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Abstract
The application of bioclimatic principles is a critical factor in reducing energy consumption and CO2 emissions of the building sector. This

paper develops a regression model of energy efficiency as a function of environmental conditions, building characteristics and passive solar

technologies. A sample of 77 bioclimatic buildings (including 45 houses) was collected, covering Greece, other Mediterranean areas and the

rest of Europe. Average energy efficiency varied from 19.6 to 100% with an average of about 68%. Environmental conditions included

latitude, altitude, ambient temperature, degree days and sun hours; building characteristics consisted in building area and volume. Passive

solar technologies included (among others) solar water heaters, shading, natural ventilation, greenhouses and thermal storage walls. Degree

days and a dummy variable indicating location in the Mediterranean area were the strongest predictors of energy efficiency while taller and

leaner buildings tended to be more energy efficient. Surprisingly, many passive technologies did not appear to make a difference on energy

efficiency while thermal storage walls in fact seemed to decrease energy efficiency. The model developed may be of use to architects,

engineers and policy makers. Suggestions for further research include obtaining more building information, investigating the effect of passive

solar technologies and gathering information on the usage of building.

# 2004 Elsevier B.V. All rights reserved.
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1. Introduction

The term bioclimatic (or sustainable) architecture refers to

an alternative way of constructing buildings so that local

climatic conditions are taken into account and a number of

passive solar technologies are utilized in order to improve

energy efficiency; the term passive solar technologies refers to

heating or cooling techniques that passively absorb (or protect

from, e.g. natural shading) the energy of the sun and have no

moving components. Bioclimatic structures are built in such a

way that, during winter months, exposure to cold temperatures

is minimized and solar gains are maximized; during the

summer, bioclimatic structures are shaded from the sun and

various cooling techniques are employed [1–3], often with the

aid of renewable energy sources [4]. In addition, locally

available building materials may be used.

It is estimated that 4.5 out of 6 billion tones of carbon

emitted worldwide from human activities may be attributed
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to industrialized countries [5]. Approximately half of this is

due to buildings (in one form or another). Building more

energy efficient houses may reduce carbon emissions by

60% or more, which translates to 1.35 billion tones of

carbon, an amount equal to the savings proposed by the

environment conferences in Rio and Berlin; as a side benefit,

building more bioclimatic homes will conserve conventional

energy sources and possibly reduce dependence on oil

imports. Because of this potential for significant savings in

energy consumption and reduction in greenhouse gas

emissions, bioclimatic architecture has received a fair

amount of attention all over the world in the last few years

(e.g. [6–9]) and is regarded as an important parameter in

contemporary architecture [10]. In Greece, for instance, the

Rule for Rational Use and Energy Savings (RRUES) that

was enacted in 1998, stipulates that energy consumption

reduction measures be made compulsory for all buildings by

2007 [11,12].

Although there exist numerous case studies that examine

isolated bioclimatic projects or buildings (such as [13–16] as

well as model codes that predict energy consumption of a
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single building (see [17] for a brief but complete review)

based on either energy parameters or physical laws or

performance data, little effort has been invested in analyzing

a larger sample of bioclimatic structures using statistical

techniques. This paper attempts to build a regression model

in order to understand how energy efficiency of bioclimatic

buildings depends on environmental (including climatic)

conditions, building characteristics and passive solar

technologies that are commonly utilized.
2. Background

Orientation of buildings so that they could utilize solar

input more efficiently, first took place in Greece 2500 years

ago [18]. A few centuries later, Rome bathhouses were built

so that their windows faced the south to let in the warmth of

the sun [19]. In 1200 A.D., the Anasazi (regarded as

ancestors of Pueblo Indians in North America) built cliff

dwellings that captured the winter sun [20]. More recently,

in 1891, Clarence Kemp, a Baltimore inventor, patented the

first commercial solar water heater [21]. In 1940, the Sloan

Solar House in Chicago, designed by Keck, became the first

contemporary building making use of passive solar heating

[18]. In 1953, Dan Trivich of Wayne State University, made

the first theoretical calculations of the efficiencies of various

materials based on the spectrum of the sun [20]. In 1977, the

U.S. Department of Energy launched the National Renew-

able Energy Laboratory of the Solar Energy Research

Institute, a federal facility dedicated to harnessing power

from the sun [22]. Finaly, in 1994, the National Renewable

Energy Laboratory (formerly known as the Solar Energy

Research Institute) completed a construction of its Solar

Energy Research Facility, which was recognized as the most

energy-efficient of all U.S. Government buildings world-

wide [23].

Energy consumed in the building sector constitutes a

significant proportion of total energy consumption. Sources

place the amount of energy expended in the building sector

in Europe to about 40–45% of total energy consumption

[24]; about two thirds of this amount is used in private

buildings. Other sources claim, that in industrialized

countries, energy usage in buildings is responsible for

approximately 50% of carbon dioxide emissions [25–27].

Solar energy, for example, covers 13% of primary energy

used in buildings; this percentage could increase to 50% by

2010 while in some cases it could even reach 57% [28].

In Greece, the use of energy in buildings such as public

and private buildings, schools, hospitals, hotels and athletic

facilities, constitutes 30% of total national energy demand

and contributes about 40% of carbon dioxide emissions [29].

Heating and refrigeration of buildings consume the largest

part of energy expended in domestic uses [30]. Taking into

consideration that only about 3% of buildings in Greece

have been constructed after 1981 (when heat insulation

regulations were put into effect), it may be concluded that
the limited application of insulation in the majority of

residences causes significant energy losses in Greece [31].

A bioclimatic building may be so economically efficient

that it consumes even 10 times less energy for heating

compared to a conventional European building [32]. The

additional cost of a typical bioclimatic structure is usually

around 3–5% and in most cases less than 10% [33]; this cost

is usually returned within a few years [34]. Bioclimatic

technologies (such as passive solar systems) may also be

retrofitted to existing structures although, in such cases, the

cost is typically a little higher. In addition to conservation of

energy, bioclimatic architecture may improve day lighting

and indoor comfort conditions. For instance, in a natural

ventilation design project for houses in Thailand, it was

found that, although total energy saving in the winter months

was less than 20%, indoor air quality was significantly

improved and this was an important feature justifying the

design [35].

The total amount of energy used for a building includes

[36]:
- P
roduction energy (also known as embedded energy),

which is the energy expended during production,

assembly, maintenance, alteration, demolition and recy-

cling of building materials.
- I
nduced energy, which is the energy consumed for

construction; architects, civil engineers and construction

crews control the consumption of energy during the

construction phase.
- O
peration energy, which is the energy necessary to

maintain required levels of comfort; obviously, energy

consumed for the operation of a building represents a more

or less steady amount for a longer period of time.
- G
rey energy, which refers to conversion losses incurred

during transport of materials, construction of building,

heating etc.

Two important observations may be made. On one hand,

energy required for a building is not only the amount used

during its operation; production energy, induced energy and

grey energy are also needed and they increase consumption

of non-renewable energy resources as well as carbon emi-

ssions. On the other hand, operation energy (which, along

with the part of grey energy that concerns operation, is the

only group that keeps increasing during the lifetime of a

structure) may be significantly reduced if bioclimatic pri-

nciples are applied during design and construction.

Energy efficiency of a building based on bioclimatic

principles is determined by a set of environmental, technical

and usage factors. First of all, the location of a building is a

major determinant; geographic latitude that is related to

mean temperature (with lower temperatures in places of

greater latitude) should be a major influence. Also, location

of a building in an area with continental climate increases

dryness and thermal variation while location in the

Mediterranean implies mild winters and relatively cool
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summers (i.e. lack of temperature extremes). Additional

factors include altitude (absolute height above sea level) that

is associated with a fall in average temperature, an increase

in temperature variation and a fall in humidity; topographic

relief that is related to microclimatic variations especially in

relation to the sun and prevailing winds; and vegetation that

promotes thermal stability and increases humidity [37].

Bioclimatic architecture literature recognizes the follow-

ing factors to be taken into account in building construction

[38]:
- to
pography, e.g. slope, site orientation, site views;
- m
ovement of the sun and its impact during the year (i.e.

solar altitude and azimuth);
- c
limatic conditions including prevailing wind patterns,

incoming solar radiation, temperature, air moisture;
- e
nvironmental conditions such as daylight and shading of

the construction site; daylight may reduce consumption of

artificial lighting from 40 to 80% [39];
- m
ass, volume and size of building;
- lo
cal architectural standards;
- a
Table 1

Sample variables

Variable Name Measurement

Energy efficiency EFFICIENCY %

Latitude LATITUDE 8
Altitude ALTITUDE m

Ambient temperature (January) AMBTEMPJAN 8C
Ambient temperature (July) AMBTEMPJUL 8C
Degree days DEGRMONTHS Months

Sun hours SUNDAYS Days

Building area M2 1000 m2

Building volume M3 1000 m3

Height proxy HEIGHTPROXY m

Greenhouse GREENHOUSE Dummy

Shading SHADING Dummy
vailability of local building materials.

Several studies have rendered significant results con-

cerning the conservation of energy that may result from the

use of passive systems. Savings that average 50% in space-

heating energy use (compared to conventional practices

that are set by building regulations) have already been

demonstrated by projects built and operated in the UK: the

best of these examples achieve impressive savings in the

order of 60–75% [5]. Nevertheless, the wide variety in

technologies found in bioclimatic structures indicates that

no general rules apply in bioclimatic architecture. Differ-

ent locations in different countries are characterized by

unique sets of conditions and these decide the exact sys-

tems to be implemented. Oke, [40] as quoted by Ratti et al.

[41], states that there are ‘‘almost infinite combinations of

different climatic contexts, urban geometries, climate v-

ariables and design objectives . . . obviously there is no

single solution, i.e. no universally optimum geometry’’

although there exist predominant urban types associated

with certain climate types, such as the courtyard type a-

ssociated with hot and arid climate. It is precisely the role

of environmental condition, building features and passive

solar technologies on an aggregate level that this work

attempts to quantify.
Thermal storage wall THSTORWALL Dummy

Natural ventilation or aeration NATURAIR Dummy

Direct profit DIRPROFIT Dummy

Solar water heater SOLWATHEAT Dummy

Air tower AIRTOWER Dummy

Blanco wall system BWALLSYS Dummy

Container of water CONTWATER Dummy

Convective loop CONVLOOP Dummy

Evaporation unit EVAPUNIT Dummy

Ice banks ICEBANK Dummy

Rock bed ROCKBED Dummy
3. Methodology

The goal of this work is to develop a regression model

linking energy efficiency to a number of independent

variables including geographical location, climatic condi-

tions (that determine heating and cooling requirements),

buildings characteristics (including area and volume) and a

number of alternative passive technologies used in biocli-
matic architecture (such as shading, thermal storage walls

and greenhouses).

A sample of European bioclimatic buildings is

assembled; data collection is carried out using question-

naire-based interviews (for buildings in Greece), project

reports, monographs, textbooks, journal papers and various

online sources (for buildings in the rest of Europe). Our work

is carried out in the following phases:
1. D
ata description: In this phase, we graph and tabulate

building types, buildings per country and area (e.g.

Mediterranean versus rest of Europe), passive technol-

ogies, energy performance per building type etc.
2. M
odel formulation: In this phase, based on our a priori

expectations, we hypothesize a linear functional form for

the model and investigate the relationship of independent

variables to energy efficiency (via scatter plots, correla-

tion coefficients and auxiliary regressions) in order to

develop alternative model specifications.
3. M
odel estimation: Finally, we estimate and compare

these alternative model specifications in order to select

the best model. Then we discuss implications born by our

model on the state of the art.

Minitab version 14.12 was used for graphing and Minitab

with SYSTAT version 10.2 were used for statistical analysis.
4. Data description

Data were collected for 77 buildings as shown in Table 1.
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Fig. 1. Buildings per country. Fig. 3. Buildings per type and area.
Energy efficiency is equal to the percentage of saved by a

energy building built on bioclimatic principles. Also, we

express degree days and sun hours into degree months and

sun days, respectively in order to improve scaling of data;

building area and volume are expressed in thousand m2 and

m3, respectively for the same reason. Finally, we calculate a

new variable, named height proxy, as volume over area of

building; taller and leaner structures will tend to have higher

values while stubby structures will tend to have low values

of the height proxy variable.

The number of buildings per country and building type is

shown in Figs. 1 and 2. Greece (29 buildings or 38% of the

total) and Netherlands (10 or 13%) were represented with

the largest number of data points in the sample; all other

countries were represented with less than 8 buildings each.

As shown in Fig. 2, most buildings (45 or 58.4%) were
Fig. 2. Buildings per type.
homes while 8 (10.4%) were schools (one was characterized

as educational center).

A breakdown of buildings to those in the Mediterranean

(including Greece, Italy, Spain, the South France and

Portugal which, although it does not border the Mediterra-

nean, has Mediterranean climate) and all other European

countries is shown in Fig. 3. Average energy efficiency was

about 68% with a minimum of 19.6% and a maximum of

100%; its distribution is shown in Fig. 4.

Figs. 5 and 6 indicate the spread of efficiency values

among countries and building types; black dots indicate the

efficiency of individual buildings (per group) while grey bars

indicate the average efficiency of each group. Fig. 5 shows

that average efficiency varied by country, being highest in

Switzerland (represented by a single data point) followed by

Spain (7 data points) and Greece (29 data points). Fig. 6

shows how average efficiency varied by building type,
Fig. 4. Distribution of energy efficiency.
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Fig. 5. Average efficiency per country. Fig. 7. Energy efficiency vs. latitude by country and area (R = �0.342;

p = 0.002).
appearing to be higher in public use buildings (although

these were represented by very few data points: one

educational center, two gymnasiums, one day nursery, one

hostel and one bank); efficiency in schools (8 data points)

was rather low while homes were characterized by the

widest range of efficiency values.

Turning now to the relationship of energy efficiency to

explanatory variables, Fig. 7 shows that energy efficiency

was negatively associated with latitude: as one moves to the

north, further away from the equator, energy efficiency falls

(Pearson correlation coefficients and associated uncorrected

p-values for the hypothesis test of the correlation coefficient

being equal to zero are shown in parentheses). Fig. 8 shows a

similar plot for altitude; there is a clustering of points in

relatively low altitudes (below 200 m) and the correlation is

insignificant.

Energy efficiency was positively associated with both

January and July ambient temperatures, shown in Figs. 9
Fig. 6. Average efficiency per building type.
and 10. The correlation appears to be a bit stronger in the

case of ambient temperature for January although both were

statistically significant.

We note that if the unusual isolated data point appearing

in the lower left of Fig. 10 was excluded, the correlation

coefficient of energy efficiency and July ambient tempera-

ture would be equal to 0.239 (p = 0.066).

Fig. 11 shows a rather strong positive association between

energy efficiency and degree days (expressed in months).

Similarly, Fig. 12 shows a moderately strong positive

association between efficiency and sun hours (expressed in

days); again, if the unusual building in the lower left of the

figure were excluded, R would be equal to 0.378 (p = 0.003).

Overall, degree days render the strongest association with

energy efficiency among all locational and environmental

variables.

We now turn our attention to building characteristics.

Fig. 13 shows a weak negative association between energy
Fig. 8. Energy efficiency vs. altitude (R = �0.026; p = 0.828).
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Fig. 9. Energy efficiency vs. January ambient temperature (R = 0.397;

p = 0.002).

Fig. 10. Energy efficiency vs. July ambient temperature (R = 0.274;

p = 0.032).

Fig. 11. Energy efficiency vs. degree months (R = �0.494; p = 0.000).

Fig. 12. Energy efficiency vs. sun days (R = 0.415; p = 0.001).
efficiency and building area (a Greek hospital with an area of

70,000 m3 was excluded); if this hospital were included in

computations, R would be equal to �0.228 (p = 0.073) as

shown in Table 3. Similarly, Fig. 14 shows a weak positive

association of efficiency and building volume. In both of

these figures, there is a clustering of points towards smaller

values of the x-axis.

Fig. 15 shows that the height proxy variable was

positively associated with energy efficiency and the

correlation coefficient was larger than in the case of the

previous two building characteristics; yet we note that it

appears that the variation in energy efficiencies increases

with diminishing values of the height proxy.

We now turn out attention to passive solar technology

characteristics. Data for binary (dummy) independent

variables that represent the presence of absence of specific
Fig. 13. Energy efficiency vs. building area (R = �0.070; p = 0.587) (one

very large building excluded).
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Fig. 14. Energy efficiency vs. building volume (R = 0.187; p = 0.204).

Table 2

Passive technology variables

Variable Yes % No %

GREENHOUSE 30 53.6 26 46.4

SHADING 32 57.1 24 42.9

THSTORWALL 21 37.5 35 62.5

NATURAIR 49 87.5 7 12.5

DIRPROFIT 51 91.1 5 8.9

SOLWATHEAT 5 8.9 51 91.1

AIRTOWER 1 1.8 55 98.2

BWALLSYS 1 1.8 55 98.2

CONTWATER 1 1.8 55 98.2

CONVLOOP 1 1.8 55 98.2

EVAPUNIT 1 1.8 55 98.2

ICEBANKS 1 1.79 55 98.2

ROCKBED 1 1.79 55 98.2
passive technologies were available in 56 out of 77

observations and are presented in Table 2.

Based on the frequency of occurrence of their values in

our sample, only the following may be of use in our

investigation:
1. g
reenhouse,
2. th
ermal storage wall,
3. s
hading,
4. n
atural aeration (possibly),
5. d
irect profit (possibly),
6. s
olar water heater (possibly).

Average energy efficiency values among presence/abs-

ence of passive technologies are shown is Figs. 16–21 (two-

sample t-tests with their associated two-tail p-values are

indicated in parentheses).
Fig. 15. Energy efficiency vs. height proxy (R = 0.247; p = 0.090).
Surprisingly, the presence of greenhouses, thermal

storage walls and natural aeration schemes seems to be

associated with slightly lower energy efficiency values; this

may well be a spurious effect caused by the distribution of

values in our non-random sample, which is difficult to

control. On the other hand, shading, direct profit and solar

water heater technologies appear to be associated with larger

efficiencies, as expected. In all of these cases, as t-test results

indicate, none of the differences in efficiencies are

statistically significant although, as in the case Figs. 20

and 21 this may be an artifact of unequal distribution of

buildings among passive technology groups.
5. Model formulation

Having looked at a priori expectations based on literature

findings and having described the distribution and correla-

tion of dependent and independent variables, we now

examine statistical measures of interest in formulating our

model. Table 3 shows Pearson correlation coefficients
Fig. 16. Average efficiency among greenhouse groups (t = 0.22; p = 0.828).
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Fig. 17. Average efficiency among thermal storage wall groups (t = 0.33;

p = 0.744).

Fig. 19. Average efficiency among natural aeration groups (t = 0.12;

p = 0.904).
between energy efficiency and quantitative independent

variables (missing values were deleted pairwise and values

in parentheses represent uncorrected probabilities resulting

from testing the significance of the coefficients); in the case

of building area, two correlation coefficients are computer:

one for all the values (M2_1000) and one when the large

hospital is excluded (M2_1000 < 70). On one hand, strong

correlation between energy efficiency (the dependent

variable) and the other variables (independent variables)

provide additional support to our prior expectations and

provide a supplemental guide as to which independent

variables may be included in our model; on the other hand,

strong correlations between independent variables, indicate

independent variable pairs that are likely to create

collinearity problems in a regression model and should

thus be avoided or used with caution.

As already shown in Figs. 7–15, the following environ-

mental variables are significantly associated with energy

efficiency (correlation sign shown in parentheses):
Fig. 18. Average efficiency among shading groups (t = �0.31; p = 0.760).
- la
Fi

p

titude (�),
- a
mbient temperature of January (+) and ambient

temperature of July (+) although the January temperature

displays a stronger association,
- d
egree months (�) is the environmental variable that

displays the strongest association with performance,
- s
un days (+) is also strongly associated with energy

efficiency.

Regarding building characteristics:
- T
he correlation of building area (�) with energy efficiency

is marginally insignificantly (at a 7.3% significance level)

but if we exclude a large Greek hospital it becomes very

insignificant (R = �0.070; p = 0.587).
- V
olume (+) is not significantly associated with energy

efficiency.
- H
eight proxy is positively (+) but not significantly

associated with energy efficiency (91% confidence level)
g. 20. Average efficiency among direct profit groups (t = �0.75;

= 0.497).



A.F. Tzikopoulos et al. / Energy and Buildings 37 (2005) 529–544 537

Fig. 21. Average efficiency among solar water heater groups (t = �1.07;

p = 0.344). Fig. 22. Degree days vs. January and July temperatures.
although its correlation value is higher than those of area

and volume.

The following independent variable pairs appear to be

strongly correlated with one another, precluding their si-

multaneous inclusion in a regression model:
- W
ith the exception of altitude, all environmental variables

(latitude, degree days, sun hours and both temperatures)

are very strongly (p = 0.000) associated with one another,

therefore only one could be safely used in a regression

model; combinations that could be attempted with caution

are (in order of preference):

i sun hours with January ambient temperature

(R = 0.751),

ii sun hours with July ambient temperature (R = 0.794),

iii January and July ambient temperatures (R = 0.806),

iv degree months with sun days (R = �0.823), an

appealing combination because degree months is

associated with cold weather while sun days is

associated with sunny weather.
- A
rea and volume are strongly associated (R = 0.893) and

could only be used jointly with great caution.
- T
he height proxy is significantly associated with building

area (R = 0.309; p = 0.003) but the value of the correlation

coefficient is rather low so they could probably be used in

the same model.
- T
he height proxy is more significantly associated with

building volume (R = 0.568; p = 0.000) but, again, the

value of the correlation coefficient is relatively low so we

could attempt to include them in the same model.

Since individual correlation coefficients only show ass-

ociation between pairs of variables, in order to anticipate

multicollinearity effects, we employ auxiliary regressions

each independent variable as a function of the rest, shown in

Tables 4 and 5.
The following conclusions may be drawn from Table 4:
- O
f all the independent variables, latitude is the most

highly explained by the temperature variables, sun hours

and altitude and will present multicollinearity problems

(especially in relationship to one of the temperature

variables and sun hours); it could coexist with altitude and

degree days.
- A
ltitude is not likely to present multicollinearity

problems.
- T
he temperature variables are strongly related to one

another and will present multicollinearity problems

especially with latitude and sun hours; the January

temperature should be preferred.
- D
egree days will be somewhat collinear with any of the

temperature variables (although less so with the July

temperature as shown in Fig. 22); it could coexist with

latitude, altitude and sun hours.
- S
un hours appears to be the variable with variation least

explained by the others but it will present multicollinearity

problems when present with latitude and the temperature

variables (especially July temperature); sun hours could

coexist with degree days.

Looking at building characteristics, the following con-

clusions may be drawn from Table 5:
- H
eight proxy is the least likely to present multicollinearity

problems, especially with building area.
- B
oth building area and volume are very highly related to

one another and will present multicollinearity problems

with height proxy.

5.1. Model estimation

Alternative regression models estimated are shown in

Tables 6–8. We start from simple models and we progress to
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Table 3

Correlation coefficients (p-values in parentheses)
more inclusive multiple regression models so that we may

examine changes in coefficient values or when multi-

collinearity effects become present.

Table 6 shows models with independent variables

selected among environmental factors that we expect to

be the strongest predictors. Table 7 adds building

characteristics while Table 8 shows models that, in addition

to the previous variables, include passive solar technology

dummy variables. Underneath the model number in these

tables, we show the number of observations (buildings) on
Table 4

Auxiliary regressions of locational and environmental variables (t-values of slop
which the model was estimated (n) and the number of

observations that were omitted due to missing values in

some of the variables (nM). Before we embark on a more

detailed discussion of alternative models, it must be kept in

mind that since these models were estimated on cross

sectional (rather than time series) data, relatively low R2

values in the order of 0.4–0.5 may be regarded as quite

satisfactory.

Since degree days (DEGRMONTHS) is both theoreti-

cally appealing and the environmental variable most
e coefficients in parentheses)
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Table 5

Auxiliary regressions of locational and environmental variables (t-values of

slope coefficients in parentheses)
strongly associated with energy efficiency, we estimate at

first a lean model incorporating degree months as the only

explanatory variable (Model M1 in Table 6). As expected,

we get a model with a very significant negative coefficient

for degree days and a rather low R2 (0.244) since many more

factors determine the energy efficiency of a building; yet it is

interesting to note that one fourth of the variability in energy

efficiency values in our sample is explained by degree days

alone.

Model M2 in Table 6 adds sun hours (SUNDAYS), found

to be the most appropriate variable to try with degree days, to

the previous specification. Although the fit of the model

improves a little (adjusted R2 increased from 0.23 to 0.247)

and the coefficient of sun hours has the expected sign (+), the
Table 6

Alternative energy efficiency regression models (environmental characteristics)
coefficient of degree days changed from �0.301 to �0.105

and became insignificant possibly due to collinearity with

sun hours (indicated by variance inflation factors or VIFs

equal to 3.1). Throughout our analysis we regard VIF values

less than 5 as somewhat indicative of multicollinearity

problems but acceptable, values between 5 and 10 indicating

a larger problem but possibly acceptable and values larger

than 10 unacceptable [42].

As a last effort at adding a second quantitative

environmental variable to degree days, based on our

auxiliary regression results, we add ambient temperature

in July (AMBTEMPJUL, model M3 in Table 6). The

resulting model gives a fit inferior to M2 and about equal to

M1 (judging from s, the standard error of the estimate and

R2-adjusted values) and although the coefficient of degree

days bears the expected sign (�), that of July temperature

appears to be negative, contrary to our expectations and to

the sign of the corresponding correlation coefficient. Since

VIF values now equal 5, this may be due to collinearity

between the two independent variables.

Finally, we add a dummy variable (MEDITERRANEAN)

to distinguish between buildings located in the Mediterra-

nean (Greece, Italy, Spain, the south of France and Portugal)

and those in the rest of Europe in order to account for

climatic conditions that are specific to the Mediterranean

region and may not be captured by degree days (e.g. lack of

temperature extremes, humidity, breeze); it should be noted

that the difference in efficiencies between buildings in the

Mediterranean and those in the rest of Europe is statistically

significant (two sample t = 2.65; p = 0.10). The resulting

model M4 gives a fit almost identical to M1 although none of
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Table 7

Alternative energy efficiency regression models (environmental and building characteristics)
the coefficients is statistically significant and the VIFs equal

3; the coefficient of degree days equals �0.2 (compared to

�0.3 in model M1) while the Mediterranean dummy has a

coefficient of 8.21 (indicating the average energy efficiency

gain for buildings located in the Mediterranean).

All in all, among the models incorporating environmental

variables only, we deem that the lean specification

represented by M1 is best although we also like model

M4 because it appears to be consistent with our expectations

(despite the fact that none of the coefficients is statistically

significant).

We now proceed to adding building characteristics to our

lean model (M1) and possibly to M4. To investigate the

effect of building size on energy efficiency, in model M5

(Table 7) we start by adding building area (M2_1000) to

degree days and achieve both an improvement in adjusted R2

(from 0.230 for M1 to 0.282 for M4) as well as statistically

significant negative coefficients for both independent

variables; the specification appears to be valid since the

coefficient of degree days is �0.310, very close to the value

�0.301 in model M1, while the coefficient of building area

is �0.550, indicating that buildings with larger area tend to
be less energy efficient (a plausible finding) and VIFs are

unity, indicating absence of collinearity. We conclude that

model M5 is an improvement over model M1.

We now consider adding more building characteristics

to M5, our best model so far. On statistical grounds alone,

replacing building area with volume does not appear to be

an attractive idea since building volume is not significantly

associated with energy efficiency. Therefore, in model M6,

we add building volume to building area and obtain a much

better fit (adjusted R2 equal to 0.425, up from 0.282 in M5,

and a significant reduction of s from 17.012 to 15.257)

although there is a very large change in the coefficient of

building area (from �0.550 in model M4 to �10.5).

Although part of this unwelcome change may be due to

collinearity between the two building variables, indicated

by relatively high VIF values (5.1 and 5.2), we think that

the effect of collinearity is not overly large since both

coefficients are statistically very significant. The coeffi-

cient of building volume is positive (2.78), in agreement

with the correlation coefficient between energy efficiency

and building volume (0.187), indicating that buildings with

larger volume tend to be more energy efficient. Based on
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Table 8

Alternative energy efficiency regression models (including passive technology characteristics)
these findings, we tend to believe that, despite some

collinearity between building area and volume, we have

encountered a real negative effect of building area and a

real positive effect of building volume on energy

efficiency.

An alternative way of incorporating the effect of both

building characteristics would be to include the height proxy

variable (HEIGHTPROXY) either by itself (model M7) or

with building area (model M8). Both of these models give

better fits than M5 (adjusted R2 values equal to 0.366 and

0.363 in M7 and M8 correspondingly, up from 0.282 in M5)

although not as good as M6 that includes both area and

volume (R2 = 0.425); on the other hand, the coefficient of

height proxy in M7 is not significant while the coefficient of

building area in M8 has also become insignificant

(maintaining the correct sign). Among M7 and M8 which

perform similarly, we prefer the leaner specification of M7

that accounts for both building characteristics without any

collinearity problems and, due to the positive coefficient of

height proxy, implies an interesting (if weak) effect that

taller and leaner structures are more energy efficient.

Therefore, we think that model M7 is a better model than M5

(and possibly M6).

In model M9 we make another effort to incorporate the

effect of unaccounted climate characteristics by adding the

Mediterranean dummy to M6 and get our best model fit so

far. R2 adjusted increases to 0.461 (s is reduced to 14.764),

the coefficients of both building volume and area remain

statistically very significant (and relatively close in value to

those in M6) and the coefficient of the Mediterranean

dummy is close to 95% significance; on the other hand, the
coefficient of degree days changes to �0.132 and becomes

insignificant possibly due to collinearity with the Medi-

terranean dummy (VIFs equal to 3.2 and 3.4 correspond-

ingly). To avoid collinearity between building area and

volume we also try model M10 in which we replace building

area and volume with height proxy. R2 adjusted falls to 0.37

(s equal to 15.961) and although VIFs are relatively low, the

coefficients of the Mediterranean dummy and height proxy

are insignificant. Therefore, despite the minor problems in

M9, since all the variables enter the equation with correct

signs and most coefficients are statistically significant, we

think it is a good model.

In conclusion, we think that our best model thus far is

model M9, which accounts for the effect of degree months,

location in the Mediterranean, building area and building

volume. We keep in mind that in incorporating a

Mediterranean dummy we allow a degree of overlap with

degree months but we feel certain that climatic conditions

endemic in the Mediterranean region exert additional

influence on the determination of energy efficiency. We

also keep in mind that building volume and building

area are collinear but it appears that the problem is not so

severe as to impair our specification; replacing these

variables with their ratio (height proxy) avoids colline-

arity problems but the effect is not as statistically

significant.

We now turn our attention to the group of dummy

variables representing the presence (or absence) of specific

passive solar technologies. We remember that due to their

frequency distribution in our sample, only greenhouse,

thermal storage wall, shading and possibly natural aeration,
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direct profit and solar water heater will be used. Alternative

models are shown in Table 8.

At first we add to M9, our best model thus far, all dummy

variables with enough non-missing values. The model fit is

quite good, as expected with so many independent variables,

although not as good as that of M9. The coefficient of degree

months changes from �0.132 (in M9) to �0.127 and

remains insignificant (albeit with the correct sign). The

coefficient of the Mediterranean dummy is increased from

15.7 (in M9) to 18.9 and becomes significant (p = 0.029),

showing location in the Mediterranean area to exert the

strongest influence on energy efficiency among all

independent variables examined. Building area and volume

have expected coefficient signs and values relatively close to

those of M9 (both very significant). There are some rather

surprisingly issues with the passive technology dummies.

First of all, only three of these (greenhouse, direct profit and

solar water heater) enter the regression equation with a

positive sign (i.e. positive influence on energy efficiency);

the other three (thermal storage wall, shading and natural

aeration) have negative coefficients. Yet, none of the six

coefficients is statistically significant although that of

thermal storage wall is more significant than the others

(p = 0.187).

Since we get insignificant results, we decide to drop the

natural aeration, direct profit and solar water heater from

further consideration (since they only have few values in one

of the two categories) and, since VIF values are low,

maintain greenhouse, thermal storage wall and shading.

Thus, we obtain model M12. As indicated both by s and R2

adjusted, M12 is better than M11. Of the three remaining

passive technology dummies, thermal storage wall is the

most significant (p = 0.155). Retaining this dummy, we

obtain model M13 that is a further improvement from M11

(again judging from s and R2 adjusted). The coefficient of

degree months has become �0.14 (p = 0.227) while that of

the Mediterranean dummy 16.6 (p = 0.037); this compares

to a coefficient of degree days about equal to �0.3 when it

was the only environmental independent variable and we

think this change is reasonable (although some of it is caused

by correlation among degree days and the Mediterranean

dummy). The coefficients of building area and volume are

equal to �11.8 and 2.64, respectively, both very significant;

these values compare well with those of models M6 and M9.

We are intrigued by the negative coefficient of the

thermal storage wall dummy (�7.6) that is significant at a

90% confidence level. This implies that the presence of

thermal storage walls in a bioclimatic building may in fact

reduces overall energy efficiency; this may be possible if

energy efficiency losses by the presence of thermal storage

walls in the summer, for instance, are greater than energy

efficiency gains in the winter. Given that similar negative

coefficients were found in the case of shading and natural

aeration, we think that this implication is serious enough to

warrant further investigation with a larger data set

incorporating more information.
In concluding our analysis, we propose model M13,

shown below, as our best model.

EEFFICIENCY ¼ 74:8 � 0:14 DEGRMONTHS

þ 16:6 MEDITERRANEAN

� 11:8M2 1000 þ 2:74M3 1000

� 7:6 THSTORWALL

ðs ¼ 14:427;R2 ¼ 0:54Þ

As indicated by R2, M13 explains 54% of the variation in

energy efficiency values, a satisfactory percentage if one

considers that this was a cross sectional study on a relatively

small sample as well as that, no doubt, many more factors

determine energy efficiency than those included in our data.
6. Conclusions and recommendations

The analysis carried out in this work leads to the

following conclusions:
- E
nvironmental conditions (as measured by degree days

and location within the Mediterranean) are the most

important determinant of energy efficiency. On one hand,

degree days that determine the need for heating, are

inversely related to energy efficiency (more energy

efficient buildings are built in warmer climates); accord-

ing to our best model (M13), approximately 50 degree

months (about 1500 degree hours) decrease energy

efficiency by 7%. On the other hand, the location of

building within the Mediterranean adds an average of

about 17% to energy efficiency.
- B
uilding area and volume have a significant impact on

energy efficiency. On one hand, buildings with larger floor

space are characterized by smaller energy efficiency

values (about 12% lower for every 1000 m2). On the other

hand, buildings with larger volume rather surprisingly

tend to be more energy efficient, adding about 2.7% for

every 1000 m3. Replacing both of these variables with

their ratio (volume over area, to avoid collinearity)

confirms that buildings with a larger ratio of volume to

floor space (sort of a proxy for building height) are

characterized by larger performance. In other words, it

appears that taller and narrower buildings are more energy

efficient, an interesting finding since it does not appear to

be caused by the employment of different passive solar

technologies (although it may well be caused by using

more such technologies).
- F
inally, the use of different passive technologies does not

seem to affect energy efficiency significantly (although,

sadly, we did not have any data on how these technologies

were used and maintained). Since only three technology

dummy variables had sufficient nonzero values, we were

able to conclude that the presence of thermal storage walls
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decreased energy efficiency (at a 90% significance level)

by 7.6%. Shading was also found to exert a negative

influence on energy efficiency but its coefficient was not

significant. We think that while the owner of a plot who

wishes to built a bioclimatic house and the architect who

designs it, may share the wish to add selected technologies

that increase convenience in certain times of the year, in

fact some of these technologies may increase overall

energy consumption and therefore CO2 emissions; in fact,

heating has traditionally been regarded as a priority over

cooling [15] and this may very well explain why thermal

storage walls appear to reduce energy efficiency. All in all,

the fact that some passive technologies may in fact

decrease overall energy efficiency (by adversely affecting

it during summer months for example) is an intriguing

finding that needs verification with a bigger data set that

would include more information.

The implications of our work concern architects and e-

ngineers involved in the design and construction of biocl-

imatic houses, their prospective clients as well as policy

makers. On one hand, the model developed is a novel tool

that may be used by architects and engineers to predict

energy efficiency for buildings in the design phase. On the

other hand, it may be of use to government and institutional

bodies that control and regulate construction on a regional or

national level since the model may be used to predict ag-

gregate energy savings and reduction of CO2 emissions and,

thereby, target new regulations more accurately; interest-

ingly, Steele [43] as quoted by Knowles [44], warns that

bioclimatic or sustainable architecture will eventually ‘‘be

forced upon architects’’ by an ‘‘overwhelming confluence of

ecological, social and economic forces.

Suggestions for further research include:
- M
ore specific information on individual buildings needs to

be collected such as urban or suburban location; street and

building orientation; orientation, number and area of

openings (doors and windows); number of floors; type of

roof.
- M
ore study needs to be carried out on the effect of passive

solar technologies since important information (such as

number, area or volume of passive elements) was lacking

in our data set; yet, based on our experience with gathering

these data, procuring such detailed information for

individual buildings is a non trivial task that requires a

significant investment of time.
- C
luster analysis could be used to confirm grouping of

buildings into categories such as Greece, rest of

Mediterranean, rest of Europe. Such an effort would be

more useful if a larger data set with more information (as

outlined in previous suggestion) became available. In such

a case, models similar to M13 could be run on each group

separately in order to compare the effect of each

independent variable. Also, we would be able to under-

stand better the effect of specific technologies (such as
thermal storage walls) in environments of specific

bioclimatic type (such as thermo, meso-Mediterranean

or supra-Mediterranean).
- O
n the other hand, it would be interesting to analyze a

more homogeneous group of buildings, houses for

example, possibly with the additional information

proposed in previous suggestions.
- F
inally, we expect the way a bioclimatic buildings is used

to be a major determinant of energy efficiency. When users

are careless (for example, in failing to close openings, not

using tents and drapes, failing to maintain systems) energy

savings are not realized. Educated and mindful users help

realize the full energy savings potential of a bioclimatic

structure. While gathering actual usage information

should be quite difficult, interviewing users to check

their education level regarding bioclimatic technologies,

document their daily practices in using the building and

assess their satisfaction with its performance, should

render interesting information that would allow the

development of a better model.
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