
Energy & Buildings 165 (2018) 399–415 

Contents lists available at ScienceDirect 

Energy & Buildings 

journal homepage: www.elsevier.com/locate/enbuild 

Improvement of energy performance metrics for the retrofit of the 

built environment. Adaptation to climate change and mitigation of 

energy poverty 

Celina Filippín 

a , Silvana Flores Larsen 

b , ∗, Florencia Ricard 

a 

a CONICET, CC302 Santa Rosa, La Pampa 6300, Argentina 
b Instituto de Investigaciones en Energía No Convencional (INENCO), Universidad Nacional de Salta – CONICET, Avenida Bolivia 5150, Salta 4400, Argentina 

a r t i c l e i n f o 

Article history: 

Received 23 October 2017 

Revised 14 December 2017 

Accepted 20 December 2017 

Available online 30 December 2017 

Keywords: 

Energy retrofit 

Clustering 

Principal components analysis 

Energy poverty 

Climate change 

a b s t r a c t 

Energy retrofit of existing buildings was highlighted as an efficient massive action to decrease energy con- 

sumption and emissions of greenhouse gases. But, detecting the optimal retrofit strategies for groups of 

buildings is nowadays a highly complex problem. Their energy consumptions are influenced by building- 

related factors (climate, building envelope, building services and systems) and by user-related ones (build- 

ing operation and maintenance, occupant behavior, and indoor environmental quality). Detecting the con- 

tributions of each factor and grouping buildings with similarities –in order to establish similar retrofit 

strategies – are the main issues that can be faced by statistical multivariate methods. In this paper, we 

present a new and broader view to propose retrofit strategies adapted to a climate change scenario and 

analyzed from the economic and energy-poverty points of view, by using multivariate and clustering 

techniques that include building-related and user-related metrics influencing the energy consumption of 

groups of buildings. A group of 10 single-family houses in Argentina were selected as a case-study. The 

contributions of eleven building-related driving metrics and four user-related ones to the energy consump- 

tion were analyzed. Then, the more representative house of the cluster was selected for a retrofit analysis 

for current weather conditions and for future weather under a climate change scenario. The analysis also 

included an economic assessment in relation to the energy poverty. The higher CV values found in the 

user-related metrics highlight the influence of occupants in the energy consumption that can result in 

huge gaps between real and predicted energy performance of buildings. This holistic study contributes 

to reveal the internal structure of energy consumption and to generate useful knowledge about energy 

retrofit of the built environment in cities, particularly for those householders which are more susceptible 

to suffer the adverse effects of energy poverty and climate change. 

© 2018 Elsevier B.V. All rights reserved. 
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. Introduction 

The building sector is one of the main actors responsible for

nvironmental problems, as it uses about 40% of global energy and

mits about 30% of world’s greenhouse gases. The energy retrofit

f the existing building stock is nowadays recognized as an effec-

ive action to reduce energy consumption and emissions of green-

ouse gases in order to contribute to environmental sustainability

33] . Moreover, it is known that the demand for renovation and

nergy retrofitting will peak in the coming decades [26] . While

etecting the optimal retrofit strategies for one single building

as extensively studied in the literature, detecting the most influ-
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ncing retrofit measures for sets of buildings is still a challenge

17,26,42] . To do this, groups of buildings sharing similar charac-

eristics must be identified. In the past, the conventional group-

ng was based either on descriptive parameters called building-

elated metrics (age, type, building envelope, climate, etc.) or on

he current performance called user-related metrics (energy con-

umption, building operation and maintenance, occupant behav-

or, and indoor environmental quality). But in fact, as highlighted

y IEA [20,21] , both are so highly interconnected that the analysis

ust be made including all factors together. In this case, a useful

echnique to deal with multivariate metrics is Principal Components

nalysis (PCA), which allows detecting model data correlation and

lso determining dominant variables, tendencies, outliers, groups

nd similarities, in particular for small number of buildings and/or

arameters which are not normally distributed. This technique was

https://doi.org/10.1016/j.enbuild.2017.12.050
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successfully applied into a variety of building types and climates

[16,29,30,32] . 

The next step, once the main influencing metrics were detected,

is to classify buildings into groups of similar characteristics. The

application of Hierarchical Clustering (HCA) allows setting clusters

of buildings that shares similar metrics. Thus, as highlighted by

Geyer et al. [17] , the development of retrofit strategies for clusters

instead of individual buildings facilitates more effective strategy

development, compared to dealing with each building individually,

and makes it thus more feasible to address the complete build-

ing stock. Pioneer research on clustering applied to school build-

ings in Greece [35] used collected energy consumption data for a

three years period. Later, a new methodology based on the use of

the principal components analysis (PCA) and clustering was devel-

oped by Gaitani et al. [16] and applied in the Greek school build-

ing stock that allowed identifying sub-groups of school buildings

with similar characteristics and investigating the potential for en-

ergy savings the typical school building of each energy class. PCA

and HCA were used to evaluate historical consumption of natu-

ral gas for heating, between 1996 and 2009, in 72 apartments of

multi-family buildings in La Pampa, Argentina [13] . Only building-

related variables were considered in this study, and the results ev-

idenced both, the relevance of the orientation and location of each

apartment (apartments on extremes or on the top level are the

most exposed to the severity of the climate) and the need of in-

cluding user-related variables in future analyses. Very recently, a

method to cluster buildings based on their sensitivity to different

retrofit measures, focusing on the cost-effectiveness, was presented

by Geyer et al. [17] and applied to a Swiss alpine village. Clus-

tering integrated with and demographic-based probability neural

networks were used to identify and classify occupants’ behavior

–a purely user-related metric- with direct energy consumption out-

comes and energy time use data [7] . The authors claim that, with

qualified and sufficient time use data, the model is capable of au-

tomatically estimating energy consumption of residential buildings

on even larger geographic scales. It is concluded that, while clus-

tering techniques were proved to be a useful tool to classify build-

ings, the use of clustering based on both, user and building re-

lated metrics, and linked to retrofit strategies was not completely

investigated yet. This approach is of major interest for the devel-

opment of retrofit strategies, as it is much easier to make retrofit

decisions for groups of buildings that react similarly to energy ef-

ficiency measures. 

Two more aspects of energy retrofit must be highlighted. The

first one is that retrofit strategies must also consider the socio-

economic challenges associated with the cost of energy retrofitting.

Johansson et al. [26] conclude that, while energy retrofit can re-

duce the energy use of the existing building stock by up to 50%

(relative to 1990), costs associated with renovation and energy

retrofits of multifamily buildings can be problematic, especially

in economically weak suburbs. De Lauretis et al. (2017) [6] sug-

gests that income was detected as an obvious driver of energy

and expenditure intensities, and it is revealed to influence time

use as well. In this context, the “energy poverty” concept is rel-

evant. It is defined as the situation when households cannot af-

ford the cost of energy to meet their daily needs or when they use

an excessive part of their income to pay energy bills at home (in

practice, more than 10%). While in Europe about 50 million peo-

ple has been estimated are fuel poor, in Latin America this value

reached 211 million in 1999 [4] from which 63% live in cities. In

this context, energy retrofitting of housing arises as an important,

viable and sustainable solution for energy poverty in the long run

(Tirado [3,27,34,40] ). In the same line, Santamouris [37] claims that

improvement of the energy efficiency of buildings would help to

eliminate energy poverty. As shown, there is a general consensus

that improving energy efficiency through building retrofit strategies
ould significantly reduce energy consumption and minimize vul-

erability to unexpected changes in the family income or to grow-

ng energy costs. 

The second aspect of energy retrofit is related to the climate

hange scenario. World Health Organization [43] advertises that

ities are vulnerable to adverse effects of climate change on health

nd that these effects will be strongly localized, with different risk

rofiles in each country and regions. In central Argentina the cli-

ate change has being noticed in the last years. The Second Na-

ional Communication of Climate Change [38] reports that, during

he XX century, the precipitation levels in this region increased

round 40% and the conditions of the summer noticeably extended

o the autumn [2] . The predictions for 2020–2030 indicate that

he average air temperature will increase around 0.7–1 °C (scenario

2 of IPCC, Intergovernmental Panel on Climate Change) and that

he outdoor minimum temperatures in winter will grow around

.7 °C. It is also expected an increase of the periods with extreme

eat waves in summer and increases between 1.8 °C and 4.5 °C
n the mean temperature for 2080 [11] . Thus, the local and global

limate change will seriously affect the future energy consump-

ion of buildings, and retrofit strategies must be assessed for this

ew future climate scenario. There is a consensus that, due to the

arge variations found in the relationship between climate change

nd building energy consumption, it is important to assess cli-

ate change impacts at local scales, and that adaptation/mitigation

trategies must be tailored to different building types [1,19,36] . 

The goal of this article is to present an integrated methodol-

gy that includes multivariate and clustering techniques (PCA and

CA) for both, detecting the main building-related and user-related

etrics influencing the energy consumption of a group of build-

ngs, and proposing retrofit strategies analyzed from the economic

nergy-poverty point of view and under a climate change scenario.

his is a new and broader vision of how decisions on retrofit of

roups of buildings could be made. A group of 10 single-family

ouses in La Pampa (Argentina) was used as case-study. User-

elated variables were accounted for by analyzing the operational

nergy, electricity and gas consumptions -with and without the

resence of users- of the group of buildings, for 50 years period.

ierarchical clustering allowed to group buildings with similarities

nd to select one of them – representative of its own cluster- to

nalyze its energy retrofit for current weather conditions and for

uture weather under a climate change scenario. The analysis also

ncluded an economic assessment in relation to the energy poverty.

n a context of huge housing deficit occurring in most develop-

ng countries, with an average in Argentina of 25.4% (and maxi-

um in the Northwest region of 39%), according to the National

gency of Statistics and Censuses [22] , this study will contribute

o reveal the internal structure of energy consumption data and to

enerate useful knowledge about energy retrofit of buildings un-

er a climate change scenario, particularly for those householders

hich are more susceptible to suffer the adverse effects of energy

overty. Such information can lead decisions in future policies for

etrofit subsidies in developing countries. 

. Methodology 

Fig. 1 shows the methodological framework used in this work.

he analyzed houses constitute the architectural objects – which

re defined by Wikberg and Ekholm [44] as those objects hav-

ng technical, functional and aesthetic properties, representing real

ctivity situations in a design project-. Firstly, a group of single-

amily houses was selected to analyze their energy performance

ariability and the user’ influence by considering two situations:

ithout and with the presence of users, i.e. situations A and B, re-

pectively. Then, a range of building-related and user-related met-

ics (dimensional and morphological; thermal-physical, and en-
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Fig. 1. Methodological framework. 
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Fig. 2. Driving metrics of architectural objects. 

References: 

Useful area (m 

2 ): living area (walls excluded). 

IC: Compacity Index, is the percent relationship between the story envelope ́s 

perimeter and the one it could have if it were circular [28] . 

FAEP: it is calculated like the envelopes surface divided by the covered surface [10] : 

F AEP = ( St + Sm + Sv e + Spu ) /Scu 

where St: total roof surface (m ²); Sm: total wall surface (m ²); Sve: window surface 

(m ²); Spu : door surface (m ²); Scu : covered surface to be heated (m ²). 
G-value (W/m 

3 -K): it is the volumetric heat loss coefficient, that is, the total heat 

loss of a building through the envelope and ventilation divided by the heated vol- 

ume and the temperature at which the loss occurs. It is defined in Argentinean 

IRAM-11,604, [24] Norm as: 

G − v alue = ( 
∑ 

Km · Sm + 

∑ 

Kv · Sv + 

∑ 

γ Kr · Sr + 

∑ 

K p · P · β + 

∑ 

Km · Sm ) /V + 

0 . 35 n 

where Km: thermal transmittance of walls in contact with external ambient (W/m 

2 -K); 

Sm: surface area (m 

2 ); Kv: thermal transmittance of glazing (W/m 

2 -K); Kr: corrected 

thermal transmittance of each envelope element (opaque or transparent) in contact 

with non-heated spaces; γ :0.5 (in contact with heated spaces), γ :1 (other cases); Kp: 

Thermal transmittance of floor (W/m 

2 -K); P:perimeter of the floor (m); β:1 m; 0.35: air 

specific heat (Wh/m 

3 -K); V:volume of heated spaces; n:average air changes per hour 

(ach) . 

Auxiliary energy for heating (kWh/year ) = annual auxiliary heating load calculated 

as [24] : 

AH = N · DD · (G −v alue ) · V/ 10 0 0 

where N : number of hours of the day when the heating system is on; DD : annual 

degree-days for the thermostat set temperature; V : heated volume. 
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rgy consumption metrics) that provides different perspectives on

uilding energy performance was proposed, calculated and statis-

ically described for each house. The next step was grouping the

rchitectural objects in energy classes that shares similar metrics,

y using principal components analysis and agglomerative hierar-

hical clustering. Finally, one house was selected to assess the in-

ervention potential and cost effectiveness of the retrofit in order

o reduce energy consumption for space conditioning. 

.1. Selection of buildings (architectural objects) and driving metrics 

A global and direct observation of homogeneous areas in neigh-

orhoods of low-building density was made in order to detect

ingle-family houses in good conditions. A group of 10 houses -

dentified with an acronym to keep data privacy- with 50 years

ecords of energy consumption was selected. They have a prismatic

orphology, different orientations, no thermal insulation, and high

hermal inertia( > 400 kg/m 

2 , according to the type of building cat-

gories set by the New Method 50 0 0). They were identified as VA 1 ,

A 2 , VA 3 , VA 4 , VA 9 , VA 11 , VA 15 , VA 20 , VA 21 and VB 1 . Two houses

VA 1 and VB 1 ) were extensively monitored and described in detail

n a previous work [12,14,15] . 

Fig. 2 shows the driving metrics that were grouped into

uilding-related and user-related ones, accounting a total number

f 15 variables. These metrics were chosen because they are capa-

le of producing changes in energy consumption (kWh/m 

2 ) in the

nalyzed houses. Table 1 shows the symbols, description and units

sed for the driving metrics, which were studied without and with

resence of users (identified as A and B, respectively). 

Building-related metrics include eleven variables describing di-

ensional and morphological parameters of the houses (calculated

rom the building geometry data), and thermo-physical and en-

rgetic metrics (calculated from thermal properties of materials

nd climate data). In particular, the embodied energy –that can

e the equivalent of many years of operational energy- was esti-

ated from the dwelling’s total cost and its components. Thus our

ork considers the technology components which are integral part
f the masonry horizontal and vertical planes (walls and founda-

ions), horizontal and vertical finish and carpentry which absorb

1.17% of the total construction cost [28] . 

User-related metrics include four variables: operational energy,

atural gas consumption for air heating, natural gas consumption

or cooking and hot water, and electricity consumption. Opera-

ional energy–calculated in the studied houses as the sum of elec-

ricity and natural gas consumptions- depends on the occupants

nd is generally one of the most important resources used in build-

ngs over their lifetime. Data were obtained from the gas and elec-

ricity bills over the 50-year period 1961–2011. The absence of data

n the time series that was solved by using predictions from a ret-

ospective analysis and linear regressions, previously developed in

ilippín et al. [15] , whose results around the operating energy fed

he data needed in the present work. 

After calculating the metrics for each house, the descriptive

tatistics (minimum, maximum and average values, standard devi-

tion and coefficient of variation) together with a Jarque–Bera Test

25] were performed to check if each of the parameters was nor-
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Table 1 

Symbols, description and units of driving metrics according to Fig. 1 . Shading in the last columns indicates the variables used in each 

situation (without and with users). 

Abreviation Units
Users

Without (A) With (B)
Perimeter P M
Useful area UA m2

Volume V m3

Envelope: wall area EAW m2

Envelope: roof area EAR m2

Envelope: fenestration area EAF m2

Ic IC %
FAEP FAEP -
Volumetric heat loss coefficient G-value G W/(m3 K)
Auxiliary heating AH Wh/(m2 year)
Embodied energy EE MJ/m2

Operational energy OE MJ/m2

Natural gas consumption (for air heating) NG (H) kWh/m2

Natural gas consumption (for cooking and 
hot water)

NG (C-HW) kWh/m2

Electricity consumption E kWh/m2
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mally distributed. This is a goodness-of-fit test to check whether

the data samples have the symmetry and kurtosis of a normal dis-

tribution –if all the calculated P-values are higher than the level of

significance α = 0.05, then the parameters are normally distributed.

This allowed us to select the type of statistical analysis to be used

later, minimizing errors in the final conclusion. 

2.2. Statistical methods 

As explained, the use of multivariate techniques allows de-

tecting behavior patterns in dwellings. In this work, this type of

technique is applied to assess the behavior/dimensional parame-

ters variability, with and without the presence of users. Principal

components analysis (PCA) and Hierarchical Agglomerative Clustering

(HAC) were used. Since the analyzed parameters are measured in

different units, standardization of data was considered in order to

homogenize them and also to avoid the emergence of misleading

results due to disparity among absolute values, units and expres-

sions. Thus, variable transformation was carried out by means of

Z = ( x − μ) /σ (1)

This transformation consists in substracting to each datum ( x )

the mean value ( μ) and to dividing the result by the standard de-

viation ( σ ). This “Z punctuations” have mean equal to 0 and stan-

dard deviation equal to 1, eliminating all units between values. 

Pearson ( n-1 ) Principal Components Analysis is a statistical pro-

cedure that uses an orthogonal transformation to convert a set of

observations of possibly correlated variables into a smaller num-

ber of uncorrelated variables called principal components. In this

transformation, the first principal component accounts for as much

of the variability in the data as possible, and each succeeding com-

ponent accounts for as much of the remaining variability as possi-

ble. PCA is performed on a square symmetric matrix. If the vari-

ances of individual variables differ much, or if the units of mea-

surement of the individual variables differ, the usual way is to de-

fine a correlation matrix. Thus, a data matrix X n × p consisting of n

rows x ( i ) of p elements per row, is defined. Each row corresponds to

a house and p is the number of variables measured for this house.

The correlation matrix R p × p is built from: 

R = 

{
r k j 

}
with k, j = 1 , 2 , .....p (2)
here 

 k j = 

cov ( x (k ) , x ( j) ) √ 

var ( x (k ) ) var ( x ( j) ) 
(3)

Because this matrix is symmetrical, it is diagonalizable and its

igenvalues (or characteristic roots) λi verify that: 

p 
 

i =1 

λi = 1 (4)

The eigenvalue for a given factor measures the variance in all

he variables, which is accounted for by that factor. Thus, if a factor

as a low eigenvalue, then it is contributing little to the explana-

ion of variances in the variables and may be ignored as redundant

ith more important factors. Finally, the principal components are

uilt from the base of eigenvectors of the matrix R . In our case, the

ata matrix X of dimension 10 × 15 includes the 15 building-related

nd user-related variables estimated for each one of the 10 houses

nalyzed in this paper. 

Thus, PCA was carried out in order to represent the majority

f the information contained in the original data set, and to in-

erpret the variance of the energy and environmental parameters

hich characterize the different houses, with and without users.

his analysis allowed us to detect the patterns which character-

ze the dwellings’ total variance, particularly focusing on the en-

rgy and functional parameters, both in use and non-use situa-

ions. The initial phase consisted in a correlation analysis among

ll parameters. We applied Pearson correlation coefficients’ analy-

is which assures normality in the variables distribution. The num-

er of principal components was limited to those with an eigen-

alue higher than 1. This decision was made because when car-

ying out the analysis with standardized data, the variance of each

tandardized variable is equal to 1. If one principal component can-

ot explain more variation than a single variable, then it is proba-

le that it may not be important, thus ignoring those components

hose eigenvalues were lower than 1. This made us select those

omponents whose variability percentage was deemed sufficient

or the analysis. When the variance was higher, the data contained

as greater. The subsequent combinations of components were or-

ered in descending sequence according to the variance proportion

n each case. Factorial punctuations and contributions (expressed

s a percentage) for each parameter, and each dwelling, were esti-
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ated for those components with higher variance percentages and

igenvalues. 

Once variables were selected through the PCA, the clustering

rocess started. This process involved the selection of a cluster-

ng algorithm and the determination of the number of clusters

hat will arise. The available clustering algorithms are divided into

ierarchical and no-hierarchical, being the first approach the one

sed in this research. Hierarchical Agglomerative Clustering con-

ists in ordering objects in clusters so that the degree of associ-

tion/similitude among members of the same cluster is stronger

han among members of different clusters. One of the most used

nalyses in hierarchical clustering methods is the centroid method.

ach cluster is defined by the objects that are part of it and its

entroid, that is, the point where the sum of the distances among

ll the data of the cluster is minimized. This analysis was based

n the calculation of a metric distance which defined similarities

nd differences between parameters of the dwellings in situation

f use and non-use. In this case, we used the Euclidean distance d ,

hich is defined in a multidimensional space as: 

(A, B ) = 

√ 

p ∑ 

c=1 

( x ic − x jc ) 
2 

(5) 

here d ( A, B ) is the distance between the elements A and B, and x k 
s the position of the element in the space of p dimensions given

y x k = ( x k 1 , x k 2 , ....., x km 

) . 

The method of analysis was carried out by means of the Ward

ethod (or Minimum Variance Method or Method of Sum of the

quares), which is the most efficient one when trying to get ho-

ogeneous groups. It calculates the distance between two clusters

s the sum of squares between groups in the ANOVA and for all

he variables. In each step, it minimizes the sum of squares within

he clusters over all the possible partitions obtained, combining

wo clusters from the previous step. The new clusters are created

n such a way to minimize the total sum of squares of distances

ithin each cluster. The Euclidean distances were also used to de-

ermine the degree of association. Thus, for disjoint clusters C i , C j 
nd C k with sizes n i , n j and n k , respectively, the cluster distance is

iven by: 

( C i ∪ C j , C k ) = 

n i + n k 

n i + n j + n k 

d( C i , C k ) + 

n j + n k 

n i + n j + n k 

d( C j , C k ) 

− n k 

n i + n j + n k 

d( C i , C j ) (6) 

The hierarchical cluster analysis is characterized by the devel-

pment of a tree structure named dendogram. In our particular

ase, the houses are the items or members of the cluster, with

 set of variables defining the position of each one in the clus-

er. Thus, if the positions of the points representing the houses are

lose to the centroid, they could be considered representative of

hat cluster. This allowed us to identify the different clusters in

ach situation of use. Thus, a classification of dwellings was carried

ut which took into account the energy and dimensional parame-

ers distribution. 

The statistical analyses were performed using the XLSTAT 2015

oftware. 

.3. Cost-benefit analysis of the retrofit 

The annual cost C A of the heating energy of an insulated wall is

iven by Yildiz et al. [45] : 

 A = 

86400 · DD · C f 

( R i + R w 

+ x ins / k ins + R 0 ) LHV ηs 
(7) 

here DD is the annual degree-days, C f is the fuel cost ($/m 

3 or

/kWh depending on the fuel type), R w 

is the thermal resistance of
he wall without the insulating layer (m 

2 K/W), x ins is the thickness

f the insulating layer (m), k ins is the thermal conductivity of the

nsulation (W/m-K), R i and R 0 the inside and outside air film, LHV

s the heating value of the fuel (J/m 

3 or J/kW-h, depending on the

uel type), and ηs is the efficiency of the heating system. 

The analysis of the life cycle cost involves the analysis of the

omponents costs over their useful life. To do this, the total heating

ost over a lifetime of N years is converted to present value by

ultiplying it by the present worth factor PW that depends on the

nterest rate i and the inflation rate g . Therefore, the annual cost of

he heating energy of an insulated building during its lifetime can

e converted to a present value taking into consideration the PW :

 t = C A (P W ) + C ins x ins (8) 

here C ins is the cost of the insulation material in $/m 

3 , x ins the

nsulation thickness in m, and PW is calculated as: 

 W = 

(1 + r) 
N − 1 

r (1 + r) 
N 

for i < g (9)

here r = (g − i ) / (1 + i ) and N the useful life. 

Finally the investments payback period PP in years is estimated

s: 

 P = C ins x ins / A s (10) 

here A s is the amount of the annual savings obtained by adding

he insulation. 

.4. Description of the location, present climate and future climate 

hange in the region 

The study was carried out in the centre of Argentina, in a

id-size city of Santa Rosa (10 0,0 0 0 inhabitants), capital of La

ampa province (36 °27 ′ S, 64 °27 ′ W, 182 m above the sea level).

he Köppen–Geiger climate classification for Santa Rosa is in the

ransition between Cfa and Bsk [31] , that is, temperate arid steppe

limate. The national climate classification is bio-environmental

one IIIa , corresponding to cold temperate with seasonal thermal

mplitudes higher than 14 °C [23] . The present climate characteris-

ics for Santa Rosa are shown in Table 2 . The mean annual temper-

ture is 15.5 °C, with mean minimum temperature in winter about

.6 °C, mean maximum in summer of 31 °C, Mean annual solar ir-

adiance on a horizontal surface is 16.3 MJ/m 

2 , with 8.1 MJ/m 

2 in

inter and 24 MJ/m 

2 in summer. The future climate data used in

his paper was obtained from a previous work [15] . The data set

as generated by simulation from the CMIP5 (Coupled Model In-

ercomparison Project-Phase 5) global climate model under a sce-

ario of RCP4.5 (MRI-CGCM3_rcp45_FC_MM, [39] ). CMIP5 is the

tandard experimental protocol for studying the output of coupled

tmosphere-ocean general circulation models, as established by the

orking Group on Coupled Modeling (WGCM) under the World

limate Research Programme [41] . 

Santa Rosa has shown a marked growth of new building

evelopments in recent years, especially towers of multifamily

ousing with large glazed areas without sunscreens. According

o the Agency of Statistics and Censuses, building refurbishment

nd enlargement grew about 42.8%. Despite this increase, 83%

f all households are single-family homes [22] . An annual in-

rease between 5–6% in residential power consumption was also

ecorded. The average annual consumptions of electricity and gas

re about 2570 kWh/household and 1420 m 

3 /household, respec-

ively [5] . Thus, in average, about 13% of total consumption cor-

esponds to electricity and 87% to natural gas. According to the

as Distribution Company, around 67% of the natural gas con-

umed annually, and around 75% of the gas consumed during win-

er, is used to heat buildings. About 92% of households are con-

ected to the grid. According to 2016 data published by INDEC
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Table 2 

Climatic variables of the city of Santa Rosa (La Pampa). 

Annual Values Temperature Minimum average °C 8.1 

Average 15.5 

Maximum average 23.4 

Relative humidity % 68 

Average annual solar radiation on horizontal surface MJ/m 

2 16.3 

July Temperature Minimum average ºC 1.5 

average 7.6 

Maximum average 13.5 

Absolute minimum -5.9 

Thermal amplitude °C 12 

Wind speed average Km/h 10 

Solar radiation on horizontal surface average ∗ MJ/m 

2 8.1 

Heating degree-days (Tb = 18 ºC) 1545 

January Temperature Minimum average ºC 15 

Average 23.8 

mMaximum average 31 

Absolute minimum 36.4 

Thermal amplitude °C 16 

Wind speed average Km/h 14 

Solar radiation on horizontal surface average ∗ MJ/m 

2 24 

Cooling degree-days (Tb = 23 °C ) 449 

References: Argentine Air Force, National Weather Service, 1992, except solar radiation on horizontal surface [18] . 

Table 3 

Driving metrics value for each architectural object. 

Driving metrics value 

Architectural object P UA V EAW EAR EAF IC FAEP G AH EE OE NG (H) NG (C –HW) E 

VA 1 31 39 141 71 43 14 70 3.3 2.5 312 5419 57,212 278 137 62 

VA 2 36 62 108 89 69 5 82 2.6 4.3 210 4554 26,398 145 70 25 

VA 3 32 50 140 58 50 7 77 2.3 3.0 290 8779 57,118 242 153 21 

VA 4 43 92 229 84 92 18 78 2.1 2.7 130 4109 22,647 112 63 30 

VA 9 42 86 234 89 86 21 78 2.2 2.9 75 3666 21,769 121 44 21 

VA 11 55 90 267 147 103 16 61 2.9 3.7 190 3490 12,884 62 37 33 

VA 15 41 85 220 78 85 29 80 2.3 2.9 194 4578 27,765 162 65 30 

VA 20 50 93 257 54 93 23 68 2.1 2.7 131 4219 25,781 136 81 22 

VA 21 54 75 226 153 75 24 56 3.3 3.5 166 5643 24,491 141 83 26 

VB 1 41 80 190 54 80 16 70 1.9 3.0 95 5364 28,630 110 54 14 

( ∗)Total operating energy in MJ/m 

2 during the period 1961–2011 was obtained from [15] . 
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in 2017, the region under study has 43,019 dwellings, 22.6% un-

der the poverty line (monthly family income about US$ 511) and

4.4% under extreme indigence conditions (monthly family income

about US$ 193). The monthly energy consumption of a conven-

tional dwelling is 8577.5 kWh (70 US$) which takes 14% of the poor

family income and 36.5% of the extremely indigent family income. 

3. Results 

3.1. Driving metrics 

Tables 3 and 4 show the obtained values of the driving met-

rics for each architectural object and the corresponding descrip-

tive statistics (minimum, maximum, average, standard deviation SD

and coefficient of variation CV and Jarque-Bera test). The building-

related metrics have CV values of between 19% and 41% (the high-

est ones for the envelope metrics), in general lower than the CV

values of the user-related metrics. This can be explained by the oc-

cupants who can have large effects on building energy use. Thus,

as expected, operating energy (a user-related variable) presents

a higher coefficient of variation than the embodied energy (a

building-related variable), −46% versus 29%-, as shown in Table 4 .

In average, 16% of the total energy consumption corresponds to the

embodied energy and around 84% to the operational energy. The

high P values ( > 0.05) resulting from the Jarque-Bera test demon-

strated the normality of the analyzed variables. 
A deeper inspection of the embodied energy was made in

ables A1 and A2 . A detail of the embodied energy is shown per

tem (1: Walls and foundation; 2: Bracing; 3: Subfloor without

avement; 4: Roof, 5: Plaster; 6: Paint; 7: Windows and doors)

n Table A1 : it is worthy to note than walls and their foundations

ontribute with 67.4% of the total embodied energy, followed by

he roof with a 16.0%. Carpentry (wooden, metallic, aluminum) on

verage shows a 4% of the total energy content, item that shows

he highest coefficient of variation and probably the one which

efines energy consumption variation/m 

2 . 75 and 16% of the to-

al energy content would correspond to the vertical and horizon-

al envelope, respectively. These values agree with those defined

y Zabalza et al. [46] who estimate about 71 and 18% for the pair

all-foundation and roof respectively. 

.2. Principal components analysis 

The PCA results are shown in Tables 5 and 6 . While nine princi-

al components (PC 1 to PC 9 ) can represent the information in the

ata set ( Table 5 ), in fact only two of them (PC 1 and PC 2 , with high

igenvalues ) are the main contributors in both cases -without and

ith occupants. Thus, their accumulated percentage reaches values

f 78.4 (without occupants) and 77.1% (with occupants), respec-

ively. To know the contribution of each metric to PC1 and PC2,

able 6 was performed. It allows observing significant differences

n both situations. 
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Table 4 

Descriptive statistics of driving metrics. References: SD: standard deviation, CV: coefficient of variation. 

Metrics Min Max Average S (n-1) CV Jarque–Bera test 

Building-related P 31 55 43 8.5 0.19 0.747 

UA 39 93 75 18.8 0.24 0.480 

V 108 267 201 54.2 0.26 0.614 

EAW 54 153 88 35.4 0.38 0.425 

EAR 43 103 77.6 18.0 0.23 0.568 

EAF 5 29 17.3 7.0 0.41 0.470 

IC 56 82 72 8.6 0.11 0.630 

FAEP 2 3 3 0.5 0.20 0.562 

G-value 3 4 3 0.5 0.16 0.424 

AH 75 312 179 77.6 0.41 0.743 

EE 3490 8779 4982 1521.8 0.29 0.051 

User-related OE 12,884 57,212 30,470 14,743.9 0.46 0.341 

NG(H) 62 278 151 64.2 0.40 0.526 

NG(C-HW) 37 153 79 38.1 0.46 0.420 

E 14 62 28 13.0 0.43 0.018 

Table 5 

Eigenvalues and variability contributed by each component in two cases: without and with occupants (A and B, respectively). 

A B 

Eigenvalue Percent of variance (%) Cumulative percentage (%) Eigenvalue Percent of variance (%) Cumulative percentage (%) 

PC 1 4.91 44.62 44.62 7.23 48.19 48.19 

PC 2 3.72 33.82 78.44 4.34 28.93 77.12 

PC 3 1.16 10.53 88.97 1.53 10.17 87.29 

PC 4 0.61 5.59 94.56 1.19 7.91 95.20 

PC 5 0.30 2.76 97.32 0.31 2.04 97.24 

PC 6 0.17 1.56 98.88 0.19 1.24 98.48 

PC 7 0.10 0.91 99.78 0.16 1.08 99.56 

PC 8 0.02 0.14 99.92 0.04 0.27 99.83 

PC 9 0.01 0.08 10 0.0 0 0.03 0.17 10 0.0 0 

Table 6 

Component weights and contributions of the different metrics in two cases: without and with occupants (A and B, respec- 

tively). 

Metrics A B 

Component weights Contribution parameters (%) Component weights Contribution parameters (%) 

PC 1 PC 2 PC 1 PC 2 PC 1 PC 2 PC 1 PC 2 

P 0.945 0.221 18.19 1.31 −0.881 −0.337 10.73 2.61 

UA 0.587 0.788 7.02 16.71 −0.909 0.330 11.43 2.51 

V 0.749 0.538 11.43 7.78 −0.820 −0.014 9.31 0.00 

EAW 0.853 −0.367 14.82 3.63 −0.551 −0.757 4.20 13.20 

EAR −0.490 0.846 4.90 19.22 −0.040 0.961 0.02 21.27 

EAF 0.943 −0.240 18.12 1.55 −0.645 −0.722 5.75 12.02 

IC −0.766 0.341 11.96 3.13 0.380 0.727 2.00 12.19 

FAEP 0.400 −0.824 3.26 18.27 0.138 −0.937 0.26 20.23 

G_value 0.326 −0.318 2.17 2.71 −0.291 −0.332 1.17 2.54 

AH −0.372 −0.825 2.81 18.28 0.781 −0.504 8.45 5.86 

EE −0.511 −0.525 5.32 7.41 0.727 −0.116 7.32 0.31 

OE – – – – 0.968 −0.083 12.97 0.16 

NG(H) – – – – 0.953 −0.136 12.55 0.43 

NG(C-HW) – – – – 0.903 −0.219 11.28 1.10 

E – – – – 0.429 −0.491 2.54 5.56 
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In situation A (without occupants), the main contributors to PC 1 

re the dimensional and morphological metrics: the perimeter (P)

nd the opening area (EAF), with 18.19% and 18.12%, respectively.

he envelope wall area contributes 14.82%, the compacity index

1.96%, and the volume of the architectural object 11.43%. The main

ontributors to PC 2 are the dimensional and morphological metrics

the roof area with 19.22%, FAEP with 18.3% and the useful area

ith 16.7%) and one energy metrics (the auxiliary heat AH with

8.3%). It is worthy to note the irrelevant contribution of the global

oss coefficient ( G-value ) in both components, given that its estima-

ion involves most of the previously mentioned metrics and, in an

ndirect way, the auxiliary heat (AH) whose estimation involves the

-value . Also the contribution of embodied energy is neglectable. 
In situation B (with occupants), the main contributors to PC 1 

nd PC 2 are different than in situation A. The main contributors

o PC 1 are the operative energy (OE, 12.97%), and the natural gas

onsumption for heating (NG(H), 12.55%), followed by the useful

rea (with 11.43% is the only building-related variable). It is wor-

hy to note that, while the percentage contribution of natural gas

onsumption metrics to PC 1 is remarkable, the same is not true

or electricity. The reason is that electricity is responsible for only

1% of the total energy consumed by the studied houses per m 

2 

nd per year and that 89% corresponds to natural gas [12] . These

ercentages are in agreement with the average value of about 87%

iven by the provincial statistics. Finally, the main contributors to

C 2 are –similarly to situation A- the roof area (EAR, 21.27%) and
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Table 7 

Component weights and contributions of the different houses. 

Houses A B 

Component Weights Contribution parameters (%) Component Weights Contribution parameters (%) 

PC 1 PC 2 PC 1 PC 2 PC 1 PC 2 PC 1 PC 2 

VA 1 −1.898 −2.726 8.16 22.19 4.708 −2.027 34.07 10.51 

VA 2 −1.533 −1.002 5.32 3.00 0.934 0.385 1.34 0.38 

VA 3 −2.907 −1.933 19.14 11.16 4.448 0.037 30.41 0.00 

VA 4 −0.259 2.035 0.15 12.37 −1.100 1.750 1.86 7.84 

VA 9 0.067 2.020 0.01 12.19 −1.605 1.781 3.96 8.12 

VA 11 4.180 −1.055 39.55 3.33 −3.687 −3.090 20.89 24.45 

VA 15 −0.569 1.073 0.73 3.44 −0.103 1.121 0.02 3.22 

VA 20 0.405 2.203 0.37 14.50 −1.277 1.520 2.51 5.92 

VA 21 3.328 −2.007 25.07 12.03 −1.673 −3.418 4.30 29.91 

VB 1 −0.813 1.392 1.50 5.79 −0.645 1.942 0.64 9.65 

Table 8 

Cluster analysis results by classes. 

A B 

Class 1 Class 2 Class 3 Class 4 Class 1 Class 2 Class 3 

Objects 2 1 5 2 2 6 2 

Intraclass variance 5.37 0.00 1.84 2.59 10.60 4.93 4.56 

Minimum distance to centroid 1.64 0.00 0.70 1.14 2.30 1.27 1.51 

Maximum distance to centroid 1.64 0.00 1.18 1.14 2.30 1.87 1.51 

Medium distance to centroid 1.64 0.00 1.48 1.14 2.30 3.54 1.51 

VA 1 
∗º VA 2 

∗ VA 4 
∗ VA 11 

∗ VA 1 
∗º VA 2 VA 11 

∗

VA 3 VA 9 VA 21 VA 3 VA 4 
∗ VA 21 

VA 15 VA 9 
VA 20 VA 15 

VB 1 º VA 20 

VB 1 º

References: ( ∗) central objects; ( º) measured objects. 
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e 2 1  
the FAEP factor (20.23%), which are both building-related variables.

Again, the components the contribution of embodied energy (EE)

in situation B is irrelevant. 

It is concluded that PC 1 and PC 2 offer the best explanation

for the system’s maximum variance, being PC 1 the component

with higher influence. Without occupants, PC 1 is dominated by

the perimeter (P) and the opening area (EAF). With occupants, PC 1 

main contributors are those related with gas consumption (opera-

tive energy (OE) and the natural gas consumption for heating). The

roof area (EAR) and FAEP are the items which contribute the most

to the second component PC 2 , in both situations, with and with-

out occupants. The results obtained may orient either the design

and/or the energy retrofitting of the architectural object (endoge-

nous factors) in a given socio-environmental context which condi-

tions users’ energy consumption. 

Finally, Table 7 shows the partial contributions of the different

architectural objects to each of the first two PC. In general, it may

be observed that in situation A (without occupants), VA 11 is the

object with higher contributions to PC 1 , followed by VA 21 with a

40 and 25%, respectively. In situation B (with occupants), which is

more interesting from the user-related point of view, the highest

contributions to PC 1 come from VA 1 (34%), followed by VA 3 and

VA 11 (with 30 and 21%, respectively). Due to this high contribution,

VA 1 was selected as a ‘case-study’ for the energy retrofit described

in Section 5 . 

3.3. Hierarchical agglomerative clustering 

Table 8 shows the results of the HAC typological analysis for

both situations, resulting in four Classes for situation A and 3

Classes for situation B. This grouping derived from the use of a

HCA is illustrated by means of dendograms in Fig. 3 . This type

of representation allows appreciating in a clear way the grouping

relationships among the different architectural objects, and even,
mong groups of architectural objects. The observation of the suc-

essive subdivisions offers an idea regarding the grouping criteria

nd the distance among data according to the relationships estab-

ished. 

Class 1 has the same elements (VA 1 and VA 3 ) in situations A

nd B, with the centroid being VA 1 . Because both houses share

 lot of similarities, a set of the same retrofit strategies can be

tated for them. For example, both houses are oriented on a N-

 axis, with similar perimeter, volume and compacity index. Both

ave similar values of embodied energy and consumption of natu-

al gas for heating per m 

2 . None of them has hermetically sealed

ouble glazing but they do have night protection. Both houses are

assive, with exterior walls made of standard massive 0.30 m brick

thermal transmittance U = 1.88 W/m 

2 -K). The roof’s thermal trans-

ittance is U = 1.62 W/ m 

2 -K. The house VA 1 was monitored dur-

ng the extreme weather seasons described in detail in different

revious works [12–14] . For this reason, its behavior might be ex-

rapolated to VA 3 . The indoor temperature in a cold period of Au-

ust 2010 was 21.8 °C (outdoor temperature = 7.7 °C) and an av-

rage natural gas consumption of 0.22 m 

3 /m 

2 . It may be inferred

hat the winter thermal behavior in VA 3 is similar to that of VA 1 ,

nd that their users live comfortably. In relation to retrofit strate-

ies, it must be noted that the contribution of the vertical envelope

o the system’s variability is of 18.12% (fenestration) and 14.82%

walls) in PC 1 and that of the roof is 19.22% in PC 2 . From a po-

ential energy intervention practice it may be possible to propose

or these two cases belonging to energy Class 1, the retrofitting of

he vertical and upper envelope without affecting their morphol-

gy, and obviously, their dimensional metrics (perimeter, volume

nd compacity index). This retrofit and its results will be described

n the next section. 

Class 2-situation B and Class 3-situation A have similar objects,

xcept for VA . In both classes we find house VB which was mon-
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Fig. 3. Dendrogram by architectural object. 

i  

s  

a  

a  

(  

o  

i  

d  

a  

n  

g  

e  

s  

t  

b  

u  

t  

w

r  

 

a  

T  

t

3

 

b  

o  

T  

o  

t  

m  

w  

I  

t  

i  

t  

f  

a

 

w  

t  

m  

S  

c  

m  

B  

t  

s  

o  

a  

m  

s

 

e  

o  

p  

W  

n  

l  

w  

W  

3  

v  

m  

9  

t  

i  

y  

Y  

n  

i  

T  

i  

t

 

r  

o  

p  

A  

T  

r  

s

1 Base COAT is a cementitious material with additive polymer. It is used as an 

adhesive and as a coating base on thermal insulation. 
tored and studied in previous works. In situation B, Class 2 de-

pite the fact of having 6 objects, shows a low intra-class vari-

nce (4.93) similar to that of Class 3 (4.56) with only two elements

nd much lower than that of Class 1 (10.6), also with 2 elements

see Table 8 ). This is a valid argument to assume that, in spite

f the distance between VB 1 and the centroid, its energy behav-

or might be extrapolated to the other houses. VB 1 was monitored

uring the cold period of July-August. The mean indoor temper-

ture was 17.9 °C (outdoor temperature = 7.4 °C) and an average

atural gas consumption of 0.14 m 

3 /m 

2 . According to Table 6 , the

reatest percent contribution in PC 1 , situation B corresponds to op-

rating energy (OE, 12.97%). Since the embodied energy does not

how an important relative contribution, for this study only the to-

al is considered (EE + OE). It can be observed that the values range

etween 25.44 and 33.99 GJ/m 

2 for VA 9 and VB 1 , respectively, val-

es that contribute with 86 and 84% of the total. Figures are lower

han others in studied cases mentioned in the previous paragraph,

hich were in the order of 62.63 and 65.9 GJ/m 

2 for VA 1 and VA 23 

espectively, with a 91 and 87% of relative contribution in the total.

In the case of Class 4-situation A and Class 3-situation B,

 future task might be monitoring VA 11 and/or VA 21 . Data in

able 7 makes evident that both houses have an important con-

ribution in PC 1 and PC 2 variability. 

.4. Retrofit of VA 1 : Assembling PCA and HCA results 

As previously explained, the selection of VA 1 as ‘case study’ was

ased in the PCA analysis that highlighted its important weight

n the PC 1 y PC 2 components (34.07% and 10.51%, respectively,

able 7 ). Besides, HAC and PCA results stressed the importance

f the vertical envelope in the energy retrofit. Therefore, under

he premise of not modifying the morphology and dimensional

etrics of the house (perimeter, volume and compacity index),

e selected the metrics related to the materiality to work with.

n particular, G-value -which is directly related with the envelope

ransmittance- affects the auxiliary heating energy and the embod-

ed energy. Thus, the decision was to include thermal insulation in

he vertical opaque envelope. This improvement allows intervening

rom the outer side of the wall without disrupting the inhabitants’

ctivities. 

Although in Argentina the energy standards are not compulsory,

e need to know its energy behavior or performance in relation

o them. IRAM Norm 11604/5 (2002) recommends maximum ther-

al transmittance values of 0.31 and 0.83 W/(m 

2 K) for walls for
anta Rosa city; values which correspond to two levels of thermal

omfort (A and B). In the ‘case study’ house VA 1 , the wall ther-

al transmittances do not even reach the less demanding level

 [15] . Thus, the decision was to adopt an intermediate value of

ransmittance, between A and B, and a value of 0.56 W/(m 

2 K) was

et for the wall retrofit. This value is obtained from the addition

f a 0.05 m thick layer of EPS. The position of the insulating layer

nd the wall technology were proposed according to the built and

onitored bioclimatic buildings background of the region under

tudy. 

Table 9 shows the energy and economic indicators of the ‘refer-

nce wall’ (the original wall W 1 ) and three different technologies

f improved walls (W 2 – 0.05 m thick plastered wall with bricks

laced on their sides; W 3 - 0.08 m thick hollow ceramic brick wall;

 4 - Iggam base COAT 1 ). The variation among the different tech-

ological proposals is seen in the last thermal insulation protective

ayer, which gives the mechanical resistance required for an outer

all. The operating energy savings with respect to the ‘reference’

 1 range between 25% and 37% for heating and between 24% and

6% for cooling. This energy saving implies an increase in the en-

elope cost. For example, in 2017 a retrofit from W 1 to W 2 (the

ost expensive of the three technologies) implies an inversion of

7 US$/m 

2 (thermal insulation + brick for mechanical protection of

he insulation) while a retrofit from W 1 to W 4 (the cheapest one)

mplies an inversion of only 39.5 US$/m 

2 . Thus, an economic anal-

sis of each technology proposal is performed in accordance with

ildiz et al. [45] and Dombaycı [9] . Because in Argentina the eco-

omic situation is highly variable and very complex, with a grow-

ng inflation each year (see exchange rates from 2013 to 2017 in

able 9 ), the analysis should include the inflation, payback period

n the lifetime period of the retrofit. The next section deals with

hese subjects. 

The embodied energy per m 

2 of habitable surface for the

etrofitted vertical envelope of VA 1 (about 2.6 GJ/m 

2 ) and for the

ther houses of the group is shown in Fig. 4 , together with values

resented by different authors for other geographical locations [8] .

 good agreement with other values in the literature was found.

he percentage increase of embodied energy due to the incorpo-

ation of the thermal insulation into the technology component is

hown in Fig. 5 , value that does not exceed 3.5%. 
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Table 9 

Energy and economic indicators for each vertical envelope technology. References: W 1 (massive 0.30 m brick wall); W 2 (0.05 m 

brick on its side); W 3 (0.08 m hollow brick); W 4 (COAT base); DD (Degree Days). 

Vertical envelope 
technology

W1

(reference 
wall)

Mechanical Protection

W2 W3 W4

Solid brick.
external and 
internal 
plaster and 
paint

1: solid 
brick. 2: 
EPS. 3: 
vapor 
barrier 4: 
solid brick

1: external 
plaster and 
paint; 2: 
ceramic 
block. 3: 
EPS; 4: 

1-2: COAT base; 4: EPS; 5: vapor 
barrier  6: solid brick  7-8: internal 
plaster and paint

Thermal transmittance 
W/(m2 K) 1.88 0.55 0.50 0.56

G-valueW/(m3 K) 2.63 1.96 1.65 1.97

Heating energy 
consumption (m3 of 

natural gas)

Design base 
temperature: 21ºC 

(DD = 2038)

da
ily 6.5 4.9 4.0 4.9

an
nu

al 947 706 594 709

Energy saving
(%)

Heating 25.0 37.3 25.1

Cooling 

Design base 
temperature: 23ºC 

(DD=128)

24.4 36.0 23.9

Cost/m2 = insulation + mechanical protection

C
os

ts

Year 2013 144.7 165.7 162.2 67.4

Year 2015 129.0 147.7 144.5 60.0

Year 2017 85.0 97.0 95.0 39.5
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3.5. Cost-benefit analysis in VA 1 technology improving 

Eqs. (1) –(4) were used to calculate annual costs and investment

payback periods. In this paper, the adopted values were: interest

rate i = 24% (interest rate issued by the Bank of the Province of

La Pampa), inflation rate g = 35% (inflation rate according to the

estimates of Argentina’s National Congress, 2016) and useful life

N = 20 years according to the background and state of conserva-

tion of the thermally insulated envelopes of buildings constructed

in the region under study (10 years more than [45] ). This gives a

present worth factor of PW = 2.27. Results are shown in Tables 10–

12 . Table 10 shows the payback periods of W 2 , W 3 and W 4 insu-

lating envelopes for different situations of natural gas prizes: the

one of the neighboring countries and the real one of Argentina

(for 2013, 2015 and 2017). In the case of the prize of Argentina,

the subsidies applied in each case changed from one year to the

other. In particular, in 2015 the cost per m 

3 of natural gas paid

by users depended on savings with respect to the same period in
l  
he previous year, thus the user with savings higher than 20% were

enefited with lower gas prizes. 

In 2013, when the cost of the m 

3 of natural gas is similar to

hat of the neighboring countries, the improved wall is economi-

ally feasible, with recovering periods between 5.3 and 6.5 years

W 4 and W 2 technologies, respectively). On the opposite, the high

ubsidies for gas prizes in Argentina discouraged the retrofitting of

alls with a payback period of more than 50 years for any tech-

ology. In 2013, the gas cost was in average 33 times lower in Ar-

entina than in the neighboring countries. 

In 2015, the cost of gas suffered a drastic change –in order to

nstall in users the idea of a more efficient consumption- and ben-

fits were done to users that decreased their consumptions when

ompared to the same period in the previous year. The payback

eriod depends on whether charges are subsidized or not. If a 20%

aving in consumption is considered, for W 2 technology, the in-

estment payback period is of almost 70 years and 23.3 years, with

nd without subsidy, respectively. For the users that save a value

ower than 5% and for the same technology, the payback period
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Table 10 

Payback period of the different envelope technologies according to different energy costs in 2013, 2015 and 2017. 

Year Envelope 

technologies 

Payback period (years) 

Argentina Average of neighboring countries 

2013 (Exchange 

rate: $5.37/US$) 

A: with subsidies 0.10 $/m 

3 B: without subsidies 0.41 $/m 

3 0.99 U$S ∗ International comparison of natural gas rates for residential 

clients. June. 2013. Metrogas (Brazil = 1.7; Uruguay = 1.46; Chile = 1.17; 

Bolivia = 0.14; dollar/m 

3 ) 

W 2 64.03 15.77 6.53 

W 3 60.39 14.88 6.16 

W 4 52.48 12.93 5.35 

2015 (Exchange 

rate: $9.04/US$) ∗
Savings > 20% with respect to the 

previous period 

Savings from 5% to 20% with 

respecto to the previous period 

Savings < 5% with respect to the 

previous period 

0.93 U$D ∗∗ International comparison of natural gas rates for 

residential clients. June. 2015. Metrogas (Brazil = 1.36; Uruguay = 1.42; 

Chile = 0.89; Bolivia = 0.04; dollar/m 

3 ) 

A 0.055 $/m 

3 B 0.165 $/m 

3 A 0.13 $/m 

3 B 0.39$/m 

3 A 0.20 $ m 

3 B 0.63 $/m 

3 

W 2 69.85 23.28 29.95 10.25 14.85 5.00 5.81 

W 3 65.88 21.96 28.22 9.64 18.65 6.26 5.24 

W 4 57.25 19.08 24.63 8.48 16.37 5.60 4.29 

2017 (Exchange 

rate: $17.2/US$) 

A: with subsidies 0.89 $/m 

3 B: without subsidies 1.97 $/m 

3 0.93 U$D ∗∗ International comparison of natural gas rates for residential 

clients. June. 2015. Metrogas (Brazil = 1.36; Uruguay = 1.42; 

Chile = 0.89; Bolivia = 0.04; dollar/m 

3 ) 

W 2 5.09 2.30 5.81 

W 3 4.62 2.09 5.24 

W 4 3.47 1.57 4.29 

∗The amount paid by users depends on savings with respect to the same period in the previous year (%). 
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Table 11 

Estimation of energy consumption of VA 1 for different improvement strategies, under present (B, C, D) and future (E) climate conditions. The energy consumption of the conventional house VA 1 (without improvements) 

corresponds to real measured values. . 

Estimated energy consumption 

A 

Conventional 

Winter Annual 

Gas Electricity Lighting and 

appliances(kWh/day) 

Electricity consumption 

for 150 days of using 

air conditioning for 

heating (kWh) 

Daily average air 

conditioning for air 

heating (kWh/day) 

Air conditioning for 

heating + Cooking + 

Lighting and electrical 

appliances (kWh/day) 

Total 

(kWh/year) 

Energy used according to efficiency heating 

system 

5.6 

m 

3 
/ day MJ/day kWh/day 41.1 ∗150 = 6165 16.9 (6165/365) 23.5 (16.9 + 5.6 + 1) 8577.5 

7.5 3.75 ∗ 148 41.1 

B 

Refurbished air conditioning system with heat 

pump (Maximum rated power = 1 kW) 

10.15 kWh: (1/4) ∗ 41.1 10.15 ∗ 150 = 1522 4.2 10.77 (4.17 + 5.6 + 1) 3931.0 

C 

conditioning system refurbished + vertical envelope 

retrofitting 

6.0 3.0 ∗ 118.4 32.9 8.2 ∗150 = 1234.3 3.4 10.0 (3.4 + 5.6 + 1) 3650.0 

8.2 kWh: (1/4) ∗ 32.9 

D 

conditioning system refurbished + vertical and 

horizontal envelope retrofitting 

3.3 1.65 ∗ 65.2 18.1 4.5 ∗150 = 675.0 1.8 8.40 3066.0 

4.5 kWh: (1/4) ∗ 18.1 

E 

conditioning system refurbished + vertical and 

horizontal envelope retrofitting According thermal 

simulation for the weather conditions of 2039 [15] 

4.7 (1) 2.35 ∗ 92.7 25.8 6.4 ∗ 150 = 960 2.60 9.2 (2.60 + 5.6 + 1) 3358.0 

6.4 kWh: (1/4) ∗ 25.8 

2.5 (2) 1.25 ∗ 49.4 13.7 3.43 ∗150 = 514.5 1.41 8.01 (1.41 + 5.6 + 1) 2923.6 

3.43 kWh: (1/4) ∗ 13.7 

References: ( ∗) useful energy for heating considering an efficiency of gas equipment about 50%;(1) thermal improvement of walls; (2) thermal improvement of walls and roofs. 
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Table 12 

Payback period of the different proposals. A to D cases consider current weather, while E considers future weather conditions towards 2039. References: (1) thermal 

improvement of walls; (2) thermal improvement of walls and roofs. 

Case (referred to Table 11 ) Solar Photovoltaic Panels Solar Water Heater 

Number of panels (a panel of 

250Wp = 4 kWh/day) 

Cost (U$S) Payback period (years) Payback period (years) 

A 23.5 U$S 9407 11.1 16.7 

B 11.0 U$S 4400 11.3 (75,680/$1.7/kWh ∗3650 

kWh 

C 10.0 U$S 40 0 0 11.1 

D 8.5 U$S 3400 11.2 

E 

Under climatic conditions towards the year 2039 

with energy value at the current price ($1.7/kWh) 

9.0 (1) U$S 3600 10.8 

8.0 (2) U$S 3200 11.0 

0
1
2
3
4
5
6
7
8
9
VA1

VA2

VA3

VA4

VA9

VA11

VA15

VA20

VA21
VB1

Average of the sample of …

Edwards et al.

D'Cruz et al.

Pullen

Lawson

Bellantyne et al.

Treolar

Hill

Fig. 4. Embodied energy by improving the thermal envelope of each house in 

GJ/m 

2 . 

0.0
0.5
1.0
1.5
2.0
2.5
3.0
3.5

VA1

VA2

VA3

VA4

VA9

VA11VA15

VA20

VA21

VB1

AVERAGE

Fig. 5. Percentage increase of embodied energy due to the incorporation of the 

thermal insulation in the vertical envelope of each house. 
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trongly decreased to 14.85 and 5 years for situations A and B, re-

pectively. For them, the wall retrofit starts to be a reasonable op-

ion. 

In 2017, the new government decided to gradually reduce the

nergy subsidies and to increase the gas prize resulting in dramatic

ncrements of the gas bills. Payback periods are about 5.09 and

.30 years (with and without subsidies, respectively), for W type
2 
all. As it may be expected, the rate charged conditions the pay-

ack period of the cost overrun paid to improve the thermal qual-

ty of the envelope so that the envelope improvement option were

conomically viable. In particular, the W 4 technology presents the

ower payback periods, with values lesser than two years. 

.6. Integrating envelope’s technology improvement and a family’s 

asic needs while adapting to climate change 

A previous dwelling retrofit in the region [15] considering the

mpact of the climate change for 2039 showed that, for 2039 and

ue to higher temperatures both in winter and summer, the en-

rgy demand will decrease in the cool season and will increase in

he hot season. To lower the energy consumption of gas and elec-

ricity, besides improving the envelope with thermal insulation, the

mprovement of the energy equipment efficiency and the use of re-

ewable energy were suggested. Thus, for VA 1 , the refurbishment

f the air conditioners with heat pumps (nowadays, the installed

quipment do not include them) and two renewable energy sys-

ems - photovoltaic (PV) panels to cover the summer consumption

estined to air cooling and solar heaters for hot water provision -

ere proposed. 

Four retrofit strategies for VA 1 were proposed ( Table 11 ), in-

luding the refurbishment of the air conditioning and different lev-

ls of thermal insulation (only walls, and walls + roofs). Calcula-

ions were made for current weather conditions (retrofit strategies

, C and D) and for future weather (E). Results show that, for cur-

ent weather conditions, the annual energy consumption of VA 1 of

577.5 kWh. For 2016 values, it implies a 14% of the monthly in-

omes of a poor family and 36.5% of the extremely indigent family

ncome. The annual consumption can be reduced to a 45% of its

alue if the air conditioning equipment is refurbished (case B), to

 42% of the annual consumption if air conditioning is refurbished

nd walls are insulated (case C), and to a 35% if also the roof is

nsulated (case D). In the case of future weather conditions, a re-

uction to 34% of the actual consumption can be obtained (case

). 

Table 12 shows the PV panel area and payback periods for

ases A to E. All of them present payback periods around 11

ears. In the case of solar water heaters, with a consumption of

0 liters/person-day and cold water mean annual temperature of

7 °C, the useful energy required is about 4.8 MJ/day. If an effi-

ient water heater is used (efficiency about 50%), it requires about

 m 

3 /day of natural gas (41.8US$/year, without subsidy). Because

n Argentina the solar water heater cost is about US$700, the pay-

ack period is around 16.7 years. Nowadays, the government is im-

lementing a plan to subsidize the cost of the renewable energy

ystems. 

It is concluded that the technological improvement of the

welling’s envelope and its energy retrofitting using a photovoltaic
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system together with water solar heating would allow that a per-

centage of dwellings under the poverty line could be part of an

inclusion process, in agreement with natural resources preserva-

tion practices, and in an attempt to develop a more sustainable

world. Options should be part of the strategies and actions taken

to define a national policy to decrease energy poverty and to mit-

igate climate change. Thus, in view of climate change with less

severe winters and warmer summers in the region under study,

one of the mitigation options in the building sector (Case E) shows

the least energy consumption value (with an increase of the enve-

lope’s thermal resistance). In the coming years, it is probable that

the socio-economic variables in Argentina may vary, situation that

will also change the 2039 scenario. 

4. Conclusions 

A sample of 10 compact houses built in the 1950s (prismatic

and conventionally built) was statistically analyzed through PCA

and HAC multivariate techniques. The building-related driving met-

rics included eleven variables (describing dimensional and mor-

phological parameters of the houses, and thermo-physical and en-

ergetic metrics), while user-related driving metrics included four

variables (operational energy, natural gas consumption for air heat-

ing, natural gas consumption for cooking and hot water, and elec-

tricity consumption). The higher CV values found in the user-

related metrics highlight the influence of occupants in the energy

consumption that can result in huge gaps between real and pre-

dicted energy performance of buildings. In average, 16% of the to-

tal energy consumption corresponds to the embodied energy and

around 84% to the operational energy. 

The contribution of each architectural object to the principal

components allowed detecting house VA 1 as the most contribut-

ing, thus, it was selected as case study for energy retrofit . The eco-

nomic viability and payback periods of the intervention proposal

were compared in 2013, 2015 and 2017 under different economic

scenarios, due to the different political and economical context

throughout the period. The results indicate that an improvement

of the envelope’s thermal quality (this might only mean increas-

ing 5% the embodied energy) before the elimination of subsidies

reduce the payback period. A reduction of heating natural gas con-

sumption (high contribution on the total consumption of natural

gas) might allow to decrease the amount of fluid needed, to ex-

pand the networks and to provide gas to more low-income neigh-

borhoods located in the cities’ peripheral areas that do not have

access to networks, thus alleviating energy lacks. 

Argentina is characterized by a strong housing deficit. Accord-

ing to the 2010 National Population and Housing Census, in our

country live 40 million people in 12 million dwellings. In or-

der to analyze the deficit’s evolution in the period between cen-

suses, information from the EPH Survey (Housing Permanent Sur-

vey) can be used, from which it can be derived that for the

year 2014 the housing deficit was of 1946,688 dwellings, out of

which 64% is quantitative and 36% is qualitative. To this deficit,

each year, the additional need due to net growth of the amount

of homes or vegetative growth is added: 120,0 0 0 dwellings,

65,0 0 0 correspond to the most vulnerable sectors. Building

dwellings in order to gradually meet this deficit brings about the
neven and dispersed growth of cities, growth which goes hand

n hand with the lack of basic infrastructure. This process should

e approached applying actions and strategies within a sustainable

ramework and preserving resources in a context of social equity.

ne of these strategies concerns energy efficiency (the use of the

inimum energy resources possible to achieve the desired comfort

evel) applied to the dwelling’s design as a priority. Consuming less

nergy to do the same activities mitigates the GHG emissions, pre-

erves resources and decreases users’ energy costs. Using less en-

rgy to have the same services, may allow those inhabitants with

ess economic resources to have access to those services, widen-

ng the scope of energy beneficiaries, alleviating energy lacks and

chieving social equity. 

The international experience shows that, in general, it is

heaper to save an energy unit rather than produce it. It is in this

ay that energy efficiency becomes a crucial protagonist of the en-

rgy matrices in developed countries since it is a low-cost source

f energy, which at the same time does not contaminate the envi-

onment. 

There are arguments that are certainly convincing: 1- there is

 housing deficit in the region under study, and 2- 27% of the

amilies live under the poverty and extreme poverty line (their

onthly average income are 40% less than the Family Food Bas-

et). This is associated with energy poverty since an important

ercentage of society cannot afford the conventional energy con-

umption to meet their basic needs and live comfortably in the

1st century. The dwelling studied in depth (monitored and au-

ited both in summer and winter, whose historical energy con-

umption values were analyzed) may be considered a prototype

f social housing to be part of a housing complex. The results of

he retrofitting strategies, the change of the air conditioning sys-

em and the incorporation of photovoltaic panels can be general-

zed to the other sample dwellings in view of their technology sim-

larities and the generalization of arguments to meet the housing

eficit and improve the living conditions of those living in poverty

nd marginality. If the number of dwellings representative of the

ousing deficit were taken into account (4300), and considering

n average of 50 m2/dwelling of conventional construction, the in-

estment needed would be U$S 212,50 0.0 0 0 (at a construction cost

f US$/m 

2 ). The incorporation of envelope improvement measures

option W 4 in the Table), solar water heating and the use of pho-

ovoltaic panels applied to the conventional dwelling, in terms of

uly 2017 rates, would be 11.8% of the total cost. To achieve such a

ransformation in the housing policies implies a conceptual change

hat might approach the problem, including the energy problem,

rom an inclusive and holistic perspective, with the aim of pro-

oting development within a social framework of equity. 
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A

c

ppendix A: Embodied energy of the architectural objects and 

ontributions of the technological components 
Table A1 

Embodied energy. 

Technological component Sample of the 

studied houses 

Primar

Foundation and wall of solid brick VA 1 2.85 M

VA 2 
VA 3 
VA 4 
VA 9 
VA 11 

VA 15 

VA 20 

VA 21 

VB 1 

Bracing lower and upper reinforced concrete (k = 1.65 W/m 

2 ºC) VA 1 0.99 M

VA 2 
VA 3 
VA 4 
VA 9 
VA 11 

VA 15 

VA 20 

VA 21 

VB 1 

Subflooring without pavement VA 1 2.03 M

dosage

concre

VA 2 
VA 3 
VA 4 
VA 9 
VA 11 

VA 15 

VA 20 

VA 21 

VB 1 

Roof French ceramic tiles on ceramic structure 

prestressed 

VA 1 Structu

Horizontal roof with aluminum membrane 

over resistant structure (hollow brick, 

prestressed girder and compression layer) 

VA 2 490 M

VA 3 
VA 4 
VA 9 
VA 15 

VA 20 

VA 21 

Horizontal roof with aluminum membrane 

over resistant structure (arch between steel 

floor doble T N º 16 beems) 

VB 1 2039 M

Metalic lightweight roof and wooden 

structure without thermal insulation and 

horizontal roof with aluminum membrane 

over resistant structure 

VA 11 219.5 M

490 M

Exterior and interior plaster and ceiling (40 kg/m 

2 ) VA 1 1.34 

VA 2 
VA 3 
VA 4 
VA 9 
VA 11 

VA 15 

VA 20 1.40 M

VA 21 

VB 1 
y energy (MJ/kg) MJ 

J/m 

2 146,716 

179,550 

349,404 

261,630 

209,301 

236,236 

237,006 

266,760 

279,072 

237,006 

J/m 

2 60 0 0 

2574 

3564 

3465 

3094 

–

1468 

2153 

2227 

6497 

J/m 

2 Authors’ value according to a 

 of a HHRP (Poor hydraulic reinforced 

te: 1 lime, cement 1/8, 4 sand 8 rubble) 

14,287 

24,360 

16,240 

33,507 

28,063 

14,400 

27,543 

30,206 

24,522 

29,232 

re + tiles: 623.0 a MJ/m 

2 21,236 

J/m 

2 and subflooring: 325 MJ/m 

2 52,164 

48,888 

48,583 

47,452 

69,095 

75,795 

61,517 

J/m 

2 (Authors’ value) 133,530 

J/m 

2 17,367 

J/m 

2 and subflooring (325 MJ/m 

2 ) 12,480 

9166 

20,604 

18,974 

21,172 

14,215 

23,584 

16,080 

J/m 

2 10,967 

27,202 

20,207 

( continued on next page ) 
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Table A1 ( continued ) 

Technological component Sample of the 

studied houses 

Primary energy (MJ/kg) MJ 

Painting VA 1 239 

VA 2 553 

VA 3 496 

VA 4 802 

VA 9 371 

VA 11 410 

VA 15 420 

VA 20 287 

VA 21 710 

VB 1 528 

Carpentry VA 1 Aluminium frame: 1240 MJ/m 

2 14,260 

VA 2 Wood frame: 294 MJ/m 

2 1176 

VA 3 Wood frame: 294 MJ/m 

2 1411 

VA 4 Original: wood frame (294 MJ/m 

2 ) Changed by 

aluminium 

frame: 

(1240 MJ/m 

2 ;) 

1470 6200 

VA 9 Light ironwork 11,166 

Wood frame: 294 MJ/m 

2 3087 

VA 11 Wood frame: 294 MJ/m 

2 3087.0 

Wood frame: 294 MJ/m 

2 6572.0 

VA 15 Light ironwork 16,794 

Aluminium frame: 1240 MJ/m 

2 19,840 

VA 20 Wood frame: 294 MJ/m 

2 6174 

VA 21 Aluminium frame: 1240 MJ/m 

2 30,800 

VB 1 Wood frame: 294 MJ/m 

2 2146 

TOTAL UNITS MJ MJ/m 

2 

VA 1 211,904 5419.2 

VA 2 280,981 4554.0 

VA 3 438,977 8779.5 

VA 4 376,829 4109.4 

VA 9 316,749 3666.1 

VA 11 314,136 3490.4 

VA 15 388,246 4578.4 

VA 20 392,342 4218.7 

VA 21 426,050 5643.0 

VB 1 429,146 5364.3 

a The value corresponds to a cover with thermal insulation, so its energy content is substracted in this particular case (5709 MJ). The considered value is 491 MJ/m 

2 . 

Table A2 

Embodied energy into each technological component (%). 

Sample of the studied houses Descriptive statistics 

VA 1 VA 2 VA 3 VA 4 VA 9 VA 11 VA 15 VA 20 VA2 1 VB 1 Average SD CV 

TEE 211,904 280,981 438,977 376,829 316,749 314,136 388,246 392,342 426,050 429,146 357,336 70,426 0.20 

TEE/m 

2 5419.2 4554.0 8779.5 4109.4 3666.1 3490.4 4578.4 4218.7 5643.0 5364.3 4982.3 1443.7 0.29 

TC 1 69.2 63.9 79.6 69.4 66.1 75.6 61.0 68.0 65.5 55.2 67.4 6.6 0.1 

2 2.8 0.9 0.8 0.9 1.0 0.0 0.4 0.5 0.5 1.5 0.9 0.7 0.8 

3 6.7 8.7 3.7 8.9 8.9 4.6 7.1 7.7 5.8 6.8 6.9 1.7 0.2 

4 10.0 18.6 11.1 12.9 15.0 9.5 17.8 19.3 14.4 31.1 16.0 6.0 0.4 

5 4.3 7.3 4.3 5.6 4.5 7.5 4.1 2.8 6.4 4.7 5.2 1.4 0.3 

6 0.1 0.2 0.1 0.2 0.1 0.1 0.1 0.1 0.2 0.1 0.1 0.0 0.3 

7 6.7 0.4 0.3 2.0 4.5 3.1 9.4 1.6 7.2 0.5 3.6 3.1 0.9 

References : TEE (Total embodied energy, MJ) 

TC (Technological component contribution, %): 1: Walls and foundation; 2: Bracing; 3: Subfloor without pavement; 4: Roof, 5: Plaster; 6: Paint; 7: Windows and 

doors. 

 

 

 

 

 

 

 

 

 

 

 

 

References 

[1] D.A. Asimakopoulos , M. Santamouris , I. Farrou , M. Laskari , M. Saliari , G. Za-
nis , G. Giannakidis , K. Tigas , J. Kapsomenakis , C. Douvis , S.C. Zerefos , T. An-

tonakaki , C. Giannakopoulos , Modelling the energy demand projection of the
building sector in Greece in the 21st century, Energy Build. 49 (2012) 

4 88–4 98 . 
[2] R. Bejarán , V. Barros , Sobre el aumento de la temperatura en los meses de

otoño en la Argentina Subtropical, Meteorológica 23 (1998) 15–25 . 

[3] S. Bouzarovski , S. Petrova , R. Sarlamanov , Energy poverty policies in the EU: a
critical perspective, Energy Policy 49 (2012) 76–82 . 
[4] CME (Consejo Mundial de la Energía), AMÉRICA LATINA - Pobreza energética
– Alternativas de alivio, 2006. Available at: http://www.worldenergy.org/

documents/urbanenpov2006es.pdf . 
[5] CPE-Cooperativa Popular de Electricidad Memoria y Balance, Ejercicio

Económico y Social, 2016 . 

[6] S. De Lauretis , G. Frédéric , C.. Jean-Michel , Energy consumption and activity
patterns: An analysis extended to total time and energy use for French house-

holds, Appl. Energy 206 (2017) 634–648 . 
[7] L. Diao , Y. Sun , Z. Chen , J. Chen , Modeling energy consumption in residential

buildings: a bottom-up analysis based on occupant behavior pattern clustering
and stochastic simulation, Energy Build. 147 (2017) 47–66 . 

http://refhub.elsevier.com/S0378-7788(17)33508-9/sbref0001
http://refhub.elsevier.com/S0378-7788(17)33508-9/sbref0001
http://refhub.elsevier.com/S0378-7788(17)33508-9/sbref0001
http://refhub.elsevier.com/S0378-7788(17)33508-9/sbref0001
http://refhub.elsevier.com/S0378-7788(17)33508-9/sbref0001
http://refhub.elsevier.com/S0378-7788(17)33508-9/sbref0001
http://refhub.elsevier.com/S0378-7788(17)33508-9/sbref0001
http://refhub.elsevier.com/S0378-7788(17)33508-9/sbref0001
http://refhub.elsevier.com/S0378-7788(17)33508-9/sbref0001
http://refhub.elsevier.com/S0378-7788(17)33508-9/sbref0001
http://refhub.elsevier.com/S0378-7788(17)33508-9/sbref0001
http://refhub.elsevier.com/S0378-7788(17)33508-9/sbref0001
http://refhub.elsevier.com/S0378-7788(17)33508-9/sbref0001
http://refhub.elsevier.com/S0378-7788(17)33508-9/sbref0001
http://refhub.elsevier.com/S0378-7788(17)33508-9/sbref0002
http://refhub.elsevier.com/S0378-7788(17)33508-9/sbref0002
http://refhub.elsevier.com/S0378-7788(17)33508-9/sbref0002
http://refhub.elsevier.com/S0378-7788(17)33508-9/sbref0003
http://refhub.elsevier.com/S0378-7788(17)33508-9/sbref0003
http://refhub.elsevier.com/S0378-7788(17)33508-9/sbref0003
http://refhub.elsevier.com/S0378-7788(17)33508-9/sbref0003
http://www.worldenergy.org/documents/urbanenpov2006es.pdf
http://refhub.elsevier.com/S0378-7788(17)33508-9/sbref0005
http://refhub.elsevier.com/S0378-7788(17)33508-9/sbref0006
http://refhub.elsevier.com/S0378-7788(17)33508-9/sbref0006
http://refhub.elsevier.com/S0378-7788(17)33508-9/sbref0006
http://refhub.elsevier.com/S0378-7788(17)33508-9/sbref0006
http://refhub.elsevier.com/S0378-7788(17)33508-9/sbref0007
http://refhub.elsevier.com/S0378-7788(17)33508-9/sbref0007
http://refhub.elsevier.com/S0378-7788(17)33508-9/sbref0007
http://refhub.elsevier.com/S0378-7788(17)33508-9/sbref0007
http://refhub.elsevier.com/S0378-7788(17)33508-9/sbref0007


C. Filippín et al. / Energy & Buildings 165 (2018) 399–415 415 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

[  

 

[  

[  

 

 

 

 

[  

 

[  

 

 

[  

[  

[  

 

 

 

 

[  

 

 

[  

 

 

 

[  

 

 

[  

[  

 

[  

 

 

 

[  

[  

[  

 

 

[  

 

[  

 

[8] M.K. Dixit , J.L. Fernández-Solís , S. Lavy , C.H. Culp , Identification of parameters
for embodied energy measurement: a literature review (2010), Energy Build.

42 (2010) 1238–1247 . 
[9] Ö.A. Dombaycı, The environmental impact of optimum insulation thickness for

external walls of buildings, Build. Environ. 42 (11) (2007) 3855–3859 . 
[10] A. Esteves , D. Gelardi , A.L. Oliva , The shape in bioclimatic architecture, in:

Marco Sala (Ed.), II Teaching in Architecture Conference. Cap. 3, Florence, Italy,
1997, pp. 12–18 . 

[11] M.E. Fernández Long , I.E. Barnatán , L.A. Serio , G.M. Murphy , Cambios en la

disponibilidad térmica para los cultivos de la Región Pampeana argentina, Rev.
Fac. Agron. 28 (2–3) (2008) 111–120 Universidad de Buenos Aires, (Buenos

Aires, Argentina) . 
[12] C. Filippín , S. Flores Larsen , A summer thermal behaviour of compact single

family housing in a temperate climate in Argentina, Renew. Sustain. Energy
Rev. 16 (2012) (2012) 3439–3455 . 

[13] C. Filippín , F. Ricard , S. Flores Larsen , Evaluation of heating energy consump-

tion patterns in the residential building sector using stepwise selection and
multivariate analysis, Energy Buildings 66 (2013) 571–581 . 

[14] C. Filippín , E. Sipowicz , S. Flores Larsen , in: Monitoreo Energético Experimental
de Vivienda Unifamiliar Compacta en un Clima Templado Frío de Argentina, 13,

Ambiente Construido, Porto Alegre, 2013, pp. 249–267 . 
[15] C. Filippín , F. Ricard , S. Flores Larsen , M. Santamouris , Retrospective analysis

of the energy consumption of single-family dwellings in central Argentina.

Retrofitting and adaptation to the climate change, Renew. Energy 101 (2017)
1–16 . 

[16] N. Gaitani , C. Lehmann , M. Santamouris , Using principal component and clus-
ter analysis in the heating evaluation of the school building sector, Appl. En-

ergy 87 (6) (2010) 2079–2086 . 
[17] P. Geyer , A. Schlüter , S. Cisar , Application of clustering for the development of

retrofit strategies for large building stocks, Adv. Eng. Inf. 31 (2017) 32–47 . 

[18] H. Grossi Gallegos , R. Righini , Atlas De Energía Solar De La República Argentina,
Universidad Nacional de Luján, 2007 . 

[19] J. Huang , K.R. Gurney , The variation of climate change impact on building en-
ergy consumption to building type and spatiotemporal scale, Energy 111 (2016)

137–153 . 
20] IEA, Final Report Annex 53: Total Energy Use in Buildings: Analysis & Evalua-

tion Methods, 2013, 2013 Available at: www.iea-ebc.org . 

[21] IEA, (International Energy Agency), World Energy Outlook 2014, 2014. Available
at: https://www.iea.org1 . 

22] INDEC. Instituto Nacional de Estadistica Y Censo, Censo nacional 2010, 2011
Available at: http://www.indec.mecon.ar . 

23] IRAM-11603 Norma Iram 11603, Clasificación Bioambiental de la República Ar-
gentina [Report], Instituto Argentino de Normalización Y Certificación, Buenos

Aires, 1996 . 

[24] IRAM-11604 Norma IRAM-11604 - Aislamiento térmico de edificios, Métodos
de cálculo. Propiedades térmicas de los componentes y elementos de construc-

ción en régimen estacionario, IRAM, Instituto Argentino de Normalización Y
Certificación, 2001 . 

25] C.M. Jarque , A.K. Bera , A test for normality of observations and regression
residuals, Int. Stat. Rev. Revue Internationale de Statistique 55 (2) (1987)

163–172 . 
26] T. Johansson , T. Olofsson , M. Mangold , Development of an energy atlas for ren-

ovation of the multifamily building stock in Sweden, Appl. Energy 203 (2017)

723–736 . 
[27] N. Katsoulakos , Combating energy poverty in mountainous areas through en-

ergy-saving interventions, Mt. Res. Dev. 34 (2011) 284–292 . 
28] L. Mascaró, in: Variación De Los Costos De Los Edificios Con Las Decisiones
Arquitectónicas, Universidad Nacional de La Plata, La Plata, 1983, p. 137 . 

29] T. Olofsson , S. Andersson , J.U. Sjögren , Building energy parameter investiga-
tions based on multivariate analysis, Energy Build. 41 (2009) 71–80 . 

30] T. Olofsson , J. Sjögren , S. Andersson , Energy performance of buildings evalu-
ated with multivariate analysis, in: I. Beausoleil-Morrison, M. Bernier (Eds.),

Building Simulation, Proceedings of the North International IBPSA Conference,
Montreal, Canada, 2005, 2005, pp. 891–898 . 

[31] M.C. Peel , B.L. Finlayson , T.A. McMahon , Updated world map of the Köp-

pen–Geiger climate classification, Hydrol. Earth Syst. Sci. 11 (2007) 1633–1644 .
32] T.A. Reddy , D.E. Claridge , Using synthetic data to evaluate multiple regression

and principal component analyses for statistical modeling of daily building en-
ergy consumption, Energy Build. 21 (1994) 35–44 . 

[33] S. Riffat, R. Powell, D. Aydin, Future cities and environmental sustainability,
Future Cities Environ. 2 (2016) 1, doi: 10.1186/s40984- 016- 0014- 2 . 

34] C. Rodrigues , F. Freire , Building retrofit addressing occupancy: an integrated

cost and environmental life-cycle analysis, Energy Build. 140 (2017) 388–398 . 
[35] M. Santamouris , G. Mihalakakou , P. Patargias , N. Gaitani , K. Sfakianaki , M. Pa-

paglastra , C. Pavlou , P. Doukas , E. Primikiri , V. Geros , M.N. Assimakopoulos ,
R. Mitoula , S. Zerefos , Using intelligent clustering techniques to classify the

energy performance of school buildings, Energy Build. 39 (1) (2007) 45–51 . 
36] M. Santamouris , On the energy impact of urban heat island and global warm-

ing on buildings, Energy Build. 82 (2014) 100–113 . 

[37] M. Santamouris , Innovating to zero the building sector in Europe: minimising
the energy consumption, eradication of the energy poverty and mitigating the

local climate change, Solar Energy 128 (2016) 61–94 . 
38] Second National Communication of Climate Change, 2006. Avail-

able at: http://www.ambiente.gov.ar/archivos/web/UCC/File/Segunda% 
20Comunicacion%20Nacional.pdf . 

39] K.E. Taylor, R.J. Stouffer, G.A. Meehl, A Summary of the CMIP5 Experiment De-

sign, 2009, p. 33. Available at http://cmip-pcmdi.llnl.gov/cmip5/docs/Taylor _
CMIP5 _ design.pdf . 

40] T. Herrero , S. López Fernández , J.L. Martín , P. García , Pobreza Energética En Es-
paña, Potencial de Generación De Empleo Derivado De La Rehabilitación En-

ergética De Viviendas, first ed., Asociación de Ciencias Ambientales, Madrid,
2012 . 

[41] WCRP, World Climate Research Programm, 2016. Available at http://www.

wcrp-climate.org/ . 
42] A.L. Webb , Energy retrofits in historic and traditional buildings: a review of

problems and methods”, Renew. Sustain. Energy Rev. 77 (2017) 748–759 . 
43] WHO (World Health Organization), 2010. Available at: http://www.who.int/

globalchange . 
44] F. Wikberg, A. Ekholm, in: T. Zupancic, S. Verovsek, M. Juvancic, A. Ju-

traz (Eds.), Design Configuration with Architectural Objects, 29, eCAADe

- Education in Computer Aided Architectural Design in Europe, Ljubl-
jana, Slovenia, 2011, pp. 451–460. http://lup.lub.lu.se/luur/download?func= 

downloadFile&recordOId=2201256&fileOId=2201262 . . 
45] A. Yıldız , G. Gürlek , M. Erkek , N. Özbalta , Economical and environmental anal-

yses of thermal insulation thickness in buildings, J. Thermal Sci. Technol. 28
(2) (2008) 25–34 . 

46] I. Zabalza , A. Aranda , S. Scarpellini , Life cycle assessment in buildings:
state-of-the-art and simplified LCA methodology as a complement for build-

ing certification, Build. Environ. 44 (2009) 2510–2520 . 

http://refhub.elsevier.com/S0378-7788(17)33508-9/sbref0008
http://refhub.elsevier.com/S0378-7788(17)33508-9/sbref0008
http://refhub.elsevier.com/S0378-7788(17)33508-9/sbref0008
http://refhub.elsevier.com/S0378-7788(17)33508-9/sbref0008
http://refhub.elsevier.com/S0378-7788(17)33508-9/sbref0008
http://refhub.elsevier.com/S0378-7788(17)33508-9/sbref0009
http://refhub.elsevier.com/S0378-7788(17)33508-9/sbref0009
http://refhub.elsevier.com/S0378-7788(17)33508-9/sbref0010
http://refhub.elsevier.com/S0378-7788(17)33508-9/sbref0010
http://refhub.elsevier.com/S0378-7788(17)33508-9/sbref0010
http://refhub.elsevier.com/S0378-7788(17)33508-9/sbref0010
http://refhub.elsevier.com/S0378-7788(17)33508-9/sbref0011
http://refhub.elsevier.com/S0378-7788(17)33508-9/sbref0011
http://refhub.elsevier.com/S0378-7788(17)33508-9/sbref0011
http://refhub.elsevier.com/S0378-7788(17)33508-9/sbref0011
http://refhub.elsevier.com/S0378-7788(17)33508-9/sbref0011
http://refhub.elsevier.com/S0378-7788(17)33508-9/sbref0012
http://refhub.elsevier.com/S0378-7788(17)33508-9/sbref0012
http://refhub.elsevier.com/S0378-7788(17)33508-9/sbref0012
http://refhub.elsevier.com/S0378-7788(17)33508-9/sbref0013
http://refhub.elsevier.com/S0378-7788(17)33508-9/sbref0013
http://refhub.elsevier.com/S0378-7788(17)33508-9/sbref0013
http://refhub.elsevier.com/S0378-7788(17)33508-9/sbref0013
http://refhub.elsevier.com/S0378-7788(17)33508-9/sbref0014
http://refhub.elsevier.com/S0378-7788(17)33508-9/sbref0014
http://refhub.elsevier.com/S0378-7788(17)33508-9/sbref0014
http://refhub.elsevier.com/S0378-7788(17)33508-9/sbref0014
http://refhub.elsevier.com/S0378-7788(17)33508-9/sbref0015
http://refhub.elsevier.com/S0378-7788(17)33508-9/sbref0015
http://refhub.elsevier.com/S0378-7788(17)33508-9/sbref0015
http://refhub.elsevier.com/S0378-7788(17)33508-9/sbref0015
http://refhub.elsevier.com/S0378-7788(17)33508-9/sbref0015
http://refhub.elsevier.com/S0378-7788(17)33508-9/sbref0016
http://refhub.elsevier.com/S0378-7788(17)33508-9/sbref0016
http://refhub.elsevier.com/S0378-7788(17)33508-9/sbref0016
http://refhub.elsevier.com/S0378-7788(17)33508-9/sbref0016
http://refhub.elsevier.com/S0378-7788(17)33508-9/sbref0017
http://refhub.elsevier.com/S0378-7788(17)33508-9/sbref0017
http://refhub.elsevier.com/S0378-7788(17)33508-9/sbref0017
http://refhub.elsevier.com/S0378-7788(17)33508-9/sbref0017
http://refhub.elsevier.com/S0378-7788(17)33508-9/sbref0018
http://refhub.elsevier.com/S0378-7788(17)33508-9/sbref0018
http://refhub.elsevier.com/S0378-7788(17)33508-9/sbref0018
http://refhub.elsevier.com/S0378-7788(17)33508-9/sbref0019
http://refhub.elsevier.com/S0378-7788(17)33508-9/sbref0019
http://refhub.elsevier.com/S0378-7788(17)33508-9/sbref0019
http://www.iea-ebc.org
https://www.iea.org1
http://www.indec.mecon.ar
http://refhub.elsevier.com/S0378-7788(17)33508-9/sbref0023
http://refhub.elsevier.com/S0378-7788(17)33508-9/sbref0024
http://refhub.elsevier.com/S0378-7788(17)33508-9/sbref0026
http://refhub.elsevier.com/S0378-7788(17)33508-9/sbref0026
http://refhub.elsevier.com/S0378-7788(17)33508-9/sbref0026
http://refhub.elsevier.com/S0378-7788(17)33508-9/sbref0027
http://refhub.elsevier.com/S0378-7788(17)33508-9/sbref0027
http://refhub.elsevier.com/S0378-7788(17)33508-9/sbref0027
http://refhub.elsevier.com/S0378-7788(17)33508-9/sbref0027
http://refhub.elsevier.com/S0378-7788(17)33508-9/sbref0028
http://refhub.elsevier.com/S0378-7788(17)33508-9/sbref0028
http://refhub.elsevier.com/S0378-7788(17)33508-9/sbref0029
http://refhub.elsevier.com/S0378-7788(17)33508-9/sbref0029
http://refhub.elsevier.com/S0378-7788(17)33508-9/sbref0030
http://refhub.elsevier.com/S0378-7788(17)33508-9/sbref0030
http://refhub.elsevier.com/S0378-7788(17)33508-9/sbref0030
http://refhub.elsevier.com/S0378-7788(17)33508-9/sbref0030
http://refhub.elsevier.com/S0378-7788(17)33508-9/sbref0031
http://refhub.elsevier.com/S0378-7788(17)33508-9/sbref0031
http://refhub.elsevier.com/S0378-7788(17)33508-9/sbref0031
http://refhub.elsevier.com/S0378-7788(17)33508-9/sbref0031
http://refhub.elsevier.com/S0378-7788(17)33508-9/sbref0032
http://refhub.elsevier.com/S0378-7788(17)33508-9/sbref0032
http://refhub.elsevier.com/S0378-7788(17)33508-9/sbref0032
http://refhub.elsevier.com/S0378-7788(17)33508-9/sbref0032
http://refhub.elsevier.com/S0378-7788(17)33508-9/sbref0033
http://refhub.elsevier.com/S0378-7788(17)33508-9/sbref0033
http://refhub.elsevier.com/S0378-7788(17)33508-9/sbref0033
https://doi.org/10.1186/s40984-016-0014-2
http://refhub.elsevier.com/S0378-7788(17)33508-9/sbref0035
http://refhub.elsevier.com/S0378-7788(17)33508-9/sbref0035
http://refhub.elsevier.com/S0378-7788(17)33508-9/sbref0035
http://refhub.elsevier.com/S0378-7788(17)33508-9/sbref0036
http://refhub.elsevier.com/S0378-7788(17)33508-9/sbref0036
http://refhub.elsevier.com/S0378-7788(17)33508-9/sbref0036
http://refhub.elsevier.com/S0378-7788(17)33508-9/sbref0036
http://refhub.elsevier.com/S0378-7788(17)33508-9/sbref0036
http://refhub.elsevier.com/S0378-7788(17)33508-9/sbref0036
http://refhub.elsevier.com/S0378-7788(17)33508-9/sbref0036
http://refhub.elsevier.com/S0378-7788(17)33508-9/sbref0036
http://refhub.elsevier.com/S0378-7788(17)33508-9/sbref0036
http://refhub.elsevier.com/S0378-7788(17)33508-9/sbref0036
http://refhub.elsevier.com/S0378-7788(17)33508-9/sbref0036
http://refhub.elsevier.com/S0378-7788(17)33508-9/sbref0036
http://refhub.elsevier.com/S0378-7788(17)33508-9/sbref0036
http://refhub.elsevier.com/S0378-7788(17)33508-9/sbref0036
http://refhub.elsevier.com/S0378-7788(17)33508-9/sbref0037
http://refhub.elsevier.com/S0378-7788(17)33508-9/sbref0037
http://refhub.elsevier.com/S0378-7788(17)33508-9/sbref0038
http://refhub.elsevier.com/S0378-7788(17)33508-9/sbref0038
http://www.ambiente.gov.ar/archivos/web/UCC/File/Segunda%20Comunicacion%20Nacional.pdf
http://cmip-pcmdi.llnl.gov/cmip5/docs/Taylor_CMIP5_design.pdf
http://refhub.elsevier.com/S0378-7788(17)33508-9/sbref0041
http://refhub.elsevier.com/S0378-7788(17)33508-9/sbref0041
http://refhub.elsevier.com/S0378-7788(17)33508-9/sbref0041
http://refhub.elsevier.com/S0378-7788(17)33508-9/sbref0041
http://refhub.elsevier.com/S0378-7788(17)33508-9/sbref0041
http://www.wcrp-climate.org/
http://refhub.elsevier.com/S0378-7788(17)33508-9/sbref0043
http://refhub.elsevier.com/S0378-7788(17)33508-9/sbref0043
http://www.who.int/globalchange
http://lup.lub.lu.se/luur/download?func=downloadFile&recordOId=2201256&fileOId=2201262
http://refhub.elsevier.com/S0378-7788(17)33508-9/sbref0046
http://refhub.elsevier.com/S0378-7788(17)33508-9/sbref0046
http://refhub.elsevier.com/S0378-7788(17)33508-9/sbref0046
http://refhub.elsevier.com/S0378-7788(17)33508-9/sbref0046
http://refhub.elsevier.com/S0378-7788(17)33508-9/sbref0046
http://refhub.elsevier.com/S0378-7788(17)33508-9/sbref0047
http://refhub.elsevier.com/S0378-7788(17)33508-9/sbref0047
http://refhub.elsevier.com/S0378-7788(17)33508-9/sbref0047
http://refhub.elsevier.com/S0378-7788(17)33508-9/sbref0047

	Improvement of energy performance metrics for the retrofit of the built environment. Adaptation to climate change and mitigation of energy poverty
	1 Introduction
	2 Methodology
	2.1 Selection of buildings (architectural objects) and driving metrics
	2.2 Statistical methods
	2.3 Cost-benefit analysis of the retrofit
	2.4 Description of the location, present climate and future climate change in the region

	3 Results
	3.1 Driving metrics
	3.2 Principal components analysis
	3.3 Hierarchical agglomerative clustering
	3.4 Retrofit of VA1: Assembling PCA and HCA results
	3.5 Cost-benefit analysis in VA1 technology improving
	3.6 Integrating envelope's technology improvement and a family's basic needs while adapting to climate change

	4 Conclusions
	 Acknowledgments
	 Appendix A: Embodied energy of the architectural objects and contributions of the technological components
	 References


