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Abstract 

There is an opportunity to improve the efficiency of flat plate solar air collectors by replacing 

their conventional glass covers with lightweight polycarbonate panels filled with high 

performance aerogel insulation. The in�situ performance of a 5.4m
2
 solar air collector 

containing granular aerogel is simulated and tested. The collector is incorporated into the 

external insulation of a mechanically ventilated end terrace house, recently refurbished in 

London, UK. During the 7 day test period, peak outlet temperatures up to 45°C are observed. 

Resultant supply and internal air temperatures peak at 25�30°C and 21�22°C respectively. Peak 

efficiencies of 22�36% are calculated based on the proposed design across a range of cover 

types. Measured outlet temperatures are validated to within 5% of their predicted values. 

Estimated outputs range from 118�166 kWh/m
2
/year for collectors with different thickness 

granular aerogel covers, compared to 110 kWh/m
2
/year for a single glazed collector, 140 

kWh/m
2
/year for a double glazed collector and 202 kWh/m

2
/year for a collector incorporating 

high performance monolithic aerogel. Payback periods of 9�16 years are calculated across all 

cover types. An efficiency up to 60% and a payback period as low as 4.5 years is possible with 

an optimised collector incorporating a 10mm thick granular aerogel cover. 
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Nomenclature 

Ac Collector area (m
2
) 

Ad Exposed area of ductwork (m
2
) 

Cp Specific heat capacity (J/kg K) 

Dh Hydraulic diameter (m) 

FR Heat removal factor 

F’ Collector efficiency factor 

F’’ Collector flow factor 

H Collector height (m) 

H’ Average cavity height (m) 

hc Convection coefficient (W/m
2
 K) 

hr Radiation coefficient (W/m
2
 K) 

hw Wind coefficient (W/m
2
 K) 

k Thermal conductivity (W/m K) 

L Cube root of house volume (m) 

Nu  Nusselt number  

Pr Prandtl number 

QU Useful energy (W) 

R Thermal resistance (m
2
 K/W) 

Re Reynolds number  

S Solar irradiance (W/m
2
) 

Ta Ambient temperature (◦C)  

Tinside Inside temperature of house (◦C) 

Ti Collector inlet temperature (◦C) 

Tfm Mean fluid temperature (◦C) 

TL Average air temperature lost to the environment (◦C) 

To Collector outlet temperature (◦C) 

Tpm Mean plate temperature (◦C) 

UBack Back heat loss coefficient (W/m
2
 K) 

Ud Loss coefficient of duct (W/m
2
 K) 

Ufront Front heat loss coefficient (W/m
2
 K) 

UL Overall heat loss coefficient (W/m
2
 K) 

vw Wind velocity (m/s) 

V Total volume of dwelling (m
3
) 

W Collector width (m) 

 

Symbols 

α Plate absorptance   

β Collector tilt (◦) 

ε Emissivity 

m&  Mass flow rate (kg/s) 

η1 Instantaneous efficiency 

ρ Density (kg/m
3
) 

τ Cover transmittance 

σ Stefan Boltzmann constant (W/m
2
 K

4
) 

O Dynamic viscosity (kg/m s) 
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Subscripts: 

Used in emissivity calculations and radiation/convection heat transfer coefficients 

1 Inner surface of collector cover  

2 Absorber plate 

3 Inner surface of back insulation 

i Inlet 

o Outlet 

 

Glossary 

EPS  Expanded polystyrene 

MVHR Mechanical ventilation with heat recovery 

PIR  Passive infrared sensor 

TIM  Translucent insulation material 

TST  Total solar transmittance 

 

 

1.0 Introduction 

The performance of our existing building stock must improve significantly if the UK is to meet 

the target of an 80% reduction in CO2 emissions by 2050, against the 1990 baseline [1]. For 

instance, housing in the UK accounts for 27% of CO2 emissions and more than 80% of the 

houses we will be living in by 2050 have already been built [2,3]. A range of promising new 

technologies are available, such as high performance translucent insulation in solar walls and 

solar collectors, as well as phase change materials for thermal energy storage. There is scope to 

retrofit these into existing buildings to make deep cuts in CO2 emissions, but their effective 

implementation is no trivial task [3,4]. Solutions must account for the variety of functions, 

composition, size, quality, age and social value of the existing building stock, as well as the 

different needs, expectations and budgets of owners and occupiers. 

 

The aim of this study is to develop and test a new retrofit technology to demonstrate its 

potential energy savings and payback period. In�situ testing takes place in a dwelling, recently 

refurbished as part of the Technology Strategy Board’s ‘Retrofit for the Future’ competition. 

The house is a three�storey 1960s pre�cast concrete end terrace, in South�East London, UK, 

with a large south facing wall, ideal to test new solar energy technologies. In its un�refurbished 

state, the hard�to�treat property suffered from moisture�related problems such as condensation, 

rising damp and mould growth made worse by insufficient supply of heating.  Through 

refurbishment works, the property has been transformed following Passivhaus principles, from 

a four to a six bedroom house, super�insulated with external cladding (U�value 0.1 W/m
2
 K), 

triple glazing (U�value 0.8 W/m
2
 K, G�value 0.5) and high levels of air tightness (3.5 m

3
/ m

2
.h 

@ 50 Pa).  Fresh air is provided by mechanical ventilation with heat recovery (MVHR). 

Photovoltaic panels and vacuum tube collectors provide renewable electricity and water 

heating.  

 

The focus of this paper is an innovative flat plate collector incorporated into the 2
nd

 floor of the 

external insulation on the south facade. The 6 x 0.9 metre prototype is designed to provide a 

free source of heating to the property by elevating the temperature of the extract air used to 

indirectly pre�heat the supply air for the MVHR. Basic components are (i) a cover, transparent 

to solar irradiance whilst reducing convection and radiation losses (ii) a black perforated solar 

absorbing sheet inside a cavity, (iii) back insulation to reduce conduction losses, and (iv), 

insulated ducts to transfer the air into the house. A novel feature of this prototype is its highly 

insulated translucent cover, consisting of a multi�wall polycarbonate panel filled with high 
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performance granules of ‘aerogel’ insulation. This cover is predicted to reduce heat losses 

significantly through the collector compared to traditional glazed systems, whilst allowing 

sufficient solar transmission for heat collection.  

 

2.0 Background 

Since the late 1970s, considerable research has been undertaken to increase awareness of 

transparent insulation materials and demonstrate their enhanced performance over opaque and 

glazed elements applied to solar renovation projects [5,6,7]. When retrofitted to the outside of a 

south facing wall, as a Trombe wall, a transparent insulation material (TIM) with an air gap 

behind can be used to capture solar energy that can be used straight away by venting the warm 

air inside, or later, by allowing the heat to conduct passively through the wall. Athienitis and 

Ramadan [8] and Suehrcke et al. [9] demonstrate that in this application, TIMs such as glass or 

plastic honeycombs and flat or corrugated polycarbonate sheets can provide significant energy 

savings when retrofitted to residential and commercial walls. Dolley et al. [10] used a test cell 

to monitor the thermal performance of a polycarbonate honeycomb TIM system retrofitted to a 

southern wall. Extrapolating the results, for every m
2
 of TIM installed, the annual space heating 

requirement would reduce by 150 kWh/year in a typical pre�1930s UK solid walled dwelling, 

or 40 kWh/year in a super insulated home [10]. In a comparative study of six houses in France, 

Peuportier and Michel [11] found that honeycomb TIMs can increase the efficiency of 

conventional solar air collectors and Trombe walls by 25% and 50% respectively.  

 

According to Kaushika and Sumathy [12] and Wong et al. [13] the most well documented 

application of TIM is in flat plate collectors for solar air or solar water heating. According to 

Hastings and Mørck [14], when integrated into the roof or façade of a dwelling, a solar air 

heater is ideal for pre�heating the ambient or return air in a mechanically ventilated dwelling. 

Rommel and Wagner [15] demonstrated how flat plate solar air collectors containing 50�

100mm polycarbonate honeycomb layers function well at lower temperature applications 

between 40�80◦C. Higher working temperatures of up to 260◦C can be achieved using glass 

capillaries, whereas plastic covers are susceptible to melting at temperatures above 120◦C [15]. 

Schmidt et al. [16] and Kaushika and Reddy [17] both constructed small scale solar water 

heaters containing TIM covers in place of conventional glazing. Solar conversion efficiencies 

up to 63% and storage tank temperatures of 50�60◦C were attained, indicating that these 

systems would be an effective pre�heater. Authors commented that the TIM was found to 

minimise the risk of freezing whilst also obtaining solar fractions that outperformed some 

conventional domestic hot water systems.  

 

A main advantage of using TIM instead of single or multiple glazed covers is the weight 

reduction, which can play an important factor in retrofit applications. For example, Okalux 

Kapipane [18], a transparent plastic honeycomb has a density of 30 kg/m
3
, compared to glass at 

2500 kg/m
3
. Even at 40mm thick, this product is 12.5 times lighter than glass weighing 0.6 

kg/m
2
, compared to7.5 kg/m

2
 for a 3mm thick glass pane. Despite such benefits, significant 

implementation of outdoor solar energy systems incorporating TIM has been slow. Platzer and 

Goetzberger [19] estimated that over 15,000 m
2
 of TIM had been installed by the mid 1990s 

across 85 buildings throughout Germany, Austria and Switzerland, compared to just 1,000m
2
 at 

the start of the decade. According to the authors, this indicated that the market situation was 

promising, but not satisfactory. Some of the key barriers include a lack of product development 

guides, imperfections in honeycomb or capillary TIMs, the low working temperatures of 

plastics and the potential for overheating when too much solar radiation is absorbed [13,19]. 

Further to this, the high investment cost of TIM, shading devices and control measures has 

presented barriers to widespread implementation [13,19]. Conversely, Wong et al. [13] claim 

that with improved design guidance combined with more information on the capital cost and 
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payback periods of TIM in use, there will be increasing evidence to outweigh the barriers 

currently hindering market growth, especially as fuel prices increase in future, reducing pay 

back periods.  

 

In a previous study containing a full review of transparent insulation materials applied to 

glazing, the corresponding author measured the in�situ U�value and light transmittance of a 

10mm thick translucent polycarbonate panel filled with high performance granular 'aerogel’ 

insulation, retrofitted over an existing single glazed window [20]. Aerogel is a unique class of 

nano�porous insulation that exhibit the lowest thermal conductivity of any solid, by suppressing 

heat transfer by conduction, convection and thermal infrared radiation, whilst being highly 

translucent to light and solar irradiance [21,22,23]. Applied to the inside face of a window, the 

prototype was found to reduce heat loss by 80%, equivalent to triple glazing, without 

detrimental reductions in light transmission [20]. If developed into a new retrofit product such 

as translucent secondary glazing or sliding shutters, payback periods between 3.5�9.5 years 

were predicted if the products were consistently used over the heating season [20]. This is 

considerably less than new double glazing, which can have paybacks far exceeding their 20 

year product life span (for example Shorrock et al. [24] predicted a capital cost of £4,000 

(€4,826) for double glazing in a typical 3�bedroom semi detached house, compared to just 

£40/year (€48) in annual energy savings). In a follow�up study, a streamlined life cycle 

assessment of silica aerogel was conducted to verify that the amount of energy and CO2 

required to manufacture the material does not outweigh the respective in�use savings [25]. 

Parity was achieved in 0�2 years, indicating that silica aerogel can provide a measurable 

environmental benefit [25]. 

 

Aerogel is often cited as a promising material for translucent insulation applications 

[26,27,28,29,30]. Thermal conductivities as low as 0.004 W/m K have been obtained through 

manufacturing solid monolithic aerogel tiles, prepared and evacuated in research laboratories 

[31]. Conversely, mass produced granules available to the construction industry can achieve 

low thermal conductivities of 0.018 W/m K [32]. According to Rubin and Lampert [33], the 

high cost, long processing time and difficulty manufacturing uniform samples protected from 

tension and moisture are key barriers hindering progress of monolithic aerogel production. By 

comparison, granular aerogel is cheaper, more robust and easier to produce on a commercial 

scale. The largest manufacturer is Cabot Corporation who produces 10,000 tonnes/year of 1�

5mm translucent, hydrophobic aerogel granules, which are completely moisture and mildew 

resistant [34,35]. Companies such as Kalwall, Pilkington and Okalux are now using granular 

aerogel across a wide range of applications [34]. Commercial products include filled 

polycarbonate, glass or glass�reinforced polyester glazing units, skylights and structural 

building panels [30]. 

 

The concept of a Trombe wall incorporating a monolithic aerogel cover encapsulated within 

double�glazing was originally proposed by Fricke [36]. According to modelling by Caps and 

Fricke [37], a 15mm thick monolithic aerogel cover, sandwiched between double glazing, then 

exerted to vacuum, could achieve minimal solar heat losses compared to conventional TIM due 

to its high solar transmission of 50�60% and low U�value of 0.5 W/m
2
 K. Despite this, Caps 

and Fricke [37] concluded that conventional TIMs are technically simpler as the evacuated 

system would also require a durable vacuum�tight metal rim. By comparison, Svendsen [38] 

constructed a 1.4m
2
 flat plate collector prototype for water heating, with measured efficiencies 

of 60�80% indicating that the prototype could generate up to 700 kWh/m
2
/year, being twice as 

good as commercial flat plate collectors. Modelling by Nordgaard and Beckman [39] verified 

this, demonstrating that the reduction in solar transmittance compared to a single glass pane is 
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more than compensated by the reduction in heat losses, achieving efficiencies of more than 

60%.  

 

Our literature review indentified a lack of in�situ studies of solar walls and/or solar collectors 

incorporating granular aerogel. This paper seeks to contribute to this field, motivated by the 

lower cost and increased functionality of granular aerogel over monolithic aerogel, supported 

by its recent emergence within the construction sector. Ortjohann [40] predicted that super�

insulating solar thermal collectors could be produced using granular aerogel sandwiched inside 

an evacuated collector design. The main benefit would be its low weight, ease of handling and 

ability to provide an efficient collector design without an optimised absorber technology. 

Conversely, the main disadvantage would be the difficulty in maintaining a long�life of the 

vacuum technology [40]. Countering this, the performance of granular aerogel without a 

vacuum has been investigated by Wittwer [41] and Reim et al. [42]. U�values of 1.1 to 1.3 

W/m
2
 K were measured for 20mm thick glazed samples [41]. Subsequently, even lower U�

values of 0.4 W/m
2
 K were measured for 20mm thick plastic panels filled with granular 

aerogel, sandwiched between two glass panes with krypton and argon gas fillings [42]. 

According to Reim et al. [42] without the glass panes (and gas fillings), the solar transmittance 

of their prototype was 65%, indicating high potential for use in insulated solar walls, with 40% 

less heat losses than conventional glass solar collectors. 

 

3.0 Prototype description 

A schematic diagram of the ‘aerogel solar collector’ constructed for this study, together with an 

outline of the monitoring equipment and control strategy, is shown within Figure 1. A floor 

plan layout showing the location of the prototype, alongside the supply and extract ductwork in 

the mechanical ventilation system is shown in Figure 2. The prototype is a flat plate solar air 

heater incorporated into an MVHR running in continuous operation. Air extracted from the 

kitchen and bathrooms is fed into the solar collector cavity, where it is heated by incoming 

solar irradiance. This heat is then used to provide additional energy to indirectly heat the 

incoming fresh air supply to the property’s living room and bedrooms. Automatic flow and 

bypass controls maintain comfortable living conditions all year round, with radiators providing 

top�up heating when necessary.  

 

 
 

[Figure 1. Schematic of the aerogel solar collector and monitoring equipment] 
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[Figure 2. Layout diagram of the house showing the aerogel solar collector and the location of 

supply and extract ductwork in the mechanical ventilation system] 

 

Figure 3 contains a section through the inlet of the aerogel solar collector. The prototype 

consists of a 6 x 0.9 metre timber frame, painted black, at high level, retrofitted to the outside 

of the dwelling’s existing south facing concrete façade. Fixed to the timber is an aluminium 

frame to support the cover system. Two 150mm diameter holes were diamond cut through the 

external wall, in the bottom left and top right corners of the collector to facilitate the inlet and 

outlet respectively. 50mm of mineral insulation was inserted in the back of the collector and 

around the perimeter of the timber frame to reduce back and edge heat losses. The absorber 

consists of three black powder coated perforated aluminium sheets fixed side�by�side spanning 

across the width of the collector. Each sheet is 1 mm thick and contains 4.7 mm diameter 

perforations at 8 mm pitches, creating a 40% open area. The sheet fitted on the inlet side of the 

collector has a pre�cut hole enabling the inlet ductwork to penetrate through so that incoming 

air passes over its surface. When fitted, there is an 80 mm cavity either side of the sheet.  

 

The cover consists of twelve 40mm thick multi�wall polycarbonate panels connected side�by�

side within the aluminium frame. This cover thickness was selected to enable the prototype to 

achieve an overall U�value below the Passivhaus target of 0.8 W/m
2
 K for glazed openings 

[43]. This was important to the design team as the prototype was being integrated into the 

external cladding scheme, as opposed to being a stand�alone solar air collector mounted at roof 

level. This thickness was also preferred by the client over thinner covers, since it would enable 

a larger prototype to be constructed, more visible to the wider community, without increased 

risk of overheating inside the dwelling. Take note, in Section 5.1, thermal modelling 

demonstrates how the operational efficiency can be improved using thinner granular aerogel 

covers with higher solar transmittance, but worse U�values. Each of these polycarbonate covers 

can be manufactured to include additives for flame resistance and UV stabilisation, making 

them suitable for outdoor use and capable of withstanding temperatures up to 150◦C without 
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warping. They have Class 1 approval and a EuroClass (B�s1, d0) fire rating, also when filled 

with aerogel [44]. 

 

 
 

[Figure 3. Section through the inlet duct of the aerogel solar collector] 

 

Prior to sealing the collector, eight temperature/humidity sensors with wireless radio 

transmitters were fixed to the perforated absorber sheet at high and low level to monitor the 

profile across the collector. Each sensor head is located behind the absorber sheet and contains 

a plastic shield to protect against direct solar irradiance. Sensors by the inlet and outlet ducts 

contain small caps allowing for protection against direct solar irradiance without disrupting 

airflow. All transmitters were fixed to the front of the absorber sheet to obtain the clearest 

signal down to a data hub in the plant room. Four additional temperature/humidity sensors were 

installed in the supply and extract ductwork for the MVHR, as well as in the living room and a 

north facing bedroom (shown as Bedroom 3 in Figure 2). A pyranometer mounted horizontally 

on the edge of the roof was used to measure the intensity of solar irradiance hitting the solar 

wall. A power meter on the MVHR measures the electricity consumption of the fans. All 

sensors provide 5�minute pulsed outputs. 

 

Directing air to and from the solar collector are spans of 150mm diameter pre�insulated ducts. 

Warm air from the collector outlet runs vertically down to a plant room on the ground floor. 

Inside the plant room is an arrangement of three dampers (shown in Figure 1), to direct air 

flow. These dampers operate simultaneously based on a changeover relay provided by a 
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temperature differential electronic thermostat, supplied by Titan Products Ltd. This control unit 

is wired to two thermistors located in the solar collector outlet and exhaust air ductwork. Its 

changeover relay to direct air into the collector occurs when the outlet temperature is 5◦C 

greater than the exhaust temperature. The MVHR is the MRXBOX95B�WH1 with optional 

summer bypass, supplied from Nuaire. According to its specification, the unit recovers heat at 

90% efficiency when operating in a dwelling with a kitchen and 3 additional wet rooms. The 

unit’s summer bypass function (independent of the three control dampers) activates when the 

outside air temperature exceeds 20◦C. 

 

4.0 Calculation methodology 

Duffie and Beckman [45] provide one of the most comprehensive and widely cited resources 

for predicting the performance of solar energy technologies. With the exception of the overall 

heat loss coefficient (UL) and collector efficiency factor (F’) equations derived by Parker [46], 

this reference provides the foundation for the following methodology used to predict the 

performance of the aerogel solar collector. 

 

4.1 Energy Balance Equation 

The steady state thermal performance of a flat�plate collector can be calculated from Equation 

(1), taking account of thermal and optical losses to determine the distribution of incident solar 

irradiance into useful energy gain (QU).  

 

( ) ( )[ ]aiLRCU TTUSFAQ −−τα=          (1) 

 

AC is the aperture area of the collector. FR, refers to a plate efficiency or “heat removal factor”. 

S is the total solar irradiance on the collector surface. τ is the transmittance of the cover. α is 

the absorptance of the absorber plate. UL is the overall heat loss coefficient of the collector. Ti 

is the inlet fluid temperature. Ta is the ambient air temperature outside.  

 

4.2 Collector Heat Losses  

The overall heat loss coefficient (UL) depends upon heat losses through the front and back of 

the collector, convection and radiation exchanges inside the cavity and heat losses due to wind. 

Figure 4 illustrates these parameters within a one�dimensional section of the aerogel solar 

collector. hw is the wind heat transfer coefficient, hr and hc are radiation and convection 

coefficients respectively, where the subscripts 1,2 and 3 correspond to the inner surface of the 

collector, the absorber plate, and the inner surface of the back insulation, respectively. UFront 

and UBack are the thermal transmittance through the respective layers.  

 

 
 

[Figure 4. Energy balance through solar collector] 
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Duffie and Beckman [45] derive the loss coefficients for a variety of solar air collector layouts. 

However, the literature does not cover solar air collectors with airflow on both sides of the 

absorber sheet. Addressing this issue, Parker [46] determined that the overall heat loss 

coefficient for this arrangement can be calculated using Equation (2). 

 
( )([{

)} ] [

] ( )[

( )[ ]} D/Qhh2hhUhQh

hh2hUhUhUh

hhUh2UhhUhU

UUhhhh2UUhh4U

21r23c23r21cBack21c23r

21r23r21cFront21cFront23cFront21c

23c21cBack23rFront23c21cBack23rFront

BackFront23r23c21c21rFrontBack23c21cL

++++

++++

+++

+++=

     (2)

 

 

Where:  

 
{ ( )[

] ( )}

23c21c

FrontBack21c

Front21c23r23r21c

Back23r21c21rFrontBack23c23c21c

h2hQ

UUhP

UhQhhh

UhhQhUUh2Phh2D

+=

++=

+++

++++=

 

 

4.3 Radiation Coefficients  

The radiation heat transfer coefficients between the absorber plate and the collector (hr21) and 

the absorber plate to the back insulation (hr23) can be found using Equations (3) and (4) 

respectively. 

 

( ) ( ) 1/1/1

T4
h

21

3
fm

21r −ε+ε
σ=

          (3)
 

( ) ( ) 1/1/1

T4
h

32

3
fm

23r −ε+ε
σ

=
          (4)

 

 

Here, ε is the surface emissivity and Tfm is the mean fluid temperature, expressed in Kelvin. σ 

is the Stefan Boltzmann constant. Note that Tfm, the mean fluid temperature, must be estimated 

at this stage, but can be corrected later using an iterative calculation [45].  

 

4.4 Convection Coefficients  

The convection heat transfer coefficients can be calculated using Equation (5).  

 
( )hc D/kNuh =            (5) 

 

k is the thermal conductivity of air at the estimated mean fluid temperature. Dh is the hydraulic 

diameter of the air gap (two times the thickness). Nu refers to the Nusselt number, dependant 

on whether the flow regime is turbulent or laminar based on the Reynolds number, found using 

Equation (6). 

 

µ
=

'H

m2
Re

&

           (6)
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O is the dynamic viscosity. m&  is the mass flow rate. H’ is the height of the cavity. When 

Re<2300 the fluid is laminar and Equation (7) should be used to calculate Nu, whereas if 

Re>2300, then the fluid should be treated as turbulent and Equation (8) is used. 

 

( )
( ) 












+
+=

17.07.0
h

2.1
h

arminla
Pr'H/DPrRe909.01

'H/DPrRe0606.0
9.4Nu

       (7)
 

8.0
turbulent Re0158.0Nu =           (8) 

 

Pr is the Prandtl number, calculated from Equation (9), where Cp is the specific heat capacity of 

the fluid (air) inside the collector. 

 

k

Cp
Pr

µ
=

           (9)
 

 

4.5 Front Losses 

Front heat losses through a single cover (UFront) can be calculated using Equation (10). 
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       (10)

 

Where: 

 
( )

( )
( )pm

2

pww

T/1001430.0e

00005.01520C

h1166.0h089.0107866.1f

−=

β−=

ε−+=

 

 

ε1 and ε2 are the emissivity of the cover and absorber plate respectively. Ta and Tpm correspond 

to ambient temperature and mean plate temperature, respectively, expressed in Kelvin. Tpm 

must be estimated at this stage, but will be corrected later using an iterative calculation. hw is 

the wind heat transfer coefficient. β is the collector tilt in degrees.  

 

4.6 Wind Coefficient 

The wind heat loss coefficient, hw, accounting for free and forced convection, can be calculated 

using Equation (11). 

 














=

4.0

6.0
w

w
L

v6.8
,5maxh

          (11)
 

 

Here, vw is the wind velocity and L is the cube root of the dwelling volume. According to 

Duffie and Beckman [45], a minimum value of 5 W/m
2
 K occurs in vertical solar collectors 

under still conditions. 
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4.7 Back Losses  

Thermal losses through the back of the collector are calculated using Equation (12). 

 

∑
= =

−
ni
1i i

Back
R

1
U

           (12)
 

 

Here, ∑ =
−
ni
1i iR  is the sum of the thermal resistances of the insulation layers. For the aerogel solar 

collector, these layers consist of the back insulation inside the collector, as well as the thermal 

resistance and internal surface resistance of the existing wall. 

 

4.8 Heat Removal Factor 

The heat removal factor (FR) is a ratio between the actual useful energy gain of the collector to 

the maximum possible useful energy gain, obtained by setting the mean plate temperature to 

the inlet temperature so that heat losses are minimised. FR is the product of two design 

constants: the collector efficiency factor (F’) and a collector flow factor (F’’), as shown in 

Equation (13). 

 
''F'FFR =            (13) 

 

4.9 Collector Efficiency Factor 

According to Parker [46], for solar air collectors with flow on both sides of the absorber plate, 

the collector efficiency factor (F’) can be calculated using Equation (14), where the values of 

D, P (and Q) are given in Equation (2).  

 
{ ( )[ )(

( ) ] ( )[

]}FrontBackFront23c

23c21c23r23r21cFront23cBack

23c23r21c21rFrontBack23c23c21c

UUUh2

h2PhhhhUh2U

h2PhhhUUh2Phh2/D'F

++

+++++

++++=

     (14)

 

 

4.10 Collector Flow Factor 

The collector flow factor (F’’) can be calculated from Equation (15). Here 
'FUA

Cpm

LC

&

 can be defined 

as the ‘dimensionless collector mass flow rate’. 

 




















−−=

Cpm

'FUA
exp1

'FUA

Cpm
''F LC

LC
&

&

         (15)
 

 

4.11 Mean Fluid Temperature 

At this stage, it is possible to calculate Qu, using Equation (1). In turn, the mean fluid 

temperature can be calculated using Equation (16): 

 

( )''F1
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CU
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          (16)
 

 

In Equations (3) and (4), Tfm was estimated. As such, the recalculated value should be fed back 

into the original equations. According to Duffie and Beckman [45], typically 2�3 iterations 

provide sufficiently accurate values. Alternatively, computer packages can automate iteration 

loops updating values dependant on fluid properties such as density, specific heat capacity, 

thermal conductivity, dynamic viscosity and the Prandtl number.  
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4.12 Mean Plate Temperature  
Similarly, the mean plate temperature can be calculated using Equation (17). Again, the 

recalculated value should be fed back into the original equations, using an iterative process. 
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LR

CU
ipm F1

UF

A/Q
TT −+=

          (17)
 

 

4.13 Outlet Temperature 

The basic method of measuring collector performance is to expose it to solar irradiance and 

measure the inlet and outlet temperatures and the fluid flow rate. The useful gain can then be 

calculated using Equation (18): 

 
( )ioU TTCpmQ −= &           (18) 

 

Rearranging this equation in terms of the outlet temperature (To) gives Equation (19):  
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           (19)
 

 

4.14 Ductwork Heat Losses 

Heat losses in the ductwork leaving a solar collector can be significant [45]. The temperature 

drop (`To) from ductwork can be calculated using Equation (20): 
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Cpm

TTAU
T insideodd
o

&
=∆

          (20)
 

 

Tinside is the internal temperature, assuming ductwork runs internally through the building. Ad is 

the exposed area of the ductwork where thermal losses occur. Ud is the heat loss coefficient of 

the ducting. 

 

4.15 Instantaneous efficiency of collector 

Instantaneous efficiency can be calculated using Equation (21):  
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4.16 MVHR supply temperature 

The resultant supply air temperature leaving an MVHR, following indirect heat exchange with 

the exhaust air can be calculated using Equation (22), where ηMVHR is the efficiency of the 

MVHR heat exchanger and To is the outlet temperature of the collector, adjusted to account for 

ductwork heat losses: 

 
( )[ ]aoMVHRas TTTT −η+=           (22) 

 

5.0 Steady state model 

Table 1 displays the interface of a steady state model created to characterise the aerogel solar 

collector. Key inputs include the collector make�up and dimensions, the weather conditions and 

the inlet fluid properties. Key outputs include the overall efficiency, collector efficiency factor, 

overall heat loss parameter and heat removal factor, as well as the outlet temperature and useful 

energy before/after passing through the ductwork leading to the MVHR. The model includes an 

iteration loop to correct initial estimations for the mean plate temperature and mean fluid 
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temperature. The model also calculates resultant supply air temperature leaving the MVHR 

based on the efficiency of the heat exchanger. Values can be compared to the baseline supply 

temperature without the solar collector. 

 

 
 

[Table 1. Input and output parameters of the steady state model] 

 

When characterising the collector, the model assumes heat flow through the cover and back is 

one�dimensional, and construction properties are independent of temperature.  Edge losses and 

the effects of dust, dirt and moisture are not considered. The collector is assumed to be 

completely airtight. Air properties are dependant on the mean fluid temperature inside the 

collector. Perforations in the double sided absorber plate (exposed area of 40%) are accounted 

for by reducing plate absorption to (α x 0.6). The average wind velocity is taken as 5 m/s. To 

account for the thickness of the granular aerogel cover, its thermal resistance is added in series 

to the front heat loss coefficient.  
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5.1 Cover Efficiency Investigation 

To investigate the efficiency of different solar collector covers, Table 2 displays the predicted 

heat removal factor, overall heat loss parameter and collector efficiency factor, based upon the 

U�value and total solar transmittance (TST) of four multi�wall polycarbonate panels filled with 

granular aerogel at 10mm, 16mm, 25mm and 40mm thicknesses [47]. Values are benchmarked 

against properties of single glazing, double glazing and a double glazed cover encapsulating a 

15mm layer of high performance monolithic silica aerogel [48].  

 

 
 

[Table 2. Design parameters for different collector covers calculated from the U�value and total 

solar transmittance (TST)]  

 

As shown, the single glazed cover has the highest solar transmittance at 0.85, however, its U�

value is also the highest at 5.7 W/m
2
 K. Conversely, the 40mm granular aerogel cover has the 

lowest solar transmittance at 0.46, but also the lowest U�value at 0.54 W/m
2
 K. The monolithic 

aerogel cover retains good properties for both, with its high solar transmittance of 0.75 and low 

U�value of 0.66 W/m
2
 K. Regarding UL, FR and F’, it is evident that the cover’s U�value has a 

large influence on the overall collector losses UL. Similarly, the collector efficiency factor and 

heat removal factor, representing the ability of the collector to retain heat, are strong functions 

of the cover’s U�value. Conversely, TST has a less significant impact on UL, FR and F’. It 

should be noted, however, that higher transmittance increases the mean plate and fluid 

temperatures, resulting in higher radiation and convection heat transfer coefficients, increasing 

the overall losses. 

 

 
 

[Figure 5. Efficiency curves for different solar collector covers] 
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Hastings and Mørck [14] state that efficiency curves for closed loop solar air collectors should 

be produced as a function of the outlet and ambient temperature in the form (To�Ta)/S. Figure 5 

displays the overall efficiency of each collector cover, when incorporated into the 6 x 0.9 metre 

solar air collector designed for this study. Outlet temperatures and efficiencies are calculated 

for ambient temperatures ranging from �10◦C to +20◦C. Solar irradiance and wind speed are 

500 W/m
2
 and 5 m/s respectively. The inlet air temperature is taken as 23◦C with a mass flow 

rate of 0.043kg/s (based on an extract airflow rate of 37 L/s for a house with one kitchen and 

three bathrooms).  

 

According to the efficiency calculations, the solar collector containing monolithic aerogel 

operates at the highest efficiency, peaking at 36% when ambient temperature is set to 20◦C. 

Alternatively, the 10mm thick cover is the best performing granular aerogel system, with peak 

efficiencies of 31%, followed by the 25mm and 16mm thickness covers at 29%. The 40mm 

cover performs less favourable with a peak efficiency of 22%. Interestingly the single glazed 

cover provides a higher efficiency than this system, when ambient temperature is between 10�

20◦C. However, when ambient temperature drops below this value, the 40mm cover provides a 

higher efficiency due to it improved heat retention properties, evident from the shallower 

gradient as seen on all of the aerogel collectors. Similarly, the double glazed collector has a 

higher efficiency than the 16mm and 25mm granular aerogel covers at ambient temperatures 

above 20◦C, but below this temperature its efficiency is lower.    

 

 
 

[Figure 6. Efficiency curves at different mass flow rates] 

 

Figure 6 displays the predicted collector efficiencies at different mass flow rates. In each 

calculation, solar irradiance, wind speed and inlet temperatures are assumed to be 500 W/m
2
, 5 

m/s and 23◦C respectively. An ambient temperature of 7.5◦C was selected to represent the 

average external temperature during October 1st – May 31st, the months where approximately 

90% of the degree�days for London Thames Valley occur [49], calculated using hourly weather 

data from the CIBSE TRY London weather file [50]. As shown, higher efficiencies occur at 

higher mass flow rates due to the mean temperature of the collector being lower, resulting in 

less heat losses. Again, there are conditions when the single glazed collector outperforms the 
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40mm granular aerogel system. In this instance, mass flow rates above 0.050 kg/s result in the 

single glazed collector operating at a higher efficiency. Similarly, the double glazed collector 

operates at a higher efficiency than the 16mm granular aerogel system at mass flow rates above 

0.065 kg/s. By comparison, the 10mm cover provides a higher efficiency than both glazed 

collectors. The 15mm monolithic aerogel covers possess significantly higher operating 

efficiencies across all flow rates investigated.  

 

 
 

[Figure 7. Temperature rise across each collector surface] 

 

Figure 7 displays the predicted temperature rise across the collectors at different mass flow 

rates. As shown, an increasing mass flow rate reduces the outlet temperature of each collector. 

At the lowest mass flow rate modelled, temperature rises of 28�70
o
C degrees are predicted 

across all collectors. Conversely, at a mass flow rate of 0.043 kg/s, as modelled in Figure 5, 

temperature rises of 12�20
o
C degrees are predicted. In each case, the monolithic aerogel cover 

provides the highest temperature rise, whereas the single glazed cover achieves the lowest, until 

mass flow rates are increased above 0.050 kg/s. Note that some temperatures such as those 

predicted for the 10mm and 25mm granular aerogel collectors appear to almost trace each 

other, despite their differing efficiencies, particularly at higher mass flow rates. However, upon 

close inspection, comparing the values with Figure 6 demonstrates a good correlation between 

both sets of results accounting for convergence at higher mass flow rates. 

 

When analysing the efficiencies in Figure 5 and 6, note that these values are strongly 

influenced by the tilt angle of the collector, the inlet air temperature as well as the open area of 

the absorber sheet, all of which are not optimised in this system.  As such, if efficiencies are 

compared to typical solar�air collectors, such as those found in Hastings and Mørck [14], the 

values appear low. For example, a glazed collector with a plane black painted absorber, with 

flow on both sides can operate at efficiencies of 15% � 45% at different mass flow rates, 

compared to 23% � 32% for the 10mm granular aerogel collector [14]. Countering this, if 

ambient air was fed into the cavity and the plate absorption coefficient was increased to 0.9, the 

steady state model gives operational efficiencies from 40% � 60% for the 10mm granular 

aerogel collector across the range of mass flow rates,  indicating that granular aerogel can be 

used in high performance collector design. 
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6.0 In�situ performance 

A photograph of the constructed aerogel solar collector (containing the 40mm granular aerogel 

cover) is shown in Figure 8. The collector is located at high level, spanning along the top floor 

of the south wall, avoiding overshadowing from surrounding buildings. In�situ results are 

presented from 14
th

�20
th

 October 2011 following commissioning of air flow rates inside the 

dwelling. During monitoring, the building was largely unoccupied, except for periods during 

the 18
th

 �20
th

 October, when internal construction works took place, resulting in the MVHR fan 

‘boosting’ whenever PIR sensors detect movement in the kitchen or bathrooms. No auxiliary 

heating was used. During testing, the blinds were closed in the living room to minimise passive 

solar gains.  

 

 
 

[Figure 8. South�east elevation of the retrofit house] 

 

When analysing in�situ results, note that commissioning of air flow rates revealed significant 

discrepancies between air flow and static pressure measurements upstream of the collector 

(measured by the inlet) and downstream of the collector (measured at plant room level). At 

100% fan speed (‘boost’ operation) the air flow downstream of the collector was 83 L/s (static 

pressure �104Pa), whereas upstream of the collector the air flow rate was 37 L/s (static pressure 

of �39Pa).  Similarly at 50% fan speed (‘normal’ operation) the air flow downstream of the 

collector was 54 L/s (static pressure �48Pa), whereas upstream of the collector the air flow rate 

was 28 L/s (static pressure �18Pa). In addition, at 50% fan speed an air flow rate of 34.5 L/s 

was measured  upstream of the collector prior to the damper arrangement, indicating that 6.5 

L/s was passing through the dampers rather than being directed up towards the solar collector 

inlet. These pressure drops and air flow reductions were later isolated and attributed to air 

infiltration through drainage holes running along the bottom edge of the aluminium frame, in 

addition to control damper blades not sealing perfectly. Nonetheless, despite these issues, 

promising results were observed during the monitoring phase, as follows. 

 

6.1 Inlet and outlet temperatures 

Figure 9 displays the monitored inlet and outlet temperatures inside the solar collector 

compared to external temperature and solar irradiance. During the 7 day test period the average 
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external temperature was 9.7°C, with a maximum of 20.5°C occurring during the 15
th

 October 

and minimum of 1.2°C that night. Irradiance levels were high for the majority of the testing 

phase, with mostly sunny weather conditions. Minimal cloud coverage was observed on the 

19
th

 and 20
th

 October, resulting in fluctuations in irradiance levels throughout the day and 

slightly lower daytime external temperatures.  Meanwhile, relatively high cloud cover was 

observed between early afternoon on the 16
th

 and early morning on 18
th

 October.  Significantly 

higher night time external temperatures of approximately 6�7
o
C were observed during this 

period, when compared to average night�time temperatures of 2�3
o
C during clear nights.  A 

maximum irradiance of 940 W/m
2
 occurred on the 18

th 
October at 12:40 hrs. Peak outlet 

temperatures ranged from 34.5°C , measured at 10:00 hrs on 17
th

 October (a day with relatively 

high cloud cover) to 46.8°C, measured at 12:30 hrs on 15
th

 October (a clear sunny day).  

 

 
 

[Figure 9. Measured inlet and outlet temperature inside the collector cavity, compared to 

external temperature and solar irradiance during the 7 day test period] 

 

Other points of interest in Figure 9 is that the inlet temperature increases by up to 5°C during 

the daytime, most probably due to heat gain inside the cavity. Alternatively, the sharp decreases 

in the inlet and outlet temperatures during the nights demonstrate that air leakages during no 

flow conditions have a significant impact on collector performance. Nonetheless, an average 

buffer of 7°C is found between the collector and the outside air. During the nights of the 16�

17
th

 October, it is evident that the control remained open, indicating that the temperature 

difference for the damper changeover relay could be reduced to improve the system efficiency.  

 

6.2 Supply, extract and room temperatures 

Figure 10 displays the temperature profile of the extracted air from the kitchen and bathrooms 

(fed into the solar collector) and the supply air (fed to the living room and bedrooms following 

an indirect heat exchange between the outside air and solar collector outlet air). Peak supply 

temperatures (measured inside the duct leaving the plant room) from 25�30°C were observed 

during the test period. At this time, peak internal temperatures of 21.5°C and 21.9°C were 

monitored in the living room and bedroom respectively, indicating that the collector is capable 

of raising the temperature of the dwelling to comfortable levels without overheating. 

Comparing the living room and a north facing bedrooms temperature to the extract temperature 

showed a maximum temperature increases of 2.7�3°C, respectively indicating a notable 

difference in the zones supplied by warm air. 

 

When analysing Figure 10, monitored data demonstrates that the north facing bedroom is 

continuously warmer than the living room. During the night time, the living room is typically 

1�2°C cooler than the bedroom. As morning approaches, the living room temperature slowly 

increases to reach the bedroom temperature at around noon, then dropping again towards the 

late evening. This behaviour is understandable since the floor area of the bedroom is 8m
2
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making it easier to heat, compared to the living room at 21m
2
. In addition, as the living room 

contains large areas of glazing on the South and East facades, compared to the north facing 

bedroom with a single window, this is expected to contribute significantly to overnight heat 

losses. One discrepancy that is difficult to isolate is the 1°C difference observed during the 

daytimes of the 18
th

�20
th

 October, compared to the 14
th

�17
th

 October. It is thought that this 

discrepancy is caused by workers in the house on those days walking in and out of the living 

room during testing, without closing doors, resulting in cooler air from the un�heated spaces 

circulating in that space. By comparison, little activity was expected in the bedroom on those 

days. 

 

 
 

[Figure 10. Measured supply and extract temperatures, compared to the living room and north 

facing bedroom temperature (and external temperature and solar irradiance)] 

 

6.3 Temperature profile through collector 

Figure 11 displays the temperature profile through the solar collector cavity, based on the eight 

temperature measurements taken behind the absorber sheet (visualised earlier in Figure 1). 

Values are displayed for the 15
th

 October, a clear sunny day, as well as the 18
th

 October which 

was also clear, except for some scattered clouds late in the evening. As shown, there is a 

significant difference between the two sets of data. This is largely because the dwelling was 

occupied during the 18
th

 October and occupancy sensors repeatedly activated the ‘boost’ on the 

MVHR, effectively doubling the mass flow rate through the solar collector at various points 

throughout the day.  
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[Figure 11. Temperature profiles through the solar collector cavity. Left graph shows 15
th

 

October with the MVHR fan running in ‘normal’ operation. Right graph shows 18
th

 October 

with the MVHR in ‘boost’ mode at various points in the day] 

 

An indication of when boosting occurred can be established by analysing the peaks in the 

MVHR power use (shown at the base of each graph). As shown, sustained periods of boosting 

during the 18
th

 October occurred from 7:45�9:30 hrs, at 11:45�12:00 hrs and from 12:30�2:15 

hrs. As a result, sharp temperature drops of up to 10°C are observed. However, the collector 

quickly heats up again once ‘normal’ flow is resumed. By comparison, the temperature profile 

through the cavity on the 15
th

 October follows a much smoother profile, with readings along 

the top edge being the higher than their lower counterparts. On both days, there is evidence of a 

‘hot spot’ in the top central right zone of the cavity (T3), up to 10°C hotter than the outlet in 

peak conditions. A similar ‘hot spot’ was reported by the Danish Technical Institute in a study 

of connectable solar collectors. Here, Jensen and Bosanac [51] claimed that the most likely 

cause was a less even distribution of air flow over that area.  

 

7.0 Validation 

In order to validate the steady state model and design parameters presented in the cover 

efficiency investigation, Figure 12 displays the predicted vs. measured outlet temperatures for 

the 15
th

 and 18
th

 October. In each case, outlet temperatures are calculated based on in�situ data 

for external temperature, irradiance and the inlet fluid temperature. Average mass flow rates of 

0.048 kg/s and 0.073 kg/s are applied for the MVHR under ‘normal’ and ‘boost’ operation 

respectively (calculated based on average air flow rates of 41 L/s and 60 L/s in the 

commissioning report).  

 

The impact of air infiltration and leakages has been accounted for by following a methodology 

to correct QU, proposed by Bernier and Plett [52]. According to Bernier and Plett [52], for 

collectors under negative pressure, inward infiltration can be calculated using Equation (23).  

 
( ) ( ) ( )aiioioaverageU TTCpmmTTCpmQ −−−−= &&&

       (23) 

 

Conversely, for collectors under positive pressure (or no flow conditions), outward leakages 

can be accounted for using Equation (24).  

 
( ) ( ) ( )aLoiioaverageU TTCpmmTTCpmQ −−−−= &&&

       (24) 

 

In each equation, om& and im&  refer to the measured mass flow rates at the inlet and outlet of the 

collector, respectively. TL is the average temperature of air lost to the environment, estimated 

using (Ti+To)/2, where To is based on an initial estimate, corrected using an iteration loop.  

 

In order to validate the collector outlet temperatures, it was first necessary to determine a 

reduction factor for leakages/infiltration, since the drop in mass flow rate was not just caused 

though leaks inside the collector. It was also caused through air passing through the damper 

blades, thus not going through the collector. Based on commissioning (at 50% fan speed), it 

was established that just 47.5 L/s (of the total 54 L/s) was extracted from the collector as 6.5L/s 

was passing through the dampers. Of this 47.5 L/s, only 28 L/s was measured upstream of the 

collector inlet, indicating that 19.5 L/s could be attributed to infiltration. Consequently, the 

impact of infiltration accounted for in the validation process could be reduced by 25%. Next, it 

was then necessary to identify the times at which air was flowing through the collector, 

compared to no�flow conditions. This was determined by assessing the temperature difference 
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between the outlet temperature and the extract temperature from the house (based upon the 

control strategy outlined in Section 3).  Following these steps, for each line of 5 minute 

experimental data, Qu is calculated assuming either a predicted ‘leakage in’ or ‘leakage out’. 

The outlet temperature is then determined for each time period. 

 

 
 

[Figure 12. Predicted vs. In�situ outlet temperatures. Left graph shows 15
th

 October, where the 

predictions assume the collector is perfectly sealed and also taking leakage into account. Right 

graph shows 18
th

 October where the outlet temperature is predicted at ‘normal’ and ‘boost’ 

flow rates] 

 

Predicted outlet temperatures for the 15
th

 October are calculated assuming the collector is 

perfectly sealed and also accounting for infiltration. As shown, the peak outlet temperature is 

overestimated by approximately 4�5°C if the collector is assumed to be perfectly sealed. 

Furthermore, during the evening/night, the predicted outlet temperature closely follows the 

inlet temperature profile, since losses are assumed to be minimal. By comparison, if leakages 

are accounted for, the peak outlet temperature closely matches the measured value and 

evening/night time losses correlate much better with the measured outlet temperature. A 

discrepancy inherent to both calculations due to there steady state nature is the temperature lag 

experienced during the morning as the collector begins to heat and during the evening as it 

cools. Nonetheless, if QU is calculated from the predicted outlet temperature taking losses into 

account, energy output is found to be within 5% of the measured value. 

 

For October 18
th

, the predicted outlet temperature (taking losses into account) is calculated with 

an upper and lower limit to account for the MVHR switching between ‘normal’ and ‘boost’ 

mode respectively. As shown, the measured outlet temperature is within the allowable limits of 

the two flow rates modelled. Again there is a discrepancy due to lag inside the collector, not 

accounted for in the steady state model. Nonetheless, with the air leakages properly accounted 

for, the predicted and measured outlet temperatures correlate reasonably well. 

 

8.0 Discussion 

In�situ results have demonstrated that a solar air collector containing a translucent aerogel 

cover can function well in a domestic solar heating application. Despite air leakages / 

infiltration, the prototype successfully raised the temperature of the extract air in a 

mechanically ventilated dwelling up to 45°C, providing additional energy to pre�heat the 

supply air up to 30°C. Resultant internal temperatures of 21�22°C indicate that the prototype 

will play an important role in maintaining comfortable living conditions throughout the heating 

season.  
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Although in�situ results were based on a collector with a 40mm granular aerogel cover, the 

reasonable correlation between predicted and measured performance has gone some way 

towards verifying the design parameters calculated in the cover efficiency investigation. 

Applying these findings, Figure 13 displays the predicted annual energy output for comparative 

solar air collectors with different cover types. Climate data is generated from annual hourly 

irradiance (on a south facing vertical surface) and external temperature data generated using the 

CIBSE TRY London weather file [50]. All calculations assume a constant inlet temperature of 

23◦C and mass flow rate of 0.048 kg/s. In each case, collectors are assumed to be built 

completely air tight. To isolate the benefits of the collector from the standard MVHR operation, 

calculations only count the energy output if the collector outlet temperature is higher than the 

inlet temperature. Alternatively, the MVHRs summer bypass function is assumed to be 

operational, discounting the energy output if the external temperature exceeds 20◦C. All 

calculated outputs are reduced by 5% to account for discrepancies observed in the steady state 

model.  

 

 
 

[Figure 13. Predicted annual energy output for solar collector types] 

 

Predicted annual energy outputs range from 110 kWh/m
2
/year for the single glazed collector to 

202 kWh/m
2
/year for the monolithic aerogel cover. Energy outputs for the granular aerogel 

systems are 118 kWh/m
2
/year with the 40mm cover, 161 kWh/m

2
/year with the 25mm cover, 

154 kWh/m
2
/year with the 16mm cover and 166 kWh/m

2
/year with the 10mm cover. The 

double glazed collector has a predicted energy output of 140 kWh/m
2
/year. For each case, the 

largest savings are estimated during the midseason, when heating is required and incident 

radiation levels are high. By comparison, benefits can be obtained even during the coldest 

months.  

 

Utilising these annual energy outputs, Figure 14 displays a predicted payback curve for each 

collector type. To avoid uncertainties regarding fabric performance, auxilary heating systems 

and occupancy usage, which must be dealt with on a case�by�case basis, payback calculations 

assume that the collector output is offsetting an automated electric heating coil in an MVHR 

system. The baseline cost of electricity is assumed to be £0.12/kWh (€0.145/kWh), with a 6% 

annual fuel price inflation rate and 2% discount interest rate applied. The capital costs for each 

cover type is based on sales costs obtained through personal communication with R. Lowe (01 
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November 2011) from Xtralite Ltd. These costs were £190/m
2
, £160/m

2
, £143/m

2
 and £100/m

2
 

(€229/m
2
, €193/m

2
, €173/m

2
, €121/m

2
) for the 40mm, 25mm 16mm and 10mm polycarbonate 

panels filled with granular aerogel respectively. The single and double glazed covers were 

estimated at £60/m
2
 and £120/m

2 
(€72/m

2 
and €145/m

2
) respectively. A speculative cost of 

£350/m
2 

(€422/m
2
) was given to the 15mm monolithic aerogel cover (not available 

commercially). Based on this investigation an additional cost of £120/m
2
 (€145/m

2
) was 

applied to account for the timber and aluminium framing as well as the perforated absorber 

sheet.  

 

 
 

[Figure 14. Predicted payback periods for solar collector types] 

 

According to the payback calculations, all solar collectors provide a return on investment 

within 9�16 years. The fastest payback is obtained from the 10mm granular aerogel system, 

followed by the 25mm and 16mm systems and both conventional glazed collectors with 11 

year estimated payback periods. Interestingly, the 40mm granular aerogel system and the 

monolithic aerogel collector have longer payback periods at 14 and 16 years respectively. 

Evidently, if future systems are designed with granular aerogel it is unnecessary to utilise cover 

thicknesses above 25mm unless the solar transmittance can be improved. Furthermore, if it 

becomes commercially available, the cost of a monolithic aerogel must be considerably less 

than estimated here for it to be cost effective.  

 

Take note, the aforementioned payback calculations (per m
2
 of collector) do not include the 

fixed cost of controls, which were £40 (€48) for the temperature differential electronic 

thermostat with thermistors, and £510 (€615) for the three dampers with spring return 

actuators. An additional cost of £120 (€145) incurred for the ‘optional summer bypass’ on the 

MVHR was not included. If all of these costs are taken into account then payback periods (for a 

5.4 m
2
 collector) increase from to 9�16 years to 14�21 years across all solar collector types. 

Alternatively, if it is assumed that just one damper with spring return actuator is used to control 

air flow and the MVHR summer bypass switch was specified independently of the solar 

collector (thus not included in the payback calculation), then payback periods can be reduced to 

10�17 years, which is more acceptable. Countering these costs, if it were assumed that solar air 

collectors were eligible to the £0.085/kWh (€0.103/kWh) generation tariff under the 

governments Renewable Heat Incentive [53], which domestic hot water solar thermal panels 
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currently obtain, then paybacks can be reduced to 7�13 years. Evidently, even with the cost of 

controls included, it is possible to develop an economically viable technology. 

 

9.0 Conclusion 

This paper has demonstrated that incorporating granular aerogel into flat plate solar air 

collectors can result in improved working efficiencies over conventional glazed systems. Due 

to the issues regarding fragility, manufacturing difficulties, availability and the perceived 

higher cost of monolithic aerogel, encapsulated granular aerogel can be viewed as the preferred 

cover material to develop novel solar technologies such as solar air heaters, solar water heaters, 

and solar Trombe walls.  

 

Long term evaluation of the aerogel solar collector prototype, incorporating the 40mm thick 

cover, with leakages mended, will be conducted as part of a two year monitoring scheme 

funded through the Retrofit for the Future project. Once occupied, the areas of interest will 

include annual thermal comfort levels inside the house, the use of auxiliary heating, particularly 

on cold sunny days, and the effect of moisture from the kitchen and bathrooms inside the 

cavity. The contributions provided by the solar collector will be assessed against the property’s 

total gas and electricity consumption, whilst being benchmarked against other renewable 

technologies. The overall aim of the refurbishment is to reduce the properties baseline CO2 

emissions by 80%. 

 

At the start of this refurbishment, the design team and client were keen to use this house as a 

novel test�rig for new technologies. Consequently, one factor that is yet to be established is the 

long�term durability of this prototype compared to conventional glazed solar collectors. Under 

normal usage as a facade component for day lighting, the aerogel filled polycarbonate panels 

and aluminium support systems would possess a 15 year warranty against yellowing, light 

transmission and thermal degradation [44]. Alone, the aerogel granules are not expected to 

degrade during the foreseeable life of the solar collector. In addition, since silica is inert, the 

aerogel can last the life of a structure and be recycled when the building is decommissioned 

[44]. Instead, key areas where degradation may occur include the seals, connections and 

fixtures supporting the cover system and framing, due to expansion and contraction of 

components during summertime, general wear from wind and rain exposure, and moisture 

build�up inside the cavity. A further issue is the integrity of the MVHR, bypass controls and 

dampers in the plant room. Understandably, it is imperative that this product be systematically 

evaluated over its operational lifespan. If developed into a market ready solution, a minimum 

lifespan of 15 years would be required to justify the life cycle costs. 

 

Take note that the prototype reported in this paper was incorporated into the ‘extract’ side of 

the mechanical ventilation system due the design team not wanting to pass the dwelling’s fresh 

air supply through a prototype which had not been tested before. Consequently, there are 

opportunities to improve the overall efficiency of this system by passing ambient air into the 

cavity and by connecting it directly to the supply air side. Furthermore, the plate absorption 

coefficient could feasibly be increased to 0.9. Applying these changes to the steady state model 

gives operational efficiencies of up to 60% for a 10mm granular aerogel collector, comparable 

to the results of Nordgaard and Beckman [39] and Svendsen [38], and hypotheses of Ortjohann 

[40] and Reim et al [42].  According to our model, the predicted annual energy output for this 

system is 355 kWh/m
2
/year with a payback as low as 4.5 years.  

 

Further efficiency improvements could be achieved through incorporating thermal storage into 

the cavity or by connecting the collector outlet to an air�water heat exchanger during the 

summertime to avoid wasting heat. There is a need to refurbish our existing building stock to 
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achieve energy efficiency standards, going beyond the limitations of conventional measures. 

Findings from this paper aim to contribute towards this challenge. 
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