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The main objective of this work was to measure and evaluate the performance of an innovative
thermal solar collector used in heating a house. The collector was set up in a house near Sesimbra,
in Portugal, and data was collected over several months in order to determine its heating power and
e�ciency under a diverse set of operating conditions.
The �rst step was choosing the location and positioning of the collector in order to optimize its

energy collection during the colder times of the year whilst limiting summertime heating. Following
that, the collector was assembled and begun its operation, while temperature data was collected
� inside the house, outside and within the collector itself � in order to experimentally assess its
e�ciency and impact on the comfort of the house's inhabitants.
The heating power and energy e�ciency of the collector were then evaluated, and the collector's

impact on the house's temperatures was also assessed by comparing it to the theoretical evolution
of the same house without any heating sources. Lastly, the collector's performance was compared
to Portuguese regulations concerning building's thermal behaviour (RCCTE) and conclusions were
drawn concerning the collector's adequacy to the function of heating a house. Possible improvements
were also suggested to maximize future collector performance and to enable hypothetical entry into
the heating market.

Keywords: Thermal solar power, renewable energy, building thermal behaviour, �at solar panel,
active solar heating.

Nomenclature

General
ASHRAE � American Society of Heating, Refrigerating

and Air-Conditioning Engineers
COP � Coe�cient of Performance
DGEG � Direção-Geral de Energia e Geologia

(Department of Energy and Geology)
EREC � European Renewable Energy Council
ESTIF � European Solar Thermal Industry Federation
ICESD � Inquérito ao Consumo de Energia no Sector

Doméstico (Domestic Energy Usage Survey)
INPI � Instituto Nacional da Propriedade Industrial

(National Industrial Property Institute)
INE � Instituto Nacional de Estatística

(National Statistics Institute)
LNEG � Laboratório Nacional de Energia e Geologia

(National Energy and Geology Laboratory)
RCCTE � Regulamento das Características de

Comportamento Térmico dos Edifícios
(Building Thermal Behaviour Characteristics
Regulation)

toe � Tonne of oil equivalent

Equations
φ � latitude
δ � declination
β � solar altitude
h � solar time angle
θ � solar angle of incidence
Σ � panel slope
E � electricity produced
α � wall solar azimuth

I. INTRODUCTION

Present uncertainty regarding the future evolution of
energy markets � due to environmental concerns, politi-
cal instability as well as the evolution of technology � has
motivated a great deal of research into the usage of renew-
able energies. In this article the author presents a simple,
low cost system that allows active heating of a house in
a temperate climate to a high degree of e�ciency, docu-
menting its performance over a large time period and un-
der diverse circumstances. This system can be installed
in any dwelling with a su�ciently large south-facing wall
� or north-facing if in the Southern Hemisphere � without
structural impact on the house itself.
Improvements are also suggested based on similar sys-

tems in the market today to enable higher-performing
future versions of the collector described here.

A. Portuguese energy market context

The Portuguese residential market accounts for 16,6%
of the total energy consumption in Portugal, represent-
ing 2,9 Mtoe out of 17,7 Mtoe, of which 21,5% was due
to home heating; of those a mere 3,1% came from non-
fossil fuel sources, namely solar thermal (DGEG, 2010,
and INE, 2010, [2] and [1]). This is representative of
a market that's highly dependent on fossil fuels, where
the most common fuel source for heating is �re wood
(360,8 ktoe in 2010), followed by heating diesel oil (75,4
ktoe), electricity (74,3 ktoe) and gas (21,5 ktoe). As far
as heating elements go, the most common are indepen-
dent electrical heaters (2,8 million were in use in 2010),
followed by �replaces (0,8 million) and central heating
systems (0,3 million).
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In so far as renewable energies go, the only alternatives
available on the local market are solar water heating sys-
tems converted to radiant �oor con�gurations, though
these are so rare that [1] did not measure one in use
exclusively for heating. This is due to the cost of this
kind of solution, which usually requires new �ooring to
be installed to accommodate for the under�oor piping,
a larger deposit than normal hot water thermal systems
and a powerful pump to keep everything in circulation.
In recent years, however, the government has instituted

a series of �nancial incentive programs to encourage the
installation of solar thermal systems, which led to a du-
plication of the installed capacity between 2008 and 2009
(ESTIF 2010, [3], from 86.000 m2 to 176.000 m2. Accord-
ing to the European Renewable Energy Council (EREC
2004, [4]) the potential for solar thermal installations in
Portugal is upwards of 27.000.000 m2, which would im-
ply that there is still a lot of unexplored capacity and
great potential to raise the renewable-energy fraction in
domestic heating applications.
Electricity generation in Portugal primarily relies on

thermal power plants. The national electricity genera-
tion system is composed by a group of ten leading ther-
mal power plants, like the Sines and Pego coal plants, the
Ribatejo, Tapada do Outeiro and Lares combined cycle
natural gas turbine plants and the Setúbal fuel oil plant.
These last six plants represent 86% of the total installed
thermal capacity of 6734 MW. The total installed capac-
ity in large hydroelectric plants is 4578 MW. Regarding
other renewable sources, between 2000 and 2008 the in-
stalled capacity increased by about 565%. Wind energy
was largely responsible for this increase: the installed ca-
pacity went from 83 MW to 3030 MW. Other sources
like small hydroelectric plants, solar photovoltaics and
biomass, reached in 2008 a capacity of 333 MW, 492 MW
and 59 MW, respectively ([2]).
This all adds up to a signi�cant part of renewable en-

ergies in the electrical supply, but given the gap between
electricity and �rewood for heating purposes and the fact
that there are still several ine�cient thermal plants in op-
eration, a solar thermal option still has a lot of room to
grow in the domestic market.

B. Existing market o�erings

As previously noted, the most common heating ele-
ment in Portugal is currently the electric space heater.
The average space heater currently in use has roughly
1200W, resulting in an average cost of 0,14 ACper kWh
of heating energy (EDP 2012, [5]) and a median cost of
23ACper unit. Gas units are also becoming increasingly
popular; a modern independent gas heater will cost you
around 126ACand consume 112 g of gas per hour of oper-
ation, resulting in a net cost of 0,16ACper kWh of heating
energy.
On the other hand, the cost of a �replace and a cen-

tral furnace heating system are di�cult to estimate and

compare to the proposed system; the former due to the
fact that most �rewood is gathered for free by the users
themselves ([1]) and the latter because the system itself
heats more than just the house � generally, it also heats
up water for sanitary use � and therefore it is di�cult
to attribute costs fairly. The existing thermal solar in-
stallations are also di�cult to use as a comparison; a full
radiant �oor solar hot water solution, which is the only
system currently available in Portugal based on thermal
solar collectors, is very expensive and not directly com-
parable for the same reasons as central furnaces. For
reference, two scenarios were considered; one where 16
m2 of panels heat up a 600L deposit and another where
10 m2 of panels heat up a 1000 L deposit. In both cases,
a 400 W pump was considered and any renovations re-
quired were accounted for separately. The results are
summarized in table I.

Component Scenario 1 Scenario 2

Panels AC6.409,54 AC4.005,97
Water deposit AC1.803,47 AC3.426,37
Pump AC120,00 AC120,00
Renovations AC4.000,00 AC4.000,00

Total AC12.333,01 AC11.552,34

Table I: Possible scenarios and cost estimates for solar thermal
radiant �oor systems

With this kind of con�guration, the cost per kWh of
heating energy is roughly AC0,01 but the initial costs are,
as noted above, massive. This may be viable if considered
from the very beginning of a house's construction � where
the renovations cost would be diluted into the cost of
actually building the �oor and the panel cost could be
o�set by the cost of the central furnace � but is hardly a
reasonable alternative for existing homes.

Figure 1: Unglazed thermal heating system example in
Canada

In markets outside Portugal things are somewhat dif-
ferent. In the USA and Canada, for instance, unglazed
thermal heating systems are somewhat more common for
large applications (for instance, shopping malls and large
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o�ce buildings, see �gure 1, [9]). These collectors work
on the same basic principle as the proposed system but
have no glass cover, which makes them cheaper per unit
area while also exhibiting greater losses due to radiation.

Figure 2: Solar Sponge collector in Sydney, Australia

There are also commercial glazed systems on sale, for
instance in Australia ([10]) and elsewhere, as well as DYI
systems ([11]). The best publicly documented system
is the latter; designed by David L. Jones, it claims an
increase of 1-3 ◦C on a median power of 300 W and an
area of 1,6 m2 (see �gures 2, 3 and 4). This system works
in a very similar way to the proposed system, so it will
be taken as a benchmark.

Figure 3: Solar Sponge collector power performance (August
26, 2005)

II. HOUSE DESCRIPTION AND PANEL
INSTALLATION

The site for the installation of the proposed system was
Sesimbra, in the Atlantic Coast of Portugal, just south
of Lisboa. The owner of the house had recorded temper-
atures as low as 6 ◦C during winter, coupled with severe

Figure 4: Solar Sponge temperature performance (August 28
- 29, 2005)

humidity issues, which prompted the design, construc-
tion and operation of the proposed system. However, in
order to evaluate its adequacy, one must �rst estimate
the house's heating requirements.

A. House heating requirements

According to Portuguese Regulations ([6], the maxi-
mum heating requirements for a house, in kWh per year,
are computed as

Nic =



4, 5 + 0, 0395GD for FF ≤ 0, 5
4, 5+

+(0, 021 + 0, 037FF )GD for 0, 5 < FF ≤ 1
(4, 5+

+(0, 021 + 0, 037FF )GD)×
×(1, 2 − 0, 2FF ) for 1 < FF ≤ 1, 5

4, 05 + 0, 06885GD for FF > 1, 5
(1)

where GD is the reference value for degree-days, as per
[6], and FF is the form factor that relates the house's
volume to its paving area, and is calculated as

FF =
Aenv +

∑i
(τApav)i

V
(2)

τ =
Ti − Ta
Ti − Tamb

(3)

For the house used for testing the panel, these parame-
ters are summarised in table II and the maximum heating
energy required per year for this house is 2966 kWh.

B. Panel orientation impact on energy
accumulation

In order to determine the best panel orientation for
winter heating purposes, a simulation was built of the
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Parameter Value

Aenv 338,8 m2

Apav 186,7 m2

V 518,2 m3

Ti 21,0 ◦C
Ta 16,0 ◦C
Tamb 10,9 ◦C

GD (Sesimbra) 1190 ◦C day

τ 0,50
FF 0,83 m−1

Table II: House heating parameters

incident radiation per unit area for three di�erent slopes.
This was built using the ASHRAE Clear Sky Model ([7]),
which considers three components for incident radiation:

- Direct radiation, IDN ;

- Di�use radiation, Id;

- Re�ected radiation, Ir.

IT = IDNcosθ + Id + Ir (4)

IDN = A exp

(
− B

senβ

)
(5)

Id = CIDNFws (6)

Ir = (IDN + Id)ρFwg (7)

Fws =
1 + cosΣ

2
(8)

Fwg =
1 − cosΣ

2
(9)

where θ is the angle of incidence of the solar rays, A, B
and C are numerical parameters (table III, Wong e Chow,
211 [8]), ρ is the ground re�ectivity (ρ = 0,25, for green
grass), Fws and Fwg are geometric parameters related to
collector slope Σ.

Date A [W m−2] B [W m−2] C [W m−2]

21 Jan 1230 0,142 0,058
21 Fev 1215 0,144 0,060
21 Mar 1186 0,156 0,071
21 Abr 1136 0,180 0,097
21 Mai 1104 0,196 0,121
21 Jun 1088 0,205 0,134
21 Jul 1085 0,207 0,136
21 Ago 1107 0,201 0,122
21 Set 1152 0,177 0,092
21 Out 1193 0,160 0,073
21 Nov 1221 0,149 0,063
21 Dez 1234 0,142 0,057

Table III: ASHRAE parameters

The incidence angle is then calculated as

θΣ = arccos(sinβ cosΣ + cosβ cosα sinΣ (10)

and the results are in �gure 5. From there it is clear that
the best orientation for the panel is vertical, as that max-
imizes winter-time absorption as well as summer-time
avoidance, thus preventing unwanted heat in summer.
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Figure 5: Incident power for three di�erent inclinations

The collector was thusly installed and its performance
measured.

III. COLLECTOR CONSTRUCTION AND
OPERATION

Unlike other collector solutions available in the market,
this collector used the house's own wall for heat accumu-
lation. A 12 m2 area was painted with a Vinylmatt paint
for maximum absorptance short of selective coatings and
covered in an air box with aluminum sides and a glass
cover. The class is normal clear glass, 6mm, and the alu-
minum frame includes a set of struts inside the panel to
help support the glass and guide air�ow inside the air
box.
Air is therefore heated in the air box and injected into

the house using a TD Ecowatt Ventax ventilator, with a
constant �ow of 640 m3 per hour whenever two criteria
are met:

1. The target temperature range for the house is 21 -
24 ◦C;

2. The di�erence between the interior and collector
temperatures must be at least 5 ◦C.

Given that the injected power is a function of �ow, the
air's heat capacity and the temperature di�erence, the
minimum threshold of 5 ◦C should provide

Pi = ṁcp∆T + Pv = 1180, 7W (11)
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of injected power into the house, including the power con-
sumed by the ventilation and control system, which is
dissipated into the air inside either as mechanical energy
transmitted to the air by the ventilator or as heat losses
along the system. The ventilation system consumes ap-
proximately 92 W and the control system 3 W, which
adds up to 95 W for the total injected heating power of
1180,7 W. For this minimum threshold, the COP is

COP =
Pi + Pv

Pv
= 1180, 7/95 = 12, 4 (12)

which is a very good return on electrical energy, ensuring
an economical return for the collector. The �nal setup is
shown in �gure 6.

Figure 6: Final installation of the collector

IV. COLLECTOR OPERATION AND
MEASUREMENTS

A. Calibration and errors

The temperatures were measured using LM335 sensors
with an error margin of ± 1 ◦C connected to a Fourier
Systems Multi Log DB-526, capable of storing up to 100k
measurements and with redundant internal batteries to
insure against power outages. These sensors were cali-
brated against a high precision NTC as presented in �g-
ure and equation 13.

T = 0.32XML − 259.99 (13)

The associated error margin is of ± 1,1 ◦C and XML

is the Multi Log's output. This result suggest that the
Multi Log � here used basically as an ADC with a large
internal memory � introduces a very small error in the
measurements, which should not be a problem. As for
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Figure 7: Calibration curve for the experimental setup

the time measurements, the logger itself does not present
any signi�cant errors when compared to the 10m interval
that will be used between samples, so they will not be
taken into account.
As for the heating power calculation, its associated er-

ror is computed as

∆P =

∣∣∣∣ ∂P∂ṁ
∣∣∣∣∆ṁ+

∣∣∣∣ ∂P∂cp
∣∣∣∣∆cp +

∣∣∣∣ ∂P∂Tcol

∣∣∣∣∆T +

∣∣∣∣ ∂P∂Tin
∣∣∣∣∆T
(14)

where the error associated with cp is negligible, thus re-
ducing the expression to

∆P = cp(Tcol − Tin)∆ṁ+ 2ṁcp∆T (15)

B. Example data acquisitions

The week of February 20 - 27 2011 was chosen because
this is where we achieve our highest COP value while
demonstrating the system's functioning. Whenever the
interior temperature is below 21 ◦C and the di�erence in
temperature between house and collector is under 5 ◦C,
the collector activates, injecting hot air into the house.
This action is responsible for a steadily rising interior
temperature despite strong �uctuations of the exterior
temperature, demonstrating the collector's e�ect (�gure
8 and table ??).

◦C min. avg. max.

Ti 13,0 15,2 17,5
Tc 13,0 19,7 25,5
Te 9,2 14,7 24,2

tc 76,8 horas

Table IV: Minimum and maximum temperatures over the
week and collector operating time
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Figure 8: Temperature and collector activity on the week of
20 to 27 February 2011

In this week the system pumped hot air for 76,8 hours,
an average of almost 11 hours per day, resulting in an
average inside temperature of 15,2 ◦C versus an exter-
nal temperature of 14,7 ◦C; over the course of the week,
the interior temperature registered an increase of 1,9 ◦C
while the external temperature rose only 1,2 ◦C.
Conversely, over the summer, the collector does not

pump air into the house, as demonstrated in �gure 9. In
this situation the temperature of the house is purely a
function of its insulation and the outside temperature,
and accordingly the house runs an average of 2,1 ◦C
colder than the outside temperature.
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Figure 9: Temperature and collector activity on the week of
3 to 10 July 2010

Out of the remaining data that was collected, four
other acquisitions can be used to demonstrate the col-
lector's performance for a total of 6 data sets:

1. February 20 to 27, 2010;

2. April 3 to 10, 2010;

3. July 3 to 10, 2010 (�gure 9);

4. October 9 to 16, 2010;

5. January 17 to 24, 2010;

6. February 20 to 27, 2011 (�gure 8).

Table V summarises the results of these 6 data sets.

Dataset Season Ti ∆Ti Te ∆Te ∆ Coll.
◦C ◦C ◦C ◦C ◦C hours

1 � Feb. 2010 Winter 12,2 1,9 13,1 1,0 -0,9 39,5
2 � Apr. 2010 Spring 16,0 2,4 15,3 3,6 0,7 40,8
3 � Jul. 2010 Summer 24,8 1,0 26,9 -5,4 -2,1 0,0
4 � Oct. 2010 Fall 19,7 1,3 18,2 1,3 1,5 81,5
5 � Jan. 2011 Winter 14,6 -0,9 12,4 -1,5 2,2 46,2
6 � Feb. 2011 Winter 15,2 1,9 14,7 1,2 0,5 76,8

Table V: Summary of experimental results demonstrating in-
crease in interior temperature due to collector activity

The di�erence in temperature increases ranges from -
2,1 ◦C to 2,2 ◦C. It should be noted that the former case
is one where the collector isn't working at all; during
the summer, given the quality of the house's insulation
it is only to be expected that the interior temperature
should be signi�cantly lower than the outside tempera-
ture. Acquisition 1, however, is more problematic, given
that the temperature di�erential is negative while the
collector works for nearly 40 hours. This may be due
to the fact that the collector had only recently been in-
stalled when that acquisition was made, and therefore
had yet to accumulate enough energy to function ade-
quately. A short 6 weeks after that, however � acquisi-
tion 2 � there is already a positive impact on the interior
temperature, which then holds over the following year,
suggesting therefore that the collector simply needed to
�warm up� to its correct regime.
Excluding those two outliers the average gain due to

the collector's activity is 1,2 ◦C, above the error margin
and therefore accepted as valid.

C. Collector performance and e�ciency

Figure 10 demonstrates the evolution of temperatures
and collector activity over the course of February 24th.
The injected power oscillates between 1.203 ± 589 W and
2.242 ± 692 W, leading to COP values between 12,6 and
23,6. Over the course of the entire 14 months of data, the
minimum injected power was 1.183 ± 587 W, maximum
was 2.242 ± 692 W and average was 1.445 ± 622 W, with
an average COP of 15,2. These results clearly demon-
strate the collector's e�ciency, ensuring that the heating
power being injected into the house is consistently much
greater than the electrical energy being consumed.
Over the course of the experiment, the temperature of

the absorbing surface was also measured in order to en-
sure it wouldn't reach its stagnation temperature. Given
the characteristics of the surface and Stefan-Boltzmann's
law, the surface would have to greatly exceed 100 ◦C of
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Figure 10: Above: incident solar energy and temperature
evolution over the course of the day. Below: heating power
pumped into the house and COP.

temperature in order to saturate even at the lowest inci-
dent power ratings, as demonstrated in �gure 11. Over
the course of the experiment it was found that the max-
imum temperature the surface ever achieved was 55 ◦C,
which means that the collector was never close to stag-
nating.
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Figure 11: Equilibrium temperatures as a function of incident
power

D. Ful�llment of RCCTE heating requirements

Over the course of the measurements, the collector had
a duty cycle of 21,1% at an average power of 1.445 W,
which translates into 2675 kWh of heating energy injected
into the house over a year. This is 90,2% of the RCCTE
requirements, which suggests that the operating param-
eters could be adjusted in order to achieve 100% and
possibly a higher average interior temperature. Reduc-
ing the temperature gap threshold by 1 ◦C would raise
the duty cycle, which might allow the system to meet the
RCCTE requirements even if the average power dropped

due to the collector activating earlier and with less stored
heat.
In order to test this adjustment, three separate sce-

narios were considered: in the �rst, the average power is
maintained but the duty cycle only increases a little; in
the second, the average power drops to 1.100 W and the
duty cycle increases �10%; in the third we assume median
values between these two extremes to construct a more
likely scenario. The results are summarised in table

Scenario 1 2 3

Average Power 1445 W 1100 W 1273 W
∆ 0,0% -23,9% -11,9%

Duty cycle 23,0% 30,9% 26,9%
∆ -25,5% 0,0% -12,7%

% Nic 98,2% 100,3% 101,2%

Table VI: Possible scenarios for 4 ◦C threshold

It is concluded therefore that adjusting the threshold
would have a positive impact, enabling more heat to be
injected into the house over the year. It should also be
noted that for a 4 ◦C threshold the minimum power is still
964 W, for a COP of 10,1, which ensures the collector's
economic viability.

E. Economic return

Comparing the proposed system's performance with
the alternatives explored earlier, table VII calculates the
expected payback period when costs and power inputs
are compared across the various alternatives.

System Setup cost Cost / kW Cost / kWh Payback

Proposed AC3.276,00 AC2.280,47 AC0,009 N/A
Solar Sponge AC2.390,53 AC1.668,67 AC0,057 6y 2m
Electric heater AC22,00 AC18,33 AC0,139 8y 5m
Gas heater AC126,00 AC74,12 AC0,165 6y 10m

Table VII: Payback periods for the proposed system vs alter-
natives

As is readily apparent, payback compared to classical
alternatives isn't too long, especially compared to the 20-
30 year lifespan expected for the described system. The
Solar Sponge system appears to be more economical at
the outset but the increased running costs mean that in
a little over 6 years it is already paid o�; this is due to
the fact that the Solar Sponge system uses lower power
fans to inject the hot air into the house, and therefore
needs a large number of them to achieve the same level
of power as the system presented here, despite using an
aluminium plate as an absorber.
It should also be noted that the polycarbonate cover

used in the Solar Sponge will degrade over time, hinder-
ing its performance and decreasing its e�ciency, which
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will not happen with the glass covering used in the pro-
posed system.

V. CONCLUSIONS AND FUTURE STEPS

The proposed system is innovative taking into account
current market o�erings, and as such the possibility of
entering the market with it will be evaluated in the near
future. As it stands, its performance was within expec-
tations, providing 90% of yearly heating needs at a to-
tal cost of 22,46ACper year and an initial investment of
3.267AC. Its performance could be further improved by
adjusting the threshold to 4 ◦C, providing 100% of yearly
heating needs at little more than 25ACper annum.
Compared to an unheated house, an average increase

of 1,2 ◦C was recorded. Over the long term, it is also
cheaper than any of the alternatives found in the market,
and if its performance could be further improved it would
exhibit even shorter payback periods. As it stands, the
average measured power of 1.445 W is comparable to a
stand-alone electrical or gas heater at only a fraction of
the cost and with the added possibility of piping the hot
air to several di�erent rooms.
As for future steps, the immediate one will be to in-

stall an automated fan speed control and a set of pho-
tovoltaic panels to supply the fan's power. This devel-
opment would allow for the fan to operate almost exclu-
sively o� renewable power, thus decreasing running costs
massively, as well as allowing for better noise control. Go-
ing further forward, several improvement options present
themselves:

• The air �ow through the heater could be improved,
increasing the time spent in the collector and there-
fore the energy transmitted to the air;

• An absorber plate could be installed, with extra
insulation, in order to increase absorbing capacity
(though this should be done carefully so as to not
further increase setup costs);

• A concentration system could be added to further
increase e�ective collector area.

Coupled with the proposed adjustment to the operat-
ing threshold, these adjustments could signi�cantly re-
duce the collector's size while preserving its cost and
performance characteristics, rendering the system very
appealing for urban settings.
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