, the TRNSYS Mathematical reference manual [11].  
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3.5.1 Absorption chiller model – Type 270 

The TRNSYS inbuilt Type 107 for modeling absorption chillers uses an external normalized catalogue 
performance data file for predicting the chiller performance. Example performance data for modeling 
absorption chiller is provided. However, the data provided does not correspond to the operation range of 
Yazaki WFC – SC10 absorption chiller model e.g. the hot water temperature range is 106 – 116°C instead of 
70°C – 95°C. According to TRNSYS developers, with data normalization, there is little variation between the 
performance data of different chiller types. To test the authenticity of using Type 107 at modeling the 
performance of Yazaki WFC SC10 model, the example data was normalized to meet the input requirement of 
the chiller. Figure 3.11 shows the chilling capacity [kJ/hr] versus the time of the year [hrs] out of the solar 
cooling system predicted from the use of Type 107 to model the performance of the chiller. 

 
Figure 3.11: Instanteneous chilling capacity for the chiller modeled using Type 107 

 From Figure 3.11, it is clear that Type 107 predicts a chilling capacity that is lower than the rated capacity of 
Yazaki WFC SC10 irrespective of the season of the year.  

The performance data for modeling the absorption chiller using Type 107 requires the following affecting 
parameters to predict the performance of the chiller: 

 Part load fraction to chiller 
 Inlet hot water temperature 
 Inlet water temperature to the evaporator 
 Inlet cooling water temperature 

The Yazaki WFC SC10 chiller manufacturer defines the performance of the chiller using only the last three 
affecting parameters. It was therefore, necessary to develop a model that could use the absorption chiller 
performance manufacturer’s specifications to predict its performance. Figures 3.12, 3.13, and 3.14 show the 
effect of inlet hot and cooling water temperatures on the chilling capacity and hot water heat input to the 
generator as specified by the manufacturer (Available at, www.yazakienergy.com ). These performance curves 
were used to generate a performance catalogue data file that gives the fraction of rated heat power input and 
chilling capacity of the absorption chiller depending on the prevailing conditions of hot and cooling water 
temperature.  
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Figure 3.12: Effect of hot and cooling water inlet on the design heat input and chilling power factor (Source: www.yazaki.com ) 

 
Figure 3.13: Effect of hot and cooling water inlet temperature on chilling capacity (Source: www.yazaki.com) 
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Figure 3.14: Effect of hot and cooling water inlet temperature on generator thermal power (Source: www.yazaki.com) 

Figure 3.15 shows the arrangement of the performance data that was used to model the performance of 
Yazaki WFC SC10. Two rows of affecting temperatures are supplied and these are cooling water inlet 
temperature, and hot water generator inlet temperature. Two vertical columns that give the fraction of rated 
chilling capacity and heat input are also included. The first value of the first column corresponds to the 
fraction of rated chilling capacity at 24°C cooling water inlet temperature and 70°C hot water inlet 
temperature. The first value of the second column corresponds to the fraction of design heat input 
corresponding to the same values of inlet cooling and hot water temperatures. The second values in the two 
columns correspond to values of fraction of rated chilling capacity and heat input at 24°C and 75°C inlet 
cooling and hot water temperatures respectively. Subsequent values in the two columns correspond to the 
values at the different values of the two temperatures up to the last pair of values which corresponds to the 
values of fractions of rated chilling capacity and heat input at a cooling and hot water inlet temperatures of 
32°C and 95°C respectively. 

 
Figure 3.15: Type 270 performance data 
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Type 270 mathematical description 

The key parameters that must be specified by the user are absorption chiller rated chilling capacity, 
QCHWrated  and COPrated. These respective values correspond to 35.2 kW = 126720 kJ/hr and 0.70.  

The first step is the model to determine whether the chiller operation is on or off. This is determined by the 
current value of the control signal value, ONSIG. If ONSIG = 0, the system is off and it is on if and only if 
ONSIG = 1. If the chiller is in an off condition all output temperatures are set equal to inlet temperatures 
and all heat flows set equal to zero.  

If the chiller is on, the model reads the values of fractions of design chilling capacity, FDC and design heat 
input, FDEI, depending on the prevailing conditions of inlet cooling and hot water temperature, TCW,in and 
THW,in respectively.  

The chilling capacity, QCHW, of the absorption chiller at the available conditions of inlet cooling and hot water 
temperatures is then computed according to Equation 3.10 

QCHW = F × QCHW  ……………………………………………………………………………3.10 

The rated heat input rate, QHW,rated, to the generator is also computed using Equation 3.11 

QHW =  …………………………………………………………………………………3.11 

The heat energy input from the hot water stream to the generator is then computed according to Equation 
3.12 

QHW = F × QHW  ……………………………………………………………………………...3.12 

The thermal coefficient of performance of the chiller at the instantaneous conditions is then computed 
according to Equation 3.13. 

COP =  ……………………………………………………………………………………………3.13 

By carrying out a heat balance on the absorption chiller, the heat rejected to environment, QCW, by the 
cooling tower is then computed according to Equation 3.14 

QCW = QHW + QCHW ………………………………………………………………………………...3.14 

The hot water, cooling water and chilled water outlet temperatures, THW,out, TCW,out and TCHW,out respectively 
are computed from the corresponding inlet temperatures THW,in, TCW,in and TCHW,out according to the 
respective Equations 3.15, 3.16, and 3.17. 

T , = T , −
× ,

 ……………………………………………………………………3.15 

T , = T , +
× ,

 …………………………………………………………………......3.16 

T , = T , −
× ,

 ……………………………………………………………….3.17 

This mathematical model was written in FORTRAN 6.1 programming language and the resultant source code 
compiled to generate Type 270 DLL file that can be used in TRNSYS – simulation studio to model the 
Yazaki WFC SC10 absorption chiller performance. A very similar model was applied by K.T. Witte et al [16] 
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to model the performance of absorption chiller using what they called Type 307. This model was adapted to a 
EAW Wegracal SE 15 absorption chiller model.  

Note 

 The effect of varying the water flow in the three circuits of the absorption chiller cannot be modeled 
using Type 270. This is because the performance data was generated for only the design water flow 
rates of the three circuits. The manufacturer provides the hot mass flow correction coefficients for 
only a heat medium temperature range of 80°C to 95°C. This range was insufficient for the simulation 
of the system since it doesn’t consider correction coefficients for hot medium temperatures of less 
than 80°C 

 The heat rejected by the cooling tower computation neglects the component of heat rejection that 
comes from the auxiliary electrical consumption of the chiller.  

 The effect of chilled water inlet and outlet temperature to the chiller on the performance of the 
chiller is neglected in Type 270. This is because; according to the manufacturer specifications, the 
effect of chilled water inlet temperature on the performance of Yazaki WFC – SC10 absorption 
model is negligible for chilled water inlet temperatures of more than 7°C. Figure 3.16 shows the 
effect of chilled water outlet temperature on the chilling capacity and COP of Yazaki WFC – SC10 at 
24°C and 29.5°C cooling water inlet temperature as specified by the manufacturer. Curves at cooling 
temperatures of 31°C and 32°C show a very similar trend. 

 
Figure 3.16: Effect of chilled water outlet temperature on WFC - SC10 chiller performance (Source: Yazaki [17])  
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3.5.2 Solar cooling system Simulation control strategy 

There are a number of controllers that were included in the system simulation. These controllers are all based 
on the TRNSYS inbuilt differential controller model, Type 2b. The proceeding paragraphs give a detail of the 
different controls used in the simulation. 

Solar collector field flow and hot water tank temperature control 

This controller is meant to prevent the stratified tank top level temperature from exceeding 95°C, the upper 
limit of the absorption chiller operation range. It also stops the circulation of water to the solar field in case 
of low solar radiation, which prevents loss of the already collected thermal energy back to the solar field. This 
control was entirely modeled with the help of Type 2b. The controller switches off the solar field circulation 
pump (Type 3b -5) by setting its control signal to 0 (zero) if the difference between the collector outlet 
temperature and tank bottom temperature becomes less than 2K and switches it on when this difference 
becomes more than 5K. It also switches off the pump when the tank top temperature reaches more than 94°C 
because the absorption chiller cannot operate at hot water inlet temperatures of more than 95°C. 

Absorption chiller control  - Chiller Ctrl 

The absorption chiller control is meant to ensure that hot water enters the chiller generator only if it’s 
temperature is not less than 70°C. It also ensures that the chilled water inlet temperature is not less than 
12.5°C to avoid the chiller from operating in the crystallization range. This control was modeled with the help 
of two Type 2b models and a TRNSYS inbuilt equation model, three of these combined in one macro 
named, Chiller Ctrl. The first Type 2b sets its control function value, C1 equal to one (1) if and only if the 
temperature at the top level of the hot water tank is more than 70°C otherwise it keeps this value equal to 
zero (0). The second Type 2b, sets its control function value, C2, equal to one (1) if and only if the chilled 
water inlet temperature to the absorption chiller from the chilled water tank is greater or equal to 12.5°C. This 
is to prevent the chiller from operating at a chilled water outlet temperature of less than 7°C. 

The two control function values are combined into one control function value, CAC, which is connected to 
the control function values of the chiller and all circulation pumps connected to the chiller. The combined 
control function value, CAc, is computed according Equation 3.18   

C = C × C  …………………………………………………………………………………………..3.18 

Cooling tower fan control – Tower Ctrl 

The importance of this controller is to switch on the cooling tower fan only when the absorption chiller is on 
and to ensure the cooling water temperature range of 24°C – 32°C. This on and off control of the tower fan 
was modeled with the help of one Type 2b model and an Equation. Type 2b sets the value of its control 
function, Ct, to a value of one (1) if and only if the tower sump temperature (which is equal to the chiller 
cooling inlet temperature) is greater than 24°C but less than or equal to 32°C.  The combined control function 
value of the tower fan, CCT, is then computed according to Equation 3.19. CCT is connected to the control 
function values of cooling tower fan and hence switches off the fan if CAC = 0 or Ct = 0 and switches on the 
fan if and only if, CAC = 1.0 and Ct = 1.0 

C = C × C …………………………………………………………………………………….……3.19 

Hence this controller Switches off the cooling tower fan when the sump temperature goes below 24°C; 
switches on the fan when the sump temperature reaches 32°C. 
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Chilled water distribution control – Distribution Ctrl 

The role of this control is to ensure that chilled water is distributed to the thermal zones only when cooling is 
necessary in the zones and there is enough chilling energy in the tank to provide chilling to the zones. The 
control is modeled using two Type 2b (differential controller) models, one inbuilt time forcing function, Type 
14h, and an equation. All these are combined into one macro named, Distribution ctrl. The first Type 2b in the 
macro sets its control function value, CT,ch equal to 1.0 if and only if the average temperature in the chilled 
water tank is not more than 20°C, otherwise its value is zero (0). The second Type 2b controller in the macro 
sets the value of its control function, Cindoor to 1.0 if and only if the average indoor temperature of the 
different zones is not less than 22°C, otherwise its value is zero (0). The time forcing function, Type 14h, sets 
its control function value, Ctime to 1.0 only for a period of 0800 hrs to 1800 hrs of each day; the value is set to 
zero for all times of the day out of this period. Using an inbuilt TRNSYS equation, the three control function 
values are combined into one control function value, CTRLDist, that is connected to the control function 
value of the chilled water distribution pump, Type 3b – 3. CTRLDist switches off the distribution pump if one 
or more of the three values, CTRLT,ch, CTRLindoor or CTRLtime is zero and it switches on the pump if all the 
values are equal to 1.0. The combined control function value is computed according to Equation 3.20. 

CTRL = C , × C  × C  …………………………………………………………………3.20 

Stratified tank auxiliary control 

To investigate the effect of the auxiliary heater in the stratified on the performance of the solar cooling 
system, an additional heater controller was included in the simulation project. The role of this control is to 
ensure that the heater goes on only when there is cooling requirement in the different thermal zones and 
when the hot water inlet temperature to the chiller attempts to become less than 80°C. This control was 
modeled with the help of one differential controller, Type 2b, a time forcing function, Type 14h, and an 
equation. Type 2b sets its control function value, Cindoor, to 1.0 if the average indoor temperature is not less 
than 22°C, otherwise its value is zero (0). The forcing function model, Type 14h, sets its control function 
value, Ctime, to 1.0 for only a period of 0800 to 1800 hrs for all days and to a value of zero (0) for periods 
outside this period. The two control function values are combined into one heater control function value, 
Cheater, that controls the on and off control of the stratified tank auxiliary heater. Cheater, is computed according 
to Equation 3.21. Cheater is equal to 1.0 if and only if both Cindoor and Ctime are equal to 1.0 otherwise its value is 
zero (0). The value of Cheater is connected to the control function value input of the auxiliary heater. 

C = C × C  ………………………………………………………………………………3.21 

3.5.3 Assessment of factors affecting system performance 

A number of global parameters that can be varied to affect the performance and/or output of the solar 
cooling system and these included; total gross collector area and collector series array sizes, solar collector 
field water flow rate, stratified hot water tank volume, absorption chiller start temperature, chilled tank 
environment temperature, chilled water tank volume and effect of auxiliary heater. The following sections 
give a brief of how each parameter was investigated. 

Stratified tank volume 

The effect of varying the stratified tank volume was investigated. The investigation was made based on the 
standard sizes of the tanks manufacturer of the existing stratified tank, TISUN Solar systems. The standard 
sizes considered are as shown in Table 3.12. All tanks are insulated using Polyester fibre fleece insulation of 
thermal conductivity, 0.035 W/mK. The loss coefficients of the different sizes of the tanks were computed 
using the procedure explained in section 3.1. 
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Table 3.12: TISUN stratified tanks standard sizes (Source: TISUN [18]) 
 
Tank type 

Tank volume 
[liters] 

Overall height with 
insulation [mm] 

Dia. With 
insulation 

[mm] 

Dia. Without 
insulation [mm] 

Loss coefficient 
[kJ/hr.m2K] 

PH 500 520 1860 850 650 0.8483 
PH 800 760 2010 950 750 0.8212 
PH 1000 980 2050 1050 850 0.8037 
PH 1500 1490 2290 1200 1000 0.7766 
PH 2000 1960 2380 1300 1100 0.7641 
PH 2500 2430 2270 1500 1300 0.7536 
PH 3000 2910 2760 1470 1250 0.7093 
PH 4000 3920 2390 1820 1600 0.7016 
PH 5000 4950 2900 1820 1600 0.6874 

Total collector gross area and collector series array size 

The effect of varying the total collector area while maintaining the number of collectors per series array and 
flow per array constant was investigated. The most optimum volume of stratified tank required for an existing 
approximate gross collector area of 128 m2 was used to estimate the tank volume per unit gross area [m3/m2] 
required for optimum performance of the system. This same ratio was used to estimate the output of the 
system for other collector gross areas. The approximate gross areas investigated included; 32 m2, 64 m2, 96 
m2, 128 m2, 160 m2 and 192 m2. The corresponding loss coefficients were chosen according to Table 3.12.  

The effect of the size of collector series arrays while maintaining the total aperture area constant was 
investigated. The collector series array sizes of 2, 3, 4, 6 and 9 collectors were investigated. A total aperture 
area of 108.288 m2 was chosen for the investigation because this value is not only close to the existing total 
aperture area but it is also a common multiple of the aperture areas of the series arrays under consideration. A 
volume that approximately maintains the same volume to collector area ratio as discussed in the previous 
paragraph was chosen. 

Solar collector water flow 

The effect of the water flow to the existing solar field was investigated. Flow rates in the manufacturer’s 
specified range of operation of the collector were considered and these included; 100, 120, 150, 180, 210, 240, 
270, and 300 l/h per collector series array.  

Absorption chiller start temperature 

Another factor that was investigated was the effect of varying the chiller start temperature. The chiller start 
temperature is the minimum temperature of the hot water inlet stream at which the chiller is started if it is 
initially off. The values of chiller start temperatures that were investigated include; 70, 75, 80, 85, 90, and 
95°C. 

Chilled tank outside temperature 

To reduce the effect of thermal gains to the already chilled water in the chilled water tank, the effect of 
installing the chilled water tank in a conditioned space was investigated. The investigation was done at varying 
values of the chilled water tank loss coefficients.   
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Stratified tank auxiliary heater 

The effect of incorporating an auxiliary heater in the existing stratified tank was investigated. Different values 
of the maximum heating rates of the heater were checked. The investigation was done for the position of 
heater insertion at a level whose depths is indicated by the symbol, j  in Figure 3.17. 

 
Figure 3.17: Tisun stratified tanks dimensions (Source: Tisun [18]) 

3.5.4 Comparison with experimental results 
Two major experiments were carried out and these include: 

 Experiments to determine the optimum collector tilt for a typical day of the month of September and 
approximate the efficiency of the solar collectors under UAE conditions. 

 Experiments to determine the overall performance of the solar cooling system for typical days of 
November.  

The first experiment was compared to simulation results using a TRNSYS simulation studio project illustrated 
in Figure 3.4. TRNSYS results for comparison with the second experiment were generated using the 
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simulation project similar to that illustrated in Figure 3.10. The only difference is that in this case the TMY2 
weather data readers, Type 109 TMY2, were replaced by Type 109 user. The latter can read weather data in a 
free data format specified by the user unlike the former that reads weather data only in TMY2 format. 

3.5.5 Determination of horizontal incident radiation  

During all experiments measurements of global radiation were made at one slope to the horizontal; it was 
necessary to convert these measurements into corresponding values incident to the horizontal. 

 There are a number of models that can be used to convert the measured horizontal total solar radiation into 
corresponding values at other slope angles to the horizontal. A number of these models were evaluated by 
Colienne et al [19] including; the isotropic models (i.e. those models that assume a uniform distribution of the 
diffuse radiation over the sky dome) e.g. the Liu – Jordan model, the Korokanis model, the Badescu model 
among others and the Anisotropic models (i.e. those that consider the anisotropic nature of the diffuse 
radiation) e.g. the Willmot model, the Gueymard model, the Hay and Davies model, the Perez model among 
others.  

All models agree on the fact that the total incident global solar irradiance on a tilted surface, Gβ is be 
computed using Equation 3.22; 

G = B + D + R  …………………………………………………………………………………….3.22 

Where, Bβ is the total beam component of irradiation incident on the tilted surface, Dβ is the diffuse 
component of the incident irradiation and Rβ is the reflected radiation from the ground onto the tilted 
surface.  

The direct radiation incident to a sloping surface can be computed using equation 3.23; 

B = Br = (퐺 − 퐷)푟 …………….……………………………………………………………............3.23 

rb, can be computed by Equation 3.23.1; 

r = max 0, …………………………………………………………………………………...3.23.1 

θz is the solar zenith angle, θ is the angle of incidence of the direct radiation on the tilted surface. The zenith 
angle was computed from the relationship shown by Equation 3.23.2; 

cosθ = cosϕcosδcosω+ sinϕsinδ…………………………………………………………………3.23.2 

According to Duffie and Beckman [20], the incidence angle can be computed from Equation 3.23.3(a); 

cosθ = sinδsinϕcosβ − sinδcosϕsinβcosγ+ cosδcosϕcosβcosω+ cosδsinϕsinβcosγcosω+
               cosδsinβsinγsinω………………………………………………………………………….3.23.3(a) 

Where, 훿, is the solar declination angle, ϕ, is the location’s latitude angle, and ω, is the hour angle. β, and 휸 is 
the collector’s tilt angle from the horizontal and collector azimuth angle respectively. In all experiments the 
collectors were facing due south and therefore, a modified version of Equation 3.23.3(a) was used that 
considers, 휸 = 0. This is shown in Equation 3.23.3(b); 

cosθ = cos(ϕ− β)cosδcosω+ sin(ϕ− β)sinδ …………………………………………………3.23.3(b)  

According to Duffie and Beckman [20], for an error of less than 0.0350, the solar declination angle, 훿 (in 
radians), is determined from the Equation 3.23.4; 

δ =  0.006918− 0.399912cosK + 0.070257sinK− 0.006758cos2K + 0.000907sin2K−
         0.002679cos3K + 0.00148sin3K ………………………………………………………………3.23.4 

Where, K, on the nth day of the year is given by equation 3.23.5; 
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K = (n− 1)  ………………………………………………………………………………………..3.23.5 

The hour angle, ω, in degrees is given by equation 3.23.6; 

ω = (h− 12.0)…………………………………………………………………………………….3.23.6 

Where, h, is the solar time of the day in hours. Correction between the solar time and the standard local time 
is given by Duffie and Beckman [20] as; 

Solar time− Standard time = 4(L − L ) + E……………………………………………………3.23.7 

Where, Lst, is the standard meridian of the local time zone and, Lloc, is the longitude of the location. E is 
known as the equation of time determined from the equation 3.23.8; 

E = 229.2(0.000075 + 0.001868cosK− 0.032077sinK− 0.014615cos2K− 0.04089sin2K)…..3.23.8 

The diffuse radiation Hay model 

The different models for computation of the solar radiation incident on tilted surfaces only differ in the way 
they compute the diffuse component of the incident radiation. Their difference comes from the general 
expressions suggested by the different models for determining the ratio, Rd, of the diffuse radiation incident 
on a tilted surface to that incident on a horizontal surface.  

The Perez model (one of the anisotropic models) gives a better approximation of the total hourly global 
radiation for Muscat/Oman, N.Z. Al-Rawahi et al [13]. However, using the Perez model to convert the total 
radiation on a tilted surface to a radiation incident on the horizontal would require a huge number of 
cumbersome iterations than those encountered in converting horizontal incident radiation to that on a tilted 
surface. The Hay and Davies model was chosen to convert the radiation on a tilted surface to the values 
incident to the horizontal. Horizontal incident global radiation values were then converted by the same model 
in, Type 109 user, to other tilts of the surfaces used in the corresponding simulation project. The choice of 
Hay model was based on: 

 The lack of cumbersome iterations to convert tilt incident radiation to horizontal incident radiation, 
as the case with the Perez model, 

 Its availability in Type 109 user model hence enabling conversion of the radiation converted by the 
same model to radiation to the horizontal back to radiation incident to the tilt. This reduces the error 
encountered in conversion because Type 109 user does the reverse of what was initially done on the 
supplied radiation data. 

The Hay model suggests the following expression (Equation 3.24) for determination of the ratio, Rd; 

R = F × r + 1− F …………………………………………………………….......3.24 

FHay is known as the Hay coefficient that is computed according to Equation 3.24.1 

F = B/G   …………………………………………………………………………..………..........3.24.1 

Gext is the extraterrestrial normal incident radiation. John A. Duffie and William A. Beckman [20], give the 
expression in Equation 3.24.2 for determination of Gext (accurate to, ±0.01%); 

G = G (1.000110 + 0.034221cosK + 0.001280sinK + 0.000719cos2K + 0.000077sin2K)...3.24.2 

Where, Gsc, is the solar constant, = 1367 W/m2.  

The classical approach for modeling the reflected radiation incident on the surface at tilt, β, was used. This 
approach assumes that the ground reflected diffuse radiation is dependent on the transposition factor, Rr, for 
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ground reflection, Colienne et al [19]. Therefore, the ground reflected radiation incident on the tilted surface 
is given by; 

R = ξGR ………………………………………………………………………………………………3.25 

Where, ξ, is the ground surface’s reflectance. Rr, is estimated by equation below, which considers that the 
ground reflection process is ideally isotropic; 

R = …………………………………………………………………………………………….3.25.1 

Combining the Equations 3.22 to 3.25 led to Equation 3.26 that was used to compute the global horizontal 
solar radiation, G, using the measured values of global radiation at the collector tilt, Gβ, and the horizontal 
diffuse radiation, D. 

G =
( )

…………………………………………………………………………………………3.26 
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4 EXPERIMENTS AND DATA ANALYSIS 

4.1 Performance of collector versus tilt testing 
This experiment activity involved determination of the effect of the collector slope on its performance and 
determining the optimum tilt during the period of experimentation. 

4.1.1 Experimental setup  

Figure 4.1 shows the experimental setup that was used to experimentally determine the effect of tilt angle on 
the performance of the solar thermal collectors. This setup was also used to determine the efficiency curve of 
the collectors under the UAE ambient conditions. This was found necessary because efficiency curve 
parameters specified by the manufacturer are always determined experimentally under conditions that aren’t 
similar to those of UAE e.g. usually at lower ambient temperatures. The test rig uses water as the heat transfer 
fluid between the collectors and the storage tank.  

For determination of the collector performance for different collector tilts, the overall test rig contained three 
different setups shown in Figure 4.1 with the collectors inclined at three different slopes. Therefore, the 
overall test rig contained; three (3) SEIDO 1 – 16 collectors each at a different slope, three equal volume (520 
l) fully mixed storage tanks with each connected to one collector and three circulation pumps, each for 
circulation of water to the individual collectors. The tanks are insulated by polyester fiber fleece insulation.  

 

Figure 4.1: Test rig used to determine effect of tilt on the collector performance 

Table 4.1 shows the key technical specifications of the measuring sensors used in this experimental setup. 
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Table 4.1: Techinical specifications of the effect of tilt measuring sensors 
Sensor type Model Specifications 
Flow Grundfos direct VFS 1 - 12 Measuring range 1 to 12 lpm 

Response time < 3 sec 
Resolution 0.06 lpm 
Accuracy 3% FS 

Pressure Grundfos direct RPS 0 - 10 Measuring range 0 to 10 bar 
Accuracy 2.5 % FS = 0.25 bar 
Response time  < 1.0 s 
Resolution 20 mbar 

Temperature PT – 1000 RTD Accuracy At 00C, 0.3oC and at 100oC, 
0.8oC. 

Ambient Temp +RH HC2 – S3 Accuracy 0.8% RH and ±0.1퐾 
Global radiation Kipp Zonen CMP 11 Accuracy 2% on daily total radiation 

Wind speed Wittich and visser 504 – 80 – 
XLO 

Measuring range 0 – 30 m/s 
Operating 
temperature 

-30 – 700C 
Diffuse radiation Kipp Zonen CMP 11 with 

CMP 121 B shadow ring 
 2% on daily total radiation 

4.1.2 Experimental procedures 

The experiment was run with a water flow rate of 4 lpm and all tanks were set at the same initial conditions of 
temperature and pressure. The collector thermal performance testing standard, EN12975 [21] requires a water 
flow rate of 0.02kg/sm2. With a collector aperture area of  3.008 m2, this requirement is met with a water flow 
rate of 3.6 kg/min which gives the rationale for the water flow rate value of 4 lpm used for this experimental 
study.   

The experiment was carried out on two different days to enable determination of the collector performance 
for at least five different collector tilts. The 250 tilt (approximately equal to the location’s latitude) was used as 
a basis of comparison; therefore, for both days the 250 tilt was among the three slopes of study. On the first 
day (13/09/2012) the test was carried out for tilt angles of 200, 250 and 300 and on the second day 
(15/09/2012), the experiment was carried out at tilt angles of 150, 250, and 350. The data of measurements 
were collected every after an interval of 2 seconds. 
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4.1.3 Collector testing at the same tilt 

This involved carrying out a control experimental test of the three collectors while inclined at the same tilt 
and with all the three subjected to the same conditions of initial temperature and pressure in the tank. This 
test was necessary to check if the three collectors give the same results if they are inclined by the same angle 
to the horizontal. In case of lack of agreement from the three collectors, this test was then used to correct the 
results obtained from the collector that is not in agreement with the most efficient of the three collectors.  
The most efficient collector was determined by measuring the average collector glass tubes’ outer surface 
temperatures. The collector with the smallest average outer glass tube surface temperature gives the most 
efficient of the three. This is because a lower outer surface temperature is an indication of having an efficient 
vacuum between the collector glass inner walls and the absorber plates of the collector hence rendering a 
smaller loss of thermal energy through convection and conduction. 

Figures 4.2 and 4.3 show the results of the total daily energy collection of the three collectors inclined at the 
same tilt angle of 250 and the average of the outer glass tube surface temperatures measured on two different 
days, day 1 and day 2. 

 

Figure 4.2: Total thermal energy gain with all the three collectors inclined at 25° to the horizontal (01/10/2012) 
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Figure 4.3: Average collector glass tubes' outer surface temperature 

From Figure 4.2, it can be observed that collector 1 (Col1) registers the highest total thermal energy collected, 
followed by collector 3 (Col3) and lastly is collector 2 (Col2). This is in agreement with the results of 
measurement of the collectors’ glass tubes outer surfaces (Figure 4.3); col1 gives the lowest surface 
temperatures, followed by col3 and col2 with the worst thermal collection that has the highest glass tubes 
outer surfaces temperatures. For this reason, collector 1 was used as a basis to correct the measurements 
obtained from collectors 2 and 3. This difference in measurement could be as a result of the aging effects on 
the collectors and/or the high uncertainties in the measuring sensors. On average collector 2 gives 19.888% 
less thermal power gain than collector 1 and collector 3 gives 3.708% less than collector 1. These values were 
used to correct the measured instantaneous thermal power gains of collectors 2 and 3.  

4.2 Thermal performance of the whole system 
Figure 1.3 shows the key components of the test rig that was used to experimentally determine the 
performance of the solar cooling system on typical days of November. Sensors are installed to measure the 
inlet and exit temperatures of the solar collector field, absorption chiller generator, evaporator and condenser, 
and the flow rates of solar collector field water, absorption chiller hot water, cooling water and chilled water. 

Table 4.2 shows the key technical specifications of the measuring sensors used for measuring the different 
variables on the test rig. The ambient conditions including global radiation, diffuse radiation, ambient 
temperature and relative humidity were measured using sensors with specifications showed in Table 4.1. 
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Table 4.2: Specifications of sensors used for measuring of the performance of the complete solar cooling system 
Category Measurement (s) Sensor type Specifications 

Temperature All temperatures PT 1000 Accuracy At 00C, 0.3oC and at 
100oC, 0.8oC. 

Flow Collector field flow Grundfoss VFS 5 
– 100 

Range 5 – 100 lpm 
Accuracy 1.5% FS = 1.5 lpm 
Resolution 0.5 lpm 

Absorption chiller hot 
water flow 

Grundfoss VFS 
10 – 200 

Range 10 – 200 lpm 
Accuracy 1.5% FS =  3 lpm 
Resolution 1.0 lpm 

Absorption chiller cooling 
water flow 

STUF – 200H 
Ultra sonic meter 

Accuracy 1% 
Linearity 0.5% 

Absorption chiller chilled 
water flow 

Grundfoss VFS 5 
– 100 

Range 5 – 100 lpm 
Accuracy 1.5% FS =  1.5 lpm 
Resolution 0.5 lpm 

Chilled water distribution 
flow 

STUF – 200H 
Ultra sonic meter 

Accuracy 1% of reading 
Linearity 0.5%  

Pressure All pressures Grundfoss RPS 0 
– 10 

Range 0 – 10 bar 
Accuracy 2.5 % FS = 0.25 bar 
Resolution 20 mbar 

Power All electrical powers Analyst 2060 Range 0 – 1200 kW DC 
0 – 850 kW AC 

Resolution  1 W 
Accuracy 2.5% reading 

4.3 Experimental data analysis 
The following sections describe the method that was used in the analysis of the experimentally determined 
results. 

4.3.1 Thermal power and collector efficiency 

The thermal power, Q̇[kW]; gained by a collector, collector series array, total solar collector field, chiller 
generator or rejected by cooling tower or removed from the chilled water stream by the evaporator was 
computed using Equation 4.1.  

Q̇ = ṁc ∆T = ρV̇c ∆T ………………………………………………………………………………….4.1 

Where, 

             ṁ - mass flow rate of water [kg/s]  

             cw – specific heat capacity of water [kJ/kgK] 

            ∆T - temperature difference of the water stream [K]  

            ρ – density of water [kg/m3] and  

            V̇ – volume flow rate if water [m3/s] 

The instantaneous, thermal efficiency, η, of the solar thermal collector or solar collector series array was then 
computed using equation 4.2  
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η =
̇
…………………………………………………………………………………………………….4.2 

Where; 

          G – incident global radiation on the collector surface [kW/m2] 

A – collector area [m2]. The area of consideration can be absorber area, aperture area or gross area, hence 
leading to computation of three forms of efficiencies; efficiency based on aperture, absorber or gross area. 

The fluid’s (water) specific heat capacity and density vary with temperature and pressure. Equations 4.3 and 
4.4, suggested by Sharqawy et al [22], were used to compute these two respective properties, with 0.01% 
accuracy. 

c = 4.193− 2.273 × 10 t + 2.369 × 10 t + 1.670 × 10 t − 3.978 × 10 p + 3.229 ×
           10 pt + 1.073 × 10 pt + 1.913 × 10 p − 4.176 × 10 p t + 2.306 × 10 p t  ….......4.3 

For, 0 ≤ t ≤ 374 C, and 0.1 < 푝 < 100푀푃푎  

ρ = 9.999 × 10 + 2.034 × 10 t− 6.162 × 10 t + 2.261 × 10 t − 4.657 × 10 t  ………...4.4 

The total energy, E [kJ], during the day of measurement was determined using Equation 4.5 

 


 
N

i
ii ttQE

0
1

.
………………………………………………………………………………………..4.5 

Where, 푄̇ – is the thermal power gain [kW] at time, ti, in seconds and, N, is the total number of thermal 
power gain data. 

Total incident radiation energy for the whole day was also computed with the help of Equation 4.5, but in 
this case 푄̇, represents the incident solar radiation power [kW] at time, ti in seconds. 

4.3.2 Collector efficiency curve determination 

The glazed collector testing standard, EN12975, suggests that the collector efficiency, η, is defined by the 
Equation 4.6.   

η = η − a − a G …………………………………………………………...4.6 

The coefficients a1 and a2 are never negative. If a2 turns out negative the efficiency curve fit must be turned 
into a linear fit. 

T , is the collector average temperature, computed from Equation 4.6.1, where Tin and Tout  are collector 
inlet and exit temperatures respectively. 

T =  …………………………………………………………………………………………4.6.1 

Tamb, and, G are the ambient temperature and global radiation on the collector plane. 

The manufacturers normally provide the efficiency parameters (coefficients) depending on tests run under 
ambient conditions that are very different from those of UAE – RAK i.e. under very low ambient conditions. 
It was necessary to carry out the measurement of these efficiency parameters under typical RAK conditions. 

The glazed collector steady state thermal efficiency testing standard, EN12975 – 2:2006 [21] gives the 
requirements of efficiency testing as shown in Table 4.3.  

Table 4.3: EN12075 requirements for steady state glazed collector efficiency measurement 
Parameter  Value Deviation from mean 
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Global solar irradiance, G [W/m2]  >700 ± 50 
Incidence angle of beam irradiance, θ[˚C]  <20 - 

Diffuse fraction, D/G [%]  <30 - 

Surrounding air temperature, Tamb [K]  - ± 1.5 

Surrounding air speed, u [m/s]  3 ± 1 

Fluid mass rate, 퐦̇ [kg/s]  0.02 kg/s.m² 1 % 

Collector inlet temperature Tin [K]  - ± 0.1 

At least four different collector inlet temperatures within the range of the expected collector operating 
temperatures had to be tested. Clearly this could not be done on the same day with all the conditions 
indicated in Table 4.3 met. The following procedure was then used to generate a set of measured data that 
could be used to determine the collector efficiency curve: 

 Six different collector inlet temperatures were chosen for measurement. One of the temperatures was 
chosen to be within ± 3퐾 of the ambient temperature, and the last temperature was chosen to be 
close to 90°C, the expected highest inlet temperature. 

 Experiments were carried out on six different days, with each day corresponding to one of the 
different collector inlet temperatures chosen. Experiments were carried out close to solar noon, 
because this is the period only when the condition of the incidence angle being less than 200 could be 
met as required by EN 12975. The measurements were carried out at a collector slope of 150 and 
azimuth angle of 00 (i.e. oriented due south).  

 The global radiation was measured in the plane of the collector. However, the diffuse radiation was 
measured horizontally. The measured horizontal diffuse radiation values were converted into 
corresponding values at the plane of the collector (150 to the horizontal) using the Hay and Davies 
model. The Hay and Davies model is described in section 3.5.5. 

 Measured data was chosen that meets all the requirements in Table 4.3. The solar radiation incidence 
angles during the period of measurement were calculated using Equation 3.23.3(b). 

 The efficiency curve was generated using the chosen data points and by applying the regression by 
the method of least squares best fit. The regression curve fit was set to be in the form of the standard 
collector efficiency given in equation 4.6 considering that a1 and a2 are positive coefficients.  

4.3.3 Performance of the total solar cooling system 

The thermal power gain by the total solar collector field and individual collector series arrays, and the thermal 
power on the absorption chiller generator, QHW, from the hot water stream were computed using 4.1. The 
same Equation was used to compute the instantaneous chilling power, QCHW, produced by the absorption 
chiller and the instantaneous thermal energy, QCW, released by the cooling tower to the environment. The 
densities and specific heats of the corresponding water streams were computed using Equations 4.4 and 4.3 
respectively. The total day thermal energy was computed using Equation 4.5 with, Q̇, being the corresponding 
instantaneous thermal power. 
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Solar cooling system performance indicators 

There are a number of performance indicators that were used to quantify the performance of the solar 
cooling system. These indicators include: 

Thermal coefficient of performance - COP, COPt 

This value quantifies the extent to which the solar cooling system converts the thermal energy gained by the 
solar collector field into chilling energy. This indicator is computed according to Equation 4.7. 

COP =  …………………………………………………………………………………………........4.7 

Total COP, COPe 

This value also quantifies the extent to which the thermal power gained by the solar collector field is 
converted into chilling power with a consideration also put on the total electrical power consumed, QElec, by 
the system. The total COP, COPe, was computed according to Equation 4.8.  

COP =  ……………………………………………………………………………………………..….4.8 

Solar fraction cooling, SFC 
The solar fraction cooling evaluates the fraction of the cooling requirement that can be met by the solar 
cooling system without incorporation of any back up back up cooling of the thermal zones. Solar fraction 
cooling was computed using Equation 4.9. 

SFC =       
  

 ……………………………………………………………………4.9 

Collector specific collector yield 

The specific collector yield indicates the amount of useful thermal energy gained per unit gross collector area 
installed. The specific collector area was computed based on the gross area of the total solar collector field 
using Equation 4.10. 

Speci ic collector yield =    [ ]
  [ ]

 ……………………………………………………4.10 

Solar fraction, SF 

The solar fraction computes the fraction of thermal energy delivered to the absorption chiller generator that 
comes from solar energy. It is used when the system is installed with a back up heater in the hot water storage 
tank. Solar fraction was only computed for the purpose of assessing the effect of using a backup heater using 
TRNYS simulations. The solar cooling fraction was computed according to Equation 4.11. 

SF =   ………………………………………………………………………………………….4.11 

Where Qtot is the total thermal energy delivered to the absorption chiller generator, and, QAux, is the buck up 
heater thermal energy.  

4.3.4 Measurement uncertainties 

If a variable, y, dependent on independent variables, x1, x2, x3,…………xm as y = f(x , x , x , … … . , x ) is 

measured indirectly by measuring the independent variable, the total uncertainty in y, uy, caused by the 

uncertainties u1, u2, u3,………..,um in x1, x2, x3, …….xm respectively is given by the relation in Equation 4.12, 

Holman [23]; 



54 
 



















m

j
j

j
y u

x
yu

1

2

…………………………………………………………………………………….4.12 

Using Equation 4.12 and equation 4.1, the relative uncertainty in the instantaneous thermal power, Q, 

measured was computed using Equation 4.13. The total uncertainty in the daily total integrated thermal 

energy was computed as the sum of the uncertainties in the instantaneous powers.  
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 ……………………………………………………….4.13 

Where uQ is the uncertainty in the thermal power measured. uρ, 푢 ̇ , 푢 , 푢 and 푢  are the uncertainties in 
water density, volume flow rate, water specific heat, lower and upper temperatures of the water respectively. 

The uncertainties in density and specific heat computed using equations 4.4 and 4.3 respectively were taken as 
0.01%, Sharqawy et al, 2010 [22]. The uncertainty in volumetric flow was chosen according to the accuracy of 
the used flow sensor in a given measurement. The uncertainties in temperature were assumed to linearly 
depend on the temperature of measurement and these were computed according to Equation 4.14 which is 
obtained based on the fact that the temperature uncertainty is 0.30 K at 0°C and 0.8 K at 100°C. 

푢 = + 0.3 …………………………………………………………………………………………4.14 
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5 RESULTS AND ANALYSIS 

5.1 Effect of tilt 

This section presents the results of the study on the effect of collector tilt on the collector performance. 
Results obtained from various experiments carried out and theoretical simulations basically carried out using 
TRNSYS simulation software are presented. 

5.1.1 TRNSYS simulation results 

From the TRNSYS simulations described in section 5.1, Figures 5.2 and 5.3 show the expected total thermal 
power gain of the collectors with respect to the collector slopes on the 13th and 15th days of September 
respectively. 

 

Figure 5.1: Total incident radiation energy and collector thermal gain for different collector tilts (Simulations for the 13th of 
September) 

Figure 5.3 shows the percentage difference of the total thermal energy collected at a given tilt from that of a 
25° tilt. From Figures 5.1, and 5.2, it is evident that the 25° collector slope performs better than all the other 
four tested tilts on these two days corresponding to experimental days. Precisely, the optimum tilt during the 
period of September (the month of experimentation) is observed from Figure 5.3 to be 23°.  However, it is 
also clear that the difference in the total thermal energy collected between the tilts of 15° to 30° is very 
minute, and therefore, any convenient tilt with in this range gives an adequate performance during this period. 
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Figure 5.2: Total incident radiation energy and collector thermal gain for different collector tilts (Simulations for 15th of 
September) 

 

Figure 5.3: Percentage difference between a collector tilt total thermal energy gain and that of the 25° tilt 

5.1.2 Experimental results 

Figures 5.4 and 5.5 show the instantaneous power gain versus time for the two test days of 13th and 15th 
September. In these figures the instantaneous uncertainties of the power measurements are not shown.  
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Figure 5.4: Instantaneous power gain for the collectors at different tilts (measurements on 13/09/2012) 

 

Figure 5.5: Instantaneous power gain for the collectors at different tilts (measurements on 15/09/2012) 

There was an insignificant observable difference between the instantaneous thermal powers collected by the 
collectors at different tilts on both days. This gave a rationale for using the total thermal energy gained in a 
day as a basis of comparison between the tilts performance. Figures 5.6 and 5.7 show the total thermal energy 
gained by the collector at different tilts for the two corresponding days of measurement. Total energy was 
computed for the periods of 0900 hours to 1600 hours of the day. 
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Figure 5.6: Total thermal energy gain for collectors inclined at different slopes (measurements on 13/09/2012) 

Figures 5.6 and 5.7 show the total daily thermal energy gain for the different tilts of; 15°, 25°, and 35° for the 
15th day of September 2012 measurements. It is clearly evident from these figures that, any collector slope in 
the range of 15° to 25° is suitable for thermal collection during this period of measurement. This is because 
there is a very small difference in the total daily thermal collection between this tilts. This is in agreement with 
the results of the TRNSYS theoretical simulations. 

 

Figure 5.7: Total thermal energy gain for collectors inclined at different slopes (measurements on 15/09/2012) 

5.1.3 Measurement uncertainties 
Table 5.1 below shows the measurement uncertainties in the total thermal energy for the different collector 
slopes for the corresponding measuring test days. 
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tilt [o] (0900 – 1600) [kJ] uncertainty [kJ] percentage [%] 
15 15th September 2012 36702.1 7164.5 19.5 
20 13th September 2012 38415.1 7006.1 18.2 
 
25 

13th September 2012 38356.6 8037.7 21.0 
15th September 2012 36351.8 8060.1 22.2 

30 13th September 2012 38177.1 7188.9 18.8 
35 15th September 2012 36217.3 7347.7 20.3 

Clearly from Table 5.1, the measurements for determination of the performance of the collector with respect 
to the collector slope were associated with quite huge uncertainties. This is mainly because of the temperature 
sensors whose accuracies lie in the range [0.3 K, 0.8K] for a temperature range of 0 to 100°C. 

5.1.4 Optimum tilts for different periods of the year 

It was necessary to determine the optimum tilt angles for thermal collection for the different periods and/or 
seasons of the year. It is known that the effect of the collector slope is affected by the period of the year. 
Figures 5.8 and 5.9 show the total thermal gain per unit collector gross area for different tilts and different 
winter and summer months respectively. 

 

Figure 5.8: Total monthly thermal energy gain per unit collector gross area for typical winter months 
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Figure 5.9: Total monthly thermal energy gain per unit collector gross area for typical summer months 

From Figures 5.8 and 5.9, it is evident that the optimum collector tilt ranges and optimum tilts for the 
different months of the year are as shown in Table 5.2 

Table 5.2: Recommended ranges of collector tilts for different months 
Month Optimum collector slope range 
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Mar 25 – 40 30 
Apr 10 – 20 15 
May 0 – 10 5 
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Jul 0 – 5 5 
Aug 5 – 15 10 
Sep 20 – 30 25 
Oct 35 – 45 40 
Nov 45 – 55 50 
Dec 50 – 60 55 

It is evident that the optimum tilt greatly varies with the period of the year. Winter months have their 
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100

120

140

160

180

200

220

240

0 5 10 15 20 25 30 35 40 45 50 55 60

To
ta

l m
on

th
ly

 th
er

m
al

 e
ne

rg
y 

ga
in

 [k
W

h/
m

^2
]

Tilt angle [Degrees]
Apr May Jun Jul Aug Sep



61 
 

determine the optimum tilts for summer and winter. Figure 5.10 shows the effect of tilt angle on the average 
thermal energy gain per unit collector gross area per day for these two seasons. 

 

Figure 5.10: Average daily energy gain per unit gross area 

The optimum tilt angle for the summer period is in the range of 5° to 15°; more precisely the 10° collector 
slope gives the highest thermal gain for this period. For the winter period a collector slope in the range of 35° 
– 45° gives the best performance of the solar thermal collectors; precisely, the 40° collector slope gives the 
highest thermal collection per collector gross area. Because cooling loads are more prevalent during summer 
periods, it is logical to set the solar collectors at a tilt angle close to 10° to the horizontal.  

In case the aim is to maximize the total annual thermal energy collected, Figure 5.11 shows the effect of 
collector slope on the annual solar energy gain per unit collector gross area. For this case the optimum tilt 
angle is approximately 25°. This is close to the location’s latitude of 25°40’. 

5.2 Collector efficiency  
Figure 5.12 shows the efficiency curve fitting obtained using the procedure described in section 4.3.2. Three 
efficiency curves are shown obtained based on the three different collector areas; the gross, aperture and 
absorber collector areas. Table 7.1 in Appendix 7.2 shows the different data points chosen for determination 
of this curve. Table 5.3 gives a comparison between the efficiency curves (based on the three collector areas) 
coefficients obtained from the experimental measurements and those specified by the manufacturer. 
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Figure 5.11: Annual thermal energy gain per unit collector gross area  

Table 5.3: Measured efficiency curve coefficients versus the manufacturer's specifications 
Regression coefficients Manufacture’s specifications 

Curve 
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area 

Aperture 
area 

Absorber 
area 

Gross area 

η0 0.70 0.74 0.51 0.73 0.77 0.54 
a1 1.05 1.11 0.78 1.50 1.58 1.11 
a2 0.0000 0.0000 0.0000 0.0054 0.0057 0.004 

Evidently there is a deviation between the measured efficiency curve coefficients and those specified by the 
manufacturer. However, it should be noted that the sensors used in this measurement do not fully satisfy all 
the accuracy requirement of the collector testing standard, EN 12975. 
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Figure 5.12: Measured efficiency curves based on the three collector areas 

Using the average 9 hour (0900 – 1700 hrs) daily global radiation and ambient temperature (computed from 
the weather data generated by Mateonorm 6.1 software) and an assumed average collector temperature of 
90°C (for solar cooling), the estimated average collector efficiencies for solar cooling for different months of 
the year are as shown in Table 5.4. In the last row, the average efficiency for the months of March – October 
(the months with highest demand for solar cooling) is given based on both the measured efficiency curve and 
the one specified by the manufacturer. 

Table 5.4: Average monthly efficiencies for solar cooling 
Month G [W/m2] Tamb 

[C] 
∆T/G 

[Km2/W] 
Measured aperture 

Efficiency  
Manufacturer’s aperture 

efficiency  

Jan 519.2 22.0 0.1309 0.563 0.488 
Feb 537.0 23.1 0.1246 0.569 0.500 
Mar 565.0 26.1 0.1131 0.581 0.523 
Apr 605.0 30.7 0.0980 0.597 0.554 
May 619.3 35.5 0.0881 0.608 0.574 
Jun 585.7 37.1 0.0903 0.605 0.571 
Jul 576.9 38.8 0.0888 0.607 0.574 
Aug 586.6 38.4 0.0879 0.608 0.576 
Sep 577.5 35.7 0.0940 0.601 0.563 
Oct 577.1 32.5 0.0996 0.595 0.552 
Nov 520.8 27.2 0.1206 0.573 0.510 
Dec 469.0 24.3 0.1402 0.553 0.472 

Average efficiency (Mar – Oct) 0.600 0.561 
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 From this it is clear that at a high collector temperature of 90°C, the annual average collector efficiency based 
on the measured efficiency curve coefficient is actually higher than the expected efficiency from the 
manufacturer’s specified efficiency curve coefficients. The measured coefficients predict an average annual 
efficiency that is 9.3% higher than the manufacturer’s specifications. However, note must be taken that in the 
measurement of the collector efficiency curve under UAE conditions, the sensors accuracies do not fully 
meet the EN 12975 collector testing standard requirement and the control of the collector inlet temperature 
is not sufficient as required by EN12975. 

5.3 Solar cooling system overall performance 

5.3.1 Experimental results and comparison to TRNSYS results 

Measurement results were taken for three different days of November, and these were 19th, 22nd and 28th days 
of November 2012. Figures 5.13, 5.14 and 5.15 show the variation of water temperature at different levels of 
the stratified tank and incident radiation with time of day during the experimentation days. T1, T2,………T7 
correspond to the temperature at the top most level of the tank, temperature at the second top most 
level,……….., temperature at the bottom most level of the tank respectively. 

 
Figure 5.13: Stratified tank temperatures (Test day: 19th November 2012) 
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Figure 5.14: Stratified tank temperatures (Test day: 22nd November 2012) 

 
Figure 5.15: Stratified tank temperatures (Test day: 28th November 2012) 
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Figures 5.13, 5.14, and 5.15 can be divided into three similar regions A, B and C as shown in Figure 5.13.  
Region A shows the period when the period during which there is water heating in the stratified tank before 
the absorption chiller is started. Region B indicates the period during which the chiller is running but before 
the chilled water from the chilled water tank is distributed to the thermal zones. Lastly region C indicates the 
period during which heating of water in the stratified tank, chilled water distribution and absorption chiller 
chilling are all running concurrently. There are two key observations that can be taken from these figures: 

 The top most level water temperature is always very high compared to the other temperatures for 
both periods B and C. This is attributed to the existing connection of the absorption chiller to the 
stratified storage tank. The inlet and outlet to/from the absorption chiller are connected to the levels 
k and g (shown in Figure 3.17) respectively. Connecting the inlet to the chiller to level k leaves an 
interrupted hot water layer above this position, which gives a rationale for a very high top level 
temperature compared to all other levels during periods B and C of operation. With this observation, 
it is recommended that the absorption generator inlet should be connected to  top most level of the 
tank. 

 The degree of stratification i.e. difference in temperature layers greatly reduces after the chiller is 
switched on i.e. after region A. This is very likely because the total inlet flow to the stratified tank is 
exceeding the maximum required flow (3.4 m3/h) for stratification of the water in the tank to be 
successful as recommended by the tank manufacturer.  

Figures 5.16, 5.17, and 5.18 show the average stratified tank temperature (both measured and TRNSYS 
predicted), measured incident radiation and incident radiation used for TRNSYS simulations. 

 
Figure 5.16: Stratified tank average temperature and incident radiation (Test day: 19th November 2012) 
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Figure 5.17: Stratified tank average temperature and incident radiation (Test day: 22nd November 2012) 

 
Figure 5.18: Stratified tank average temperature and incident radiation (Test day: 28th November 2012) 
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In Figure 5.17 incident radiation from both Mateonorm 6.1 and that from experimental measurements are 
included. A graph for incident radiation used for simulations obtained from the Hay model is also included. It 
can be observed that the Mateonorm weather data predicts very low incident radiation values for this day of 
measurement. From the figures, it’s evident that there is a close agreement between the measured incident 
radiation and the radiation used in TRNSYS simulation estimated by the Hay radiation conversion model. 

Each of the Figures 5.16, 5.17, and 5.18 can be divided into regions A, B, and C similar to those described for 
Figures 5.13, 5.14, 5.15. From the figures, it is observed that TRNSYS simulations predict an earlier time of 
chiller starting than the experiment results for all the three test days (i.e. TRNSYS simulations predict a 
shorter region A than the corresponding length of region A obtained from experiment results).  TRNSYS 
simulations predict a faster rate of increase in the stratified water tank temperature than experimental results. 
This difference can be attributed to the difference in the computed and actual tank loss coefficient. A number 
of openings in insulation openings were observed at the top of the tank and near a number of water inlet and 
exit points to the tank. 

Figure 5.19 shows the variation of the different absorption chiller inlet and outlet temperatures, collector exit 
temperature and incident radiation with time of day (19th November 2012) of experimentation. From this 
figure it can be observed that there are significant variations in the absorption chiller cooling water inlet 
temperature. This was caused by the on and off switching off of the cooling tower fan in order to control the 
cooling inlet temperature within the range of 24 – 32°C as recommended by the chiller manufacturer. Similar 
figures for the other days of experimentation are included in the Appendix 7.3 of this report. 

 
Figure 5.19: Chiller temperatures and collector field outlet temperature (Test day: 19th November 2012) 
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Figure 5.20 shows the variation of thermal COP and the three different chiller inlet temperatures with time of 
the day from both experiment results (19th September 2012) and TRNSYS simulations. Similar Figures are 
included in the Appendix 7.3 of this report for the test days of 22nd and 28th November 2012.   

 
Figure 5.20: Thermal COP and chiller inlet temperatures (Test day: 19th November 2012) 

The TRNSYS simulations predict a higher hot water inlet temperature to the absorption chiller generator 
than the actual measured values. As discussed earlier this is very likely to be the difference in the actual and 
computed stratified heat loss coefficient or the aging de – rating effect of the chiller. This also leads to a 
better performance of the absorption chiller since the performance of the chiller is better at higher inlet hot 
water temperatures. A number of variations in the absorption chiller cooling water inlet temperature are 
observed. These variations are as a result of the on and off operation of the cooling tower fan. Because of the 
slightly better performance according to the TRNSYS simulations, the chilled water outlet temperature 
according to simulations is generally lower than the actual measured chilled outlet temperature. The chilled 
water outlet temperature oscillates about 12.5°C. This is because the total cooling requirement during this 
period is less than the total capacity of the system according to the simulations of all the three test days.  

It can be observed that the oscillations in the cooling water chiller inlet temperature have a huge impact on 
the COP of the system. Generally an increase in the cooling water inlet temperature reduces the COP. A 
similar relationship between the cooling inlet temperature and the chilling capacity and hot water energy input 
to the generator of the system can be observed from Figure 5.21. Similar figures for the test days of 22nd and 
28th November are included in the Appendix 7.3 of this report. 
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Figure 5.21: Chiller thermal powers and water temperatures (Test day: 19th November 2012) 

5.3.2 Measurement uncertainties 

Figure 5.22 shows the results of measurements of hot water generator thermal power gain, cooling tower 
thermal power rejection and chilling power of the absorption chiller as measured on 19th November 2012. 
The figures contain error bars indicating the extents of uncertainties for different times of measurements.  
Similar figures are included in Appendix 7.3 for the test days of 22nd and 28th November. From the Figures, it 
is well clear that the measurements of hot water thermal energy gain to the generator and the thermal power 
rejected by the cooling tower are associated with huge values of uncertainty (21% and 26% uncertainty on 
average). These huge values are majorly as a result of the low uncertainties in temperature measurement 
sensors yet these two measurements are associated with low temperature difference measurements (i.e. app. 
5K and 4 K temperature difference respectively). It is highly recommended to use better accurate temperature 
sensors if this test rig is to be used for further study. The hot water thermal energy to the chiller generator 
measurement registers the highest uncertainty because it also involves measurement of high water 
temperatures; these are associated with high uncertainties (app. 0.80 K). 
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Figure 5.22: Chiller thermal powers and measurement uncertainties 

 5.3.3 Comparison between experiment and TRNSYS results 

Figures 5.23 and 5.24 show the comparison between the results of TRNSYS simulation and actual 
measurements of the chilling power and hot water energy input to the generator respectively for the test day 
of 19th November 2012. Similar Figures for the test days of 22nd and 28th November are included in Appendix 
7.3 TRNSYS simulations predict a higher chilling power and generator thermal energy input than the actual 
measurement. This can be attributed to the following factors: 

 The vacuum of the chiller should be checked for effectiveness. This could have been lost due to 
aging.  

 There could be a difference between the actual stratified tank loss coefficient and the theoretically 
computed value. This is as a result of the many open points in the tank insulation at the inlet and 
exit points of the tank. 

 The tank outlet point to the absorption chiller is at a point about 400 mm below the top most 
connection. This leaves a layer of uninterrupted hot water above the point of connection and hence, 
this may increase the thermal loss from the storage tank. It is recommended that this connection is 
made to the top most connection point. 
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Figure 5.23: TRNSYS prediction and actual measured generator thermal power (Test day: 19th Nov 2012) 

 
Figure 5.24: TRNSYS prediction and actual measured chiller chilling power (Test day: 19th Nov 2012) 
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Table 7.2 in Appendix 7.4 shows the comparison between the actual measurements of the total daily energies 
and the predictions from the TRNSYS simulations. The total energies are computed for the period of 0900 to 
1600 hrs for each of the test days.  

 Measurement of the total thermal energy delivered by the hot water stream onto the absorption 
chiller generator registers the highest average percentage uncertainty (= 28.6%). This is followed by 
the measurement of the total thermal energy rejected by the cooling tower (=22.6%).  As explained 
earlier, these huge uncertainty values are majorly because of the high the high uncertainties in 
measuring the corresponding temperature differences. 

 The TRNSYS simulations run using the measured collector efficiency curve parameters predict a 
total chilling energy that is on average 8.8% higher than that computed from simulations run on 
manufacturer’s efficiency curve coefficients. The corresponding value for the thermal energy gained 
by the collector is 7.1%.  There is therefore, a significant difference between the simulations results 
obtained from the manufacturer’s specified collector efficiency curve from those obtained from the 
experimentally determined efficiency curve. However, since all the requirements of the collector 
testing standard EN12975 were not met, the former efficiency curve parameters were used for the 
subsequent simulations. It is highly recommended that if the efficiency curve determined under UAE 
conditions is to be used for the study of the performance of the ETC field, the efficiency curve 
should be determined using sensors that meet all the measuring accuracy requirements and with a test 
rig that can better control the collector inlet temperature. 

5.3.4 Annual solar cooling system performance 

Cooling requirements 

Using the simulation projects described in section 3.4, the total cooling requirement that is to be met by the 
solar cooling system was estimated. Figure 5.24 shows the cooling requirements of the different zones; Solar 
cooling cabin (SC), PC cabin (PV), Solar Island cabin (SI) and the tent (TENT) for different months of the 
year. These requirements were computed using a TMY2 weather data file generated by Mateonorm 6.1. 

 
5.25: Total cooling requirements of different thermal zones 
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As expected, the months of May to September register the highest cooling requirements with the SC cabin 
registering the highest cooling requirements for all the months of the year. This can be attributed to its higher 
total floor area compared to all the other cabins and tent. Figure 5.26 shows the percentage contribution of 
the different thermal zones to the total annual cooling requirement of 72777.6 kWh. As aforementioned, the 
SC cabin registers the highest cooling requirement (32.3% of the total annual requirement), this is followed by 
the tent (29.2%). The high cooling requirement of the tent can be attributed to the high solar transmission 
cooling loads through its walls. 

 
5.26: Share of total annual cooling requirement 

Comparison between the system chilling capacity and cooling requirement 

Figure 5.27 shows the variation of the total system chilling capacity and the cooling requirement with the 
different months of the year. The chilling capacity was computed for a system without any backup heating 
and based on the weather data generated using Mateonorm 6.1. 

The system cooling capacity meets cooling requirements of eight months of the year. The only months whose 
cooling requirements are not met by system chilling capacity are June, July, August and September. Even 
though these four months register the highest system chilling capacities, they also have the highest cooling 
requirements. Figure 5.28 shows the variation of the solar fraction cooling and specific collector yield with 
the months of the year. This figure clearly shows the months whose requirement is not met; these correspond 
to the months with a solar fraction cooling that is less than 1.0. 
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Figure 5.27: Total cooling requirement and system chilling capacity 

It is evident from Figures 5.27 and 5.28 that the cooling system can actually produce more chilling power 
more than required e.g. for months of January, February, March, November, and December. This implies 
that that incorporation of a highly accurate controller is highly recommended to ensure that the comfort of 
the zones’ occupants is not compromised.    

 

Figure 5.28: Solar fraction cooling and specific collector yield for different months 
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Thermal COP 

Figure 5.28 shows the variation of hourly average thermal COP with the time of the year in hours. Clearly the 
the COP of the system lies between 0.60 and 0.80. There are huge variations in COP of the system specially 
during winter (0 – 3624 hrs and 6552 – 8760 hrs) than summer periods (3624 – 6552 hrs). These huge 
variations in COP during winter periods can be attributed to the fact that the system meets the cooling 
requirement and hence operates in an on and off mode. The peak COPs that can be attained during winter 
periods are higher than the corresponding values during winter.  

 

Figure 5.29: System thermal COP versus time of year 

Instantaneous chilling power  

Figure 5.30 shows the variation of the instantaneous chilling power[ kJ/hr] and generator hot water heat gain 
[kJ/hr] of the system with the time of the year [hrs].  

From the figure it is observed that the instantaneous peak cooling capacity of the solar cooling system 
decreases during the summer period (3624 – 7296 hrs). The peak chilling power is actually during the winter 
months. The reduction in the peak chilling power during summer periods can be attributed to the high 
ambient and hence associated high cooling temperatures during this period.  

Cooling tower water loss 

Water consumption is a key factor in a region with water scarcity like UAE. The water loss due to 
evaporation from the cooling tower was computed for typical average days of different months.  Duffie and 
Beckman (2006) lists the average days for different months of the year (pg 15). These days were used to 
compute the water loss - replacement requirement of the cooling tower for different months of the month. 
Figure 5.31 shows the amount of water loss due to evaporation from the cooling tower on a typical month 
average day, not considering any spillages and leakage. As expected, the summer months June – September 
register the highest water requirement to run the cooling tower. The months of June and July register the 
highest water requirement of 1450 and 1390 kg respectively per average day of operation.   
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Figure 5.31: Cooling tower water evaporation loss for different average days of the months 

5.3.5 Summer months average day performance 
The complete solar cooling system performance measurement experiments were carried out during winter 
days of the month of November. For a better insight of the operation of the system during typical summer 
days, simulations were also carried out for average days of summer months of June, July and August. These 
were generated using TMY2 weather data that was generated Mateonorm 6.1 software. Figure 5.32 shows the 
chilling and generator thermal power gained from the hot water stream and the different chiller temperatures 
for a typical June average day. Similar Figures for July and September average days are included in Appendix 
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minimum. This is because the cooling requirement is slightly higher than the chilling capacity off the system. 
The peak chilling and generator heat input power is less during the summer period than the corresponding 
values for winter. As explained earlier, this is because of the influence of a higher cooling temperature for the 
former period than the latter.   

 
Figure 5.32: Absorption chiller performance for a June average day 

 5.3.6 June – September average solar fraction cooling improvement 

A number of factors that can be changed to improve the solar fraction cooling of the period June – 
September were investigated. The June – September period is the period during for which the total solar 
cooling requirement is not met by the solar cooling system without backup. The factors that were investigated 
included; collector tilt, stratified tank volume, chilled tank environment temperature, total collector area, 
collector flow, and chiller starting temperature. 
Stratified tank volume 

Figure 5.33 shows the effect of the stratified tank volume on both the average SFC of the months June – 
September and the total annual chilling capacity. The total existing stratified tank volume is indicated by the 
red solid vertical line. It is observed that increasing the tank volume slightly increases both the total annual 
chilling capacity and average solar fraction cooling during the months of June – September. 
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Figure 5.33: Effect of stratified tank volume on Jun – Sep average SFC and annual chilling capacity 

At a volume of 2.0 m3, the rate of increase in both SFC and the system total annual chilling capacity with 
respect to volume reduces with further increase in the volume of the stratified tank volume. It is worth saying 
that the optimum stratified tank volume is approximately 2.0 m3 for an existing total collector gross area of 
130.624 m2. This means a specific volume per collector gross area of 1.531 × 10  m3/m2. 

Effect of total collector area 

The effect of the total gross area was investigated, maintaining the same number of collectors per collector 
series array of 4 collectors. The same specific stratified tank volume per collector gross area (= 1.531 × 10 ) 
was also maintained. Figure 5.34 shows the effect of changing the total collector gross area on the June – 
September average SFC and the total annual chilling capacity. The vertical red solid line indicates the existing 
total collector area. From this figure it is evident that at a total gross area of approximately 150 m2 (≈
36 collectors ≈ 9− four collector series arrays), the solar cooling requirement of all the months can be met 
(the average solar cooling fraction for even the months of June – September exceeds 1.0).  Figure 5.35 shows 
the effect of changing the total collector gross area on the annual specific collector yield and annual collector 
efficiency. The increase in total collector area reduces the collector efficiency. This can be attributed to the 
higher operating temperatures that are associated with using a higher total collector area and the on and off 
operation of the collector field pump. It is switched off when the stratified tank temperature exceeds 95°C, 
the highest limit for the operation of the absorption chiller. 
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Figure 5.34: Effect of collector gross area on Jun – Sep average SFC and total annual chilling capacity 

 

Figure 5.35: Effect of collector field gross area on specific yield and efficiency 
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Effect of collector array sizes 

The effect of changing the collector series array sizes was also investigated. The total gross area of 146.952 m2 
was maintained constant. This total collector gross area is met by; 18 – two collector series arrays, 12 – three 
collector series arrays, 9 – fours collector series arrays, 6 – six collector series or 4 – nine collector series 
arrays. Figure 5.36 shows the effect of the sizes of the effect of the collector series array sizes of the solar 
fraction cooling for the months of June – September. The existing array size of 4 collectors per series array 
maximizes average solar fraction cooling for the months that require most intense cooling.  

 

Figure 5.36: Effect of collector series arrays sizes on the Jun - Sep average SFC 

Effect of collector tilt 

Figure 5.37 shows the effect of the collector slope (tilt) on the June – September average solar cooling 
fraction and the total annual chilling thermal energy. It is evident that the existing collector tilt maximizes the 
average solar fraction cooling during the months of June – September, months for which the total cooling 
requirement is not met. However, the total annual system chilling energy is maximized by a slope of 20°. 
From this view, a tilt of 15° is recommended; this tilt maximizes the chilling capacity of the months that 
majorly require intense cooling.  
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Figure 5.37: Effect of collector slope on Jun - Sep average SFC and annual chilling capacity 

Collector flow 

The effect of collector flow was investigated. The performance of the system was computed for varying 
values of water flow to each collector series array. The values of flow that were investigated lie in the collector 
manufacturer’s recommended range of collector operation. Figure 5.38 shows the effect of the collector flow 
on the average SFC of the months of June – September and the total annual system chilling energy. A 
collector flow of 240 kg/hr  = 4.0 lpm per collector series array maximizes the average solar fraction cooling 
for the months of June – September. However, a collector flow of 180 kg/hr = 2.0 lpm per collector series 
array maximizes the total annual system chilling energy. This latter flow corresponds to the nominal collector 
flow specified by the collector manufacturer, see Table 1.1. 

Effect of chiller starting temperature 

The chiller starting temperature defines the minimum temperature of hot water inlet temperature to the 
absorption chiller generator for the absorption chiller to be started if it was initially off. This temperature was 
varied using the absorption chiller control model, chiller ctrl, shown in Figure 3.10. Figure 5.39 shows the 
effect of this temperature on the average SFC of the months that require more intense cooling (June – 
September) and the total annual chilling capacity of the system. The chiller start temperature of 77°C 
maximizes both the former and latter. From this observation, it is therefore, recommended that a control is 
installed between the stratified tank and absorption chiller that sets the chiller start temperature to a value of 
75 – 80°C. 
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Figure 5.38: Effect of collector series arrays flow on the Jun - Sep average SCF and annual chilling energy 

 

Figure 5.39: Effect of Chiller starting temperature on the Jun - Sep average SFC and annual chilling capacity 
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Effect of chilled tank environment temperature 

To reduce the effect of heat gain by the chilled water tank, the tank can be installed indoor to operate at a 
lower tank environment temperature. This effect was investigated by comparing the performance of the 
overall system with a tank installed indoor and another with a tank installed outdoor. The comparison was 
done for varying chilled tank loss coefficients. Figure 5.40 shows the variation of the June – September 
average SFC with the chilled tank loss coefficients for tank operating at indoor and outdoor temperature. It is 
evident that installing the chilled water tank improves the system performance especially for tank loss 
coefficients higher than 5 W/m2K. This observation has two significances; 1) less expensive tank insulation 
can be used with a tank installed indoors and 2) in case of ineffective insulation covering of all tank surface 
area, the indoor installation is reduces the effect thermal gain.    

 

Figure 5.40: Effect of installing the chilled water tank indoors on Jun - Oct SFC for varying loss coefficients 

Effect of heater 

The last factor that was investigated was the effect of the auxiliary back up heater in the stratified water tank. 
The stratified water tank has two slots for the installation of the heater. These slots are at levels j and f in 
Figure 3.17.  The effect of auxiliary heater was investigated for the former level for varying values of 
maximum heating capacity. Figure 5.41 shows the effect of different heater maximum heating capacity on the 
average solar fraction cooling for the months of June – September. It is observed that an auxiliary heater of 
maximum heating capacity of 15 kW is sufficient for the system to meet the total cooling requirements of all 
months. However, installation of an auxiliary heater in the stratified tank, affects the solar fraction of the 
system. Figure 5.42 shows the effect of the different auxiliary heater heating capacity on the total annual 
auxiliary heating energy and annual solar fraction, Annual SF. In particular, the 15 kW heater leads to a 
system with an annual solar fraction of 0.882. 
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Figure 5.41: Effect of stratified heating capacity on the June - October SFC 

 

Figure 5.42: Effect stratified auxiliary heating capacity on the annual auxiliary heater energy and SF 
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6 CONCLUSIONS AND RECOMMENDATIONS 

6.1 Conclusions 
During this study, the performance of the evacuated tube collector was evaluated with respect to its tilt. 
Measurements during a day in the month of September indicate that a collector slope in the range of 20 to 25° 

is sufficient to give optimum performance during this period. The experimental measurements were found 
coherent with TRNSYS simulations. Determination of the optimum tilts for different periods of the year 
using TRNSYS simulations indicate the different periods of the year have different values of optimum 
collector tilt. Precisely, in order to maximize the total annual collector thermal gain, a tilt of 25° is 
recommended. However, a collector tilt of 15° that optimizes the performance of the collector during summer 
periods maximizes the solar fraction cooling of the cooling system during the months of June – September 
that require the most intensive cooling. 

Measurement of the performance of the overall system indicated a lower actual performance than the 
theoretical simulation predictions. The theoretical simulations predict a system chilling capacity that is on 
average 55% higher than the actual measurements. This can be attributed to a number of reasons, the key 
ones including; chiller de – rating due to aging, difference in actual tank loss coefficient and estimated 
coefficient, and high level of uncertainty in the cooling and generator thermal power measurements.  

Measurements of the absorption chiller generator and cooling thermal power involved huge values of 
uncertainties. These values were mainly as a result of low accuracy (0.3 K at 0°C and 0.8 K at 100°C) in the PT 
1000 temperature measuring sensors that were used to measure the corresponding water streams temperature 
differences. A recommendation for better temperature sensors is given in the proceeding section 6.2 that 
should be used in case of further experimental study on this solar cooling system.  

Performance of the whole system for a full typical year indicated that the system chilling capacity can meet 
the cooling requirement of at least 8 months of the year. The only months for which the total cooling 
requirement is not met are June, July, August and September. The system operates with an average COP of 
0.70 with the COP lying in the range of 0.60 – 0.80. A number of parameters that can be used to improve the 
solar fraction cooling of the months of June – September were investigated. Among the key factors that can 
improve this solar fraction cooling include; incorporation of a heater of heating capacity of at least 15 kW 
preferably in the upper heater insertion position, installation of the chilled water tank indoors, controlling  the 
chiller starting temperature at close to 78°C and increasing the total collector gross area to at least 150m2. 
Using a 15 kW auxiliary heater in the stratified tank leads to a system with annual SF of 0.882. 

6.2 Recommendations and further study 
The measurements of especially the absorber generator thermal power and cooling thermal power were 
associated with high levels of uncertainties. For further experimental study of the solar cooling system, it is 
recommended that better temperature sensors of better accuracy e.g. PT100 1/10DIN, type should be used 
for the measurement of the different water streams temperature differences. This type of temperature sensor 
has an accuracy of 0.03 K at 0°C and 0.08 K at 100°C as compared to respective values of 0.3K and 0.8K for 
PT1000.  Table 6.1 shows the resultant uncertainties in measurement of the different rated thermal powers 
using PT100 1/10DIN as compared to when the existing PT1000 sensors are used.  
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Table 6.1: Rated power measurement uncertainties using existing and reccomended temperature sensors 

Thermal power measured PT1000 rated 
percentage uncertainty 

PT100 1/10DIN percentage 
uncertainty 

Total field thermal gain 7.85 3.21 
Hot water generator  20.69 2.93 
Cooling water  16.47 2.98 
Chilled 9.12 1.87 
 
TRNSYS simulations were carried out based on Type 270 that was developed based on the manufacturer’s 
specification of the chiller performance characteristics. For better agreement between the actual chiller 
performance and the measured performance, it is recommended that a TRNSYS type model be developed 
preferably using the chiller characteristic equation method. This method was used by Jan Albers, for creation 
of Type 177 that was used to model the older model of yazaki, WFC 10. Development of the chiller 
characteristic equations for the three different heat exchangers of the chiller requires carrying out 
experimental measurement of the chiller performance with respect to the three inlet temperatures. This 
experimental measurement however, cannot be done using the existing experimental setup since it has no 
control over the three inlet temperatures. The cooling tower was also simulated using approximate mass 
transfer coefficient and exponent suggested by ASHREA, 2004. This was because of lack of clarity of the 
performance characteristics from the manufacturer’s specifications. It is recommended that in case of further 
study, a fill test on the cooling tower be carried out in order to enable accurate theoretical simulation of the 
cooling tower. Lastly, to improve the accuracy of the TRNSYS simulation, it is recommended that a cooling 
curve test is carried out on the hot water and chilled water tanks in order to estimate the most accurate value 
of heat loss coefficients of these tanks.   

Experimentation results show that the degree of stratification in the stratified hot water tank greatly reduces 
when the hot water circulation to the chiller starts. The benefits of stratification are not taken advantage of 
after this moment. The total inlet flow (8640l/h) to the stratified hot water tank exceeds the maximum value 
of 3.4 m3/h suggested by the manufacturer to prevent mixing of layers. To make sure that this value is not 
exceeded, it is recommended that a study for incorporating a heat exchanger between the stratified tank and 
absorption chiller is carried out.  

TRNSYS simulation was carried out taking into consideration of different system controllers. All of these 
controllers are not installed on the system. Similar controllers should be installed into the system. Among the 
key ones include, the cooling water temperature controller, absorption chiller and its circulation pumps 
controller and the solar field circulation controller. The first controller should not only control the cooling 
water chiller inlet temperature in the range between 24°C and 32°C but should also control the power 
consumption of the cooling tower fan. In simulation, a fan on and off control was used. The control should 
be based on fan power or speed other than a mixing valve control. The second controller should switch off 
all circulation pumps in water lines connected to the absorption chiller and the chiller its self if the tank 
temperature (hot water supply to the absorption chiller) becomes less than 70°C or more than 94°C. The same 
controller should only switch on the absorption chiller and all other circulation pumps of water stream 
connected to the chiller if the temperature in the hot water line has reached 77°C.  The last controller ensures 
that the tank temperature does not exceed 95°C and prevents solar collector field circulation during periods of 
low radiation.  

The simulations in this project were carried out based on the cooling loads provided by temporary built 
cabins at CSEM – UAE outdoor test facility. It is recommended that similar simulations are run basing on the 
commonest residential and/or commercial building structures to assess the feasibility of commercializing 
solar air conditioning technology in UAE. 
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7 APPENDIX 

7.1 System hydraulic schematic diagrams 

 

Figure 7.1: Solar collector field for the 10 TR solar cooling system at CSEM - uae 
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Figure 7.2: Hot thermal storage system 

 
Figure 7.3: Absorption chiller connection
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7.2 Collector efficiency curve determination data 
Table 7.1: Screened data points for plotting the collector efficiency curve 

      Temps 
Gauge 

pressures, bar Environment   
 Measured 
Efficiency   

Regression 
Efficiency 

Experiment 
day Time 

Flow 
[lpm] 

T1 
[C] 

T2  
[C] 

P1 
[bar] 

P2   
[bar]  

 D 
[W/m^2] 

RH 
[%] 

Tamb 
[C] 

Gβ 
[w/m2] 

Wind 
[m/s] 

Power 
[kW] ηA 

ΔT/G 
[Km2/W] ηA 

22/09/2012 

11:35:25 3.945 58.1 64.4 1.641 1.579 177.3 61.9 34.2 857.6 1.592 1.71878 0.666265 0.031508 0.66558 
11:35:34 3.965 58.1 64.4 1.631 1.596 179.6 62.3 34.2 858.7 2.297 1.72205 0.666659 0.031501 0.66559 
11:36:26 4.002 58.1 64.4 1.641 1.597 179.6 62.7 34.2 859.9 2.885 1.72437 0.666686 0.031446 0.66564 
11:36:33 3.992 58.2 64.5 1.656 1.615 178.5 62.5 34.2 863.2 2.846 1.73098 0.666635 0.031390 0.66570 

26/09/2012 

12:29:42 3.989 76.6 82.7 1.974 1.878 114.5 40.7 35.3 889.0 2.300 1.67302 0.625626 0.049912 0.64617 
12:29:52 3.969 76.6 82.8 1.976 1.887 115.6 41.8 35.2 890.1 2.630 1.67538 0.625719 0.049954 0.64612 
12:30:20 3.995 76.6 82.8 1.977 1.882 115.6 44.7 35.3 892.4 0.506 1.68091 0.626206 0.049788 0.64630 
12:30:24 3.999 76.6 82.8 1.97 1.866 115.6 45.2 35.3 890.1 1.958 1.67445 0.625371 0.049862 0.64622 

27/09/2012 

12:29:31 4.088 87.0 93.2 3.229 3.19 126.8 54.7 33.9 882.3 3.290 1.71049 0.644513 0.063700 0.63162 
12:29:40 4.088 87.0 93.2 3.247 3.183 126.8 54.9 33.9 882.3 1.766 1.71046 0.644502 0.063664 0.63166 
12:32:04 4.094 87.0 93.1 3.245 3.194 129.1 54.9 34.5 873.3 3.839 1.69363 0.644715 0.063569 0.63176 
12:32:45 4.101 87.0 93.2 3.264 3.194 129.1 56.6 34.6 883.4 0.623 1.71313 0.644690 0.062820 0.63255 

25/09/2012 

12:01:33 4.008 66.5 72.8 1.933 1.893 144.8 29.6 36.9 863.2 4.226 1.73074 0.666544 0.037984 0.65875 
11:59:36 3.961 66.5 72.9 1.948 1.872 144.8 31.6 36.4 865.5 3.794 1.73480 0.666376 0.038418 0.65829 
11:58:54 4.012 66.4 72.8 1.936 1.878 145.9 31.1 36.8 865.5 4.136 1.73527 0.666556 0.037962 0.65877 
11:59:30 3.96 66.5 72.9 1.94 1.883 144.8 31.4 36.4 865.5 4.385 1.73436 0.666208 0.038396 0.65831 

30/09/2012 

11:57:09 3.995 45.6 52.5 2.273 2.207 75.2 42.6 34.1 937.2 3.452 1.89074 0.670674 0.015941 0.68200 
11:57:11 3.995 45.6 52.5 2.263 2.207 74.1 42.4 34.1 937.2 2.702 1.89074 0.670674 0.015947 0.68199 
11:57:12 3.995 45.6 52.5 2.27 2.182 74.1 42.3 34.1 937.2 3.026 1.89074 0.670674 0.015947 0.68199 
11:58:50 4.008 45.6 52.5 2.272 2.202 75.2 44.6 34.4 937.2 3.545 1.89135 0.670892 0.015619 0.68234 

03/10/2012 

12:23:04 4.054 35.5 42.3 2.235 2.29 83.1 58.1 33.1 903.6 4.148 1.90961 0.702581 0.006329 0.69214 
12:24:34 4.094 35.5 42.2 2.242 2.293 85.3 57.7 33.1 905.8 5.930 1.91428 0.702554 0.006321 0.69214 
12:26:25 3.979 35.5 42.3 2.257 2.304 84.2 58.2 33.3 885.7 0.728 1.87151 0.702508 0.006253 0.69222 
12:27:10 4.006 35.5 42.3 2.239 2.288 86.4 57.3 33.6 889.0 0.308 1.87864 0.702517 0.005982 0.69250 
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7.3 Cooling system performance test day results 

 

Figure7.4: Chiller water streams temperatures and incident radiation (Test day: 22nd Nov 2012)  

 

Figure 7.5: Chiller water streams temperatures and incident radiation (Test day: 28th Nov 2012) 
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Figure 7.6: Thermal COP and chiller inlet temperatures (Test day: 22nd Nov 2012) 

 

Figure 7.7: Thermal COP and chiller inlet temperatures (Test day: 28th Nov 2012) 
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Figure7.8: Generator and chilling thermal powers and chiller water temperatures (Test day: 22nd Nov 2012) 

 

Figure 7.9: Generator and chilling thermal powers and chiller water temperatures (Test day: 28th Nov 2012) 
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Figure 7.10: Comparison between actual measured generator thermal power and TRNSY prediction (22nd November 2012) 

 

Figure 7.11: Comparison between actual measured chilling power and TRNSY prediction (22nd November 2012) 
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Figure 7.12: Comparison between actual measured generator thermal power and TRNSY prediction (28th November 2012) 

 

Figure 7.13: Comparison between actual measured chilling power and TRNSY prediction (28th November 2012) 
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Figure 7.14: Instantaneous thermal power measurement uncertainties 

 

Figure 7.15: Instantaneous thermal power measurement uncertainties (28th Nov 2012) 
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7.4 summary of complete system performance measurement test days results 
Table 7.2: Summary of complete solar cooling system test days results 

 

 

Measurement   
Unit 

19th November 22nd November 28th November 

Experiment TRNSYS 
manufacturer’s 

efficiency 

TRNSYS 
measured 
efficiency 

Experiment TRNSYS 
manufacturer’s 

efficiency 

TRNSYS 
measured 
efficiency 

Experiment TRNSYS 
manufacturer’s 

Eta 

TRNSYS 
measured 
efficiency 

Q_incident kWh 445.3 ± 8.9 450.5 450.5 419.8 ± 8.4 425.4 425.4 469.5 ± 9.4 474.3 474.3 

Q_coll. Gain kWh 250.9 ± 23.1 245.4 263.5 229.8 ± 21.6 232.5 249.9 241.7 ± 22.7 252.0 268.7 

QHW kWh 169.2 ± 50.4 220.8 242.5 167.2 ± 45.0 216.3 232.1 172.4 ± 50.4 223.1 241.5 

QCHW kWh 99.4 ± 15.0 160.1 175.9 101.0 ± 12.0 155.8 168.7 102.0 ± 17.2 155.3 168.9 

E_tot kWh 49.6 ± 0.6 36.7 39.1 46.5 ± 0.6 38.3 40.9 50.3 ± 0.6 35.6 37.8 

E_tot2 kWh 29.8 ± 0.4 23.5 24.7 27.9 ± 0.4 25.9 27.6 30.2 ± 0.4 22.5 23.7 

COP_t - 0.588 0.725 0.725 0.604 0.720 0.727 0.592 0.696 0.699 

COP_e - 0.500 0.655 0.658 0.517 0.643 0.649 0.504 0.632 0.637 

Eta_gross - 0.563 0.545 0.585 0.547 0.546 0.579 0.535 0.515 0.566 

Eta_net - 0.380 0.490 0.538 0.398 0.508 0.538 0.367 0.470 0.509 
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7.5 July and August average day system performance 

 

Figure 7.16: August average day system performance 

 

Figure 7.17: July average day system performance 
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