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Abstract: Dwelling renovation has gained major importance in the European Union due to the current
need for the urban regeneration of many cities, most of whose existing buildings (approximately 60%)
were built in the 1960s to 1980s. These renovations require improvements in aspects such as structural
integrity, accessibility, and the updating of deteriorated or obsolescent installations. This reveals
that building renovations constitute a key factor in the future of the European building sector and
must be included in strategies both for the reduction of this sector’s environmental impact and for
climate change mitigation. In order to determine the effectiveness of renovations and their impact, the
HEREVEA (Huella Ecolégica de la Rehabilitacion de Viviendas en Andalucia or Ecological Footprint
of the Renovation of Dwellings in Andalusia) model is proposed on data obtained from the project’s
bill of quantities, its ecological footprint is assessed, and the economic-environmental feasibility of
different proposals are evaluated simultaneously. The resulting model is integrated into a geographic
information system, which allows georeferenced results. The tool can be used for sustainable and
resilient planning policy-making at all government levels, and for the decision-making processes. In
this paper, economic and environmental indicators are, for the first time, simultaneously assessed
through statistical normalization obtained from 50 cases analyzed in the city of Seville. Furthermore,
five case studies are assessed in detail in order to determine the sensitivity of the model. These
renovations represent less than 30% of the cost and 6% of the ecological footprint of a new construction
project. During the subsequent 25 years, the energy efficiency improvements could significantly
reduce the CO2 emissions that are due to direct consumption.

Keywords: building renovation; ecological footprint; economic-environmental assessment; Geographic
Information Systems (GIS); planning policy

1. Introduction

Approximately 60% of the existing building stock in the European Union was built during the
period from the 1960s to the 1980s. This percentage rises to 70-75% in Mediterranean countries, such as
Greece, Spain, and Portugal [1]. Furthermore, the current stock of buildings is expected to increase at a
rate of 1% per year due to new construction [2], but building renovations will increase at a rate of 2-3%
by 2020 [3]. Therefore, building renovations will become a key factor in the future of the European
building sector and must be included in strategies to reduce their environmental impact and to reach
the global objectives of climate change mitigation.

In the particular case of dwellings in Spain, interventions in existing buildings are not only due
to their precarious state but as a reactivating agent of the construction sector, thereby promoting
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integrated regeneration and energy efficiency in Law 8/2013, of June 26, for rehabilitation, regeneration,
and urban renewal [4]. This normative framework includes urbanistic criteria and sustainability of
built heritage, and, as is the case in most European countries, renovations are no longer considered a
minor activity with respect to the construction of new buildings [5].

For the correct analysis of this type of intervention, it is necessary to first clarify the term renovation.
According to Vilches et al. [6], the terms refurbishment, renovation, retrofitting, repair, and restoration
can all be used interchangeably. The European Commission uses “Holistic and Deep Renovation” in
the 2014-2015 Work Program for Horizon 20/20 [3] regarding building operations, which considers both
a significant energy reduction and district energy systems. The Building Research Establishment [7]
defines a major refurbishment project as an activity that results in the provision, extension, or alteration
of thermal components or building services and fittings.

In rehabilitation projects, seriously damaged buildings are assessed. Almeida et al. [8] studied
various sustainability evaluation systems and a model was cross-checked with current European and
national urban rehabilitation in order to define a simplified method for the sustainability assessment
for rehabilitation in old urban centers. Erlandsson et al. [9] compared the environmental impact of
rebuilding and new construction by conducting an LCA of a multi-dwelling building built in 1966 in
Sweden. In the case of single-family dwellings, Gaspar et al. [10] compared the impact associated with
total demolition to a refurbishment scenario of an old detached house in Portugal.

In addition to the environmental evaluation, economic aspects are also key factors of the assessment,
and tend to tip the balance towards actions of building renovation rather than demolition and new
construction. This is due to the increasing value of the building and the quality of its constructive
elements [11-13]. Other evaluation methods of renovation projects analyzed an economically optimal
combination of energy-saving measures, and concluded that the decision for renovation rather than
demolition is influenced by the investment cost and the market value of the buildings [14].

Recent studies have shown a methodological framework for conducting an economic cost-benefit
analysis in the Energy Efficiency Retrofit (EER) of existing buildings, based on the calculation of costs
and benefits over their life cycle [15]. Through cost curves of investments, Toleikyte et al. [16] analyzed
potential energy savings for the building sector by implementing energy efficiency solutions. Final
energy demand can be reduced by 56% by the year 2030 if the lowest-cost energy efficiency solutions
are implemented. At the neighborhood level, the economic benefit is also higher than that of individual
buildings; however, there are positive indications that individual property values may be enhanced in
the future [17].

The geographical consideration also constitutes an important aspect that can be addressed
simultaneously. The use of geographical information systems (GIS) makes it possible to relate the
use of geo-information and governance, and several studies affirm that these initiatives promote
accountability, transparency, legitimacy, and other dimensions of governance [18]. Several groups
of researchers have developed hybrid models that combine the application of GIS and multi-criteria
decision analysis, and they conclude that their models can be used in their decision-making processes
for sustainable and resilient policy planning at all government levels [19,20]. Other authors suggest
that GIS can be employed to improve land use, urban planning and renewal, and housing policy [21].

In the HEREVEA project (Huella Ecologica de la Rehabilitacion de Viviendas en Andalucia or
Ecological Footprint of the Renovation of Dwellings in Andalusia), georeferencing has been used
together with ecological footprint (EF) analysis instead of LCA methodology. The EF indicator [22]
assesses the amount of land that would be required to provide the resources (grain, feed, firewood,
fish, and urban land) and absorb the emissions (CO,) of humanity. The EF, along with the CF, have
become two of the most widespread indicators thanks to the simplicity of their concept. The EF has
been employed for construction projects [23-27].

The EF methodology by Solis-Guzman et al. [28] has been adapted in order to measure the whole
life cycle of the building: urbanization [29], use [30], maintenance [31], and the rehabilitation or
demolition [32].
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In the particular case of housing renovation, the HEREVEA project [33] takes advantage of
the model by Alba-Rodriguez et al. [32] to adapt it to fit other buildings. Their model, also called
HEREVEA, starts from the constructive description of the renovation project, its budget, and its bill
of quantities. Emission or embodied energy factors are then applied to those quantities, which are
subsequently converted into environmental impacts. The HEREVEA model is applied for the first time
to evaluate the impact of the renovation of actual buildings in Seville, Spain. The EF assessment of
construction projects developed by the authors in previous works is adapted to fit renovation projects
for the first time, and is based on other research carried out for the assessment of rehabilitation or
reconstruction of a building following a major accident. In the latter case, the building was seriously
damaged and needed such major reconstruction and repair that it could not be considered a mere
renovation; demolition was also considered. In the present work, the methodology is employed for
small projects, many of which have insufficient entity to be considered a construction project by itself,
but, instead, maintenance and repair work. The Andalusian Construction Cost Database [34] (ACCD)
is used for the cost assessment, and new renovation costs, which are not included in the database, are
created based on the work breakdown system of ACCD. First, 50 buildings are studied in order to
statistically normalize the EF and cost. Secondly, five specific cases are studied in depth. This model
not only enables the most important pathologies to be analyzed in terms of costs and EF, but it also
determines the elements that control the impacts in each project. A comparison with the results of
previous studies means that the influence of the building materials that control these impacts can
be analyzed [35-37]. The impacts are visualized simultaneously by combining the economic and
environmental impact graphically. The HEREVEA tool has been integrated into a GIS in order to
generate georeferenced results. Even in these small projects, the methodology has proved itself to be
effective in detecting the level of environmental impact and allows comparisons to be made between
various renovation projects.

2. Materials and Methods

2.1. System Boundaries

The renovation of a building takes place when deterioration or obsolescence occurs in its
functionality. The UNE-EN15978 standard, Sustainability of construction works. Assessment of environmental
performance of buildings. Calculation Method. [38], establishes at this point whether the building needs
either maintenance or substitution of certain elements.

Regarding the transversal boundaries, those aspects and elements that interact with the building
during this phase must be studied, namely, utility consumption, and the manpower, materials, and
machinery necessary to carry out the renovation are attributed to the building [31].

In all the projects analyzed, it is considered that the only activity that takes place on the land is
that undertaken by the renovation work. This impact lasts a year or less, i.e., the time taken for the
renovation to be completed.

2.2. EF Methodology

For the environmental evaluation of the projects, the EF indicator adapted to buildings is used
This article is a continuation of a previous study [32], where a residential building, composed of 40
flats situated by the Guadalquivir River, is rehabilitated after an accident that seriously affected the
safety of the tenants.

Impact sources are identified according to the bill of quantities of each project; the elements
that form part of the work units and the corresponding yields and quantities of resources used are
thereby ascertained (Figure 1). The main sources of impact are the workforce, the building materials,
the machinery used in the work, the construction and demolition waste (CDW), and the on-site
consumption of water, power, and land. The EF calculation model (Figure 1) determines the total
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footprint, which in turn consists of various partial impacts: energy (fossil), pastures, fisheries, crops,
and forests.

Renovation
[ EF?

Direct .
e RCD Indirect
cost cost
Manpower Material Machinery aste Water Electricity Built land
consumption (CDW)
Food Waste o
consumption (MSW) Fuel Electricity
Pastures Foreat
EF
(gha)
Impacts

Ecological Footprints -
Renovation Costs Database-

Figure 1. Ecological Footprint methodology applied to renovation projects.
2.2.1. Energy Consumption

The power that is consumed on site is due to electrical machinery and combustion engines, and
depends on the machine working hours within the work units (Equation (1) of Table 1).

2.2.2. Water Consumption

The amount of water employed for the in situ fabrication of mortar and concrete is obtained from
the work units, and its energy and emissions are calculated as for any other construction material.
Finally, the water consumed is transformed into CO, emissions, as indicated in Equation (2) of Table 1.

2.2.3. Built-Up Land

The EF methodology takes into account the land that is directly occupied (two possible types
of territory: forests or crops), since this land will be biologically unproductive from the moment it
is urbanized. In our case, the area considered is of crops, because Seville is located on originally
agricultural land. In the present analysis, the lot size corresponds to the plot where the project is
located and the EF is calculated using Equation (3) of Table 1.
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Table 1. Ecological Footprint calculation equations [32].

Equation No.
Electricity
EF,;: Partial Ecological Footprint of electricity consumption (gha/yr)
EFg = Ce X Egp X (1 = Aoc)/As X EQFcq 1)

Cg: Electricity consumption per year (kWh/yr)

E,;: Emission factor of electricity (0.000248 tCO,/kWh) [39]

Aope: Reduction in emissions due to the CO, absorption in oceans (0.28) [40,41]
Af: Absorption factor of forests (3.59 tCO,/ha) [41]

EQF;: Equivalence factor of carbon absorption land (1.26 gha/ha) [41]

Water consumption
EFy,: Partial Ecological Footprint of water consumption (gha/yr)
EF = Cya X Elyg X Egp X (1 — Aoc)/Af X EQF¢, )

Cuwa: Water consumption per year (m3/yr)
Elyg: Energy intensity of drinking water (0.44 kWh/m3) [42]

Built-up land

EFy;: Partial Ecological Footprint of built-up land (gha/yr)

EFyp =S X EQFy 3)
S: Total surface occupied by the building or parcel (ha)

EQFy;: Equivalence factor of infrastructure land (2.51 gha/ha) [41]

Manpower

EFy,;: Partial Ecological Footprint of food consumption in EF category i (gha/yr)

EFp; = (Huw/Hg) X 0.61 X (EF;/365) 4)
Hy: Total number of hours worked per year (h/year)

Hjy: Number of hours worked per day (8 h/day)

0.61: Breakfast and lunch as a percentage of the total daily food intake of a Spanish adult (61%)

EF;: Footprint of food consumption in EF category i (gha/person)

365: Days in a year

EFnMsw: Partial Ecological Footprint of MSW management (gha/yr)

EFpsw = Huw X Gw X Epsw X (1 = Aoc)/Ap X EQFeq ®)
Hy: Total number of hours worked per year (h/yr)

Gw: Hourly waste generation (0.000077 t/h) [43]

Epsw: Emission factor of MSW (0.244 tCO,/t) [44]

Construction materials

EF 4 Partial Ecological Footprint of consumption of materials (gha/yr)

EFma = Y(Chugi X Epngi) X (1 — Aoc)/Ar X EQFca (6)
Cait Consumption of material i per year (kg/yr)

E 0t Emission factor of material i (tCO,/kg)

EF,: Partial Ecological Footprint of wooden materials (gha/yr)

EFyo = Z(Cwoi/Y woi) X EQFg, 7)
Cuoi: Consumption of wooden material i per year (t or m3/yr)

Yuoi: Yield of wooden material i (t or m3/ha)

EQFp,: Equivalence factor of forest land (1.26 gha/ha) [41]

EFtr: Partial Ecological Footprint of the transport of materials (gha/yr)

EFtr = Y.(Wmai X Dma / Tcap) X Tcon X E X (1 = Aoc)/Af X EQFca 8)
Wy0i: Weight of the consumption of material i (t/yr)

Teap: Truck capacity (t)

Dt Average distance (km)

Teon: Truck consumption (L/100 km)

Ez: Emission factor of fuel (tCO,/L)

Machinery
EFy;c: Partial Ecological Footprint of machinery (gha/yr)
EFpyc = Z(Hmci X Cfi X Eﬁ) X (1 - Aoc)/Af X EQFcq (9)

H,,c;: Hours of use of machinery i (h/yr)
Cp: Consumption factor of machinery i (L/h or kW)
Es: Emission factor of fuel used by machinery 7 (tCO»/L or tCO,/kWh)
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2.2.4. Manpower

The analysis of the impacts generated by the construction workers includes the generation of
MSW and food consumption. Footprints generated according to the type of food (pastures EF from
meat, productive sea EF from seafood, cropland EF from crops) are calculated by taking the diet into
account [45] and by using the factor of equivalence of each productive territory (see Table 2). All food
also produces an energy footprint due to the energy consumed in its transformation. The equivalence
factors used [41] are implicit in the calculation of the EF (gha/person and year) (see Equation (4) of
Table 1). In the generation of MSW, a coefficient is used that indicates the average MSW generated per
worker [43] (Equation (5) of Table 1).

Table 2. Equivalence factors [46].

Productive Land Category Equivalence Factor (gha/ha)
Cropland 2.51
Pastures 0.46
Forest 1.26
Productive sea 0.37
Built land 2.51

2.2.5. Materials

Building materials, through manufacturing, transport, and installation processes, consume energy
from various sources. In order to obtain the EF of each constructive element, the basic unit (m3, m?,
meters, tons, thousands of units, etc.) is transformed into a volume (m3) and the corresponding
weight is obtained from each element density. Finally, the databases of life cycle analysis (LCA)
define the CO; emissions for each kg of material. The database used in the present work is that of
Ecoinvent (implemented in SimaPro v8 and developed by the Swiss Centre for Life Cycle Inventories
(The University of Edinburgh, Edinburgh, Scotland, UK) due to its transparency in the development
of processes [47]. In order to obtain CO, emissions, the Life Cycle Inventory of the materials is
analyzed using the IPCC 100a methodology [48] and Equation (6) of Table 1 is applied. The EF of
forests produced by the consumption of wooden materials depends on the productivity of the forest
according to its typology and the corresponding equivalence factor (Equation (7) of Table 1). Through
Equation (8), the EF of transport of manufactured materials for their delivery to the construction site is
determined (trucks transport a maximum of 24 tons, and travel an average distance (back and forth) of
100 km).

2.2.6. Machinery

The footprint caused by the use of machinery is analyzed by means of its energy consumption
(either fuel or electricity), and it is then linked with the power of its engine. The CO, emissions
generated by the production of one kWh by the Spanish power system are employed (Equation (9) of
Table 1).

2.2.7. Construction and Demolition Waste (CDW)

In order to account for the CDW impact, it is essential to include these activities in the project
budget separately in their corresponding chapter. This is mandatory in Spain by Royal Decree 105/2008,
which regulates the production and management of construction and demolition waste [49]. The
CDW impact includes the machinery and operators used in handling and transporting waste to the
treatment plants.
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2.3. Cost Model

An important aspect regarding the incorporation of environmental impact into the project budgets
involves its incorporation into the construction work breakdown systems (WBS) or classification
systems, such as MasterFormat [50], Uniformat [51], Standard Method of Measurement of Civil
Engineering [52], CI/SfB [53], and Uniclass [54].

In the present work, the model developed by Ramirez-de-Arellano-Agudo [55] is followed.
This model focuses on the measurement of any component of the execution units by means of their
decomposition into materials, labor, and machinery in accordance with the systematic classification
developed in the Andalusia Construction Cost Database [34], which is the most widely used tool for
the evaluation of construction costs in the region.

Given the uniqueness of the renovation work complex units have been chosen, which consider
constructive elements formed by a set of basic, auxiliary, and unitary elements. These constructive
elements form a set that brings together the execution procedures, activities, and materials necessary
to perform the various tasks involved in the renovation actions (Figure 2).

COMPLEX cenl ¢ of oxtert ;
UNITS eplacement ofr exterior campetry
(Cu) I

SIMPLE Disassembled Received from /-}Iuminug] Thermoacustic
UNITS window wall rims aquere glazing

(SU) window

AUXILIARY Corment
UNITS mortar
(AU)
. li . uneoprene
Sﬁ?'ll'g aggregates|concrete Epa @%asll(ré%]&mdovg [ pro’?’ile ] glasses
(BU) ork k
worker worker g\t"oap g‘;l\rl'gﬂp worker

[ chlnera E/Iaterlalj[ npow]
(hours) (kg) (hours)

Figure 2. Diagram of a complex unit (CU).

In order to take into account all the components involved in a complex unit of a constructive
renovation action, the first step is to describe the current state of the item to be repaired and the final
state after having been repaired. The execution process is then defined—starting from the demolition
or dismantling of the elements that are part of the system to be recovered; continuing with the specific
recovery work; and finishing with the replacement of each element that had to be removed at the
beginning of the work [56]. A database is created through the definition of 350 new unit costs and 33
new basic costs, which are subsequently employed for the definition of 68 complex unit costs.

2.4. HEREVEA Tool

In the HEREVEA tool, developed by the authors for the Regional Ministry of Housing in Andalusia,
the introduction of data referring to the interventions is performed by selecting the actions and their
intensities as a percentage based on the area damaged with respect to the total of the foundations,
structures, roofs, masonry, installations, carpentry, and accessibility, as well as on the definition of other
geometric data, such as average height from floor to ceiling, and the total height of the building [33].
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In Figure 3, the tool, after having input the building characteristics (1), looks for the most similar
project among the 94 previously measured projects in its database by matching the number of storeys,
the type of roof, type of structure, and underground parking, among other characteristics, and then
the average quantities (Qi) per floor area can be applied. The family group (or budget chapter) to be
retrofitted (2), the action to be carried out (3), and its degree of damage (4) are subsequently selected.
Actual cases are employed to define the most representative actions, and social housing data from the
city of Seville are applied.

1. Building selection
2. Chapters selected for renovation: complex units
3. Actions to be carried out: different options of construction systems and materials
4. Degree of action: applied to the total amount of the item to be repaired
1-30% 31-60% 61-100% 100%

PROJECT DEFINITION

e E e E EEEE LSS e ) aririniaiiuinl e e S B Iresmaasns ~q
: Chapter Sections " a Quantity \l :Actions to be carried out :: Gl
: Subchapter :: (u/m?) (u) h i damage (%) |
1 03. FOUNDATION / 03R. RENOVATION H :: i ]
:03HA m’. Reinforced concrete pads :: 0.05 175.20 |:Foundation underpinning ” 61 to 100 :
| 04. SEWERS / 04R. RENOVATION i i! i |
| 0aA u. Sewers il 001 35.04  i!Substitution il 61to100 !
: 04c m. Waste water pipe :: 0.05 175.20 ::Substitution :: 61 to 100 :
l0aB m. Down pipe :: 0.11 385.44 ::Substitution Il 31to60 !
| 05. STRUCTURES / 05R. RENOVATION :: I: i !
: O5F m’.Reinforced concretes slab :: 1.24 4344.90 ::Repair of compression layer “ 1to 30 :
1 06. MASONRY / 06R. RENOVATION :: :: 1 |
1o6wB m?. Envelope brick walls :: 0.95 3325.80 | ! u :
: Fissure repair 2 :: 1 ::No intervention 3 ” 0 4 :
L ________Crockrepair Damage>60% I\~ /' |Energy efficiency improvement J\_61t0 100 s

Figure 3. HEREVEA model. Example of project characteristics.

2.5. Normalization of Variables

After the economic and environmental values from the HEREVEA tool have been attained, the
values are statistically normalized so that both aspects can be directly compared, since their scales
and units differ. For the normalization of variables, the sample is based on a study carried out on the
market of dwellings susceptible to renovation in Seville; more specifically, these are in the historical
center, where there are the largest concentration of old buildings in Spain and one of the largest in
Europe. First, the study groups dwellings according to their age: between 50-75, 75-100, and over
100 years old. Second, georeferenced information regarding the general constructive characteristics
and their conservation status is obtained from a field study, thereby allowing the most degraded areas,
neighborhoods or streets requiring priority action to be identified in an easy and reliable way [57], see
Figure 4.

The instances of damage are defined regarding their initial state, which will produce different
renovation projects, with the objective of evaluating the sources of economic and environmental
impacts. The various affected parts of a deteriorated building are correlated, that is, whether it is
necessary to perform a foundation underpinning due to the detection of cracks in the facade and/or
roofs. The definition of the scenarios takes into account these combinations and relationships, and
results in a number of variables that can be altered in a consistent manner. Similarly, although the
analysis of scenarios does not take into account the probability of the cases occurring, it does take into
account that the same types of buildings are not repeated, which provides the sample with a wider
variety of work units.
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Figure 4. Representation of dwellings: dark green (more than 100 years old), light green (50-75 years),
medium green (75-100 years) [57].

The values obtained from the application of the tool for the evaluation of the economic and
environmental impact of the renovation work are calculated for each project per floor area, and are
respectively compared to those of a new building of similar characteristics to be constructed on the
same plot as calculated in Gonzdlez-Vallejo et al. [58] (Equations (10) and (11) in Table 3).

Table 3. Equations on the normalization of variables, Ren stands for renovation and Cons
for construction.

Equation No.

R_cost;: cost of the renovation work of project i with respect to a new construction

R_cost; = (Ren_cost;)/Cons_cost;) (10)
Ren_cost;: renovation cost per floor area (€/m?)

Cons_cost; = new construction cost per floor area (€/m?)

R_EF;: EF of the renovation work of project i with respect to a new construction

R_EF; = (Ren_EF,;)/Cons_EF;) (11)
Ren_EF;: EF in global hectares (gha/mz) of the renovation work

Cons_EF; = new construction EF per floor area (gha/m2)

Z._cost;: statistical value

Z_cost; = (R_costi — R_cost;)/0cost (12)
R_cost;: mean of R_cost;

Ocost: standard deviation of R_cost;

Z_EF;: statistical value

Z_EF; = (R_EF; — R_EF;)/o gF (13)
R_EF;: mean of R_EF;

o pr: standard deviation of R_EF;

N_cost;

N_cost; = R_costifo cost (14)
N_EF;

N_EF; = R_EFj/o gp (15)

As stated above, the economic and environmental indicators are expressed in different units (€/m2
and gha/m?, respectively), therefore they cannot be directly compared; moreover, they are also in
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different magnitudes. In order to relate these indicators, standard deviations of the Z statistical values
are used (Equations (12) and (13) in Table 3).

The indicators Z_cost; and Z_EF; can now be compared. A Z-value indicates how many units of
standard deviation a given value contains, that is, the Z value of an X value of a data set is the distance
at which X is above or below the mean, measured in units of standard deviation; if the value is positive,
the deviation is above the mean, and if it is negative, then it is below the mean. To represent the
proportion that the economic value supposed in the recovery of each project against the environmental
value, the normalization of the economic and environmental variables is carried out (Equations (14)
and (15) in Table 3). Obtained the normalized values N_cost; and N_EF; for each project, it is possible
to appreciate the significance that each indicator acquires against the other.

2.6. Case Studies

First, the methodology of HEREVEA is applied to 50 renovation projects (Table 4) located in the
city of Seville, all of which are formed of multifamily dwellings of 2 to 5 storeys, which are the most
representative [59]. In the chosen area, that of the northern part of city’s historical center of Seville
(postal codes 41003 and 41002), an analysis of the previous state of the building stock was made, which
responds to the elements susceptible to renovation due to their poor maintenance, and which forms
part of the most representative building typologies. This work was coordinated and promoted by the
Regional Ministry of Housing and Territorial Planning, and was focused mainly on the renovation of
public and privately-owned dwellings. Low-income families live therein and several buildings are
maintained by the city of Seville. The significance of the Seville projects is that these are representative
of Mediterranean construction in southern Europe, as many European projects focus on the similarities
between countries [60].

Table 4. General characteristics of the 50 projects analyzed.

Proiect Postal Date of Floor Number  Number of Type of Type of Type of Ground
) Code Construction Area(m?) of Floors Dwellings Foundation Structure Rooftop  Floor Use
P01 41002 1932 2904 4 1 Piling Reinforced Flat  Commercial
Foundation Concrete
P02 41002 1940 544 2 8 Piling Reinforced Flat Dwelling
Foundation Concrete
P03 41002 1942 953 4 6 Separate Reinforced Flat  Commercial
Footings Concrete
P04 41002 1959 1860 5 12 Separate Reinforced Flat  Commercial
Footings Concrete
P05 41002 1959 1071 5 12 Separate Reinforced Flat ~ Commercial
Footings Concrete
P06 41002 1970 1277 4 12 Piling Reinforced Flat  Commercial
Foundation Concrete
P07 41002 1930 1943 4 16 Piling Reinforced Flat ~ Commercial
Foundation Concrete
P08 41002 1920 528 3 16 Piling Reinforced Flat Dwelling
Foundation Concrete
P09 41002 1940 388 4 1 Separate Reinforced Flat Dwelling
Footings Concrete
P10 41002 1940 410 4 1 Separate Reinforced Flat Dwelling
Footings Concrete
P11 41002 1950 686 5 1 Strip Load bearing ¢ 1o Commercial
Footings wall
Strip Load bearing . .
P12 41002 1950 525 4 1 Footings wall Sloping Dwelling
P13 41002 1940 490 4 1 Strip Load bearing g ino Commercial
Footings wall
Pl4 41002 1940 842 4 16 Separate Reinforced Flat Dwelling
Footings Concrete
PI5 41002 1925 1079 4 16 Separate Reinforced Flat ~ Commercial
Footings Concrete
Pl6 41002 1900 1088 5 11 Separate Reinforced Flat ~ Commercial
Footings Concrete
P17 41002 1920 441 3 6 Piling Reinforced Flat Dwelling

Foundation Concrete
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Table 4. Cont.

11 0f 20

Proiect Postal Date of Floor Number  Number of Type of Type of Type of Ground

) Code Construction Area(m?) of Floors Dwellings Foundation Structure Rooftop  Floor Use

P18 41002 1950 640 4 1 Separate Reinforced Flat Dwelling
Footings Concrete

P19 41002 1920 482 3 6 Separate Reinforced Flat Dwelling
Footings Concrete

P20 41002 1960 414 3 6 Foundation  Reinforced Flat Dwelling
Slab Concrete

P21 41002 1960 349 3 6 Foundation  Reinforced Flat Dwelling
Slab Concrete

P22 41002 1960 390 3 1 Piling Reinforced Flat Dwelling
Foundation Concrete

P23 41002 1950 126 3 1 Foundation  Reinforced Flat  Commercial
Slab Concrete

Strip Load bearing . .

P24 41002 1955 186 2 1 Footings wall Sloping Dwelling

P25 41002 1950 871 5 1 Separate Reinforced Flat Dwelling
Footings Concrete

P26 41002 1940 665 4 1 Strip Loadbearing g1 1o Delling
Footings wall

P27 41002 1950 312 3 1 Piling Reinforced Flat  Warehouse
Foundation Concrete

P28 41002 1930 897 4 11 Separate Reinforced Flat  Commercial
Footings Concrete

P29 41002 1930 2522 3 16 Piling Reinforced Flat Dwelling
Foundation Concrete

P30 41002 1927 270 3 3 Separate Reinforced Flat Dwelling
Footings Concrete

P31 41002 1950 463 4 1 Piling Reinforced Flat  Commercial
Foundation Concrete

P32 41002 1960 205 3 1 Foundation  Reinforced Flat  Commercial
Slab Concrete

P33 41002 1940 328 3 3 Separate Reinforced Flat ~ Commercial
Footings Concrete

P34 41002 1945 463 3 6 Sepa.rate Reinforced Flat Warehquse -

Footings Concrete Parking

P35 41002 1950 969 3 6 Separate Reinforced Flat ~ Commercial
Footings Concrete

P36 41002 1950 319 3 1 Piling Reinforced Flat ~ Commercial
Foundation Concrete

P37 41002 1900 468 3 1 Separate Reinforced Flat  Commercial
Footings Concrete

. Commercial

P38 41002 1900 20 3 1 Separate Reinforced Flat -
Footings Concrete

Warehouse

P39 41003 1960 866 3 6 Piling Reinforced Flat Office
Foundation Concrete

P40 41003 1960 605 4 6 Separate Reinforced Flat  Commercial
Footings Concrete

P4l 41003 1960 579 4 8 Separate Reinforced Flat Dwelling
Footings Concrete

P42 41003 1940 766 4 1 Separate Reinforced Flat  Commercial
Footings Concrete

P43 41003 1940 267 4 4 Separate Reinforced Flat  Commercial
Footings Concrete

P44 41003 1958 1461 5 1 Separate Reinforced Flat ~ Commercial
Footings Concrete

P45 41003 1937 2774 3 8 Sepa.rate Reinforced Flat Commgrmal

Footings Concrete - Parking

P46 41003 1930 314 4 1 Separate Reinforced Flat Dwelling
Footings Concrete

P47 41003 1900 180 4 3 Separate Reinforced Flat Dwelling
Footings Concrete

P48 41003 1970 580 4 8 Separate Reinforced Flat Dwelling
Footings Concrete

P49 41003 1950 402 3 6 Piling Reinforced Flat Dwelling
Foundation Concrete

. Commercial

P50 41003 1900 244 2 1 Separate Reinforced Flat -
Footings Concrete

Warehouse
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The pathologies and corresponding level of damage are summarized in Figure 5.

[ Proyect n®
[1]2]3]4[s]6]7]8]o][10][11[12[13[1a[15[16]17]18][19]20]21]22[ 23] 24] 25[ 26[ 27] 28] 29[ 30] 31] 32] 33[ 34] 35] 36] 37] 38] 30| 40[ 41] 42 43] 44 [ 45 46 47 [ 48] 40 50

CHAPTER / Works
FOUNDATION

Reinforced concrete pads
SEWERS

Repair sewer

Subsitution sewer

Substitution waste-water pipe
STRUCTURES

Repair reinforced concrete slab [TT1
MASONRY

Internal partitions (Crack repair) [ T [ T1

I T O O O O O O A

[Envelope (energy eficiency improvement)
ROOFS
(Complete reparation (energs eicency mprovemeny
Repair skirt
Repair flat deck - wall
Repair flat deck - drain
INSTALLATIONS
New installation air-conditioning equipment [ T1
Circuits replacement
Lines
Light
New installation of electric line to ground
Replacement_hot-waler pipelines

cold-waler pipelines
|Water heater (thermal solar)
CARPENTRY

of windows [
ACCESIBILITY

of stairs

New installation of ramp
New installaion of levator

= pnnlinineiaianeiailaies SEE BEN.0

Figure 5. The pathologies and level of damage in the 50 cases analyzed.

Second, the methodology of HEREVEA is applied to five cases that are analyzed in depth;
the dwelling pathologies are summarized in Figure 6. In general, the state of conservation of the
enclosures is good except for small fissures of exposed bricks and detachment of the plaster, and a
number of areas with localized humidity stains and mold. However, in case 5, a differential settlement
of the foundation has caused cracks and fissures in walls, and severe humidity is present. The details
of the interventions for each of the projects, the pathologies, and the level of damage in the five cases
studied are summarized in Figure 7.

Project 1

General description

3 Santa Angela de la Cruz ST

(4-Storey)
Single/wall footing;
brick load-bearing walls /
reinforced concrete pillars;

concrete beams and wooden joists

Flat roof

Pathological state

Project 2

General description

5 Guadalete ST
(2-Storey)
Wall footing;
brick load-bearing walls,
concrete beams and
wooden joists
Flat roof

Pathological state

Project 3

General description

16 Trajano ST
(4-Storey)
single/wall footing;
brick load-bearing walls/
reinforced concrete pillars;
concrete beams and one-way slab
Flat roof

Pathological state

Project 4

General description

45 Amor de Dios ST
(5-Storey)
single footing;
reinforced concrete pillars;
concrete beams and
one-way slab
Flat roof

Pathological state

Project 5

General description

1 Aniceto Sdenz ST
(4-Storey)
single footing;
reinforced concrete and metallic
pillars; concrete and metallic
beams and one-way slab
Flat roof

Pathological state

Figure 6. Dwelling pathologies.
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Chapter/Subchapter/Sections | Work | PO1 | P02 | P03 | P04 | P05
03. FOUNDATION / 03R. RENOVATION

m3. Reinforced concrete pads | Foundation underpinning | I | | |
04. SEWERS / 04R. RENOVATION

u. Sewers | Substitution | l | I I
05. STRUCTURES / 05R. RENOVATION

m2. Reinforced concrete slab | Repair of compression level I I I | I
06. MASONRY / 06R. RENOVATION

m2. Internal partitions Substitution

m2. Envelope brick walls, outside EPS insulation

m2. Envelope brick walls . inside Crack repair. Staple, mesh and plaster

07. ROOFS / 07R.RENOVATION

m2. Horizontal roofs Energy-efficiency improvement | | | | |

08. INSTALLATIONS / 08R. RENOVATION

m. Circuits Replacement
m. Lines Replacement
m. Electric line to ground New installation
m. Hot-water pipelines Replacement
m. Cold-water pipelines Replacement

u. Water heater Thermal solar heater -

11. CARPENTRY/ 11R. RECUPERACIONES
m2. Doors and windows | Replacement (double glazing) I I I | |
ACCESSIBILITY

| Level of damage
[ 1w030% [ 3tweos [ 6ito100%

Figure 7. Summary of the pathologies in the five cases by level of damage. HEREVEA model.

3. Results and Discussion

The HEREVEA tool analyzed 50 dwellings located within the same urban area whose state of
conservation is susceptible to submission for renovation.

Figure 8 shows a sample of 27 plots out of 50 cases analyzed (number of the colored plot). Each
dwelling analyzed is identified in red, yellow, or green. The color represents how the value of the sum
of the two normalized indicators (N_cost; + N_EF;) is positioned with respect to the complete sample
of 50 cases (for which the distribution of the two populations is similar). The percentile has been used
because it relates each value to the sample by providing a measure of the group and the values within
the group, whereby percentile 0 represents the lowest value of the sample, and 100 the highest. P; is
the i—th percentile, where i takes values from 1 to 100. Of the sample values, i% are lower than P; and
the remaining (100 — i)% are greater. In this way, a scale is set: those above or equal to Pg; (red plots),
above or equal to P33 (yellow plots), and below P33 (green plots) are shown in Figure 8. Therefore,
in the aerial view of the sample, plots are colored with respect to the corresponding sum of normalized
economic and environmental indicators. For each plot, the graphical representation of the data also
includes the information referring to the comparison of N_cost; and N_EF; in a bar chart, blue for cost,
and green for the EF, whereby the green column of plot 50 is equal to one standard deviation.

In order to represent the significance of the normalized economic and environmental variables, the
five projects from Figures 6 and 7 are summarized in Table 5. It is noteworthy that the environmental
aspect is as significant as the economic impact. Only the environmental impact of project 2 is above
the average. This indicates that all projects evaluated are not seriously damaged with respect to the
population; all are close to the average values.
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Figure 8. Geographical representation of a sample of the dwellings analyzed.

Table 5. Statistical analysis of the five case studies, where Ren stands for renovations and Cons for new
building construction of similar characteristics.

Project

Po1 P02 P03 Po4 Po5

Variables

Economic analysis

Ren (€/m?) 81.18 18746 87.65 10586  63.87
Cons (€/m?) 55592 601.81 53332 528.07 555.92

R 0.146 0.311 0.164 0.200 0.115
z -1.037 -0231 -0948 -0.772 -1.188
N_cost; 0.711 1.517 0.800 0.976 0.559

Environmental analysis

Ren (gha/m?) 0.011 0.022 0.012 0.013 0.009
Cons (gha/m?) 0.266 0.291 0.266 0.260 0.266

R 0.043 0.075 0.045 0.050 0.035
z -0.503 0115 0458 -0.376 —0.662
N_EF; 0.840 1.458 0.885 0.967 0.680

A more in-depth analysis can be performed on the five projects. Table 6 shows the quantification
of the basic resources (kgs of materials and working hours) contained in the complex units. The
materials selected are the most representative in the renovation activities carried out. Figure 9 shows
the relative contribution of the main building materials to the CO, emissions per square meter of built
area. Constructively, similar buildings, such as those in Spain [35] and Portugal [36], are compared
with other constructions in Korea [37]. The high impact of commonly used materials, such as steel,
cement, and ceramics, is worth noting. This verifies the coherence of the order of magnitude of the
results obtained with the model.
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Table 6. Quantification of construction materials and working hours per project.

. P01 P02 P03 P04 P05
Material
W E W E W E W E W E
Cement 1025 756 21.12 15.03 1312 980 1169 853 1322 9.65
Steel 1.40 2.77 2.34 5.24 3.41 5.29 2.12 3.99 1.58 3.44
Aluminium 0.05 0.49 0.00 0.00 0.15 1.49 0.37 3.70 0.29 2.94
Aggregates 7574 015 1058 020 9452 019 5756 011 80.97 0.16
Lime 6.00 4.49 1.92 1.44 8.06 6.04 2.57 1.93 1.88 1.41
Ceramic 6.00 3.82 7.90 4.73 6.33 4.44 517 2.38 5.51 422
Concrete 10.05 1.85 3158 4.61 1527 173 7.93 092 19.79 218
Wood 0.04 -0.04 036 -036 012 -012 006 -0.06 030 -0.30
Paint 0.45 1.17 1.14 3.07 1.08 2.79 0.81 1.17 0.30 0.91
Others 2.34 3.17 936 13.18 454 5.28 4.64 4.81 2.67 411
Total 1123 2543 1815 47.14 1466 3693 9292 2749 1265 28.72
Working hours (h) 5979.44 3001.12 3070.95 5034.43 2714.26

W: weight (kg/m?) E: Emissions (kg COp/m?).

= Ceramic Aluminium I Steel # Cement

7.00%

(Spain)
73.85%

16.23%

Present study

8.00%
6.17%

Shin et al.
(Korea)
75.73%

(NSRRI 22 575

27.19%

2.30%

Bribian et al.
(Spain)
80.50%

1.60%
19.20%

81.20%

Pacheco-Torgal et al.
(Portugal)

Figure 9. Comparison of the contribution of CO, emissions associated with the manufacture of
construction materials.

In Figure 10, the results of the five projects are compared economically and environmentally per
chapter. In Project 5, the EF of the foundations chapter is highlighted; this is due to the high material
consumption (cement slurry injected to improve the poor carrying capacity of the soil) during the
underpinning process. However, comparatively, the economic impact is not of major importance in the
same chapter.
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Figure 10. Environmental and economic comparison.

Project 2 stands out since it presents the greatest economic impact in the installations chapter,
also with a high environmental impact in this chapter. This is due to the replacement of obsolete
elements. Nevertheless, the roof repair work in this project generates the highest environmental impact
(Figure 10).

One last comparison, as shown in Figure 11, is given between the EF generated by energy
consumption during the use phase of the building (for a period of 25 years) and the EF generated by
the renovation work. For the energy simulation, the CE3 software has been employed [61]. CE3 is the
free and official calculation software used in Spain for the energy certification of existing buildings.
Its levels of accuracy and detail have been contrasted in tests which are publicly accessed. Similar
to rest of the software available in Spain, CE3 evaluates the following aspects for dwellings: heating,
air-conditioning, and domestic hot water. Other aspects of energy consumption are not assessed.

# Renovated: EF energy

: consumption (25 years)
mmmmmmm il Renovated: EF work
execution
[ll0ta]|  mnitial state: e energy

consumption (25 years)

0.000 0.020 0.040 0.060 0.080 0.100
(gha/m?)

Figure 11. Environmental impact comparison between renovated and initial state of the projects.
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Upon analyzing the results in Figure 11, it can be observed that projects 1 and 2, where insulation
has been incorporated into the roof, the total EF (use + renovation) is much smaller than the EF of
energy consumption of the use phase in its initial state; the energy retrofitting appreciably reduces
the EF of the use phase. However, in the other three projects, this measure has not been incorporated.
In project 3 the balance between initial and renovated state is practically null from the point of view of
EF energy. In projects 4 and 5, where the renovation does not suppose an appreciable decrease of the
energy consumption, it is more profitable from the environmental point of view to maintain the initial
state of the building.

Therefore, it can be concluded that the renovation will be environmentally profitable when a
major energy retrofitting is carried out.

4. Conclusions

The HEREVEA model, through geographical information that correlates the economic and
environmental variables, analyses the renovation intervention from a holistic perspective (technical,
economic, and environmental analysis). The model takes into account the importance that these
variables bear in the decision process by normalizing their values for the corresponding population,
cost, and EF. The new model, a free and open-access computer tool in GIS, facilitates the assessment of
buildings of priority action in the city and integrates, in an intuitive way, the environmental variable,
which becomes a key in this decision-making process in terms of reducing environmental impact.

From the disaggregated economic and environmental comparison, it is clear which chapters
are the most relevant—in the case of large-scale interventions where the building has load-bearing
deficiencies and structural affection, the foundations and masonry chapter stand out due to the need
to repair cracks and fissures. The environmental impact is mainly due to the embodied energy of
the materials incorporated in the renovation process. In smaller interventions, the masonry and roof
sections stand out in a more homogeneous manner, whereby their environmental impact is higher
than their economic impact, while in the installations chapter the economic impact is greater than
the environmental impact, due to the high cost of the systems and components. From these results it
can be concluded that the model is sensitive to changes in construction solutions and the severity of
pathologies or level of damage.

In future work, the EF can be combined with other indicators, such as the water footprint in the
life cycle of buildings, by taking into account all the aspects that can be assessed in a simplified way
from the perspective of the budget and systematic work breakdown classification. The long-term
objective involves the creation of a differentiating and open economic and environmental indicator
that enables all impacts throughout the life cycle of the building to be predicted during the design
stage of buildings.
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