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Abstract

A hybrid photovoltaic/thermal (PVT) collector enables simultaneous electricity and
heat production from a single solar module. Integrating PVT collectors with a
ground source heat pump (GSHP) improves the seasonal performance of the heat:
ing system and prewvents from temperature degradation of the ground. However,
the integration of PVT and GSHP requires more research, for example, to discover
the optimal characteristics of a PVT collector for low operating temperatures and
varying weather conditions. Thus, the thermal performance of two commercial un-
glazed flat-plate PVT collectors was experimentally characterized during low-tem-
perature operation and under dynamic outdoor conditions, including various solar
irradiance levels and working fluid flow rates as well as frost formation and con-
densation on the absorber surface. The thermal performance coefficients were ob-
tained from a simplified version of the 1ISO 9806:2017 standard steady-state model
for solar thermal collectors and used as performance indicators for the tested col-
lectors and for comparison with other PVT collectors found in the literature.

During night -time operation, the PVT collector with a box-channel absorber and
the one with a sheetand-tube absorber have a similar thermal performance, shown
as almost the same heat loss coefficients. The effect of flow rate on the heat outpu
of the collectors appears to be negligible when there is no solar irradiance. During
humid nights, the heat gains from frost formation and/or condensation on the ab-
sorber surface can double the night-time heat production of the collectors when
compared to a dry night with no frost formation or condensation. As the irradiance
increases, the boxchannel collector starts to outperform the sheet-and-tube collec-
tor due to a more effective cooling of the PV module by the boxchannel absorber
design, which is shown as a higher zereloss efficiency. The flow rate dependence of
the heat output is increased with an increasing irradiance, higher flow rates leading
to higher heat outputs. According to the yearly simulations, both tested collectors
provide a higher annual heat output under Stockholm weather conditions than the
other box-channel and sheetand-tube collectors available in the Solar Keymark da-
tabase, when the annual mean flud temperature is below 7 °C. However, the fin-
tube collectors designed for low-temperature heat pump integration outperform
the tested collectors on annual basis with mean fluid temperatures below 10 °C.

Keywords solar photovoltaic/thermal, PVT, heat pump, thermal performance
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Tiivistelma

Hybridiaurinkopaneeli (PVT) mahdollistaa sdhkon ja lammdn samanaikaisen tuo-
tannon yhdesta moduulista. Yhdistamalla PVT-paneelit maalampdpumpun kanssa
[Ammitysjarjestelman kausittainen suorituskyky paranee ja maaperan lampétila
vakautuu. PVT-paneelien ja lamp&pumppujen integrointi vaatii kuitenkin lisatut-
kimusta, esimerkiksi PVT -paneelien optimaalisten ominaisuuksien selvittdmiseksi
alhaisissa kayttdlampotiloissa ja vaihtelevissa sédéolosuhteissa. Nain ollen kahden
kaupallisen PVT-paneelin lampoéteho karakterisoitiin kokeellisesti matalissa lam-
potiloissa ja dynaamisissa ulko-olosuhteissa, mukaan lukien eri auringon sateilyta-
soilla seka huurteen muodostuessa ja vesihdyryn tiivistyessad lammaonvaihtimen
pinnalle. Paneelien suorituskykyindikaattoreina kaytettiin lampotehokertoimia,
jotka laskettiin aurinkokeraimille tarkoitetun, yksinkertaistetun 1ISO 9806:2017 -
standardin vakaan tilan mallin avulla ja joita verrattiin muihin kirjallisuudesta 16y-
tyviin PVT -paneelien lampdtehokertoimiin.

Yoaikaisen kayton aikana PVT-p a n e e | -ic h & b #henindnvaihtimella ja
PVT-paneeli 0 s h-arelt u bléanimdnvaihtimella tuottavat lampda lahes samalla
teholla, paneelien lampoéhavitkertoimien ollessa miltei samat. Jadhdytysnesteen
virtausnopeuden vaikutus paneelien lammontuottoon nayttad olevan vahainen pi-
meissa olosuhteissa. IIman ollessakostea lammaonvaihtimien pinnalle muodostu-
vasta huurteesta ja/tai tiivistymisesta saatava lampohyoty voi jopa kaksinkertaistaa
paneelien ybaikaisen lammaontuoton verrattuna 6ihin, jolloin ilma on kuiva ja huur-
teen muodostumista tai tiivistymista ei tapahdu. Auringonséateilyn intensiteetin
kasvaes-shanipaheel i al kaa tuottaa |-andy
t ubpaneel i, & & 2 kh rakdorte gaghdyttaa paneelin pintaa tehok-
kaammin, mik& n&kyy suurempana nollahavidtehokkuutena. La&mmaontuoton riip-
puvuus virtausnopeudesta kasvaa auringonsateilyn kasvaessa: kasvava virtausno
peus johtaa suurempaan lampdétehoon. Vuosituottosimulaatioiden mukaan kumpi-
kin testatuista paneeleista tuottaa Tukholman sa&olosuhteissa enemman [Ampo6a
kuin muut Solar Keymark -tetok annasta |-thanpnjgd o0ddnde
t u bmareelit, kun jadhdytysnesteen vuotuinen keskilampétila on alle 7 °C. Lam-
pepumppuintegr oi nt i-tiunbpzsieelt ovatiktitenkin tastattuja f
paneeleja tehokkaampia jAdhdytysnesteen keskilanpotilan ollessa alle 10 °C.

Avainsanat hybridi aurinko paneeli, PVT, lampdpumppu, l[ampdteho
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Sammandrag

En solhybrid (PVT) mojliggor samtidig el - och varmeproduktion frdn en enda sol-
panel. Att integrera solhybrider med en bergvarmepump férbattrar varmesyste-
mets sasongsprestanda och forhindrar temperaturnedgang i marken. Integrationen
av solPVT och bergvarmepumpar kraver dock mer forskning, till exempel for att
upptacka de optimala egenskaperna hos en PV¥kollektor, nar driftstemperatu-
rerna ar laga och vaderforhallandena varierar. Darav karakteriserades experimen-
tellt den termiska prestandan hos tva kommersiella oglasade PVTkollektorer un-
der drift vid lag temperatur och under dynamiska utomhusférhallanden, inklusive
olika solinstralningsnivaer och flodeshastigheter samt frostbildning och konden-
sation pa varmevaxlarens yta. De termiska prestandakoefficienter erhélls fran en
forenklad version av ISO 9806:2017-standardmodellen for stationart tillstand for
solfangare och anvandes som prestandaindikatorer for de testade kollektorerna och
for jaAmforelse med andra PVT-kollektorer som finns i litteraturen.

Vid nattdr ift har den forstaPVT-k o | | e k't or n -cnheadn reETheudtace:
och den andra kol |-ank-t o bwinevéaxthre emliknandehter-e
misk prestanda vilket visas av ndstan samma varmeforlustkoefficienter. Effekten av
massflodet pa kollektorernas varmeeffekt verkar vara forsumbar, nar det finns
ingen solinstralning. Under fuktiga natter kan varmevinsterna fran frostbildning
och/eller kondens pa varmevaxlarens yta fordubbla kollektorernas varmeprodukt-
ion jamfort med en torr natt utan frostbildning eller kondens. Nar instralningen
°kar , b°chan+«elbdekt or n ° vand-tt u BldliEkeorn pas
grund av en mer effektivkylningavPV-mo d ul e n g e n earh arewnhed
vaxlaren, vilket visas som en hogre nollforlusteffektivitet. Varmee ffektens beroende
av flodeshastigheten 6kar med en okande solinstralning: hogre flodeshastigheter
leder till hogre varmeeffekt. Enligt de arliga simuleringarna har de bada testade
kollektorerna en hogre arlig varmeproduktion under Stockholms vaderforhallan-
den 2an de -amammeclhd @-8nb-& B8 bRVI-kollektorerna, tillgang-
liga i Solar Keymark -databasen, nar den arliga genomsnittliga kylvatsketempera-
turen 2ar under 7 AC. -Ko buwmnévixane, somiautfone
made for integratio n av lagtemperaturvarmepumpar, overtraffar dock de testade
kollektorerna pa arsbasis med genomsnittliga kylvatsketemperaturer under 10 °C.

Nyckelord  solhybrid, PVT, varmepump, termisk prestanda
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Symbols and Abbreviations

Symbols

| ci:g.o-o-_é_é_é_é_<=_<=_<=_<=c-z:s~Q-O=o‘g-zo=g:g:g:g:g:g=g=

Heat Loss Coefficient [W/m 2K]

Temperature Dependence of Heat Loss Coefficient [W/m2K?2]
Wind Speed Dependence of Heat Loss Coefficient [J/mfK]
Sky Temperature Dependence of Heat Loss Coefficient f]
Wind Speed Dependence of ZereLoss Efficiency [s/m]
Wind Speed Dependence of Infrared Radiation Exchange [s/m]
Radiation Losses [W/m 2K4]

Gross Collector Area [m?]

Specific Heat Capacity [J/kgK]

Longwave Irradiance

Solar Irradiance

Mass Flow [kg/s]

Heat Flux [W/m 2]

Thermal Power [W]

Ambient Air Temperature [K; °C]

Absorber Surface Temperature [K; °C]

Dew Point Temperature [K; °C]

Fluid Temperature [K; °C]

Inlet Temperature [K; °C]

Mean Fluid Temperature [K; °C]

Outlet Temperature [K; °C]

Sky Temperature [K; °C]

Wind Speed [m/s]

Reduced Wind Speed [m/s]

Volumetric Flow [m 3/s]

Temperature Difference [K; °C]

Zero-Loss Efficiency [-]

Density [kg/m 3]

Stefan-Boltzmann Constant [5.67*10-8 W/m 2K*4]

Relative Humidity [%0]



Abbreviations

A
ASHP
BC
Cu
DHW
EU
FT
GSHP
H&C
HP
ISO
MFH
P
PC
PV
PVT
RES
SFH
SH
SPF
SSHP
S&T
ST
STC

Aluminium

Air Source Heat Pump
Box-Channel

Copper

Domestic Hot Water
European Union

Fin-Tube

Ground Source Heat Pump
Heating and Cooling

Heat Pump

International Organization of Standardization
Multi -Family House
Polymer

Polycarbonate

Photovoltaic
Photovoltaic/Thermal
Renewable Energy Sources
Single-Family House

Space Heating

Seasonal Performance Factor
Solar Source Heat Pump
Sheetand-Tube

Solar Thermal

Standard Test Conditions
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1 Introduction

Heating and cooling (H&C) sector accounts for nearly half of the total energy con-
sumption in the European Union (EU). In 2021, an EU averageof only 23% of the
final H&C demand was provided by renewable energy sources (RES)Eurostat,
2023). Hence, decarbonization of the H&C sector plays a crucial roleon the way
towards a climate neutral EU by 2050, in accordance with the European Green Deal
(European Commission, 2019). Within the H&C sector, ace heating (SH) and do-
mestic hot water (DHW) consumption of buildings are responsible for over 60% of
the total demand. Reducing heating demand in buildings through improved energy
efficiency is thus considered essential to meetthe EU long-term emission reduction
targets (Gerard et al., 2022). Furthermore , achieving the goals requiresfaster pen-
etration of more efficient heating technologies and onsite renewable energy produc-
tion. For this, the Eur ope an Co REFoveesEU plan§European Commis-
sion, 2022a) along with the European Solar Rooftops Initiative (European Commis-
sion, 2022b) propose, among others, doubling the pace of heat pump (HP) deploy-
ments and installing additional 10 million HPs by 2027 and 30 million by 2030, as
well as gradually obligating different building types to utilize their rooftops for on-
site solar energy production.

Replacing conventional heating systems, such as natural gas boilers, withheat
pumps will increase the electricity demand of heating significantly (Gerard et al.,
2022). As a response a simple solution is to install solar photovoltaic (PV) panels
on the building rooftops to balance the increased demand. However, integration of
heat pumps and solarPV presents challenges due to the seasonal mismatch between
heating demand and solar energy availability, particularly in Northern Europe
where the mismatch is more severe and cooling demar is low during the summer
months (Gerard et al., 2022). Electricity storages, such as batteries, areexpensive
compared to respective thermal energy storages (Forsberg, 2013). In addition , the
efficiency per rooftop area is low for solar PV, which can limit the market penetra-
tion in densely populated areas(Gerard et al., 2022). Namely, a common solar PV
module can absorb up to 90% of the solar irradiation it receives, but, on average,
only 16 to 20% is in fact converted into electricity (Sailor, 2022). The rest, more than
half of the absorbed energy, & lost as heat(Chow, 2010). At the same time, the elec-
trical conversion efficiency of the solar cells decreases as the module heats ufSauer
et al., 2007).

A hybrid photovoltaic /thermal (PVT) collector is a solar module that produces
electricity and heat simultaneously (Charalambous et al., 2007; Zondag, 2008). The
PV module is actively cooled down by a working fluid, which improves the electrical
conversion efficiency, approximately accounting for the extra electricity needed for
the circulation of the coolant (Charalambous et al., 2007; Sommerfeldt and Madani,
2018). Hence, the extracted heatis in practice net energy free, and it can be utilized
for medium and low temperature applications, such as DHW production and HP
integration (Charalambous et al., 2007; Sommerfeldt et al., 2020). Even though the
thermal performance of a PVT panel is inferior to that of a conventional thermal
collector (Zondag, 2008), the energy output per module area is higher compared to
separately installed conventional PV panels and thermal collectors (Zondag et al.,
2002) . This is a clear advantage, especially when the space for the modules is a lim-
iting factor, e.g., on multi -family house (MFH) roofs (Elswijk et al., 2004). For
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MFHs, lack of space is not only hindering the utilization of conventional solar energy
but also the penetration of ground source heat pumps (GSHPs) due to the limited
ground area for drilling boreholes. An undersized borehole field is not a sustainable
heat source as the soilcools down over time, more electricity is required to produce
the same amount of heat.(Sommerfeldt and Madani, 2018)

In Sweden the GSHP market for single-family houses (SFHs)is already reaching
its saturation whereas for MFHs, it is still in its infancy (Gehlin et al., 2021). To
speed up the penetration and to make GSHPs more feasible for MFHSs, integration
with PVT is seen asa promising option. The PV electricity could be utilized as a
power source for the heat pump and the excess heat during the summer couldre-
generate the boreholesto sustain a more constant ground temperature (Sommer-
feldt et al., 2020) . For example, Sommerfeldt and Madani (2018) showed that PVT
can be both a more sustainable and a more economically feasible solution for un-
dersized borehole fields compared to drilling new boreholes. Another high market
potential of the PVT and heat pump combination is a solar source heat pump (SSHP)
where the PVT collectors serve as airect heat exchanger for the heat pump. This
solution could replace the loud heat exchangers of air source heat pumps (ASHPs)
but still requires a drop in PVT collector prices. (Sommerfeldt et al., 2020)

Even though the PVT and HP solutions have shown techno-economic potential ,
more research is required to optimize their integration. Namely, PVT collectors are
traditionally tested under standard test conditions (STC) and designed for higher
operating temperatures, not for low-temperature HP integration . Hence, the exist-
ing literature lacks sufficient information about the thermal performance of PVT
collectors in cold climate conditions and about the characteristics of the collectors
that make them optimal for low -temperature HP integration . This study aims at fill-
ing the research gap bycomparing the thermal performances of different commer-
cial PVT collectors under Swedish winter and spring conditions, at low operating
temperatures and at awide range of irradiance and ambient temperature levels.

1.1 Objective , Scope, and Research Questions

The purpose of this study is to experimentally characterize the thermal performance
of two different unglazed and uninsulated flat-plate PVT collectors (see Table 3) at
low operating temperatures (i.e., fluid inlet temperatures between -5 and +10 °C)
and under dynamic outdoor conditions (i.e., during winter and spring in Stock-
holm) . The study focuses mostly on the thermal side of the PVT collectors, while the
electric performance of the modules is not discussed in detail. The thermal perfor-
mance of the collectorsis investigated under different solar irradiance and ambient
temperature levels, at different fluid temperatures and flow rates, and during con-
densation and frost formation on the absorber surface The resulting thermal per-
formances of the PVT collectors are compared both with each other and with the
performances of other collectors found in the literature. Thus, the study aimsto an-
swer the following research questions:

1. Whatis the thermal performance of the PVT collectorswhen there is no solar
irradiance?

2. How do the collectors perform under different solar irradiance levels and
flow rates?

12



3. What is the effect of frost formation or condensation on the performance of
the PVT modules?

4. How is their performance compared with the performance of other PVT col-
lectors found in the literature?

1.2 Methodology

In order to answer and discussthe research questions, first, a literature review is
undertaken in section 2 for a better understanding of the working principles of PVT
collectors and the factors that affect the thermal performance of a PVT collector. In
addition, to be able to answer the fourth research question, performance data of dif-
ferent PVT collectors found online is gatheredfor further comparison with the tested
collectors. The second part of themethodology consists ofthe outdoor experiments
performed in Stockholm during the winter and spring of 2023 as well as the thermal
performance characterization of the tested PVT collectors based on the data moni-
tored during the experiments . For the characterization, the collected performance
datais sorted by different operational and weather conditions presented in research
questions 1i 3. Additionally, a simplified version of a standardized polynomial re-
gression model for solar thermal (ST) collectors is utilized to characterize the ther-
mal performance of the collectors and to compare the performance betweenthe dif-
ferent collectors. Sections 3 and 4 present more precisely the test facility and PVT
collectors used for the experiments as well asthe empirical and statistical methods
for the collector characterization, respectively. The results of the experiments are
presentedin section 5 and discussed insection 6, while section 7 concludes the main
findings of the study.
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2 Literature Review

This section reviews the technologies and theories that arerequired to understand
in order to addressthe research questions of the study. Section 2.1goes through the
different PVT collector types (focusing on flat-plate collectors) and their end-use
applications, followed by an overview of different absorber types and materials in
section 2.2. After that, section 2.3 assesss the different operational and weather
factors that affect the thermal performance of a flat-plate PVT collector, and finally,
section 2.4 compiles thermal performance data of several PVT collectors obtained
online and from prior research.

2.1 PVT Collector s

2.1.1 Applications and Collector Types

There is a widevariety of different types of PVT collectors due to the large number

of end-use applications for the extracted heat, ranging from low temperature HP

integration (operating temperatures under 25 °C) to domestic hot water (DHW) and

space heating(SH) (from 20 to 80 °C) and further to industrial process heat(up to

over 100 °C) (Kramer, 2022) . The respective PVT technologies varyboth based on
the heat transfer medium and the collector configuration. The heat transfer medium

can be either liquid or gaseous, most commonly water or air (Charalambous et al.,
2007). Since water has a significantly higher heat capacity than air, and it also en-
sures a more consistent cooling of the PV cells, waterbased technologies have
gained more interest in research and development of PVT collectors (Aste et al.,
2014; Herrando et al., 2014). Considering the markets, PVT water collectors ac-
countedfor over 60% of the global installed capacity in 2020 (Epp, 2021). From low-

temperature to high-temperature applications, the different PVT water collector

technologies range from uncovered and covered flat-plate collectors to evacuated
tube and actively-cooled PV concentrator through collectors (Chow, 2010; Kramer,

2022) . Amongst these water-basedcollector designs, uncovered flat-plate collectors

accounted for more than 95% of the global market share in 2020, with covered flat-

plate collectors accounting for majority of the remaining share (Epp, 2021).

2.1.2 Flat-Plate PVT Collectors

The difference between uncovered and coveredlat-plate collectors is that acovered
collector has an extra glazing on top of the PV module The air gap between the glaz-
ing and the module serves as an insulation preventing the heat from radiating back
to the ambient and thus increasing the thermal output of the collector (Aste et al.,
2014). Therefore, covered flat-plate collectors can be often used directly for DHW
or SH without heat pump integration (Epp, 2022) . However, the trade-off is that the
extra glazing increases reflection losses which leads to a reduced electrical power
output (Aste et al.,, 2014). As an opposite, uncovered flat-plate collectors have a
higher electrical efficiency, but their thermal output is reduced significantly because
of greater heat lossesfrom the top of the collector to the ambient (Charalambous et
al., 2007). Hence, the fluid temperature in uncovered PVT collectors needs to be
kept closer to or even below the ambient temperature to avoid major heat losses.
Therefore, uncovered collectors aremostly used for low working temperature appli-
cations, i.e., heat pump integration and borehole regeneration (Epp, 2022).
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An uncovered flat-plate PVT water collector comprises of a PV module, that gen-
erates electricity and absorbs heat, as well as an additional absorber plate that cap-
tures the heat from the PV laminate via thermal conduction (Aste et al., 2014; Char-
alambous et al., 2007; Herrando et al., 2019). From the absorber plate, the heat is
further transmitted to a working fluid, which flows through the channels that are
either part of the absorber plate or soldered toit, depending on the absorber design
(Aste et al., 2014). Furthermore, the absorber can be insulated to avoid heat losses
to the ambient. However, for low -temperature HP integration, the outdoor temper-
ature is often above the fluid temperature, which motivates the use of uninsulated
absorber to enable the extra heat transfer from ambient air to the working fluid
(Sommerfeldt and Madani, 2018).

2.2 Absorber Designs and Materials

Several absorber design configurations have been investigated for flatplate PVT
collectors to optimize the heat transfer between the absorber and the liquid. By far
the most adopted designs arecalled sheet-and-tube, box channel (or flat -box), and
roll bond (Aste et al., 2014). This study focuses on the first two designs shown in
Figure 1, since these absorber typesare examined in the experimental part.

O O LIIITIT1]

Figuré. Crossection ffeee@tndube absorieff énd doxchannel absoriugtEditeddm(Aste
et al., 2014)

Sheet-and-Tube ===== Box-Channel Insulation (optional)

2.2.1 Sheet-and-Tube Absorber

The most common absorber design found in literature and used in commercial PVT
collectors is the sheetand-tube configuration . As seen inFigure 1on the left, it com-
prises of an absorber plate (i.e., a sheet) and circular cross-section channels (i.e.,
tubes) that are generally welded, soldered, or glued to the plate. The thermal perfor-
mance of the sheetand-tube absorber depends mostly on the thermal conductivity

and specific heat capacity of the absorber material as well asthe tube spacing and
tube diameter. The most common material used for the absorber is copper which
has high thermal conductivity and low heat capacity, enabling high thermal perfor-

mance. Due to the increased price of copper, he tube spacing and diameterare usu-
ally a result of cost optimization rather than thermal performance maximization .
(Aste et al., 2014)

2.2.2 Fin-Tube Absorber

The sheetand-tube design can bemodified for low-temperature HP integration by
replacing the absorber sheet with a finned air-to-water heat exchanger. While this
may reduce heat transfer from the PV laminate, the increased absorber surface area

by the fins significantly enhances heat transfer from ambient air to the working
fluid. For example, the heat exchanger surface area o commercial SOLINK fi h e a t

15



pump col | ect oistén tirhep gré&amhamtie VT collector module size,
allowing the heat pump to operate around the clock due to a constant heat output
from the surrounding air (Consolar, 2023).

2.2.3 Box-Channel Absorber

While in the sheetand-tube design, the contact surface between theabsorber and
the pipes is rather small, the box-channel design enablesalmost the entire surface
of the absorber to be in contact with the fluid , increasing the absorber-to-fluid heat
exchangeconsiderably. This is achievedby a rectangular shape of theducts, forming

a uniform absorber plate structure, as seen inFigure 1on the right. The extruded or
pultruded profile is generally made of aluminum or polymeric materials to decrease
the manufacturing costs of the more material -intensive design compared to the
sheetand-tube configuration. However, the special connecting components be-
tween the rectangular channels and the circular inlet and outlet manifolds signifi-

cantly increase the costs of the boxchannel design. (Aste et al., 2014)

2.2.4 Absorber Materials

Herrando et al. (2019) compared the thermal performance and manufacturing costs
of 26 alternative sheetand-tube and box channelabsorber designs varying in chan-
nel dimensions and materials (i.e., copper, aluminum, and polymers), to a reference
sheet-and-tube absorber made of copper. The thermal performance simulations for
the different copper sheetand-tube designs showed that the tube diameter has a
minor effect on the thermal efficiency , whereas an increased number of tubes sig-
nificantly improves the efficiency . However, the resulting increased material costs
outweigh the slight performance improvements. Replacing copper with aluminum

in the sheet-and-tube design showed potential due to the reduced investment costs
and weight of the collector with negligible reductions in thermal and electrical effi-

cienciescompared to the reference copper absorber.

In the same study, Herrand o et al. (2019) discovered that all the alternative box
channel absorber designs outperformed the reference sheetand-tube absorber,
with a 2.7 6.7% higher thermal efficiency . The economic analysisindicated that for
box channel absorbers made of copper or aluminum,the investment costs outweigh
the performance improvements, whereas for polymeric materials, the payback time
wasreduced in each caselue to lower investment costs and better performance. The
economically most promising absorber design was found to be abox-channel ab-
sorber made of polycarbonate (PC) with small channels (3 x 2 mm), having almost
25% shorter payback time and 9% lower weight than the reference copper sheet
and-tube collector. Allin all, the results implied that polymeric materials are a viable
alternative for the commonly used copper and aluminum when reducing the manu-
facturing costs of PVT collectorsand at the same time maintaining or even improv-
ing the thermal and electrical performances.

2.3 Fluid Properties and Weather Conditions

In addition to the collector/ absorber designand material, the thermal performance
of a flat-plate PVT collector is affected by external factors, i.e., the working fluid
properties and weather conditions.
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2.3.1 Flow Rate and Inlet Temperature

As a function of fluid properties, t he thermal power output of a PVT collector or a
collector array is simply

0 awWYY adw’Y Y p

where & is the mass flow, @ is the specific heat capacity,and "Y and "Y are the
inlet and outlet temperatures of the working fluid (1SO, 2017).

According to equation p, the thermal output appears to respondlinearly to the
change in mass flow. However, a1 increase in mass flow also increases the heat
transfer coefficient between the absorber channels and the working fluid, thus in-
creasing thefluid outlet temperature (i.e.,”Y is a function of &) (Charalambous et
al., 2007). Furthermore, at system level,an increasedmass flow rate requires more
circulation pump power . Hence, the optimal mass flow is to be determined (theo-
retically or experimentally) at a system levd, by maximizing the net power output
of the systemas afunction of mass flow.

The optimal inlet temperature depends on the end-use application as well as the
weather conditions, i.e., irradiance and ambient temperature. As mentioned earlier
in section 2.1.2, for low temperature applications, such as heat pump integration, it
is preferable to keep the fluid temperature below ambient temperature to enable
heat gains even during night- and winter time operation. According to Chhugani et
al. (2020), allowing the fluid temperature to drop as low as-15°C degreesinstead
of -10°C during the wintertime can half the required PVT collector areain a Central
European country while still maintaining the same seasonal performance factor
(SPF). Hence, it is important to select an appropriate heat pump and a working fluid
that does not freeze in such cold temperatues.

2.3.2 Irradiance, Ambient Temperature, and Wind Speed

The thermal power output of a PVT collector or a collector field can also be approx-
imated with a polynomial regression model for solar thermal (ST) collectors that
considersthe weather conditions in addition to the collector area andthe fluid mean
temperature. According to the ISO 9806:2017 (ISO, 2017) standard for ST collector
testing by the International Organization for Standardization , in steady-state test
conditions, the extracted thermal power is modelled as

L. =0 B Y QY Y Ge Y Y
" % %o oY w60 wo O .Y ®w Y Y S

where

1 O isthe grosscollector area,

— is the zero-loss efficiency,

is the heat loss coefficient,

is the temperature dependence of the heat loss coefficient,

is the wind speed dependenceof the heat loss coefficient,

is the sky temperature dependence of the heat loss coefficient

= =4 —a —a A
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@ is the wind speed dependence of the zereloss efficiency,
 is the wind speed dependence of infrared radiation exchange
® is the radiation losses,

“Qis the perpendicular solar irradiance at the collector surface,
“Y is the mean temperature of the heat transfer fluid,

"Y is the ambient air temperature ,

0 is the reduced surrounding air speed (6 6 o & 7i, whereo is the sur-
rounding air speed),

1 O isthe longwave irradiance,

1 . isthe Stefan-Boltzmann constant, and

T 7Y s the sky temperature.

= =4 48 a8 a8 8 -9

As seen in equatian ¢, the thermal power output of a ST (or a PVT) collector is
directly proportional to the solar irradiance at the collector surface. The zero-loss
efficiency determines the percentageof the irradiance that the collector can convert
into usablethermal energywhen there are no heat lossesi.e., when the other terms,
e.g.,temperature difference between the fluid and the ambient air, are zero.

Ambient temperatures colder than the mean fluid temperature result in heat
losses whereas ambient temperatures warmer thanthe mean fluid temperature re-
sult in extra heat gains. The heat loss coefficienta; and its temperature and wind
speed dependencecoefficients a; and ag determine the magnitude of the heat losses
or gains. For high operating temperatures (e.g., for DHW production ), it is prefera-
ble to have a PVT collector with a lowheat loss coefficientto avoid heat lossesto the
ambient air. In contrast, for low operating temperatures (e.g.,for HP integration ), a
low heat loss coefficient signifies lessheat gains from the ambient air . Therefore,
increasing the heat loss coefficient by enhancing the air-to-fluid heat transfer can
significantly improve the thermal performance of a PVT collector at low operating
temperatures.

According to equation ¢, the effect of wind speed on the thermal power output is
twofold . For low operating temperatures, higher wind speeds (i.e., over 3 m/s) facil-
itate the heat exchange between the air and the fluidon the rear side of the collector
but debilitate the heat gains from solar irradianc e due to the cooling effect of the
wind on the front side of the collector (assuming that the surface temperature is
higher than the ambient air temperature). This study does not focus on the other
loss factors affecting the thermal power output, i.e., the sky temperature depend-
ence of heat loss coefficient® , the wind speed dependence of infrared radiation
exchange® , and the radiation losses @ .

2.3.3 Condensation and Frost Formation

Since equation ¢ is meant for standard steady-state test conditions, it does not con-
sider certain phenomena, such as condensationor frost formation on the absorber,
that can occur at low operating temperatures and affect the thermal power output.
Condensation occurswhen the absorber surface temperature falls below dew point
temperature (i.e., the temperature at which air is saturated) and the vapor in the air
condenses to water on the surface (MBMA, n.d.) If the surface temperature contin-
ues falling below the freezing point (i.e., ca.0 °C), the condensation turns into frost
or ice. If there is no condensation on the absorber and the surface temperature is
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both below dew point (or in this case frost point) and freezing point, the water vapor
in the air changes directly to frost by deposition. (Haby, n.d.) Both condensation
and frost formation release energy which can produce extra heat gainsfor solar col-
lectors operating at low temperatures.

Bertram et al. (2010) determined the heat gains from condensation for a ST col-
lector system integrated with a GSHPlocated in Germany. The results showed that,
during summer months , the heat gains from condensation werenegligible, whereas
during winter months, i.e., from November to February, the condensation gains ac-
counted for up to 13% of the total heat output. Since the collector heat production is
focused on summertime, the yearly condensation gainsaccounted for only 3.7% of
the total thermal energy yield. However, the authors emphasized that in colder cli-
mates, more condensation gains, and even frost formation gains, can be expected.

Bunea et al. (2012)tested different ST collectors with inlet temperatures varying
between-10 and +5 °C During the one-weektesting period in mid -May, condensa-
tion gains at nighttime operation accounted for 23i 55% of the total nighttime col-
lector yield for unglazed flat-plate collectors. In addition, their preliminary results
showed that heat gains from frost formatio n are of the same order of magnitude as
condensation gains.

Chhugani et al. (2020) compared the measured thermal power output of a fin -
tube PVT collector to simulation results during a 34-hour experiment at inlet tem-
peratures below -10 °C. The simulation considered heat gains from condensation
but not from frost formation which occurred on the absorber during the experiment.
The simulation gaveca. 184 higher value for the total thermal output than the actual
measurements. The authors reckoned that this was due to the overestimation of con-
vective gainsfrom ambient air to the working fluid that were hindered by the frost,
implying that condensation is more desirable than frost formation on the absorber
surface.

2.4 Thermal Performance of Different PVT Collectors

Table 1 brings together thermal performance data of seven commercial unglazed
flat-plate PVT collectors. The thermal performance coefficients presentedin the ta-
ble are results of standardized thermal performance tests certified by the Solar
Keymark and found in their data base(Solar Keymark, n.d.), except for the PVT col-
lector by Solhybrid i Smaland which was tested privately by RISE Technical Re-
search Institutes of Sweden The collectors in Table 1 are sorted by the zeroloss ef-
ficiency "Q, from highest to lowest. The insulated copper sheetand-tube collector by
Abora is patented as the most efficient solar panel in the world with an overall effi-
ciency (thermal + electrical) of 89% (Abora, n.d.). At zero reduced temperature, the
collector clearly outperforms the other insulated copper sheet-and-tube collector by
Solimpeks due to the significantly higher zero-loss efficiency. Overall, insulated col-
lectors tend to have, on average higher zero-loss efficiency as well aslower heat loss
coefficient a;and its wind dependency & than the uninsulated collectors, optimizing
their thermal performance for high irradiances and high operating temperatures.
However, as stated earlierin section 2.3.2, higher values of a and a; are prefera-
ble for low operating temperatures, making the uninsulated collectors more inter-
esting for the purpose of this study. As seen inTable 1, amongst the uninsulated
collectors, the ones with fin-tube absorber made for HP integration by Triple Solar
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and Consolar haveclearly the highest values of a; and as. However, the difference
between these collectors is significant: Triple Solar maintains a relatively high zero-
loss efficiency compared to, e.g., the sheetand-tube collector by Endef, with an in-
creased airto-water heat exchange, whereasConsolar focuses mostly onmaximiz-
ing the heat gains from ambient air with almost half as low zero-loss efficiency (alt-
hough high wind dependence & which increases “Q substantially at low wind

speeds) Due to the smaller number of fins, the third fin -tube collector by Solhybrid
i Smaland has significantly lower values for a; and as than the other two, while the
values for "Q and as remain similar to the ones of Triple Solar. Finally, the polymeric
box-channel collector of DualSun is presumably alower cost option (due to the ab-
sorber material), having a high zero-loss efficiency for an uninsulated PVT collector
as well asa relatively high heat loss coefficient, making it an interesting option for

HP integration.

Tabld. Thermal performance coefficients for differangtaxfidtptaté®V T collectéosinérom
Solar Keymat&tabase

Thermal Coefficients Q ai a as as
In- Ab-

Collector sula- | sorber - W/m 2K | W/m 2K2 | J/(m 3K) s/m
tion *k

Abora Yes | S&T; | 0.660 459 0 0.893 0.001

aH72SK Cu

DualSun Yes | BC; P | 0.537 12.73 0 0.610 0.041

SPRING

DualSun No | BC;P | 0.444 19.65 0 1.85 0.018

SPRING

Solimpeks Yes | S&T; | 0.386 6.18 0 0.727 0.050

Excell PV-T Cu

Endef No S&T; | 0.315 | 12.01 0.048 1.943 0.024

ECOVOLT Al

Solhybrid i No FT,; 0.271 | 23.89 - 4.653 0.043

Smaland * Al&Cu

Triple Solar No FT; 0.264 45.71 0 7.572 0.067

PVT * Al&Cu

Consolar No FT 0.137 | 84.35 0 22.030 0.111

SOLINK PVT

* converted from the results of the older ISO 9806:2013 standard model (measured wind speed [u]
changed to thereducedone )[ u 0]

** type (S&T = Sheetand-tube, BC = Boxchannel, FT = Fin-tube); material (Cu = Copper, Al = Alu-
minum, P = Polymer)
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3 System Description

3.1 Test Facility

The test facility is located at KTH Royal Institute of Technology in Stockholm, on
the rooftop of the Energy Technology Department laboratory. At the facility, t wo
arrays of two PVT collectors (Figure 2) are connected in series with a 12kW varia-
ble-speed heat pump (Thermia) and a cold storage tank (Figure 3). The collector
arrays are inclined 45 degrees towards the south.The heat from the PVT collectors
is not consumed on sitebut is instead dissipated via ahot water tank and an air-to-
water heat exchanger. Hence, the heat pump is only used to cool downthe working
fluid coming from the collectors and heading to the cold storagein order to emulate
low-temperature operating conditions. A 25 vol-% ethylene glycol solution is used
as aworking fluid to avoid freezing.

Figur&. Themechanical room coradinatgoump (between the tanks), hot (left) and cold (right) storage
tanksand circulation pumps and their monitoring systems (on right).
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Furthermore , the test facility includes severalmeasuring devicesfor monitoring
thermal and electrical data of the PVT+HP system as well asmeteorological data at
the collector field . Figure 4 and Figure 5 show the measuring devices and monitoring
systems for thermal and weather data, respectively. The thermal and weather data
arerecorded in one-minute time intervals whilst the electrical power output is meas-
ured every five minutes. The monitored parameters used in this study are shown in
Table 2.

PVT + HP Test Rig

Discharge pipe temp: 38.8 °C

=
16.5°C ic I
HEATPUMP 1o T
- T2in o dree i
Schanger 1mate VMM2-GTHE. \ TR
. 14.7%¢ s
L = VMMI-GTI

Sunrise: 432 Sunset 2058 '
Figur®é. Weather stafimvis/antage Pr@2ftand its monitoring syééatmerLirk 0.3(right)

MJI
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Table: Monitored parametarsrbtoring device.

Monitoring Parameter Symbol Unit

device

Weather station Ambient temperature Ta °C
Dew point temperature Tdew °C
Wind speed u m/s
Relative humidity 3 %

Irradiance meter Solar irradiance at the collector G W/m 2
surface

Thermocouples Absorber temperature Tabs °C

Heat power meter Volume flow rate \% ms3/h
Inlet temperature Tin °C
Outlet temperature Tout °C
Thermal power 1 w

Micro inverters Electrical power Pei W

3.2 PVT Collectors

Two different PVT collectors are testedsimultaneously at the test facility. The col-
lector arrays consist of two PVT modules with a polymeric box-channel absorber

(i.e., collector 1 in Figure 6) and two modules with a serpentine-shaped aluminum

sheetand-tube absorber (i.e., collector 2 in Figure 7). Collector 1 could serve asa
cost-effective option for heat pump integration, since the polymeric box -channel ab-
sorber has shown technc-economic potential as discovered earlier in section2.2.4.
Collector 2, in turn, has a small air gap between the PV laminateand the absorber
plate, which intends to improve the air-to-water heat exchange and make tlis sheet-
and-tube collector more suitable for HP integration . Table 3 summarizes the photo-
voltaic and thermal characteristics of the two PVT collectors under standard test

conditions (STC).
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Figuré. PVT collectband the bokannel absorber on the rear side of the module.

i/

Figur@. PVT collecand a shasetube absorber on the rear side of the module.
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Table3: Photovoltaic and thermal characteristics of the examined PVT collectors.

Collector Collector
1 2

Photovoltaic Charasteristics *
Nominal power (W) 375 320
Module efficiency (%) 20 19.2
Power temperature coefficient (%/K) -0.34 -0.34
Thermal Characteristics
Absorber Type ** BC S&T
Absorber Material polymer | aluminum
Thermal power (W n/m 2) *** 660 -
Collector area (m?) 1.876 1.668
Optical efficiency ag (%) **** 63.30 -
Coefficient a; (W/K/m 2) **** 115 -
Coefficient az (W/(m 2/K 2)) *xxx 0 -

* STC conditions (AM 1.5- 1000 W/m2 - 25°C)
** BC = Box-channel; S&T = Sheetand-tube
*** Thermal power calculated with wind u = 0 m/s, DT = 0, G = 1000 W/m?

**x* * The coefficients a, ar and a2 result from EN 9806:2017 certification tests for solar collectors with-
out glazing carried out by KIWA for a wind speed u =1 m/s: ao = no - cs*u'; ai=c1+cs*u;u'=u -3
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4 Methods

The methods of the study included the experiments at the test facility as well asthe
performance analysis using the collected data from the experiments. The following
subsections explain the detailed experimental and statistical met hods for each re-
search question.

4.1 Experiment s

The PVT collectors were tested in dynamic outdoor conditions during winter and
spring time, from mid -February to mid-May. The extensive testing period enabled
adequate data collection for the thermal performance characterization of the collec-
tors with a broad range of weather conditions, working fluid flow rates and fluid
temperatures. However, the system could not be operated catinuously for the
whole duration of the testing period due to disruptive winter conditions, such as
extreme cold and snow, as well as lack of operators during weekend and vacation
times. Therefore, the acquired data corresponded to a shorter period of approxi-
mately 45 days.

4.1.1 Input Variables

For the first two research questions, i.e., to characterize the thermal performance of
the PVT collectorsin a wide variety of weather conditions and flow rates, the objec-
tive of the experiments was to acquire as much data as possiblewith the broadest
possible range of input variables, within the scope of the study. The minimum inlet
temperature and the volumetric flow rate of the working fluid were the only adjust-
able input variables. The inlet fluid temperature was varied between-5 and +10 Cel-
sius degreesdepending on the weather conditions, i.e., ambient temperature and
irradiance, seeking to avoid negative temperature differences and thus negative heat
outputs. The minimum volumetric flow rate for both collector arrays was ca. 0.07
m?3/h, and the maximum flow rate for the sheetand-tube collectors was ca. 0.21
m3/h. Thesecorresponded to ca.0.012 and 0.036 kg/ s per square meter of collector
gross area respectively, and were used asthe minimum and maximum values for
the flow rate range for both collectors. For the box-channel collectors, the corre-
sponding volumetric flow rates were ca. 0.08 and 0.23 m?3h due to the slightly
larger collector size. The flow rate range was further divided into three smaller
ranges (0.012 0.019, 0.02071 0.027, and 0.0281 0.036 kg/s/m 2) to study the effect
of flow rate on the thermal power output. According to the ISO 9806:2017 standard
for solar collector testing (ISO, 2017), a fluid flow rate of approximately 0.02
kg/s/m 2is recommended for standard testing of solar collectors. This value fallsin-
side the above-mentioned flow rate range of this study and was usedwhen compar-
ing the thermal performance between thestudied PVT collectors and other commer-
cial collectors (Table 1).

The rest of the input variables were nonadjustable. During the testing period, the
solar irradiance on the inclined collector surface was ranging from 0 to over 1200
W/m 2, the ambient temperature was ranging from -8 to +23 °C, and the average
wind speed per minute was ranging from O to 8.5 m/s. Table 4 summarizes the
ranges for different input variables.
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Tablél Inpuvariableinges.

Input Variable Range Unit
Inlet fluid temperature -5é +10 °C
Fluid flow rate 0.012 é 0.036 kg/s/m 2
Solar irradiance 0é 1200 W/m 2
Ambient air temperature -8é +23 °C
Wind speed 0O é 8. m/s

4.1.2 Frost Formation

The following steps were followed to study the effect of frost formation on the ab-
sorber of the PVT collectors. First, the inlet temperature of the working fluid was set
to minimum , ranging from -5 to -3 °C. Second the flow rate was set high, ranging
from 0.028 to 0.036 kg/s/m 2 for the sheet-and-tube collectors and from 0.037 to
0.044 kg/s/m 2for the box-channel collectors to maximize the heat transfer between
the fluid and the absorber surface Third, a camera setup was arranged to take po-
tos of the rear side of the first collector in the array (i.e., the collector with colder
fluid temperature) to detect frost formation on the collector absorber . The photos
were taken overnight in two - or three-minute intervals during an approximately 10-
to 24-hour period. The test wasrepeated three times for both collector types in var-
ying relative humidity. The case when there was no or just a little frost formation
detected on the absorber surface was used as a reference case and the two other
cases, when (1) frost formationby deposition was detectedor (2) frost formation by
freezing of condensation was detected were compared to the reference caseThe
absorber surface temperature at the inlet and outlet of each absorber was measured
with thermocouples to analyzeits correlation with frost formation.

4.2 Data Analysis

Once the experiments were finished, the acquired data was gathered into an Excel
working sheet, where it was sorted and filtere d, and the thermal performance for
different input conditions was quantified by certain performance indicators, such as
thermal power outp ut and optical efficiency.

4.2.1 Filters

Some of the data was filtered out to obtain more consistent and reliable results in
the performance analysis. First, for an unknown reason, the collected weather data
was lacking data points almost every dayduring the winter, especially in the early
morning hours. Therefore, the thermal data was alsoto be left out during these pe-
riods. The same procedure was appliedfor the few missing data points in thermal
data. The second part of the filtering was to include only the data points where the
mass flow rate per collector area was between 0.012 and 0.036 kg/s/n?. In addition,
rapid changesin the flow rate, i.e., over0.005 kg/s/m 2 within the last 20 minutes,
were filtered out becausethey were discovered to causepeaks or low points in the
thermal power output . Furthermore, rapid changes in irradiance, i.e., over 100
W/m 2 within 20 minutes, were sorted out of the data to decrease the effect of time
dependenceon the thermal power output (e.g., a bypassing cloud candecreasethe
irradiance drastically for a few minutes , but it does not have enough time to have a
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corresponding effect on the collector surface temperature and thereby neither on
the thermal power output).

Next, periods when condensation or frost formation occurred on the absorber of
the collectors were sorted according to the following assumptions:

1. Some ®ndensation occurs if the absorber surface temperature only at the
inlet of the collector array is below the dew point temperature and above the
freezing point.

2. Condensation occurs on both collector absorbersif the absorber surface tem-
perature at both the inlet and the outlet of the collector array is below the
dew point temperature and above the freezing point.

3. Some frost formation occurs if the absorber surface temperature only at the
inlet of the collector array is below the dew point temperature and the freez-
ing point.

4. Frost formation occurs on both collector absorbers if the absorber surface
temperature at both the inlet and the outlet of the collector array is below
the dew point temperature and the freezing point.

5. Some frost stays on the absorberif the absorber surface temperature at the
inlet of the collector array is below freezing point and if some frost formation
has occurred within the last hour.

6. Frost stays on both collector absorbers if the absorber surface temperature
at both the inlet and the outlet of the collector array is below freezing point
and if frost formation on both collector absorbers has occurred within the
last hour.

7. Condensation or frost (some or on both collectors) stays on the absorber if
either of them hasbeenforming within the last hour (i.e., if any of the previ-
ous assumptions 1 6 holds true).

These assumptions were utilized to filter out condensation and frost formation
when focusing on the other research questions. In addition, assumptions 1i 4 were
used to compare the thermal performance of the collectors between different states
of condensation and frost formation (i.e., no condensation/frost formation , some
condensation/frost formation , and condensatior/frost formation on both collector
absorbers) during nighttime operation (i.e. , at zero irradiance). Assumption 7 at-
tempts to consider the time dependence of the phenomenasince usually neither
condensation nor frost would disappear in seconds after formation (based on the
experiments).

The absorber surface temperature at the inlet and outlet of the collector arrays
was measuredonly during a small part of the experimental period . Hence, for the
rest of the periods that lacked the measured data the absorber temperatures were
to be modelled based on the measurement results A simple linear regression model
was used toestimate the absorber temperature:

YU BY Y OO0 o

where

1 “Yis the fluid temperature in Kelvins,
1 “Yis the ambient temperature in Kelvins,
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I “Ois the irradiance on the collector surface in W/m 2,
1 wis the volumetric flow rate in m3/h, and
& @ @ and Qare their respective coefficients.

4.2.2 Thermal Performance Indicators

The thermal performance of the collectors was characterizedfor differ ent input con-
ditions by the thermal power output (equation p) as well as thezero-loss efficiency
— , its wind dependence ® , and the heat loss coefficients® , @, @ (equation ¢). The
validity of the regression model results was defined by the coefficient of determina-
tion Y . In addition, the annual heat output per collector area was simulated for each
PVT collector (tested and found online) under the weather conditions of Stockholm.

The following subsections present how these performance indicators were deter-
mined.

4.2.2.1 Heat Flux

The thermal power output was measured by the thermal power meter but also cal-
culated using equation p. For that, the measured volumetric flow rate was converted
into mass flow with the following equation:

where” Y is the density of the working fluid as a function of the mean fluid tem-

perature Y (i.e., the arithmetic average betweend and 0 ). The density function
used in the study was a polynomial regression model based orthe table values for
varied concentrations of ethylene glycol solutions found online (Engineering
ToolBox, 2003). A similar approach was used to calculate the specific heat capacity
which is also afunction of the fluid temperature . Thetable values for that were found
from the same website & for the density.

To make the thermal power output comparable between thedifferent -sized col-
lectors, it was divided by the area of the collector array. Hence, as a furction of the
measured parameters, the thermal power output per collector area, i.e., the heat
flux, for an array of PVT collectors was calculated as

4.2.2.2 Zero-Loss Efficiency and Loss Coefficients

The zero-loss efficiency "Q and the loss coefficients a;, a, as, and as in equation ¢
were solved for different input conditions using a regression too | in Microsoft Excel
Data Analysis add-in. Even though the testing conditions were dynamic, the steady-
state method (i.e., equation ¢) was usedfor the coefficient determination. This is
because it requires only the measured total irradiance unlike the quasi-dynamic
method that divides the irradiance into beam and diffuse irradiance, which were not
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measured at the testing facility. Furthermore, i n this study, equation ¢ was simpli-
fied by neglecting the effect of sky temperaturedependence a and infrared radiation
exchange a7, because sky temperature was not measuredand radiation losses as,
because according to the ISO standard, it can be set to zero for unglazed flaplate
collectors (ISO, 2017). Hence, the regressionwas simplified into the following form:

n -0 ®"Y Y ®°Y Y ®Wo Y Y wo6O (0]

It is notable that since the experiments were done in low-temperature operating
conditions, the ambient temperature was mostly above the mean fluid temperature
which led to heat gains instead of losses. Hencgin equation ¢, the two terms were
interchanged, and the signs of the coefficients were changed from minus to plus
when compared to the original equation ¢. Therefore, the wind dependence of zere
loss efficiency & was theonly coefficient that was expected to return negative values
due to the higher likelihood of heat lossesover heatgains.

According to the 1SO 9806:2017 standard for solar collector testing (ISO, 2017),
fif one of these parameters [i.e., coefficients] -- has no statistical significance [i.e.
the T ratio (parameter value/ standard deviation of parameter value) < 3 ], this
parameter shall be set to 0 --, and the parameter identification shall be repeated
again. In the results sheet, this parameter shall then be indicated with a value of
0.0 Thi s i wastfollowedtini thee rthermal coefficient identification of this
study.

The data analysis tool in Microsoft Excel also returned the standard errors of the
coefficients (i.e., standard deviation with a 95% confidence leve) as well as the co-
efficient of determination of the regr ession model, which was used to define the va-
lidity of the regression results and was calculated as

v o Y B i
PNy pBr']r'] X

where

T “YY isthe residual sum of squares
1 “YY s the total sum of squares,

1 n isthe real heat flux value in the data set,

1 n isthe associated modelled heat flux value, and

1 nisthe mean heat flux of the observed data.

'Y can be interpreted as the proportion of variance in the dependent variable
(i.e., heat flux) that is explained by the regression model. Hence, the value of 'Y
measuresthe goodness of fit of the regression model, a value of 1 indicating a perfect
correlation and a value of 0 no correlation at all between the real and the modelled
data. (Turney, 2022)
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4.2.2.3 Annual Heat Output

The annual heat output per collector area (kWh/m 2/a) in Stockholm was calculated
for the tested collectors as well as the collectors found inTable 1for different annual
mean fluid temperatures using the thermal performance coefficients from equation
¢ and the hourly weather data (i.e., irradiance, ambient temperature, and wind
speed) of Bromma, Stockholm, in 2005, obtained from Meteonorm 8 (Remund et
al., 2020). The annual mean fluid temperatures were divided into monthly mean
fluid temperatures (Figure 8) following the same method as Beltran et al. (2023),
based on a PVT+GSHP simulation by Sommerfeldt and Madani (2019). The
monthly mean fluid temperatures were then used as the mean fluid temperature Ty,
in equation @for annual mean fluid temperatures between 0 and 20 °C. The thermal
performance coefficients for the tested collectors were obtained for a mass flow rate
of 0.020 (+/ - 0.001) kg/s/m 2 for a more valid comparison with the other PVT col-
lectors found online.
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Figure3. Monthly mean fluid temperaturedlifisedrdonual mean fluid tempef@iR€e8Q
(Beltran et al., 2023)
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5 Results

This section presents the results in the order of the four research questions. For each
sub question, a table presents the regression model results for the thermal coeffi-
cients and their standards errors (as well as the coefficient of determination of the

regression model), followed by a graph of the corresponding data points and regres-
sion curves in a heat fluxi temperature difference -diagram (i.e., the temperature

difference between ambient air and mean fluid temperature). When the effect of
wind speed is not examined, wind speed is set to 1 m/s équaling a reduced wind

speed of-2 m/s) for the regression lines in the graphs. The thermal data of the box-

channel (collector 1) and sheet-and-tube (collector 2) collectors are represented in

the graphsin orange and green, respectively.

5.1 Thermal Performance at Zero Irradiance

Table 5 shows the thermal coefficients of both collectors when there is no solar irra-
diance. The results include the whole mass flow rate range used in the experiments
(i.e., 0.012i 0.036 kg/s/m 2). Since the irradiance is zero, the corresponding coeffi-
cients, zero-loss efficiency "Q and its wind speed dependence @, are also zero.As
seen inTable 5, the remaining three coefficients, heat loss coefficient a and its tem-
perature dependence a and wind speed dependence g, are of the same order of
magnitude between the two collectors, however, collector 2 having slightly higher
values for each of the coefficients.The regression model is quite accurate, with rel-
atively small standard errors and high R squared values, as seen in the table.

Tablé. Collectors 1 anth@mal coefficients at zero irradiance.

Thermal Collector 1 Collector 2
Coeffi- Value Standard Value Standard
cient Error Error
Q 0 - 0 -

ai 20.62 0.12 21.51 0.12
az 0.098 0.014 0.248 0.015
as 1.918 0.046 2.117 0.046
ads 0 - 0 -

R2 0.938 0.956

Figure 9 illustrates the difference between the heat outputs of the two collectors
at zero irradiance. The heat flux from collector 2 increases more sharply at higher
temperature differences compared to the almost linear response of collector1, as
represented by the regression model lines. The heat loss coefficient aand its wind
dependence a determine the slope of the curve. They arealmost the same for col-
lector 1 and 2 as sen in Table 5 and in the graph at temperature differences close
to zero. Hence, the difference between the two collectors at higher temperature dif-
ferences is primarily due to the second order coefficient, temperature dependence
ay, for which collector 2 has ca. 2.5 times the value otcollector 1.
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5.1.1 Wind Speed Dependence

The effect of wind speed on the thermal output of collector 1 and 2during nighttime
operation is shown in Figure 10 and Figure 11 respectively. Since the wind speed
dependence coefficient & is very similar between the collectors, the response to
higher wind speeds is also very similar, coefficient & again making the difference
between the two. As seen in the figures, when the ambient temperature is well above
the mean fluid temperature, stronger wind can significantly increase the heat flux.
For example, according to the regression model results,at positive temperature dif-
ferences,the heat output of both collectors is ca. 25% higher with a wind speed of 2
m/s and ca. 50% higher with a wind speed of 4 m/s compared to no wind, meaning
that a 1 m/s increase in wind speed increases the heat output by approximately
12.5%.
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5.1.2 Flow Rate Dependence

In Table 6 and Table 7, the thermal coefficients of collector 1 and collector 2, respec-
tively, have been calculated for three different mass flow rate ranges at zero irradi-
ance. As seen inTable 6, the heat loss coefficient a of collector 1remains approxi-
mately the same despite the change in flow rate, whereas the coefficients a and as
seem toincrease as the flow rate increasesFor collector 2, an increasing pattern can
be seen for each of the coefficients inTable 7. However, due to statistical insignifi-
cance, the coefficient & for the highest flow rate is set to zero, which, as a response,
increases the value of aeven more. The low T ratio for a; is probably explained by
the smaller amount of data gathered for higher flow rates, making the resulting val-
ues less reliable.Overall, due to fewer data points per flow rate range, the standard
errors are now higher than for all the flow rates combined in Table 5. However, the
goodness of fit (i.e., the R square value) of the regression modelss slightly increased
in each case which implies that the small differences in thermal coefficients be-
tween the different flow rates are not just a result of higher error margins but aresult
of change in flow rate. The differences are, however, almost negligible at low wind
speeds (i.e.,1 m/s) and within the range of temperature differences of the study, as
seen inFigure 12 (collector 1) and Figure 13 (collector 2). As the wind gets stronger,
the differences become more remarkable because of the higher wind speed depend-
ence at higher flow rates. Nonetheless, at zero irradiance, @ubling the wind speed
has a greater impact on the heat output than doubling the flow rate.

Tablé. Collectdrthermal coefficients for different mass flavzete naadesnce

Thermal 0.012 7 0.019 0.020 i 0.027 0.028 i 0.036
Coeffi- kg/s/m 2 kg/s/m 2 kg/s/m 2
cient Value Error Value Error Value Error
Q 0 - 0 - 0 B
ai 21.30 0.22 20.17 0.14 20.75 0.41
a 0 - 0.107 0.017 0.313 0.051
as 1.599 0.104 1.973 0.056 2.573 0.131
as 0 - 0 - 0 -
R2 0.942 0.945 0.944

Tablé&. Collectorthermal coefficients for different mass flow rate ranges at zero irradiance.

Thermal 0.012 7 0.019 0.020 i 0.027 0.028 1 0.036
Coeffi- kg/s/m 2 kg/s/m 2 kg/s/m 2
cient Value Error Value Error Value Error
Q 0 - 0 - 0 -
ai 20.32 0.20 21.59 0.17 25.75 0.27
a 0.166 0.020 0.237 0.022 0 -
as 1.507 0.081 2.189 0.060 2.399 0.131
as 0 - 0 - 0 -
R2 0.962 0.956 0.972
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5.2 Thermal Performance at Different Flow Rate s and Ilrradiance
Levels

For daytime operation, the results are divided into the same three mass flow rate
ranges as earlier and further into five equivalent solar irradiance ranges between
100 and 1100 W/m2. In Appendix A, the thermal coefficients for each irradiance

level and flow rate range (from lowest to highest) are presented in Table 14, Table
15 and Table 16 for collector 1and in Table 17, Table 18, and Table 19 for collector

2. The respective visualizations of the heat flux data points and the regression model
curves are shownafter eachcorresponding table in Figure 33, Figure 34, and Figure

35 for collector 1 and in Figure 36, Figure 37, and Figure 38 for collector 2. In the

figures, the middle value of eachirradiance range is usedfor forming the regression
model curve. The following subsections focus on how thefive thermal coefficients of

the two collectors vary under different flow rate and irradiance levels.

5.2.1 Zero-Loss Efficiency

Figure 14 illustrates how the zero-loss efficiencies ("Q) of the two collectors are af-
fected byvarying the flow rate and solar irradiance levels. As seen in the graph over-
all, collector 1 hasgreater zero-loss efficiencies thancollector 2, the value of'Qrang-
ing between 0.314 and 0.541 forcollector 1 and between 0.250 and 0.455 for collec-
tor 2, depending on the flow rate range and irradiance level.

For collector 1, changing the flow rate range from low (0.0127 0.019 kg/s/m 2) to
medium (0.020 7 0.027 kg/s/m 2) increases the zergloss efficiency significantly, es-
pecially at lower irradiance levels, whereas changingthe flow rate from medium to
high (0.028 7 0.036 kg/s/m 2) range does not seem to influence the zeroloss effi-
ciency. For collector 2, the increase ismore continuous between the three flow rate
rangesas seen inFigure 14. In Appendix A, the increase in zeroloss efficiency from
low to medium to high flow rates can be seen as an overall increase in the heat flux
values (at least at zero reduced temperature) when comparing the different figures
with each other (see the increase in maximum y-axis value).

Figure 14 shows that the zero-loss efficiency of both collectors increasessignifi-
cantly in correspondence to the irradiance level when the flow rate is low. From the
lowest irradiance level of 1007 300 W/m 2 to the highest level of 9007 1100 W/m?2,
the zero-loss efficiencies of collectors 1and 2 increase 44% and 30%, respectively.
In Figure 33 and Figure 36 (Appendix A), the increase in '@ can be seen as an in-
creasing distance between the regression lines at higher irradiance levels.For the
medium flow rate range, the change is more moderate "Q of collector 1 remaining
almost the same and“Q of collector 2 slightly decreasing, except for the increase at
the highest irradiance level for both collectors. In Figure 34 and Figure 37, the
smaller differences in "Q are now shown as a more uniform distance between the
regression lines when compared to the low flow rate range. Lastly, at the high flow
rate range, the zeroloss efficiencies fluctuate more than at the medium flow rate
range, which can, again, be a result of fewer data pointsfor high flow rates. Despite
the fluctuations, "Q of collector 1 seems to remain similar between thedifferent irra-
diance levels, while"Q of collector 2 seems to decrease with an increasing irradiance

Figure 39 and Figure 40 in Appendix B demonstrate how the zero-loss efficiency
and heat loss coefficient ofcollectors 1 and 2 respectively, respond to variations in
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irradiance and flow rate when other thermal coefficients, i.e., a», a, and &, are ne-
glected in the regression model. As seen irFigure 39, the zero-loss efficiency of col-
lector 1is now slightly increased from mediu m to high flow rate range as opposed to
when the other coefficients were included (Figure 14). In addition, at the medium
flow rate range, ‘@ now increases with an increasing irradiance level instead of re-
maining the same. Figure 40 shows that the zero-loss efficiency of collector 2 follows
approximately the same patterns with the varying flow rates and irradiances as be-
fore in Figure 14.
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Figurd 4. Collector(@range) ahreen): zkrss efficiency vs. irradiance and flow rate level.

5.2.2 Heat Loss Coefficient and its Temperature Dependence

Figure 15and Figure 16illustrate how the heat loss coefficients (a) and the temper-
ature dependences of the heat loss coefficient (g of collectors 1and 2, respectively,
are affected by varying the flow rate and solar irradiance levels. As seen in the
graphs, the heat loss coefficients of the two collectors are more similar than the zere
loss efficiencies, with collector 2 having, on average, slightly higher values for a.. For
collector 1, the value of a is ranging between 12.09 and 32.27, while forcollector 2,
it is ranging between 18.96 and 30.78, dependingon the flow rate range and irradi-
ance level.

Figure 15shows that changing the flow rate range from low to medium decreases
the heat loss coefficientof collector 1 significantly, especially at lower irradiance lev-
els, whereas changing the flow iate from medium to high range instead slightly in-
creases the values of heat loss coefficientFor collector, Figure 16 shows no detecta-

38



ble pattern in the values of a between the different flow rates, nor between the dif-
ferent irradiance levels. However, as seenboth in Figure 15and in Figure 16, the
temperature dependence of the heat loss coefficient appears to blance the fluctua-
tions of a; both between different irradiance levels and between different flow rates,
ar having higher values when a is relatively low and a; being insignificant (i.e., zero)
when a; is relatively high. Aside from that, the significance of a; appears to be small
especially when the flow rate is high.

When &, as, and & are neglected in the regression model Appendix B), the pat-
terns in the heat loss coefficient of the two collectors are more noticeable For col-
lector 1, Figure 39 shows that the heat loss coefficientis at its highest when both
flow rate and irradiance are low, i.e., when the significance of zero-loss efficiency is
at its lowest. As the irradiance increases, the value of adecreases at low flow rates.
However, as the flow rate is increased,a; has lower valuesat low irradiances and
higher values at high irradiances. Figure 40 shows that a of collector 2 is less de-
pendent of irradiance than a; of collector 2 but that a; has higher values for low and
medium flow rates than for high flow rates. Overall, as a function of flow rate and
irradiance, a; appears to have an opposite directionof changecompared to “Q, which
is shown as an approximate mirrored projection between the lines of a; and "Q in
Figure 39 and Figure 40.
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5.2.3 Wind Speed Dependence

According to the table values in Appendix A, the significance of wind on the heat
output appears to decrease as the flow rate increaseshown as an increasing num-
ber of zero values for coefficients & and as, especially for collector 2.

Figure 17illustrates how the wind speed dependence of the heat loss coefficient
(as) of the two collectors is affected by varying the flow rate and solar irradiance
levels. As seen in the graph, aof both collectors has on average higher values for the
low flow rate range than for the two higher ones. In addition, it shows that the wind
dependence of the heat loss coefficient is more significant at low irradiance levels,
and as the irradiance increases, the wind depa&dence decreases, becomes insignifi-
cant, or even falls below zero, as happens forcollector 1. Overall, collector 2 seems
to have higher values for & than collector 1.
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As for the wind speed dependence of the zereloss efficiency (&), the statistical
significance appears to be low for both collectors,but especially for collector 2 at low
irradiance levels, the values beingmostly either zero or close to zerq as seen in the
table values in Appendix A. Considering the non-zero values, forcollector 1, as re-
turns only positive values, whereasfor collector 2, a returns both positive and neg-
ative values. The only clearly detectable pattern is for collector 1 at the medium flow
rate when the values of & are continuously decreasng from 0.068 to zero with an
increasing irradiance level. Otherwise, the fluctuations in ag can be assumed to be a
result of statistical insignificance.

5.2.4 All Irradiances

Table 8 and Table 9 present the thermal coefficients of the collectors 1 and 2 respec-
tively, for the three mass flow rate ranges, now including all irradiances from O to
over 1200 W/m 2. Similar patterns between the different flow rate ranges can be seen
as already described earlier. For example, the zereloss efficiency of collector 1 in-
creases substantially from low to medium flow rate s, while the increase is negligible
between medium and high flow rates. For collector 2, the increase is almost linear
from low to medium to high flow rate s. For both collectors, the heat loss coeffigent
is highest for the low flow rate range and lowest for the medium flow rate range,
while its temperature dependence is offsetting the differences by having higher val-
ues for the cases when ais relatively low. Furthermore, for both collectors, t he wind
speed dependence of heat loss coefficient is substantially higher for the low flow rate
range compared to the two higher flow rate ranges, the difference between them
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being negligible (i.e., within the standard errors). For collector 1, the wind speed
dependence of zereloss efficiency seems to be insignificant, the values ranging from
negative to positive to zero from low to medium to high flow rates, the non-zero
values having little statistical significance due to the small values. For collector 2,
the values are more uniform, i.e., all negative, high wind speeds causing heat losses
especially when the flow rate is low. The R squared values of the regression models
vary between 0.977 and 0.987, implying a high goodness of fit for all the cases. How-
ever, the standard errors appear to be approximately twice as high for the high flow
rate range compared to the two lower ones most likely due to the smaller amount
of data collected for the high flow rate range.

Table. Collector thermal coefficients for different mass flow rate ranges at all irradiances.

Thermal 0.012 7 0.019 0.020 i 0.027 0.028 i 0.036
Coeffi- kg/s/m 2 kg/s/m 2 kg/s/m 2
cient Value Error Value Error Value Error
Q 0.436 0.001 0.522 0.001 0.525 0.002
ai 24.65 0.14 19.83 0.16 20.12 0.31
az 0.264 0.018 0.347 0.016 0.340 0.026
as 3.286 0.069 1.748 0.052 1.787 0.083
ae -0.005 0.001 0.008 0.001 0 -
R2 0.977 0.984 0.983

Tabl®. Collectorthermal coefficients for different mass flow rate ranges at all irradiances.

Thermal 0.012 7 0.019 0.020 7 0.027 0.028 1 0.036
Coeffi- kg/s/m 2 kg/s/m 2 kg/s/m 2
cient Value Error Value Error Value Error
Q 0.306 0.001 0.357 0.001 0.397 0.002
ai 24.18 0.15 20.94 0.17 23.10 0.30
a 0.357 0.016 0.468 0.017 0.256 0.023
as 3.481 0.056 2.211 0.052 2.016 0.104
as -0.017 0.001 -0.005 0.001 -0.008 0.001
R?2 0.979 0.984 0.987

Figure 18 illustrates the thermal performance of collectors 1 and 2for the three
different flow rate ranges at three different irradiances (i.e., 0, 500, and 1000 W/m ?2)
for a wind speed of 1 m/s, using the regression model values inTable 8 and Table 9.
At zero irradiance, the differences in the modelled heat flux lines are minimal, both
between the flow rates and between the two collectors.Collector 2, however, per-
forms slightly better at higher temperature differences mostly due to the higher av-
eragevalue of coefficient a,. The differences between the flow rates start to appear
at an irradiance of 500 W/m 2, higher flow rate increasing the heat flux for both col-
lectors. As seen in the graph,collector 1 clearly outperforms collector 2 when the
irradiance is increased to 500 W/m 2, the difference, however, slightly decreasing at
higher temperature differences. The thermal performance of the two collectors is
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almost the sameonly when collector 1is operating with a low flow rate and collector
2 with a high flow rate. The difference between the collectors becomes even more
substantial at an irradiance of 1000 W/ m2, collector 1 producing approximately 100
W/m 2 more heat than collector 2 when they have a similar flow rate.
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0, 500, and 1000 W¥mrradiance (wind speed 1 m/s).

Figure 19 shows the same regression lines as-igure 18 but for a wind speed of 5
m/s instead of 1 m/s. Overall, the regression lines are now much steeper due to the
wind dependence of heat loss coefficient that increases the slope as thevind gets
stronger. The biggest difference is, however, seen in the regression lines of the low
flow rate range, experiencing a significant increase in their slopes. At zero irradi-
ance, low flow appears to enhance the airto-fluid heat exchange at high wind speeds
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more than higher flow rates. However, this contradicts with earlier results obtained

in section 5.1.2and should be neglected because the earlier results were more spe-
cific (i.e., only zero irradiance was considered). Based on the results earlier in this
section (5.2), higher wind dependence of low flow rate still applies to irradiances
over 100 W/m2, and thus the other regression lines (i.e., 500 and 1000 W/m?2) in
Figure 19are more reliable. According to the models, low flow rate becomes favora-
ble for both collectors at temperature differences over 5i 10 °C at 500 W/m2 irradi-
ance and 5 m/s wind speed. At 1000 W/m2 irradiance, higher flow rates lead to
higher heat outputs at temperature differences up to 15 °C.
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Figurd9 Collector 1 andriddelled heat flow vs. temperature difference for different mass flow rate range
0, 500, and 1000 W¥mradiance (wind speed 5 m/s).
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5.3 Thermal Performance during Frost Formation = and Condensa-
tion

5.3.1 No Frost Formation

Figure 20 and Figure 21 display the measured temperatures and irradiance as well
as the calculated and modelled heat flux of the collectors 1 and 2 respectively, dur-
ing cloudless and dry testing periods (relative humidity between 26 i 74%) in late
April when just a little frost formation was detected at the inlet of the absorbers. As
seen in the graphs, even though the fluid inlet temperature was most of the time
below the dew point, or in this case frost point, the absorber surface temperature
remained almost all the time above the frost point, which prevented frost from form-
ing.

Table 10 shows the resulted thermal coefficients of the testsfor the two collectors.
In the following graphs,theimode |l | e d rdfezsad thefhéaufoobtained
with these table valuesand the measured input parameters. The zero-loss efficien-
cies accurately resemble the values from previous results for the collectors at the
highest flow rate range (Table 8 and Table 9), but the heat loss coefficients arg in-
stead, comparatively low. However, asthe high R square values indicate and ascan
also beseen inFigure 20 and Figure 21, the modelled output s quite accurately follow
the actual heat flux values, although with smaller fluctuations , which are most likely
due to the changing flow rate that the model does not consider. The accuracy issup-
ported by the comparison between thetotal measured and modelled heat outputs of
the testing periods. For the collector array 1, the respective valuesare 7.88 kWh and
7.89 kWh for a 23-hour testing period , and for the collector array 2, both return the
same value 0f4.82 kWh for a 17-hour testing period .

Tabld 0. Collector 1 ande2erertbermal coeffidientaodiedl heat fl(nd little condensation or frost
formatign

Thermal Collector 1 Collector 2
Coeffi- Value Error Value Error
cient

Q 0.515 0.006 0.397 0.007
ai 14.24 0.86 11.21 105
a 1.203 0.072 0.927 0.061
as 2.648 0.171 1567 0.186
ade 0 - 0 -
R? 0.987 0.984
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5.3.2 Frost Formation by Deposition

Figure 23 and Figure 24 display the measured temperatures and irradiance as well
as the calculaed and modelled heat flux of the collectors 1 and 2, respectively, dur-
ing still cloudless but slightly more humid testing periods (relative humidity be-
tween 401 87%) in early May when frost formation by deposition was detectedon
the absorber surfacesmostly during nighttime operation. As seen in the graphs, the
absorber surface temperature (both inlet and outlet) was now at least part of the
time below the frost point, i.e., below both zero andthe dew point, which led to frost
formation by deposition. Condensation was not detected duringthe testing periods.
Based on the pictures taken of the absorber, froststarted forming on the collector 2
absorber surfaceat midnight when the absorber inlet temperature went below zero,
as seen inFigure 23, and the amount of frost peaked at 8:30 am (Figure 22, on left),
after which it started to melt and was still melting at the end of the testing period.
For collector 2, frost was already forming at the beginning of the testing period at 8
pm since the dew point temperature was above zero, as seen ifrigure 24. The peak
of the amount of frost was not detected due to a malfunction of the camera setup.
However, Figure 22 (on right) shows the amount of frost formed by 3 am, after
which the absorber surface temperature started to increase and dew point temper-
ature started to decrease, which supposedlyslowed down the frost formation and
stopped it by 8 am when the absorber inlet temperature raised above zero.Frost was
almost fully melted by the end of the testing period at 2 pm.

. } i

Figur@2 Frost formatiom the absorber surdadeab(l&ft) ancbllecto(rghtpydeposition

Figure 23 shows that the model (which does not consider frost formation) slightly
overestimates the heat flux of the collector array 1 before frost formation, slightly
underestimates it during frost formation and finally correlates quite well with the
actual heat flux during defrosting. Figure 24, in turn, shows that the model under-
estimates heat flux of the collector array 2 until 8 am (i.e., during the period when
frost was presumably forming) after which it overestimates it during the defrosting.
The total measured and modelled heat outputs of the collector array 1for an 18-hour
period are 4.52 kWh and 4.50 kWh, respectively, and of the collector array 2 for a
16-hour period 1.92 kwWh and 1.59 kWh, respectively. During the period of frost for-
mation, the total measured and modelled heat outputs are 1.62 kWh and 1.50 kWh,
respectively, for collector 1and 1.39 kWh and 1.01 kWh, respectively, forcollector 2.
Hence, according to the difference between the measured and modelled values, frost

47



formation by deposition can slightly increase the heat output compared to when
there is no frost (i.e., 7.7% forcollector 1 and 38% for collector 2).

Based on the pictures of the absorber of collector 1, most of the defrosting hap-
pened between 9 and D:45 am. Since the weather conditions were very similar (due
to the consecutive testing days), defrosting was assumed to happen during the same
time for collector 2, too. During the period of defrosting, the total measured and
modelled heat outputs are both 0.94 kWh for collector 1 (a negligible difference) and
0.62 kWh and 0.68 kWh, respectively, for collector 2 (heat output decreased by
7.8%). According to this, the heatlosses from defrosting are smaller than the heat
gains from frost formation by deposition.
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5.3.3 Frost Formation by Freezing of Condensation

Figure 26 and Figure 27 display the measured temperatures and irradiance as well
as the calculaed and modelled heat flux of the collectors 1 and 2, respectively, dur-
ing cloudy and humid testing periods (relative humidity between 841 96%) in late
April when frost formation by freezing of condensationwas detected on the absorber
surfaces. As seen inthe graphs, the absorber surface temperature (both inlet and
outlet) was now all the time below the dew point, absorber inlet temperature re-
maining constantly below freezing point , which led to frost formation by freezing of
the condensation previously occurred on the absorber surface Basedon the pictures
taken of the absorber, frost started forming on the collector 1 absorber surface at
8:30 pm when the absorber inlet temperature went below zero, as seen inFigure 26,
and the amount of frost peaked at 6:30 am (Figure 25, on left), after which the heat
pump stopped working and the working fluid stalled, which caused a rapid defrost-
ing of the absorber. For collector 2, frost was already forming on the inlet of the
absorber at the beginning of the testing period at 3 pm since the absorber inlet tem-
perature was well below freezing point, as seen inFigure 27. The peak of the amount
of frost was again not detected due to a malfunction of the camera setup. However,
Figure 25 (on right) shows the amount of frost formed by 6:30 am. The next picture
was taken at the end of the testing period, i.e., at noon, when the frost had melted
from the absorber sheet but not fully from the tubes. The defrosting was assumed to
start at 9:30 am when the absorber outlet temperature began to rise significantly .

Figure5h. Frost formation on the absorber soitesterft) and (right) collectyBeezing of
condensation

Figure 26 and Figure 27 show that the models (which do not consider frost for-
mation) clearly underestimate the heat flux of the two collector arrays during the
whole testing periods. The total measured and modelled heat outputs of thecollector
array 1for a 12-hour period are 2.96 kWh and 1.91 kWh, respectively, and of the
collector array 2 for a 21-hour period 3.85 kWh and 1.96 kWh, respectively. During
the period of frost formation, the total measured and modelled heat outputs are 2.38
kwWh and 1.48 kWh, respectively, for collector 1and 3.25 kWwh and 1.54 kWh, respec-
tively, for collector 2. Hence, according to the large difference between the measured
and modelled values, frost formation by freezing of condensation can significantly
increase the heat output compared to when there is no frost (i.e., 61% forcollector 1
and 1119% forcollector 2).

The possible heat losses during defrosting could not be calculated for collector 1
because the heat pump stopped workingin the morning. However, f or collector 2,
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frost was melting between 9:30 am and 12 pm but the actual heat output was still

above the modelled heat output, as seen inFigure 27. This is most likely because the
dew point temperature remained higher than the absorber surface temperature,

leading to simultaneous condensation gains while defrosting. Figure 27 shows, how-
ever, that the difference between the actual and modelled heat fux decreases during
this period, indicating that defrosting causes some heat lossesbut doesnot fully off-

set the condensation gains.
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5.3.4 Condensation and Frost Formation at Zero Irradiance

Following the filtering method described in section 4.2.1, Table 11and Table 12 pre-
sent the thermal coefficients a; and as of collectors 1 and 2 respectively, during
nighttime operation for five different conditions /cases:

1. When there is neither condensation nor frost formation on the collector ab-
sorbers (Tabsin> Tdew),

2. When some condensation occurs on at leastat the first collector absorber
(Tabs,in < Tdew < Tabs,out),

3. When some frost formation occurs on at least at the first collector absorber
(Tabs,in < Tfrost < Tabs,out),

4. When condensation occurs on both collector absorbers (Tabs,out< Tdew),

5. When frost formation occurs on both collector absorbers (Taps,out< Tirost).

The temperature dependence of the heat loss coefficien{ay) is neglected(i.e., set
to zero) in the regression models for an easier comparison between the different
conditions/cases. This is seen as only linear regession lines in Figure 28 (collector
1) and Figure 29 (collector 2) that illustrate the differences in heat out put between
the five cases.

Table 11shows that the heat loss coefficient of collector 1is gradually increased
from case 1 tocase 5 which is shown as an increasing slope of the regression lines
in Figure 28 as the rate of condensation ad frost formation increases. However,
due to the significantly higher wind speed dependence ofthe heat loss coefficientfor
case 3 the order between the regression lines of case 2 and 3 isnter changed at a
wind speed of 1 m/s. The wind speed dependenceof cases 4 and 5 is insteadconsid-
erably lower than the one of cases 13, seen as areater difference in the slopes of
the regression lines. According to the regression lines, for a wind speed of 1 m/s and
a positive temperature difference between ambient air and the working fluid, the
heat gains from some condensation on the collector absorber account forca. 33%
increase in heat output of collector 1, while condensation on both absorbers in-
creases the heat output by ca. 77%. Furthermore, the heat gains from some frost
formation and frost formation on both collector absorbers account for ca. 20% and
84% increase in heat output, respectively.

Table 12 shows that the heat loss coefficient ofcollector 2 is increased from case
1 to case 4out decreased to case 5, having a lower value of;ghan cases 2 4. How-
ever, due to thenegative wind speed dependence of heat loss coefficientcase 5 has
clearly the steepest slopeof the five regression linesin Figure 29 because ofthe low
wind speed of 1 m/sused for the models. Case 3 has again a high value for g which
makes the difference between the regression lines of case 3 and 5 even more consid-
erable. Now, & for case 4 ishigher than for case 2 (as opposed tacollector 1), making
the difference between the regression lines almost negligible for a low wind speed,
as seen inFigure 29. According to the regression lines, for a wind speed of 1 m/s and
a positive temperature difference between ambient air and the working fluid, the
heat gains from some condensation on the collector absorber account for ca. 3%
increase in heat output of collector 2, while condensation on both absorbers in-
creases the heat output by ca.33%. Furthermore, the heat gains from some frost
formation and frost formation on both collector absorbers account for ca. 8% and
56% increase in heat output, respectively.
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Figure 41and Figure 42 in the Appendix Cshow that at zero irradiance, a higher
relative humidity increases the heat output in the same way that condensation and
frost formation gains do in Figure 28 and Figure 29. This implies that the higher the
relative humidity, the more probable is the occurrence of condensation or frost for-
mation, and the more heat gains are obtained. Based on the graphs, the hebgains
become relevant when the relative humidity rises above 80%.
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