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a b s t r a c t 

This paper presents the first part of a research-work conducted at the University of Applied Sciences (HFT- 

Stuttgart). The aim of the research was to investigate the potential of low-cost renewable energy systems to 

reduce the energy demand of the building sector in hot and dry areas. Radiative cooling to the night sky represents 

a low-cost renewable energy source. The dry desert climate conditions promote radiative cooling applications. 

The system technology adopted in this work is based on uncovered solar thermal collectors integrated into the 

building’s hydronic system. By implementing different control strategies, the same system could be used for 

cooling as well as for heating applications. This paper focuses on identifying the collector parameters which 

are required as the coefficients to configure such an unglazed collector for calibrating its mathematical model 

within the simulation environment. The parameter identification process implies testing the collector for its 

thermal performance. This paper attempts to provide an insight into the dynamic testing of uncovered solar 

thermal collectors (absorbers), taking into account their prospective operation at nighttime for radiative cooling 

applications. In this study, the main parameters characterizing the performance of the absorbers for radiative 

cooling applications are identified and obtained from standardized testing protocol. For this aim, a number of 

plastic solar absorbers of different designs were tested on the outdoor test-stand facility at HFT-Stuttgart for 

the characterization of their thermal performance. The testing process was based on the quasi-dynamic test 

method of the international standard for solar thermal collectors EN ISO 9806. The test database was then used 

within a mathematical optimization tool (GenOpt) to determine the optimal parameter settings of each absorber 

under testing. Those performance parameters were significant to compare the thermal performance of the tested 

absorbers. The coefficients (identified parameters) were used then to plot the thermal efficiency curves of all 

absorbers, for both the heating and cooling modes of operation. Based on the intended main scope of the system 

utilization (heating or cooling), the tested absorbers could be benchmarked. Hence, one of those absorbers was 

selected to be used in the following simulation phase as was planned in the research-project. 
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. Introduction 

Nocturnal radiative cooling to the night sky is a renewable energy

ource that can reduce space cooling needs in homes [1] . It is based on

he principle of heat loss through long-wave radiation to the cold sky

2] . The potential of radiative cooling depends to a great extent on the

ocal climate conditions [3] , as they affect the effective sky temperature
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4] . Radiative cooling utilizes the clear night sky as a heat sink [5] .

lthough this principle goes back to few hundred years BCE, research

nd development on that topic has flourished only over the past few

ecades [5–8] . 

In line with the global transition towards clean and renewable energy

ources, environmentally friendly cooling methods are representing an

nteresting and attractive topic to researchers. However, the available
nologies (zafh.net), University of Applied Sciences Stuttgart (HFT-Stuttgart), 
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Nomenclature 

A area [m 

2 ] 

𝑐 𝑓 specific heat capacity of heat transfer fluid [J/kg.K] 

𝑐 1 heat loss coefficient at ( 𝜗 𝑚 − 𝜗 𝑎 ) = 0 [W/m 

2 .K] 

𝑐 2 temperature dependence of the heat loss coefficient 𝑐 1 
[W/m 

2 .K 

2 ] 

𝑐 3 wind speed dependence of the heat loss coefficient 𝑐 1 
[J/m 

3 .K] 

𝑐 4 long-wave irradiance (sky temperature) dependence of 

the heat losses [-] 

𝑐 5 effective thermal capacity [kJ/m 

2 .K] 

𝑐 6 wind speed dependence of the zero-loss efficiency 
′

𝐹 

( 𝜏𝛼) 
[s/m] 

𝐸 𝐿 long-wave irradiance [W/m 

2 ] 
′

𝐹 

( 𝜏𝛼) zero-loss efficiency [-] 

G solar irradiance [W/m 

2 ] 

K incidence angle modifier [-] 

�̇� mass flow rate of the heat transfer fluid [kg/s] 

�̇� 𝑁 

specific mass flow rate [kg/m 

2 .s] 

Q thermal energy (Heat when > 0) [J] 

�̇� thermal power [W] 

�̇� 𝑁 

specific thermal power [W/m 

2 ] 

T absolute Temperature [K] 

T ∗ reduced temperature difference [K.m 

2 /W] 

Δ𝑇 temperature difference [K] 

t time [s] 

u wind speed [m/s] 

Acronyms 

Dev deviation (an objective function for optimization) 

DHW domestic hot water 

HTF heat transfer fluid 

IAM incidence angle modifier 

IR infra-red 

MLR multiple linear regression 

PVT photovoltaic thermal (hybrid solar collector) 

QDT quasi-dynamic test 

RH relative humidity 

SH space heating 

SS steady-state 

STC solar thermal collector 

Greek letters 

𝛼 absorptance [-] 

𝜀 emittance [-] 

𝜂 efficiency [-] 

𝜎 Stefan-Boltzmann constant ( 5 . 67 × 10 −8 ) [W/m 

2 .K 

4 ] 

𝜏 transmittance [-] 

𝜃 incidence angle of the beam irradiance [°] 

𝜗 temperature [ °C] 

Subscripts 

a ambient Air 

b beam 

C cooling 

d diffuse 

en effective normal 

g global 

H heating 

i inlet 

m mean 

o outlet 

s simulated 

sky sky 
2 
iterature that tackled radiative cooling go back to the mid-seventies,

nly. Many of the presented work attempted to predict the effective sky

emperature, to eventually estimate the yield of the resource, and also

o compare the cooling potential at different locations [3] . Other studies

resented theoretical or experimental investigations of radiative cooling

ystems [ 2 , 3 , 9 ]. The most recent research on the topic focuses on devel-

ping new material to enable daytime radiative cooling [10–12] . Nev-

rtheless, the technology of radiative cooling is still not implemented

n conventional buildings. Only for research purposes, special testing

ystems were designed for measurements and to validate theoretical re-

ults (some experiments were carried out in the USA, Jordan, Egypt, and

ustralia). 

Nocturnal radiative cooling systems are similar to solar thermal sys-

ems [ 2 , 3 ]. They can be considered as a relatively new technology that

an cool surfaces, exposed to the sky during summer nights, exploit-

ng the phenomenon of nocturnal long-wave radiation towards the sky

 9 , 13 , 14 ]. Since they are not limited to operate only during summer

ights, these systems can be also used for heating applications over day

imes. By applying a different control strategy, radiative cooling systems

an be operated during winter days, to provide both domestic hot wa-

er (DHW) and space heating (SH). Radiative cooling systems can hence

ffer a simple and an affordable solution to reduce power capacity re-

uirements in summer and winter. 

Radiative cooling panels are viewed as uncovered flat plate solar

ollectors [5] . The radiative heat loss from a radiator surface, facing

he sky at night, can lower the temperature of the radiator surface

nd hence the temperature of the heat transfer fluid used in a cool-

ng system. To evaluate the potential use of simple non-insulated ther-

al collectors, the thermal performance of the collector must first be

ssessed. This paper focuses on testing some low-cost collectors (e.g.

wimming pool absorbers), in order to characterize them thermally with

espect to their performance for radiative cooling applications. The out-

oors quasi-dynamic test method of the international standard for so-

ar thermal collectors EN ISO 9806 was used in this work as a refer-

nce. Thermal characterization of solar collectors is usually done by

dentifying the thermal performance parameters. To do this, the test

atabase is to be processed using a mathematical optimization tool. In

his study, GenOpt was used to optimize and hence to eventually iden-

ify the absorbers’ parameters. These coefficients of the collector math-

matical model are used not only within the simulation environments,

ut also for plotting the efficiency curves. For radiative cooling sys-

ems, this step is essential to evaluate the collector thermal performance,

rimarily for radiative cooling applications and secondary for heating

urposes. 

The theory of radiative cooling to the night sky is presented in

 glance in the next section. Section 2 (Theoretical Background) also

resents the fundamentals needed to understand the principles and op-

ration conditions of solar thermal-collector systems, with the main con-

ern on cooling applications rather than heating. Section 2 ends with

 brief of the testing standard. The first part of Section 3 (Method-

logy) provides an insight into the practical work followed in this

esearch-work. It begins with the testing procedures for some ab-

orbers that are likely to achieve the targeted technical and commer-

ial criteria of this research project. In its second part, Section 3 in-

roduces the mathematical optimization process to identify the ab-

orber parameters, to eventually prepare the mathematical model of

he solar absorber. In Section 4 (Results & Discussion), the results

f the testing phase are presented. The validation of the optimiza-

ion model is also discussed. Finally, the parameters of the tested ab-

orbers are presented and used to plot the thermal efficiency curves

f the absorbers. The main outcomes and remarks of this work are

ummarized in Section 5 (Conclusion). It also contains an outlook on

he topic "radiative cooling" and recommendations for future research

ork. 
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. Theoretical background 

This section aims at providing the fundamentals of radiative cooling-

ased systems in addition to the basics of modeling solar thermal col-

ectors, and a brief introduction to the testing protocol. 

.1. Radiative cooling 

All surfaces emit long-wave radiation and also receive it from their

urroundings. The net radiant exchange of energy can result in a sig-

ificant heat loss of the surface, depending on the temperatures of the

urface and its surrounding. Flat plate solar collectors, installed on the

oofs of buildings for heating, can act at night as cooling radiators that

xchange radiation primarily with the sky [2] . The sky temperature dur-

ng summer nights can be low enough to result in a net outgoing radia-

ive flux from the collector surface to the open sky, where the sky can

e considered as a black body at some equivalent sky temperature 𝑇 𝑠𝑘𝑦 ,

hile the flat plate solar collector has a surface emittance 𝜀 and a mean

emperature 𝑇 𝑚 [ 2 , 3 , 15 ]. According to Stefan-Boltzmann law, the actual

et radiation between such a horizontal flat plate collector of surface

rea 𝐴 , and the sky is giving by Eq. (1) , where �̇� is the cooling power

nd 𝜎 is the Stefan-Boltzmann constant, [ 2 , 5 ]: 

̇
 = 𝐴 𝜎 𝜀 

(
𝑇 4 

𝑚 
− 𝑇 4 

𝑠𝑘𝑦 

)
(1)

Thus, flat plate solar collectors can be used for cooling under certain

ky conditions, when 𝑇 𝑠𝑘𝑦 is low enough to result in a significant cooling

ower. Indeed, 𝑇 𝑠𝑘𝑦 is a key factor that determines the potential for ra-

iative cooling, where 𝑇 𝑠𝑘𝑦 is the absolute temperature (in K), and it is

aised to the fourth power. It is important to notice that 𝑇 𝑠𝑘𝑦 cannot be

eally measured, it is indirectly calculated, actually. The calculation pro-

ess of 𝑇 𝑠𝑘𝑦 requires having the downward long-wave irradiance from

he sky ( 𝐸 𝐿 ↓) received at the Earth’s surface measured. Pyrgeometers

t the collector plane are used for this purpose. 

For such an untypical mode of operation, the flat plate solar collec-

ors should be called "radiators" rather than "collectors". Yet, this might

e confusing, especially when talking about the collector parameters

nd the testing standard, as will follow in the coming sections. In this

aper, however, to distinguish and focus on the cooling operation, col-

ectors will be referred to as "absorbers". In contrast to the conventional

peration of solar thermal collectors (STCs), heat losses from the ab-

orber plate are desirable here. Heat loss is the source of the cooling

ower. Removing the glass cover of the typical STC would immensely

llow long-wave radiation emitted from the surface of its absorber plate.

herefore, for radiative cooling applications, unglazed flat plate solar

ollectors are preferable and the STC consists now of the absorber plate

nly. 

.2. Convection effect 

Having the absorber now directly exposed to the ambient air, con-

ection will also influence the cooling power. However, convection does

ot always assist in the cooling process. Depending on the local weather

onditions (in particular, ambient air temperature and wind speed) and

he temperature of the absorber, convection can cause either heat gain

r heat loss to or from the absorber surface. If the absorber is warmer

han the ambient air, convection will assist in the removal of thermal en-

rgy from the absorber. Actually, if ambient air temperature decreases

uch more rapidly than the temperature of the fluid that is being cooled

ithin the absorber, then much of the cooling effect is the result of con-

ection rather than radiation. And that is actually the case during the

rst part of the night until about midnight [ 2 , 13 ]. As the absorber sur-

ace cools down, the temperature difference between the absorber tem-

erature and the ambient air temperature decreases, and thus the ben-

ficial effects of convection are reduced. If the absorber is colder than

he surrounding air, then convective heat exchange counteracts the ef-

ects of radiative cooling (i.e. the convection results in heat transfer from
3 
he ambient air to the absorber), which is undesirable if the intent is to

roduce the greatest possible cooling effect [ 2 , 13 ]. 

This way, the ambient air temperature 𝑇 𝑎 affects the operation of

ight-cooling in two ways: primarily affecting the radiative part of the

eat exchange (indirectly in the calculation of 𝑇 𝑠𝑘𝑦 ), and secondarily

n the form of convective heat losses or gains, which can significantly

nhance or lower the performance of the cooling-absorbers. In a nut-

hell, the weather conditions which have to be taken into account,

hen considering the potential analysis for night-cooling applications,

re [ 2 , 3 , 13 ]: 

• The ambient dry bulb temperature 
• The relative humidity 
• The effective nocturnal sky temperature 
• The wind velocity 

.3. System technology 

Roof-mounted STCs have been used since several decades to provide

HW for residential buildings, mainly in Europe, Australia, and USA

 2 , 15 ]. Nevertheless, the heat transfer fluid (HTF) can also be used to

upport low-temperature heating systems [ 2 , 16 ]. The SH concept can

e applied by circulating the HTF through a hydronic system integrated

ithin the conditioned spaces of the building [2] . The same idea could

e used during summer nights to cool down the HTF, harnessing the

ight-cooling principle as explained in the previous sections [ 2 , 16 ]. In

ither case, the STC is the key component of the system, where it gen-

rates thermal energy, whether heat or cold. 

.3.1. Mathematical model 

To predict the annual energy yield a solar thermal system can pro-

uce, it is important to know the thermal performance of a STC [17] .

he modeling of a STC is based mainly on its common mode of opera-

ion, i.e. for heating purposes. Different mathematical models are used

o characterize liquid heating STCs, depending on their type (glazed or

nglazed) and the test method used (steady-state (SS) or quasi-dynamic

est method (QDT)) [18] . The SS method does not account for the diffuse

rradiance. Moreover, there is no parameter to account for sky temper-

ture dependency (instead, an equivalent net irradiance is calculated

n SS) [ 17 , 18 ]. For unglazed STCs, the most important heat loss terms

re the wind speed dependencies, and as explained earlier, there is a

ignificant effect due to exchange with the sky in long-wave radiation

the infra-red (IR) range). Using the complete model of STCs, which is

ased on the QDT method, is therefore mandatory for unglazed collec-

ors [ 17 , 18 ]. This is provided by the international standard for solar

hermal collectors EN ISO 9806. The latest update of the standard (ISO

806:2017) paid due attention to unify the description, as well as the

resentation of the results, of the thermal performance regardless of the

ollector type and test method. The same was considered for the de-

cription of the incidence angle correction factor [19] . In this work, the

ull model of STCs based on the quasi-dynamic test method (QDT) of the

SO 9806:2013 was used. This model is in line with the newest version

roposed in the ISO 9806:2017. Discrepancies between both versions of

he standard are discussed at the end of this section. The energy balance

quation, in the quasi-dynamic approach according to the international

tandard for solar thermal collectors EN ISO 9806:2013, is expressed as:

̇
 𝑁 

= 

′
𝐹 

( 𝜏𝛼) 𝑒𝑛 𝐾 𝑏 ( 𝜃) 𝐺 𝑏 + 

′
𝐹 

( 𝜏𝛼) 𝑒𝑛 𝐾 𝑑 𝐺 𝑑 

− 𝑐 1 
(
𝜗 𝑚 − 𝜗 𝑎 

)
− 𝑐 2 

(
𝜗 𝑚 − 𝜗 𝑎 

)2 
− 𝑐 6 𝑢 𝐺 𝑔 − 𝑐 3 𝑢 

(
𝜗 𝑚 − 𝜗 𝑎 

)

+ 𝑐 4 
(
𝐸 𝐿 − 𝜎𝑇 4 

𝑎 

)

− 𝑐 5 
𝑑𝜗 𝑚 

𝑑𝑡 
(2) 
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Eq. (2) was intentionally written in such a way in order to group the

eat-loss terms according to the heat transfer mechanism responsible

or their occurrence: conduction, convection, or radiation. The terms

nd coefficients in the equation are explained below [ 17 , 18 , 20 ]: 

• 𝐺 𝑏 & 𝐺 𝑑 : are the beam and diffuse solar irradiance, respectively

[W/m 

2 ]. They represent the input energy in the heating mode, and

they are equal to zero during night operation. 
• 𝐾 𝑏 ( 𝜃) & 𝐾 𝑑 : are the incidence angle modifier (IAM) for beam and

diffuse radiation, respectively [-]. The IAM is to define the efficiency

at any given incidence angle 𝜃. 
• ( 𝜏𝛼) : is the transmittance-absorptance product of the collector cover

[-]. This product should account for the effective value on the col-

lector plane ( 𝜏𝛼) 𝑒 , but if the IAM is introduced in the equation (like

in Eq. (2) ), then this product can be replaced by the value at normal

incidence ( 𝜏𝛼) 𝑒𝑛 , which is more convenient to provide as a collector

constant. 

•
′

𝐹 

: is the absorber efficiency factor [-]. 

The product 
′

𝐹 

( 𝜏𝛼) corresponds to the zero-loss efficiency (or the so-

alled conversion factor 𝜂𝑜 in some literature and actually in the newest

tandard). Heretofore, the first two terms of Eq. (2) represent the ab-

orbed solar energy by the collector. However, it is not fully converted

nto useful heat energy. There are different environmental heat losses

hat occur at the absorber surface. Such losses are expressed by the other

ix terms in the equation, as following [ 17 , 18 , 20 ]: 

• 𝑐 1 : is the heat loss coefficient at ( 𝜗 𝑚 − 𝜗 𝑎 ) = 0 [W/m 

2 .K], where 𝜗 𝑚 
is the absorber mean temperature and 𝜗 𝑎 is the ambient air temper-

ature. 
• 𝑐 2 : describes the temperature dependence of the heat loss coefficient

𝑐 1 [W/m 

2 .K 

2 ]. 

Those two collector parameters ( 𝑐 1 and 𝑐 2 ) express the “conduction

nd natural convection losses ” of the absorber. 

• 𝑐 3 : describes the wind dependence of the heat loss coefficient 𝑐 1 
[J/m 

3 .K]. 
• 𝑐 6 : describes the wind dependence of the zero-loss efficiency [s/m],

and 𝐺 𝑔 is the incident global solar irradiance. 

The dependency of those two parameters 𝑐 3 and 𝑐 6 on the wind speed

 introduces their corresponding terms in the third line of the energy

alance equation as “forced convective heat losses ”. 

• 𝑐 4 : describes the long-wave irradiance (sky temperature) dependence

of the heat losses [-]. 
• 𝐸 𝐿 : is the measured long-wave thermal irradiance at the collector

plane [W/m 

2 ]. 
• 𝜎 is the Stefan-Boltzmann constant [W/m 

2 .K 

4 ]. 
• 𝑇 𝑎 is the absolute ambient air temperature [K]. 

The net long-wave irradiance ( 𝐸 𝐿 − 𝜎𝑇 4 
𝑎 
) is added to the equation

n order to express the heat loss dependence on long-wave irradiance

i.e. radiative losses), taking the emittance-absorptance ratio ( 𝜀 ∕ 𝛼) of the

bsorber plate into account as a correction factor (where the collector

arameter 𝑐 4 is equivalent to the ( 𝜀 ∕ 𝛼) -ratio). Normally the value of

 𝐸 𝐿 − 𝜎𝑇 4 
𝑎 
) is a negative value, as the effective sky temperature ( 𝐸 𝐿 ↓ =

𝑇 4 
𝑠𝑘𝑦 

[2] ) is lower than the ambient air temperature. 

• 𝑐 5 : is the effective thermal capacitance of the collector [J/m 

2 .K]. 

It is an important parameter when it comes to dynamic system sim-

lation, as it describes the transient behavior of the collector. Unfortu-

ately, the effective thermal capacity depends on the operating condi-

ions and is not a collector parameter with a constant value [20] . 

Finally, when all those possible losses are deducted from the ab-

orbed solar energy as in Eq. (2) , this leads to the specific useful power

utput of the collector �̇� 𝑁 

[W/m 

2 ]. On the other hand, �̇� 𝑁 

can also be

xpressed as a function of the fluid mass flow rate �̇� , the specific heat
4 
apacity 𝑐 𝑓 , the temperature difference Δ𝑇 between the fluid outlet and

nlet ( 𝜗 𝑜 − 𝜗 𝑖 ), and the absorber area 𝐴 , as given by Eq. (3) : 

̇
 𝑁 

= �̇� 𝑐 𝑓 Δ𝑇 ∕ 𝐴 (3)

For radiative cooling applications, �̇� is a cooling power (i.e. of a neg-

tive value). Although the solar irradiance components 𝐺 𝑏 and 𝐺 𝑑 are

eros in the cooling mode (night operation), it is important to explicate

he full collector mathematical model as per Eq. (2) , because it is the ba-

is for the testing protocols, as will follow in Section 3 (Methodology). 

In the ISO 9806:2017, a slightly different model fitting for the so-

alled WIS-Collectors (Wind Infra-red Sensitive - collectors) is included.

here the reduced wind speed 𝑢 ′ ( 𝑢 − 3 m/s) is used in the equation

nstead of 𝑢 . And two more heat loss coefficients are considered, namely

 7 (the wind dependence of the infra-red (IR) radiation exchange) and 𝑐 8 
the radiation losses) [19] . Noting that, the eight heat loss coefficients

re denoted in that latest revision of the standard by the letter 𝑎 not

. Worthy to mention is that, coming back to the previous model (for

he thermal performance) as adopted in the version of 2013 is under

iscussion in the ongoing revision of the standard [21] . 

.3.2. Design characteristics 

For night cooling applications, optimum performance is achieved by

aximizing the heat losses out of the solar absorber. The only term in

q. (2) that always ensures a “heat loss ” is the radiative losses term

of the coefficient 𝑐 4 ). The other terms in the equation may cause heat

oss or gain, depending on the absorber mean temperature ( 𝜗 𝑚 ) with

espect to the ambient air temperature ( 𝜗 𝑎 ). Therefore, radiative cooling

pplications require special construction as well as design criteria of the

olar absorber. The goal is to allow maximum heat loss by long-wave

adiation towards the sky [9] . 

In terms of construction, the uncovered design is chosen. Further-

ore, backside insulation is to be evaluated, as it might help in the heat

emoval process by convection. On the system level, it is recommended

o shade the absorber field during the daytime, as a means of thermal

nsulation to reduce the undesirable solar gains [2] . Providing shading

o the absorber field does not sound practical and is not always easy

o implement, in addition it can be costly. The optical properties, as a

esign parameter, could be an alternative. 

Typically, a solar absorber should have a selective surface where the

bsorber surface has high absorptance at the visible spectrum (short

avelengths), to capture the solar irradiance, and low emittance at

he IR spectrum (long wavelengths), to minimize heat loss via radia-

ion [22] . Contrariwise, when the thermal system is designed mainly

or cooling purposes, the solar absorptance ( 𝛼) is of little importance

2] . It can have low values which helps in reducing solar gains during

aytime on the one hand and increases ( 𝜀 ∕ 𝛼)-ratio on the other hand.

he ( 𝜀 ∕ 𝛼)-ratio is defined as: the ratio of infra-red emittance of a mate-

ial to its absorptance in the short-wavelength range of solar radiation.

he radiative heat loss coefficient 𝑐 4 in Eq. (2) is the optical parame-

er ( 𝜀 ∕ 𝛼)-ratio of the absorber [18] . To achieve high absorber cooling

fficiency, it is preferable to have a high IR emittance ( 𝜀 ), as it maxi-

izes the heat removal through radiation. Depending on the application

f the solar thermal system, the design of the optical properties differs.

or nocturnal radiative cooling applications, it is better to have high

alues of ( 𝜀 ∕ 𝛼)-ratio ( 𝑐 4 ). Nevertheless, such a design criterion lowers

he heating efficiency if the system works in a dual-mode operation. 

The recently published articles in the topic of radiative cooling pay

ue attention to optical properties [11] . Modern technologies [8] and

dvanced materials [ 10 , 12 ] to manipulate solar radiation were investi-

ated. The focus was on daytime radiative cooling, however [ 6 , 7 , 23 ]. 

In this work, a number of plastic absorbers of different designs are

ested. The tested absorbers were selected from the available range of

wimming pool absorbers in the European market. Worthy to mention is

hat, for applications focused on radiative cooling, the absorber material

hould be treated first to improve the optical properties, as explained

bove. Moreover, the material should have a reasonable thermal con-
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c  
uctance to allow for as much heat transfer as possible from the HTF.

evertheless, very good contact between the HTF and the entire (in-

er) surface of the absorber plate (or tubes) results in almost a similar

cooling) performance as in the case with materials of high thermal con-

uctivity, like the commonly used metallic absorbers [2] . The mass flow

ate of the HTF plays an important role in this respect. 

.3.3. Operation parameters 

The rate at which the HTF is forced to flow through the absorber af-

ects the cooling performance of the system. As understood from Eq. (3) ,

t any realized cooling (or even heating) power ( �̇� 𝑁 

), high mass flow

ates ( ̇𝑚 𝑁 

) result in low temperature differences ( Δ𝑇 ), whilst a signif-

cant Δ𝑇 is achieved by a low �̇� 𝑁 

. However, to fulfill the condition

f maximizing the surface contact area as explained above, it is impor-

ant to comply with the manufacturer’s recommended specific mass flow

ate, to ensure the desired heat transfer from the HTF to the absorber

urface. Nevertheless, after sizing one absorber module, the layout of

he absorber field (series or parallel connection) can manipulate such a

estriction based on the application requirements [24] . 

For the testing part in this research-work, a water-glycol mixture was

sed as the HTF (1/3 of Ethylene glycol, C 2 H 6 O 2 , melting-temperature

 13 °C [25] ). A pump is necessary in radiative cooling systems, because

sually the temperature difference between the absorber inlet and outlet

s not large enough to initiate thermosyphon circulation [13] . 

.4. Testing standard 

The international standard EN ISO 9806:2013, that was available

hile conducting this work, specified test methods for the thermal

erformance characterization of fluid heating collectors [18] . The test

atabase is to be used then within a parameter identification process

o identify the full performance parameters. Those coefficients are also

sed to plot the thermal efficiency curves for heating and cooling. Based

n the main scope of the system utilization- heating or cooling, the ab-

orber thermal performance can be evaluated. 

The test conditions, requirements, procedure, as well as the descrip-

ion of the test sequences are well explained in the standard [18] . The

ain criteria for quasi-dynamic testing are listed in the Appendix. 

. Methodology 

This section introduces the practical work followed in this project

o eventually define the mathematical model of the absorbers under

esting, as presented in the previous section. It begins with the testing

rocedures. Then, it presents the mathematical process to identify the

bsorber parameters. 
5 
.1. Testing overview 

The test facility at HFT-Stuttgart is especially prepared for testing

nd characterization of solar collectors. It is an outdoors test-stand on

hich up to five collectors can be tested simultaneously under dynamic

onditions. Simultaneous testing does not only save testing-time, but

t also assures undergoing same testing conditions, in addition to the

ossibility of direct comparison of the results [16] . In this project, five

lastic solar absorbers of different designs were tested. The first absorber

SunSet) and the second (AQSol) had a wooden plate on the back-side.

hey had also a similar design of thin tubes. Their gross areas were

.77 and 1.8 m 

2 , respectively. For technical reasons, it was decided to

isregard the third absorber on the test-stand. The forth absorber (Solar-

ipp) had also a wooden plate on the back. However, there was a thin

ir-gap in between, due to the corrugated design of its thick tubes. Its

ross area was 1.72 m 

2 . The fifth absorber (ROTH) had a flat area of

.2 m 

2 , with no plate-covering at all. The Appendix encloses a photo of

he tested absorbers on the test-stand as well as the datasheets of the four

ested absorbers. The technical specification of a solar thermal absorber

oes not often include the complete set of the parameters described in

he QDT-based model. But in order to configure the solar absorber as a

ystem-component in simulation programs, all parameters included in

he absorber mathematical model have to be provided as inputs. Conse-

uently, a parameter identification process has to be carried out for any

bsorber in preparation for any probable simulation phase. This process

mplies testing the absorber for its thermal performance. 

.1.1. Test set-up & procedures 

The testing procedure was developed based on the QDT method of

he EN ISO 9806:2013. The challenge in QDT is to ensure large enough

ariability in solar radiation during the test [18] . A wide range in inlet

emperatures is furthermore essential in order to decouple thermal and

ptical parameters [20] . That was achieved through real-time record-

ng of the test data. To comply with the QDT requirements, all measure-

ents were logged every 10 s [ 16 , 18 ]. An Ahlborn Almemo 5590–2 data

ogger and the software LabVIEW were used for that purpose. And to

chieve suitable test data, a reversible chiller (with variable temperature

ontrol from − 20 to 60 °C) was also used to control the inlet temperature

o the absorbers. The used Huber unichiller 100T-H8-TP35W0 is able to

tabilize the set temperature within ± 0.2 °C. Moreover, it was upgraded,

y a special control feature, to be able to regulate the inlet temperature

s a function of the ambient temperature in the range of ± 30 °C. This

eature helps in achieving a wide range of inlet temperatures during

he test period. Fig. 1 shows the basic idea of communication and data

cquisition to generate the measurements data files. 

.1.2. Measurements 

The useful thermal power output of each of the four absorbers was

alculated from the measured volumetric flow rate and the tempera-
Fig. 1. The concept of data acquisition of 

the measurements at the test facility at HFT- 

Stuttgart. 



N. Abdelnour, R. Braun, H. Torio et al. Solar Energy Advances 3 (2023) 100038 

Fig. 2. The hydraulic scheme of the absorbers on the test-stand. 
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o  
ure difference between the inlet and outlet of the absorber, according

o Eq. (3) . On the absorber plane, the wind speed, global solar irradi-

nce, and long-wave irradiance were also measured. Fig. 2 shows the

ydraulic scheme of the absorbers on the test-stand. It also indicates the

osition of the tested absorbers, temperature sensors, measurement de-

ices and control valves. Furthermore, a weather station was provided at

he test facility for the measurement of the global and diffuse solar irra-

iance as well as the long-wave irradiance, on the horizontal plane. The

orizontal diffuse radiation was measured with a pyranometer equipped

ith a shadow-ring. Table 1 lists the measuring devices installed at both

he test-stand and weather station indicating their main specifications. 

.1.3. Test period 

After the complete set-up of the absorbers on the test-stand, the hy-

raulic circuit was connected. The whole system was inspected and

ested for reliable data recording. It is defined by the standard that

he test period consists of 4–5 sequences. A test sequence is the time

nterval during which data would be considered in the analysis phase

which will follow for the parameter identification process). The mini-

um length of a test sequence shall be 3 h. The 3 h do not need to be

onsecutive (the test sequence can consist out of several non-consecutive

arts) [18] . Certain weather conditions are required during the test pe-

iod. Thus, the number of actual testing days is dependent on the actual

eather conditions on the test site. Therefore, the testing phase can take

ong time. In this work, the testing phase was conducted in November

nd December which were assigned considering the project timeframe.

he test conditions, requirements, procedure, as well as the description

f the test sequences are explained in the standard in detail [18] . The

ain criteria for quasi-dynamic testing are summarized in the Appendix.

enerally, clear sky as well as partly cloudy conditions are needed in

uasi-dynamic testing for accurate determination of parameters [18] .

he inlet temperature for the four absorbers was adjusted on the test

ays trying to fulfill the requirements as stated in the standard. Some-

ays 𝜗 𝑖𝑛 was set at a constant value and some other days it was set as

 function of the ambient temperature. The specific mass flow rates for

he four absorbers were regulated according to the manufacturers’ rec-
Table 1 

The main specifications of the measurement devices installed at the test facility 

Measured Quantity Sensor 

Fluid Temperature Temperature Sensor (P

Volumetric Flow Flow Meter Magnetic i

Global Solar Irradiance (On the absorber plane) Pyranometer (Huskeflu

Long-wave Irradiance (On the absorber plane) Pyrgeometer (Huskeflu

Solar Irradiance (Global & Diffuse) (On the horizontal plane) Pyranometer (Kipp&Zo

Long-wave Irradiance (On the horizontal plane) Pyrgeometer (Kipp&Zo

Wind Speed Anemometer (Cup Ane

6 
mmendation. In general, �̇� 𝑁 

ranged between 100 and 150 kg/m 

2 .hr.

ufficient data has been recorded over the two months testing period.

his data was evaluated for each day. Despite the large test database,

nly three days by the end of December were the best that nearly met

he testing criteria of quasi-dynamic testing. The main measurements

n those days (the 19th, 22nd and 26th) are plotted on Fig. 3 . A test

equence from 10:00 h till 16:00 h was selected on each of those three

est days. The cascaded test sequences were to be processed in prepa-

ation for the parameter identification process. The inlet temperature

n those three selected days was set at 16 °C, 𝜗 𝑎 , and 𝜗 𝑎 , respectively.

nterestingly, it can be noticed on plots (b) and (c) of test days 2 and 3

espectively (when 𝜗 𝑖𝑛 = 𝜗 𝑎 ) that at nighttime the mean fluid temper-

tures of the four absorbers go below the ambient temperature. This is

ue to radiative heat losses to the cold sky. The sky temperature reached

 10 °C on test day 3, for example, while the ambient temperature barely

ropped to 8 °C. Further analysis and additional figures plotting 𝜗 𝑠𝑘𝑦 are

ncluded in the Appendix. Table 2 presents the main statistical values

or the important measured data on those three days (during the pre-

efined test sequence). Worthy to mention is that, testing in summer

ould have been preferable (for this specific experiment in Stuttgart) to

horten the overall testing period from one hand, and to offer more suit-

ble test data from the other hand. The number of test days (and hence

est-sequences), that could be considered for further analysis, depends

n the suitability of test data [18] . On the other hand, it is important to

ighlight that nighttime tests are not yet included in the standard [21] .

.2. Parameter identification process 

To identify the collector parameters, the international standard ISO

806:2013 proposed the non-iterative mathematical method - Multiple

inear Regression (MLR). However, other non-linear methods can be

sed as a parameter identification tool, provided that they are minimiz-

ng the error in the output power of the collector as in the MLR method

18] . The dynamic parameter identification has been widely used with

romising results [17] . Dynamic parameter identification is a non-linear

ethod to find the best fit of a given parameterized model to a real sys-

em based on a time sequence of some measurable output. The best fit

s given by the set of parameter values, which minimizes an objective

unction. The objective function, in principle, is the integral of the root

ean square of the difference between the measured and simulated val-

es. The minimum of the objective function is searched in an iterative

rocess [17] . 

.2.1. GenOpt 

GenOpt is a generic optimization program developed to automati-

ally determine the optimal parameter settings for system optimization.

t is a dynamic optimization tool that uses mathematical programming

o find the values of user-selected design parameters that minimize a

re-defined objective function. The objective function is evaluated by a

imulation program that is iteratively called by GenOpt [26] . 

For the identification of the parameters of the four absorbers under

esting, GenOpt was coupled to TRNSYS17, and Hooke-Jeeves optimiza-

ion algorithm was implemented [26] . A simulation model was devel-

ped to serve as an optimization template for each of the four absorbers.
at HFT-Stuttgart for collectors’ characterization. 

Range Accuracy 

t100 1/3 class B) – 0.1 + 0.005T °C 

nductive flow sensor (SIKA VMZ081) 0.25 - 5 l/min ± 1% 

x SR20) n/a ± 1% 

x IR20) n/a 4.5% 

nen CMP21) 285 to 2800 nm ± 1.4% 

nen CGR 4) 4500 to 42,000 nm 

mometer Wilmers Messtechnik) 0 - 10 m/s ± 0.3 m/s 
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Fig. 3. The weather conditions and the mean fluid temperatures of the four absorbers on the three testing days for parameter identification. 
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c  
he objective function was defined as the deviation between the mea-

ured and simulated outputs. In particular, the fluid outlet temperature,

s indicated in Eq. (4) , where "Dev" is the objective function to be mini-

ized, 𝜗 𝑜𝑠,𝑖 and 𝜗 𝑜,𝑖 are the simulated and measured temperatures outlet

rom the absorber, respectively. 

𝑒𝑣 = 

𝑛 ∑
𝑖 =1 

√ (
𝜗 𝑜𝑠,𝑖 − 𝜗 𝑜,𝑖 

)2 
(4)

To perform the optimization, GenOpt automatically generates input

les for the simulation program. These files are based on the TRNSYS

nput template (a parameterized absorber model). GenOpt then launches

he simulation program, reads the function value being minimized from
7 
he simulation result file. Subsequently, it checks possible simulation

rrors and then determines a new set of input parameters for the next

un. The whole process is repeated iteratively until a minimum of the

unction is found [26] . Fig. 4 describes this iterative process. 

.2.2. Optimization template 

Fig. 5 shows the template of TRNSYS simulation model that was

eveloped to optimize the absorber’s parameters. Type1289-Unglazed

rom TESS solar library models uncovered solar collectors and uses

he dynamic efficiency approach of the earlier version of the Standard

EN12975), i.e. the complete set of parameters is used to model the STC

omponent [27] . It was therefore suitable to simulate the absorbers un-
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Fig. 3. Continued 
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er testing. This simulation model was coupled with GenOpt to identify

he absorber parameters through the optimization process. The seven

oefficients in the absorber mathematical model ( 
′

𝐹 

( 𝜏𝛼) , 𝑐 1 , 𝑐 2 , 𝑐 3 , 𝑐 4 ,
 5 , 𝑐 6 ) were parameterized while configuring the absorber component

Type1289). Whilst all other required inputs and parameters were pro-

ided from the data files that were generated from the measurements as

ndicated on Fig. 1 . 

. Results & discussion 

For each of the four absorbers under testing, the corresponding

ata files ( “Collector ” and “Weather ”) on the three selected test days,

ere imported in the simulation model template, as indicated in Fig. 5 .

hen, GenOpt was coupled with that template input file. By running

he GenOpt configuration file, an iterative process for the seven param-

terized variables took place. The process ends when the pre-defined

bjective function reaches its minimum. The time required to complete

he optimization was less than one hour for each absorber. The results of

he optimization process are listed in Table 3 . The heat loss coefficient
Table 2 

Conditions during the selected sequences on the three t

Weather Statio

Ambient temperature ( 𝜗 𝑎 ) [ °C] 

Wind speed ( 𝑢 ) [m/s] 

Global solar irradiance ( 𝐺 𝑔 ) on the tilted plane [W/m 

2 ] 

Sky temperature ( 𝜗 𝑠𝑘𝑦 ) [ °C] 

Absorbers Test-s

Absorber 1 
Temperature difference ( 𝜗 𝑚 − 𝜗 𝑎 ) [ °C] 

Mass flow rate [kg/m 

2 .hr] 

Absorber 2 
Temperature difference ( 𝜗 𝑚 − 𝜗 𝑎 ) [ °C] 

Mass flow rate [kg/m 

2 .hr] 

Absorber 4 
Temperature difference ( 𝜗 𝑚 − 𝜗 𝑎 ) [ °C] 

Mass flow rate [kg/m 

2 .hr] 

Absorber 5 
Temperature difference ( 𝜗 𝑚 − 𝜗 𝑎 ) [ °C] 

Mass flow rate [kg/m 

2 .hr] 

8 
 1 of the first two absorbers has the lowest values due to the tight back

over. Although absorber 4 has also a back cover, it has the highest value

f 𝑐 1 . This is due to the thin air-gap it has from the back (s. Section 3.1 ).

bsorber 5 has the highest wind dependence factor 𝑐 3 of the heat loss

oefficient 𝑐 1 . This is mainly because of the vast exposure to the wind

rom both the front and back sides. Worthy to mention is that the wind

ependence factor 𝑐 6 of the zero-loss efficiency of all absorbers (except

bsorber 4) could not really be identified. The value 0.0005 was actu-

lly the minimum limit that was set to that parameter in GenOpt during

he optimization process. 

.1. Model validation 

In order to ensure the quality of the identified parameters, both the

uid outlet temperature and the absorber output power were calculated

n the test days using the values of the identified parameters in the

ame simulation model template ( Fig. 5 ). The measured inlet tempera-

ure from the test stand served as an input to the TRNSYS model. Those

wo simulation-based results were compared to the measured data on
esting days. 

n Data 

Mean Min. Max. Standard Deviation 

13.36 8.80 16.00 1.70 

0.41 0.00 1.83 0.36 

399.53 16.65 723.25 208.00 

− 5.14 − 9.24 4.60 2.39 

tand Data 

2.12 − 0.82 6.73 1.84 

120.85 112.85 127.42 2.97 

2.00 − 0.95 6.66 1.85 

119.03 111.08 125.68 3.04 

1.95 − 0.76 6.59 1.84 

123.66 103.33 146.51 13.53 

1.69 − 0.76 6.38 1.82 

143.88 136.54 149.34 3.99 
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Fig. 4. The principle in identifying the ab- 

sorber parameters. 

Fig. 5. TRNSYS model that was coupled with GenOpt serving as the optimization template (in which the absorber Type1289 was parameterized). 

Table 3 

The identified parameters (and areas) of each of the four tested absorbers. 

Absorber 1 

SunSet 

Absorber 2 

AQSol 

Absorber 4 

Solar-Ripp 

Absorber 5 

ROTH Units 

Absorber area 𝐴 2.77 1.80 1.72 2.20 [m 

2 ] 

Zero-loss efficiency 
′

𝐹 ( 𝜏𝛼) 0.83 0.87 0.89 0.76 [-] 

Absorber heat loss coefficient 𝑐 1 7.68 7.01 13.96 10.85 [W/m 

2 .K] 

𝑐 1 -temperature dependence 𝑐 2 0.00014 0.00014 0.00375 0.00278 [W/m 

2 .K 2 ] 

𝑐 1 -wind dependence 𝒄 3 3.70 7.35 4.05 13.85 [J/m 

3 .K] 

Long-wave irradiance dependence 𝒄 4 0.365 0.71 0.515 0.64 [-] 

effective thermal capacitance of the absorber 𝒄 5 13.25 17.30 59.25 31.85 [kJ/m 

2 .K] 

Wind dependence of the zero-loss efficiency 𝒄 6 0.0005 0.0005 0.0275 0.0005 [s/m] 

9 
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Fig. 6. Comparison between the simulated and the measured values of the fluid outlet temperature (top) and the specific power output from the absorber (bottom) 

on the three test days. 

10 
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Table 4 

Statistical analysis to benchmark the simulated values to the measured data. 

𝜗 𝑜𝑠 − 𝜗 𝑜 (in °C) �̇� 𝑁𝑠 − �̇� 𝑁 (in W/m 

2 ) 

Mean Standard deviation Mean Standard deviation 

Absorber 1 (SunSet) 0.12 0.37 14.51 38.79 

Absorber 2 (AQSol) 0.19 0.39 21.41 50.82 

Absorber 4 (Solar-Ripp) 0.12 0.67 13.98 77.22 

Absorber 5 (ROTH) 0.09 0.44 11.98 59.31 
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he same days. As shown in Fig. 6 , the plots show a good match be-

ween the simulated and measured values. The negative values of the

utput power (graphs at the bottom) mainly represent the night data

f the three test days. This accounts for the night-cooling phenomenon

hen the fluid was cooled down. Table 4 presents the mean and stan-

ard deviation of the difference between the simulated and measured

alues for both the fluid outlet temperature and the absorber specific

utput power. The models of absorbers 1 and 2 have the lowest misrep-

esentation of real measured data, while the model of absorber 4 has

he highest. 

.2. Efficiency curves 

The presentation of test results according to the standard shall be

n the form of a power curve as a function of the temperature dif-

erence - between the fluid mean temperature and the ambient tem-

eratures ( 𝜗 𝑚 − 𝜗 𝑎 ). Those curves can be presented also as efficiency

urves - at certain common (or probable) operation conditions. Effi-

iency curves include a lot of information about the thermal perfor-

ance of the absorbers and can be used for comparison. The power is

alculated from Eq. (2) , using the value of 𝐺 = 1000 𝑊 ∕ 𝑚 

2 and 𝑢 = 3 𝑚 ∕ 𝑠
 A value of ( 𝐸 𝐿 − 𝜎𝑇 4 

𝑎 
) = −100 𝑊 ∕ 𝑚 

2 (which corresponds to about

 clear sky condition when 𝜗 𝑎 = 20 ◦𝐶 and 𝜗 𝑠𝑘𝑦 = 0 ◦𝐶) should be

lso used in the equation [18] . The parameter 𝑑 𝜗 ∕ 𝑑 𝑡 is set to zero,

.e. 𝑐 5 is not indicated in the efficiency curves [18] . The diffuse frac-

ion of solar radiation was neglected, and normal beam radiation was

ssumed. 
11 
Fig. 7 shows the heating efficiency curves for the four absorbers.

he heating efficiency ( 𝜂𝐻 

) is expressed as the ratio of the specific use-

ul (heating) power output of the absorber ( Eq. (2) ) to the incident

lobal solar irradiance, as per Eq. (5) . The efficiency is plotted against

he reduced temperature difference 𝑇 ∗ = ( 𝜗 𝑚 − 𝜗 𝑎 )∕ 𝐺. Not only the heat

oss coefficient ( 𝑐 1 ) accounts for the slope of the curves, but also its

ind dependence ( 𝑐 3 ). This is because the wind speed is not neglected

 𝑢 = 3 𝑚 ∕ 𝑠 ). The intersection value of the curves (i.e. at zero tempera-

ure difference) is a result of the combined effect of both the zero-loss

fficiency ( 
′

𝐹 

( 𝜏𝛼) ) and its wind dependence ( 𝑐 6 ). 

𝐻 

= 

�̇� 𝑁 

𝐺 𝑔 

(5) 

Since the main focus of this research was on providing cooling, the

omparison between the four absorbers should be made according to

heir cooling efficiency curves. Similar to the heating case, the cool-

ng efficiency curves can be plotted, taking into consideration that no

olar irradiance exists, and that the main available resource for night-

ooling is the radiative cooling, i.e. the net long-wave irradiance. Ac-

ordingly, the cooling efficiency 𝜂𝐶 is the ratio of the specific useful

cooling) power output of the absorber ( Eq. (2) ) to the net long-wave

rradiance, as expressed below in Eq. (6) : 

𝐶 = 

�̇� 𝑁 (
𝐸 𝐿 − 𝜎𝑇 4 

𝑎 

) (6) 

As shown in Fig. 8 , at zero temperature difference, the cooling effect

s purely due to radiation. The efficiency then is equivalent to the ( 𝜀 ∕ 𝛼)-

atio - the long-wave irradiance dependence factor of the heat losses ( 𝑐 4 ).
Fig. 7. Efficiency curves for heating applica- 

tions of the four absorbers under testing. 
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Fig. 8. Efficiency curves for cooling applica- 

tions of the four absorbers under testing. 
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lsewhere on the plot, the cooling effect is a mix of both radiation and

onvection. In contrast to the conventional way of understanding "effi-

iency", the cooling efficiency 𝜂𝐶 can be greater than unity. This happens

hen 𝑇 𝑚 > 𝑇 𝑎 , where the convective heat loss assists radiative-cooling

s. Section 2.2 ). Since convection improves the night-cooling process in

his particular case (the right-hand part of the graph), it is even called

convective gains" rather than heat loss. On the other hand, the convec-

ive effect opposes the cooling process, to the left of the zero line on the

lot, as it causes heat gains. In that region of the plot (the left-hand part

f the graph), it is called "convective losses". Same as previous analysis

f the heating curves, the slope of the cooling efficiency curves depends

n the values of the heat loss coefficient ( 𝑐 1 ) and its wind dependence

 𝑐 3 ). 

From the cooling efficiency curves on Fig. 8 , absorber 2 (AQSol)

hows the best overall thermal performance for night-cooling applica-

ions, especially at absorber mean temperatures lower than the ambient

emperature. This is the case of the undesired scenario when convection

s impeding radiative cooling, but it is probable to happen. On the other

and, when considering the heating applications ( Fig. 7 ), absorber 2 is

lmost at the second place after absorber 1 (SunSet). 

. Conclusion & outlook 

The research work summarized in this paper focused on testing four

lastic solar thermal collectors. The goal was to identify their thermal

erformance parameters. This would enable plotting their efficiency

urves and hence evaluating them thermally, in preparation for a fol-

owing simulation phase. In addition to the typical heating applications,

ncovered plastic STCs (solar absorbers) can be used for nocturnal radia-

ive cooling applications. For such purposes, the complete mathematical

odel of the collector is mandatory. The parameter 𝑐 4 accounts for the

eat loss dependence on long-wave irradiance, and it is equivalent to the

 𝜀 ∕ 𝛼) -ratio of the collector. The datasheets provided by manufacturers

o not usually include the full set of collector parameters. 

The international standard EN ISO 9806 describes the quasi-dynamic

est method, which is the basis for the detailed model of STCs. The avail-

ble version of the standard at the time of conducting this work (ISO
12 
806:2013) was followed to test the four absorbers. An updated version

f the standard was introduced after the completion of this research-

ork. The ISO 9806:2017 carefully considered the various types and

pplications of solar collectors, e.g. PVTs, swimming-pool, façade inte-

rated, and concentrating collectors. An expanded mathematical model

with two more heat loss coefficients) was accordingly introduced to

etter describe the thermal performance of STCs. An overview of this

atest version of the standard is presented in this guide [28] . By defi-

ition, standards undergo a critical review and revision about every 5

ears. In May 2022, the technical committee formally registered the fol-

owing revision to release a newer version of the ISO 9806 that was last

ssued in 2017. The draft is planned to be ready by the end of 2023. And

he newest update is expected to be published in 2024. In the awaited

ew version of the ISO 9806, it is being considered to include nighttime

ests and tests below ambient temperature [21] . 

For the outdoors testing, a suitable test-stand equipped with all

eeded measurement devices was available. The test set-up also offered

imultaneous testing of the four absorbers, which allowed undergoing

ame testing conditions. The ISO 9806:2013 recommended specific (yet

arious) weather conditions for the test period. Because of the time-

rame of the project’s phases, the test days in this work were not fully

omplying with the required conditions. This might affect the quality of

he results. It is therefore highly recommended to check the require-

ents of such outdoors tests in advance. And based on the weather

onditions at the test-site, the testing phase should be scheduled. The

est data were used in an optimization template in TRNSYS17, where

he full set of coefficients of the dynamic model of an unglazed solar

ollector (Type1289) were parameterized. An updated collector model

Type1287) has been available since December 2021, which allows for

he introduction of the additional heat loss coefficients as adopted in the

ewest ISO 9806:2017. In an optimization process for those parameters,

enOpt was coupled with this simulation model to eventually identify

he parameters of each absorber. The complete set of parameters for

ach absorber could be identified. Only the coefficient 𝑐 6 (the wind de-

endence of the zero-loss efficiency) for three absorbers were set to its

redefined minimum limit. That was not crucial for the (nocturnal) cool-

ng efficiency curves. 



N. Abdelnour, R. Braun, H. Torio et al. Solar Energy Advances 3 (2023) 100038 

 

t  

o  

(  

a  

5  

t  

e  

fi  

u  

𝐺  

t  

f  

t  

l

 

t  

d  

d  

i  

t  

w  

t

D

 

i  

t

A

 

s  

U  

T  

N  

R  

b  

d  

M  

w

S

 

t

R

 

 

 

 

 

 

 

 

 

 

 

 

 

 

[  

 

[  

 

[  

 

[  

[  

[  

 

[  

 

 

[  

[  

[  

[  

 

[  

 

[  

[  

 

[  

[  

[  

 

[  

 

[  

 

The overall validation results were good. The first two absorbers had

he lowest misrepresentation versus real measured data, while the model

f the third tested absorber had the highest. The standard deviation

between simulated and measured values) of the fluid outlet temper-

ture was 0.37, 0.39 and 0.67 °C, respectively. Whereas, it was 38.79,

0.82 and 77.22 W/m 

2 for the specific output power. The values of

he fourth tested absorber were in between. The heating and cooling

fficiency curves were plotted for the four absorbers using the identi-

ed parameters. As recommended by the standard, these values were

sed for plotting the curves: 𝜗 𝑎 = 20 ◦𝐶, 𝜗 𝑠𝑘𝑦 = 0 ◦𝐶, 𝑢 = 3 𝑚 ∕ 𝑠 , and

 = 1000 𝑊 ∕ 𝑚 

2 (the latter is needed for the heating case only). From

he two efficiency curves, absorber 2 showed the optimum performance

or combined heating and cooling applications. It was therefore selected

o simulate the unit of an uncovered plastic solar collector field in a fol-

owing phase of this research-project. 

In the past few years, there has been a sound research on the

opic of radiative cooling. The recent research focused however on

aytime radiative cooling. Modern technologies are considered for

ifferent materials to improve their performance for radiative cool-

ng. Innovative application areas are also tackled. An academic work

hat correlates the main outcomes of these different research areas

ould represent a roadmap for remarkable research in this promising

opic. 
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