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Abstract. A study on thermal retrofit of Portuguese elementary school buildings is presented. The type of school under
analysis is one adopted by a large construction campaign that began in the 1940’s. This building stock has a very poor
thermal performance and their retrofit was evaluated starting with a case study of a school in the central region of Portu-
gal, where some experimental measures were performed and a calculation method was applied for the heating energy con-
sumption estimation. A solution for the thermal retrofit of the school building external envelope was optimized and the ef-
fect on heating energy consumption was evaluated, using ECOTECT, resulting in a reduction of 52% of heating energy
needs. The national impact of the thermal retrofit of the whole building stock was characterised in terms of energy sav-
ings. Finally, the pre-heating of the ventilation air was also tested as a complementary measure and its effect evaluated.
The solution tested may provide up to 1000 kWh/year of extra heat gains by pre-heating the ventilation air. It must be un-
derlined though that the performance of these systems is dependent on the thermal properties of their components so high-
er reductions can be achieved with the improvement of these properties.

Keywords: thermal performance, energy efficiency, thermal retrofit, pre-heating of the ventilation air, elementary school

building, thermal simulation.

1. Introduction

From the middle of the 1940°s until the late 1960’s (Beja
et al. 1990, 1998) a large campaign for the construction
of elementary schools was carried out in Portugal to pro-
vide the country with the necessary education facilities.
This plan, known as “Plano dos Centenarios”, adopted
uniform building typologies throughout the country. The
buildings were all based on the same plants and they
conformed to two different types: buildings for one gen-
der, only; buildings for the two genders but with a physi-
cal separation. They were built in a traditional way, main-
ly with stone walls and wooden floors and roofs, without
any insulation material, still very far from energy or envi-
ronmental concerns.

There were slight differences between the schools
meant for an urban environment and those, generally
smaller, for a rural one. The number of classrooms went
from 1 to 4. Until the late 1960’s, about 6864 school
buildings were constructed all over the country. Since
then, there have been some refurbishments and enlarge-
ments in those buildings to adapt them to modern needs.
However, for the most part this large stock is still in its
original condition and still in use. In most cases, thermal

! Source: Secretaria-Geral do Ministério da Educacdo
(Ministry of Education).

comfort requirements are not fulfilled or a high consump-
tion of heating energy is needed to fulfil them. In fact, it
is easy to recognize the potential energy savings of such a
large and old stock.

At the beginning of the 1990’s, the first Portuguese
regulations related to building energy performance and
thermal comfort (MOP 1990) came into force and re-
quired that new buildings and great refurbishments of
existing buildings implement measures to improve build-
ing energy performance. The new and current regulation
(MOP 2006), more severe than the first one, still applies
to new buildings and existing buildings submitted to a
great refurbishment (whenever the total cost of the refur-
bishment is over 25% of building’s value). Old buildings
still in operation, like the kind of school buildings under
analysis, if not subject to a refurbishment, will keep on
with high energy consumption. This situation needs an
urgent evaluation. A few studies were carried out (Lollini
et al. 2006; Carlos 2005) showing how energy perfor-
mance and the related costs can improve with an adequate
refurbishment of the buildings.

Beginning with the analysis of the thermal behav-
iour of a specific school, thermal refurbishment strategies
were studied and their reproducibility evaluated to quanti-
fy the national impact of a global refurbishment of these
schools. Fig. 1 shows us some examples of the type of
school buildings under analysis.
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Fig. 1. Examples of Portuguese elementary school buildings
integrated in the “Plano dos Centenarios”

2. The studied school building

Covilha is located in the central region of Portugal, be-
tween 450 and 700 metres above the sea level. Its climate
is quite cold in winter for the Portuguese patterns (2250
heating degree-days for a reference temperature of 20 °C)
and mild in summer, so it is included in the most severe
Portuguese winter climatic region (I13) and in a mild
summer region (V2), for regulatory purposes (MOP
2006). A school building in Covilhd, among the schools of
the same type, was chosen as the object of our analysis.
The school is a two floor building in the city of Co-
vilha, as illustrated in Fig. 2, with two different parts with
no interior connections between them. The atriums and
staircase are located at the lateral edges of the building.
The main fagade is southeast oriented. This is a tradition-
al building of “Plano dos Centenarios” with resistant
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Fig. 2. Elementary school under analysis, at Covilha

walls of stone masonry, floor and roof supported by a
wooden structure. The roof is covered by ceramic red
tiles. The wall’s U value is of 3.56 W/mK; the floor and
roof has a U value of 2.17 W/m’K and 3.48 W/m’K, re-
spectively and the windows a U value of 5.00 W/m?K.

There is a huge amount of energy loss for this kind
of building school compared to new ones. The windows
are single glazed and have a wooden or aluminium frame.
Ventilation is natural and uncontrolled. Building enve-
lope is not thermally insulated at all. Windows and out-
side doors are not tightly fitted. Since there was no in-
formation available about the normal use of these kinds
of schools throughout the country, it was decided to carry
out a detailed characterisation of the conditions of use of
the chosen example, namely in what concerns its thermal
behaviour.

3. The in-use conditions
3.1. The heating system

The school has a wood boiler heating system, delivering
hot water to radiators located in the classrooms. The boil-
er is without automatic regulation and has a low efficien-
cy. The heaters do not use thermostatic valves. Some-
times individual electric equipment is also used in a
classroom or at the atrium. Action for the maintenance of
the heating system is not performed as often as would be
necessary. There is no cooling equipment.

From Monday to Friday, the classes take place from
9a.m. to 4 p.m., with a lunch break from mid-day to
1.30 p.m. The boiler of the central heating system is gen-
erally turned on at the beginning of the day (at 8 a.m.)
and provided with wood for the last time in the day at
about 3 p.m. At night, the heating system is turned off.
The school is closed at the weekend and the heating sys-
tem is also turned off.

There was no data available for the consumption of
firewood in the boiler and it was not possible to control it
during the period of our experimental measures. Given
this difficulty, our option was to make some temperatures
and humidity experimental measurements to evaluate
comfort conditions in the school and also to estimate the
necessary heating energy consumption, allowing, for this
purpose, the validation of a simulation model.

3.2. Temperatures and humidity experimental
measurements

Two thermal hygrometers were used for the measurement
of air temperatures and relative humidity within the
building during winter season (January to March 2004)
(Carlos 2005). One was placed in the classroom 1 of the
second floor, while the second was placed first of all in
the classroom 2 of the first floor and then at the atrium,
circulation 1 (Fig. 2). The outdoor data were collected
from a weather station located at Covilha. The collected
data are summarized in Tables 1 and 2.

Values in Tables 1 and 2 clearly show that thermal
comfort requirements are not satisfied. As recommended
by ISO 7730 Standard (1994), the air temperature in the
classrooms should be between 17 °C and 21 °C, for the
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Table 1. Air temperature (°C) during the operating schedule of

the school
January to March
Min Average Max
Outdoor air -1 10 19
Room 1 (2™ floor) 7 13 19
Room 2 (1% floor) 10 16 20
Atrium 6 8 12

Table 2. Relative Humidity (%) during the operating schedule
of the school

January to March
Min Average Max
Outdoor air 24 60 99
Room 1 (2™ floor) 44 67 87
Room 2 (1* floor) 53 72 89
Atrium 51 59 67

winter period. In both monitored rooms the minimum
temperature is far below this level and even the average
of the air temperatures is lower than 17 °C. In what con-
cerns relative humidity, the values should be between
30% and 70%. With such low temperatures it was ex-
pectable that RH would reach higher values. In classroom
1, RH was above 70% for 40% of the measurement peri-
od of time and in classroom 2, the same occurred for 77%
of the time, this last room was more crowded and had
some plants in it. The measurements carried out have
shown the absolute need for a thermal refurbishment to
reach acceptable comfort conditions, without increasing
heating energy consumption and even reducing it.

3.3. Heating energy consumption estimation

As said before, there is no data available for the firewood
consumption of the heating system. Wood is supplied by
chopping down old trees, with no measurements available
concerning quantity. ECOTECT? was then used to calcu-
late the energy consumption of this building.

ECOTECT is a computer program from SQUARE
ONE research PTY LTD, from Australia which enables
conceptual building design 3-D interfaces. It is possible
to model its geometry while using interface visualisation.
Its code follows the methodology proposed by CIBSE
(Chartered Institute of Building Services Engineers). This
method requires a careful organization of data into a con-
venient and flexible format. Based on an hour-by-hour
climate data and transient simulations (transfer function
or heat balance method) it is an adequate model to study
buildings thermal performance, which has been compared
to other similar commercial programs (Boutet et al. 2007,
Marsh 2003; Starvoravdis and Marsh 2005). ECOTECT
gives us monthly and yearly heating or cooling energy
consumption. The input data for all the simulations were
obtained from the weather station located at Covilha. In
Fig. 3, monthly mean data are presented: minimum and

2 Available from Internet: <http:/Aww.squl.com.>
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Fig. 3. Local climate data (Monthly averages of the minimum
and the maximum daily temperatures; Monthly average of the
daily solar radiation; Monthly average of the daily mean relative
humidity)

- 24/25Jan 29/30 May
30 + < >
25
20 — Ecotect
| |= Outdoor
15 — Measured
10
5
0
0 12 24 36 48 60 72 84 96

Hour

Fig. 4. Local measurements vs. ECOTECT simulations

maximum values of temperature, global solar radiation on
horizontal surface and relative humidity.

In order to validate ECOTECT’s use, simulations
were conducted considering periods of time where no
heating energy was provided, since there was no infor-
mation of the real energy consumption of the school
building during the week. To validate ECOTECT’s simu-
lation a winter weekend period was chosen for compari-
son, being that the heating system is off. In the same way,
a spring weekend period was also chosen. Fig. 4 shows a
comparison between local measurements and ECOTECT
simulations for two periods of the heating season. Simu-
lation shows a very good approximation to the measured
values. In fact, the average of temperatures for the first
period was 9.5 °C for ECOTECT’s simulation vs. 9.9 °C
for measured temperatures. For the second period, the
average of temperatures was 19 °C and 19.2 °C for simu-
lation and measured values, respectively. In the simula-
tions, two air changes per hour were considered (MOP
1979).

The studied building, as all these kinds of buildings
in the country, was built before any regulation concerns
on energy efficiency. It’s a poor thermal performance
building, far below the minimum standards defined by
Portuguese thermal regulation. Therefore, besides the
characterisation of the current thermal behaviour of the
building, several simulations were carried out with
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ECOTECT incrementing thermal resistance of the enve-
lope to improve energy efficiency. The objective was to
guarantee an indoor thermal comfort in agreement with
ISO 7730 Standard (1994) for school’s schedule opera-
tion (8:00-17:00).

4. Thermal retrofit of the school’s exterior envelope

Without any retrofitting measures, a heating energy con-
sumption of approximately 18 968 kWh per year was
estimated for school days period, in order to guarantee
indoor thermal comfort. Searching for the best solution
for building thermal refurbishment, several simulations
were carried out with common materials and constructive
techniques that are used in the construction sector, in
Portugal. The most suitable retrofit solution proved to be
as follows, excluding the external insulation of the wall,
as recommended by Zavadskas et al. (2008):

— Walls — 80 mm of expanded polystyrene on the
inside surface of walls with 13 mm of plaster
plate covering it (U = 0.36 W/m?°K):

— Roof — 120 mm of rock wool blanket on the flag-
stone or 180 mm of loose mineral wool (U =
0.25 W/m?K);

— Windows — double glass in windows and double
door on balcony (U = 3.00 W/m?K);

— Floor — 50 mm of rock wool blanket under the
floor (U = 0.57 W/m°K).

With these retrofit measures a heating energy con-
sumption of 9164 kWh per year was estimated which
represents a decrease of 52% in relation to the original
building’s heating energy consumption. The highest eco-
nomic effect is also obtained (Ginevicius et al. 2008). In
the overall balance analysis the heat gain due to the solar
radiation represents about 7% of the heat loss while be-
fore the retrofitting measures barely reaches 3%.

5. National impact evaluation of a large scale retrofit
of the studied type of schools

5.1. Portuguese climatic regions

RCCTE (MOP 1990) that came into force in 1990 was
the first Portuguese regulation law to define buildings
thermal requirements to maintain thermal comfort with-
out excessive energy consumption. Without being too
demanding, the first regulations lead to new construction
practices throughout the whole country and often with
some improvements in relation to minimum standards.
Recently, in 2006, RCCTE was revised and a new and
more demanding regulation was approved (MOP 2006).
In both regulatory documents, Portugal was divided into
three winter climatic regions and three summer climatic
regions, with some adjustments in the new regulation
(Fig. 5). Climatic regions are related with the Country’s
administrative division and local altitudes. Portuguese
winter climatic regions go from 11, corresponding to the
mildest climate, to 13, corresponding to the most severe
one. As it was already said the studied school is located at
Covilha, belonging to region 13.
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I

Fig. 5. Portuguese winter climatic regions

5.2. Evaluation of the reduction of heating energy
consumption at a national level

Since the studied building is located in I3 climatic region,
Porto (12) and Faro (1) were the chosen cities to make a
comparative study of heating energy needs in the three
winter climatic regions. The same indoor comfort tem-
perature was chosen, with the average climatic data pre-
sented in Table 3. In this table monthly outdoor mean air
temperature (air — °C), heating degree-days (DD), daily
solar radiation for SE facade (Rad — SE, kWh/m?), and
daily solar radiation for NW facade (Rad — NW, kWh/m?)
can be found, for the three studied locations.

For buildings with the same envelope construction
and for the same operation schedule ECOTECT calcula-
tion lead to the values presented in Table 4, for the origi-
nal building and also for the retrofitted building. For
identical buildings and for the same pattern and environ-
mental comfort, heating energy needs are quite different
for each of these three cities. These different values, as
was expected, correspond to the different climatic regions
where they are located.

There are about 6864 elementary school buildings of
type “Plano dos Centenarios”. Analysing the available
data, the estimated distribution of the schools throughout
the country is as follows: 2431 buildings in 11 climatic
region, 2902, in 12 and 1531, in 13, The average number of
classrooms per school building is 1.7. The values in Tab-
le 4 reflect a 3 classrooms school building. By working out
total value of classrooms for all the buildings in each cli-
matic region, energy consumption for all the buildings can
be calculated. Since there is some variation in the number
of classrooms of the schools, for calculation purposes, it
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Table 3. Climate data for Covilha, Porto and Faro (heating season)
January February March April May October November December
- Air — °C 7.3 8.6 10.9 11.7 15.8 14.4 9.7 7.5
= DD 300 292 251 220 134 153 281 357
é Rad — SE 2.62 2.12 2.42 2.86 2.53 2.80 2.34 2.06
Rad — NW 0.01 0.44 1.09 143 2.08 0.33 0.35 0.00
Air — °C 10.1 10.8 11.7 12.9 14.6 15.8 12.2 10.4
2 | DD 276 231 226 189 142 115 206 266
£ Rad — SE 1.16 1.57 1.97 2.17 1.74 1.68 1.03 1.23
Rad — NW 0.00 0.04 0.16 0.13 0.35 0.16 0.00 0.00
Air-°C 11.8 125 14.7 15.7 18.2 20.3 15.5 13.2
% DD 180 184 139 115 52 24 118 224
w | Rad-SE 1.97 1.96 2.52 2.47 2.23 2.16 2.00 1.71
Rad — NW 0.00 0.11 0.23 0.17 0.45 0.19 0.03 0.00

Table 4. Heating energy needs (ECOTECT) for Covilha, Porto
and Faro — original building and retrofitted building

Original Retrofitted

(kWh/year) (kWh/year)
Covilha 18968 9164
Porto 12908 6152
Faro 5408 2368

was assumed heating energy consumption proportional to
the number of classrooms. The same occupancy profile
was assumed as in 3.1. This corresponds to a public
schedule defined by the government for the country. All
these buildings are similar. The walls of stone masonry
depend on the kind of rock found in the region of each
school. Even so, the same construction characteristics
were assumed to be compared as in 2. Table 5 shows the
sum for all the schools of heating energy consumption for
the original building characteristics and for the retrofitted
one in 11, 12 and I3 climatic regions. In this way, heating
energy consumption in the whole country was estimated
and the heating energy savings for retrofit proposals for
this kind of buildings were obtained.

Table 5. Heating energy global consumption estimation and
savings for the three Portuguese climatic regions

(MWh/year)
Climatic | Classrooms | Original Retrofitted Savings
region n.°
11 4133 7451 3263 4188
12 4933 21226 10115 11110
13 2603 16458 7951 8507
Total 11669 45134 21329 23805
(whole
country)

The heating energy consumption estimation leads to
different values depending on the climatic region but also
on the number of classrooms in each region. While in the
region 12 and 13 the energy consumption might be re-
duced down to 48% from the original building with a
standard indoor comfort in the region I1 the reduction
could be of about 44%. In spite of the fact that a large
number of the elementary schools already have another
use, these kinds of buildings represented about 40% of

the 17250 national always be worthy of evaluation. From
a health point of view, thermal comfort must be achieved.
From the thermal comfort point of view, the present in-
door temperature must be raised, so energy consumption
will be incremented. Therefore retrofit measures are
needed to enhance comfort and reduce energy consump-
tion (Thormark 2006).

6. Test of a complementary measure: pre-heating of
the ventilation air

6.1. The principle

Previous simulations showed a considerable improve-
ment in the building thermal performance as a conse-
quence of building envelope retrofit. The heating loss
through the walls represents more than 60% over the total
losses through the envelope at the initial stage of the
building. After retrofitting measures this represents less
than 50%. As heat losses by transmission through the
envelope are reduced due to an increase of insulation,
heat losses due to ventilation, for the same air change
rate, become increasingly important in the total amount of
heat losses. In Fig. 6, monthly total envelope transmis-
sion heat losses and heat losses through ventilation are
presented. As it can be seen, for the retrofitted building
the losses through ventilation become clearly the most
important one. While for the original building the ventila-
tion represents about 48% of the total building’s thermal
losses; after retrofitting this can represent up to near 90%
of the total losses. One way to reduce energy consump-
tion due to ventilation is the pre-heating of the ventilation
air. There are several ways to pre-heat the ventilation air
without mechanical devices. Probably the most expensive
solution for the moment would be using earth-to-air heat
exchangers through buried pipes as it was used, for in-
stance, on DB Netz AG (Hamm), Fraunhofer ISE (Frei-
burg) and Lamparter (Weilheim) (Pfafferott 2003). Fresh
air would be heated by heat transfer from energy accumu-
lated on ground to buried pipes and then to air by convec-
tion. This air enters the building through vents warmer
than outside cold air. This would represent a great deal of
construction work. Another solution would be the con-
struction of a conservatory, an enclosed glazed space
attached to the main building (Lechner 1991). Fresh air
enters the bottom of the conservatory, is
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Fig. 6. Monthly heat losses through the envelope and heat losses through ventilation

pre-heated within the space and enters the main building
through top vents. Occupying part of the courtyard of the
school where children play with a large glazed construc-
tion would be expensive and also potentially unsafe for
young people. Another solution could be the use of ung-
lazed transpired solar collectors.

This is a dark perforated metal sheet cladding
mounted several centimetres from the sun-facing surfaces
of the building to form an air cavity. The ventilation fans
draw the required air through the perforated wall into the
air cavity and then to the building. The metal cladding
absorbs incident solar energy and a proportion of it is
transferred to the air stream (Summers et al. 1996). The
big disadvantage would be an aesthetic change of the
building which would cause a loss of identity. Solar air
collectors could be mounted on the sun-facing wall too
(as it was done on ZAE building in Wiirzburg, Germany)
(Pottler et al. 1999). Air collector types are very varied.
Basically they have a dark absorber which allows the
transformation of the solar radiation into heat, enclosed in
a casing with an appropriate heat insulator meant to re-
duce losses and usually covered with glazing to allow
incident solar radiation on the absorber. Bottom and top
covers permit fresh air to be heated before it enters the
building. This would be an intrusive and strange object at
the building facade, changing the architectural image.

Changing sun-facing windows would be the cheap-
est solution without changing outdoors aesthetics. A win-
dow air collector, a supply air window or a ventilated
double window can be used for the purpose of pre-
heating the ventilation air.

A window air collector consists of two glazed win-
dows with an intermediate device, usually a Venetian
blind, which act as an absorbent of incident solar energy
(Hastings and Morck 2000). The ventilated cavity formed
by the two windows is then used to pre-heat the ventila-
tion air before entering the room. The air stream enters in
this cavity through vents at the bottom of the outer win-
dow and enters through another vent on the top of the
inner window, warmer than it is outside. This window air
collector also reduces daylight, which is a big disad-
vantage for a school building.

The supply air window consists of a window with
two sashes, joined by opener clips that are separated by
an air gap (Baker and McEvoy 2000). Outdoor air is
drawn into the air gap at the vent on the outside bottom of
the window. This air is heated within the gap and enters

the room through top inside vent. A ventilated double
window (Arons and Glicksman 2003) is basically the
same as a window air collector but without any interme-
diate device (Fig. 7). Air stream is pre-heated by a por-
tion of absorbed heat contained in the glazing.

Outdoor Indoor

air intake

Fig. 7. Ventilated double window (Arons and Glicksman 2003)

These systems are all alike in modus operandi. Solar
gain and warmth of the room warms the glass and thereby
pre-heats the air stream which rises by stack effect and
wind pressure. Sometimes an intermediate solar absorber
is used between glazings to collect solar radiation, but
with a disadvantage of reducing direct solar gains and
daylight. A fan can be associated to increase or maintain
the air flow.

6.2. Thermal improvement

Each and every fenestration solution interferes with the
U-value of the window and besides pre-heating the venti-
lation air, it changes the transmission heat losses and so
the overall building’s performance. For a double window
with a ventilated gap, the heat flow through the inner

window (Qw _jnt, W) is:
QW_ int = A\N_intUw_int (Tint _Tgap) ) 1)

where Ay int and Uy int are the area (m?) and the Heat
Transmission Coefficient (W/m?K) of the inner window,
Tine is the indoor air temperature (K) and Ty is the air
temperature within the gap (K). The heat flow through

the outer window (Qw_ext, W) is:

Qw_ext = A\N_extuw_ext(Tgap - ext) ) )
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where Ay ext and Uy ext are the area (m?) and the Heat
Transmission Coefficient (W/m?K) of the outer window
and Teyt is the outdoor air temperature (K). The U-value
of the double window (U, in W/m?K), excluding ventila-
tion heat recovery, becomes (McEvoy et al. 2003):

_ (Tint _Tgap)UW_int
Tint _Text

U

®3)

Including ventilation heat recovery the U-value of
the double window, named U equivalent (Ugq, W/m’K) is
obtained from:

B (Tint = Tgap)Yw _int — (Tgap — Text)PCV

eq — 1 (4)
a Tint _Text

U

where p is the density of the air (kg/m?), ¢ is the specific
heat capacity of the air (J/kgK) and V is the air flow rate
(m%s). For a triple glazed fenestration (double glazed at
the inner window and single glazed at the outer window),
Ueq was found as low as 0.67 W/m’K for about 50 m*/h
of ventilation air rate (McEvoy et al. 2003). For this
12mx12m fenestration, the Ueq rises up to
1.12 W/m?K for a lower ventilation rate of about 20 m*/h.
U-values are a function of material’s thermal properties
and are also dependent on air stream. Values of Ugq even
lower can be achieved using a low e-coating facing the
ventilation channel, a value of 0.75 W/m?K for about
19m?*/h of ventilation air rate. For a supply air window, a
correlation was found in function of fenestration area
(Southall and McEvoy 2006). For an air flow rate of
32 m*h, with a low e-coating facing the ventilated air
channel, Ueq for a triple glazing was found to be as fol-
lows:

Ugq =0.225+0.342A—0.042A%, (5)

where A is the fenestration area (m?). For double glazing

(two single glazed windows), Ueq can be obtained as
follows:

Ugq =0.256+0.536A—0.077A%, (6)

Correlation for triple glazing can lead to a Ueq of
0.84 W/m’K for each of 2.7 m? of this school’s fenestra-
tion. For a window air collector, Hasting and Morck
(2000) shows Ugq — value in function of ventilation air
rate (Fig. 8). Park (2003) shows how Ueq changes in
function of air temperature’s difference between indoor
and outdoor (Fig. 9).

Heat losses through ventilation due to air renovation

(Qrn, W) are:
Qm =PV (Tint —Text) » )
where V is the air flow rate (m%h). Energy flow that any

air channel within a supply air window, double skin fa-
cades or doubled window can deliver into the building

(Qunt, W) is:
Qunt = PNyt (Tout —Tin) » (8)

573

0 + ! : 4 +
0 10 20 30 40 50 60

Airflow (m*hm?)

Fig. 8. U, for different air flow rates (Southall and McEvoy

1251
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AT (K)

Fig. 9. Ugq in function of temperatures difference (indoor-
outdoor) (Park 2003)

where Tyt is air temperature at the outlet vent of the air
channel (K), Vunt is pre- heated air flow rate (m*/h) and

Tin is air temperature at the inlet vent of the air channel
(K), usually the same as outdoor air temperature. Thus,
heat losses due to air renovation and after pre-heating the
ventilation air (Q, in W) become:

Q= [pCV (Tint _Text)]_ [pCant (Tout _Tin)]- )

Southall and McEvoy (2006) has compared ventila-
tion heat recovered by a supply air window with different
air channels widths (10 mm, 20 mm and 30 mm, glass to
glass) and same air flow rate of 14 I/s and 6l/s (50.4 m*h
and 21.6 m*/h). Fig. 10 shows the amount of energy that
is delivered in function of incident solar radiation. For a
wider air channel and highest solar radiation more energy
is transferred to the air stream entering the room. Without
solar radiation the heat delivered by passing air is a part
of the heat losses through the inner window, allowing the
partial recovery of it.

For this building, with 9 windows (3 per classroom),
each 2.8 m?, totalizing 25.2 m? simulations were carried
out, supposing that one half of the building’s needs for air
renovation are supplied by nine ventilated windows.

The calculation method was derived from previous
work done by Baker and McEvoy (2000) and McEvoy et
al. (2003) supported by COMIS and CAPSOL. COMIS is
a multizone air flow and contaminant transport modelling
software (LBNL 2003) and CAPSOL is a heat and mass
transfer program.

For the situation of an extra single glazed window at
the outer side of the fenestration, allowing the pre-heating
of ventilation air, as shown in Fig. 7, the amount of heat
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Fig. 10. Ventilation heat recovered vs. incident solar radiation for different air gap widths (Southall and McEvoy 2006)
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Fig. 11. Monthly heat losses through ventilation with and without pre-heating of ventilation air

losses due to ventilation can be seen on Fig. 11 and com-
pared with the situation without pre-heating. This solu-
tion may provide up to 1000 kWh/year of extra gains by
pre-heating the ventilation air with the sun. Adding this
passive technology to the retrofitting measures already
mentioned, instead of decreasing 52% in the thermal
losses (vide chapter 4) it would decrease up to about
57%. In the retrofitted scenario, the heat gain through the
pre heated ventilation air would add an extra gain of 2%
to the 7% of solar heat gain that was mentioned before.
Nevertheless this is thermal properties dependent so
higher reduction gains can be achieved.

7. Conclusions

Our study has revealed the advantage of the thermal ret-
rofit of these schools, with much improvement of thermal
comfort and reduction of heating energy consumption.
From the energy point of view, changing building’s enve-
lope was investigated and it is certainly the most im-
portant measure to take place, as previous works reported
(Butala and Novak 1999). A retrofit solution for the ex-
ternal envelope of a school building which is located in
one of the coldest regions of Portugal was selected and
analysed. For this solution, a reduction in heating energy
consumption of 52% was achieved.



Journal of Civil Engineering and Management, 2010, 16(4): 567-576 575

The same solution can be adapted to hundreds of
building schools of the same construction typology all
over the country. Since the studied building stock is quite
representative of Portuguese elementary school buildings,
it was proved that a generalised intervention will have a
significant national impact.

Some reduction of heating energy consumption can
also be achieved by pre-heating the ventilation air with
passive strategies.

Pre-heating of the ventilation air, when ventilation
losses become the most important way for heat to escape
from the building, would be an efficient measure. The
solution tested in the school under analysis, consisting of
9 double ventilated windows, may provide up to 1000
kWh/year of extra gains by pre-heating the ventilation air.

To reach more energy savings, the systems would
need some adjustments and reorganisation measures and
also the way the building is used should be rethought,
leading to an optimised use of energy.

Nomenclature

A fenestration area (m?)

Ay ext area of the outer window (m?)

Ay int area of the inner window (mz)

c specific heat capacity of the air (J/kgK)

Q heat losses due to air renovation (W)

Qunt heat delivered into the building through
ventilation air (W)

Quw ext heat flow through the outer window (W)

Quw _int heat flow through the inner window (W)

Text outdoor air temperature (K)

Tgap air temperature within the gap (K)

Tin air temperature at the inlet vent of the air
channel (K)

Tint indoor air temperature (K)

Tout air temperature at the outlet vent of the air
channel (K)

U U-value (W/m’K)

Ueq U equivalent (W/m?K)

Uy ext heat transmission coefficient of the outer
window (W/m?K)

Uu int heat transmission coefficient of the inner
window (W/m?K)

\% air flow rate (m?/s)

Vint pre-heated air flow rate (m*/h)

P density of the air (kg/m?)
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ENERGINIO EFEKTYVUMO DIDINIMO PRIEMONES SENIEMS PRADINES MOKYKLOS PASTATAMS

ATNAUJINTI
J. S. Carlos, H. Corvacho
Santrauka

Straipsnyje pateikiami Portugalijos pradinés mokyklos $iluminio atnaujinimo tyrimai. Analizuojamos mokyklos tipas yra
vienas i§ taikyty po 1940 mety prasidéjusioje pladioje statybos kampanijoje. Sios pastaty grupés $iluminés charakteristikos
yra labai prastos. Jy atnaujinimo vertinimas buvo pradétas nuo centrinéje Portugalijoje esancios mokyklos, kurioje buvo
jgyvendintos kai kurios eksperimentinés priemongs, ir energijos sanaudoms nustatyti pritaikytas skai¢iavimo metodas.
Pastato iSoriniy atitvary Siluminio atnaujinimo sprendimas buvo optimizuotas ir jo jtaka Siluminés energijos sagnaudoms
nustatyta naudojant ECOTECT. Siluminés energijos poreikis sumazé&jo 52 %. I§ viso pastaty fondo Siluminio atnaujinimo
jtaka nacionaliniu mastu vertinta sutaupytos energijos kiekiu. Pabaigoje kaip papildoma priemoné buvo iSbandytas pir-
minis védinamo oro paSildymas, nustatytas jo naudingumas. Isbandytasis pirminis védinamo oro pasildymas gali suteikti
iki 1000 kWh/metus papildomo issiskirian¢io $ilumos Kiekio. Pabréztina, kad nors iy sistemy veikimo charakteristikos
priklauso nuo jy komponenty Siluminiy savybiy, gerinant Sias savybes galima daugiau Sumazinti energijos sanaudy.

Reik§miniai ZodZiai: $iluminés charakteristikos, energijos efektyvumas, Siluminis atnaujinimas, pirminis védinamo oro
pasildymas, pradinés mokyklos pastatas, Siluminis modeliavimas.
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