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Abstract: Office buildings built before the pre-1960 age constitute a relevant group for analyzing
the energy performance of the Portuguese building sector. A dynamic energy simulation was used
to assess the energy performance of an existing office building located in the town of Bragança,
Portugal. By using a staged renovation approach, two passive technologies applied to the building
envelope and an efficient domestic hot water system were selected and a financial evaluation through
the net saving (NS) method was undertaken to choose the best efficiency measures/packages for
improving the building’s energy performance. Real discount rates of 3% and 1% were used in the
financial evaluation. Considering the real discount rate of 3%, the results showed that only two
out seven retrofit options had a positive financial return. By using the real discount rate of 1%, all
retrofit options were found to be financially efficient. The results of the study corroborated those
of earlier works that found that the financial profitability of energy renovation investments is very
sensitive to the discount rate used in the analysis. The results of the study also suggested that the
staged renovation approach used in the analysis is economically feasible, and that this approach is
an alternative to one-step renovation approach to help to achieve the country´s energy and climate
targets by 2030. Suggestions for future research conducted for office buildings in the different climate
zones and other age groups in Portugal are proposed.

Keywords: building retrofitting; cost-optimality; dynamic energy simulation; economic assessment;
energy performance; staged renovation

1. Introduction

The European Union (EU), as a signatory of the Paris Climate Agreement, has commit-
ted to contribute to controlling greenhouse gas (GHG) emissions, limiting the increase in
global temperatures to well below 2 ◦C during this century, with pre-industrial age levels
taken as the benchmark [1]. Globally, energy is responsible for about three-quarters of GHG
emissions. In the EU, buildings account for about 36% of CO2 emissions and represent
about 40% of energy consumption-the largest sector in all end-users area [2,3]. The resi-
dential building segment alone represented about 27% of EU’s final energy consumption
in 2014 [4]. However, the construction and property sectors represent the largest source
of potential energy savings and GHG emissions reduction in Europe and worldwide [5,6].
In the mix of the building sector’s energy consumption, operating (80–90%) and embodied
(10–20%) phases of energy use are significant contributors to building’s life cycle of energy
demand [7]. Thus, an efficient strategy for the decarbonization of the construction and
property sectors has to encompass both the construction phase and the operating phase of
buildings and other constructed facilities.

In the EU, the demand for energy for buildings is mainly caused by low levels of
energy efficiency in buildings—around 75% of buildings are inefficient [8]. This fact is also
related to the construction period, and it is estimated that 40% of residential buildings were
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built before 1960, a time when construction regulations were very limited [9]. Realizing
the potential associated with the building sector requires a strategy that should not be
limited to stricter control in new building but should also provide more efficient solutions
for existing buildings [10]. With estimates showing that 75–85% of the current EU building
stock will still exist in 2050, the renovation of the national building stock is a key element
for attaining the EU’s energy and climate goals [11].

The EU key policy instrument for reducing energy use in buildings is the Energy
Performance of Buildings Directive—EPBD [2], accompanied by provisions for the build-
ing sector in other directives, specifically the Energy Efficiency Directive—EED [12] and
Renewables Energy Directive—RED [13,14]. The Article 5 of the recast EPBD states that
Member States (MS) shall take the necessary measures to ensure that minimum energy
performance requirements for buildings or building units are set with a view to achiev-
ing cost-optimal levels. The EU Delegated Regulation Nº. 244/2012 [15], supplementing
Directive 2010/31/EU [16] introduced a harmonized calculation methodology for calcu-
lating cost-optimal levels of minimum energy performance requirements for buildings
and building elements. The regulation prescribes that MS shall report to the European
Commission all input data and assumptions used in those calculations. The Article 2a
of the recast EPBD also includes a number of measures targeting energy efficiency im-
provements in buildings. These include the requirement for MS to establish a long-term
renovation strategy (LTRS) for mobilizing investment in the renovation of the national
stock of residential and commercial buildings, both public and private. The Article 2a of the
EPBD also states that “the LTRS shall identify the cost-effective approaches (according to
the comparative methodology of the EPBD) to renovation relevant to the building type and
climatic zone. They shall also present the main policies and measures (including financial
and tax instruments) to stimulate cost-effective deep renovations of buildings, including
staged deep renovation, and a forward-looking perspective to guide investment decisions
of individuals, the construction industry and financial institutions” [2].

Financial incentives have been developed (at EU and national levels) to improve the
access to capital but they have also been developed to motivate consumers to take energy
efficiency actions [17]. The financial instruments normally include subsidy/grant schemes,
soft loans and funds. The subsidy/grant schemes are generally targeted to meet specific
objectives and to promote deep renovations (generally public and residential building
segments), which have high upfront costs [17]. However, despite this plethora of efficiency
programs and supporting measures, the current levels of energy renovations in EU are still
far from the optimal one [18]. There are many barriers faced by the sector, from technical
barriers to regulatory and market risks [19]. According to Bertoldi et al. [20] one reason
behind such a partial inefficacy might be related to the fact that informational measures
aimed at encouraging renovation are poorly explained and understood. Moreover, renova-
tion decisions are also influenced by personal (such as age) and other contextual factors
related to everyday life [21].

The European Commission has recently launched a new specific strategy to promote
renovations of buildings—A Renovation Wave for Europe-Greening our buildings, creating
jobs, improving lives [19]. As part of the Renovation Wave strategy, the European Com-
mission has strengthened its commitment to tackle energy poverty, in which renovation is
acknowledged as a key strategy to address energy poverty [20]. Energy efficiency of build-
ings, particularly of the housing segment, is one of the flagship areas—RENOVATE—of
the EU Recovery and Resilience Facility under the NextGenerationEU instrument [22].
With this strategy, the EU aims to reduce, by 2030, buildings’ GHG emissions by 60% and
primary energy consumption by 14%, with 2015 as the reference year. The general aim is
to cut net GHG emissions by at least 55% by 2030 compared to 1990 [23]. However, the
European Commission recognized that mobilizing investment is difficult, particularly at
the local and regional level, and that public funds are frequently scarce and difficult to
blend due to regulatory obstacles [19]. Thus, cost-effectiveness should be at the core of
energy efficiency programs in the EU. A special report of the European Court of Auditors
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(ECA) suggested that cost-effectiveness is not a determining factor for public funding of
energy efficiency in buildings [24], implying that some national and EU funded energy
efficiency programs have not been developed in the spirit of the provisions contained in
the EU Delegated Regulation and its accompanying Guidelines [25]. The ECA report also
underlined that simple upgrades with high energy savings per euro invested are usually
financially viable, and should therefore, generally, be financed by the private market [24].

Thus, new approaches must be explored to promote energy efficiency of buildings, and
that staged renovation needs a fresher look from the part of national governments in the EU.
Staged renovations are by far the most popular in many European countries [26]. The EPBD
and the Renovation Wave strategy reference staged renovation as another suitable approach
to energy renovation in buildings. In the published literature there has been an increasing
interest in this approach as well [26–30]. Fritz et al. [26] analyzed how well-planned staged
renovations can lead to highly efficient building based on the model calculations for typical
German residential building. The model calculation demonstrated that while one-step
renovation led to 20% higher energy savings over time for a multi-family building, the
total cost in the staged renovation was 6% lower due to coupling renovation measures to
the maintenance and repair works. Semprini et al. [31] analyzed a large set of possible
scenarios for renovation as technical feasible solutions to achieve NZEB requirements, by
using a multi-family housing in Bologna, Italy, as a case study. They then analyzed to what
extent one-step renovation and high transformation of buildings is competitive with respect
to shallow retrofit. By considering the SPB method, they found that payback times varied
from 9 to 25 years for the standard renovation scenario and from 40 to 90 years in the deep
renovation scenario, with or without incentives, respectively. The NPV analysis showed
that potential margins of profitability were achievable by coupling the retrofit scenarios
with RES systems. The step by step renovation approach has merited special consideration
for the part of energy stakeholders in France, including the government. The French
company Effinergy, in consortium with Pouget Consultants, EIRENO and the French
Energy Agency (ADEME), developed a national methodology of step by step renovation,
the so called B2C2 methodology or step by step BBC “bâtiment à basse consommation”.
This methodology is addressed at local authorities proposing financial assistance and
support to home owners. It is composed, in particular, of the following tools: eight
technical principles to secure and implement properly the steps, particularly the first step,
which is focused on the building envelope; a guide book for local authorities, to help
them implement the methodology [32]. It is worth noting the distinction between step by
step BBC “BBC par étape” and compatible BBC “BBC compatible”, the latter is associated
with each lot of renovation works (walls, roof, etc.). This notion assures that the technical
level defined for each lot is adequate with the attestation of BBC Effinergy level after the
completion of the works. The former is associated with a roadmap with a complete picture,
which will be conductive to the BBC requirements in the long-term. Both these notions
are in line with the notion of building renovation passport (BRP), which was developed
within the European Horizon 2020 funded iPRoad project. The BRP has been implemented
in several countries sand is referenced in the revised EPBD [26].

Building is diverse and each country has its specificities, and climate has an important
effect in the pattern of energy consumption. The pattern of energy consumption in Portugal
is markedly different from that of the EU as a whole. In Portugal, in 2016, the transport
sector was the main contributor with 37%, followed by industry (31%), building (29%); di-
vided into residential (16%) and service buildings (13%); agriculture and fisheries (3%) [33].
The primary energy consumption in Portugal totaled 22.1 Mtoe in 2016. Compared with
the mix of energy consumption registered in 2006, the two segments of the building sector,
residential and service buildings, had, negative annual growth rates of −2.6% and −1.0%,
respectively. However, it is also worth noting that final energy consumption in service
buildings has remained practically stagnant in the period 2011–2016, which reflected a
positive development of the economy [33].
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The LTRS, in a number of EU countries (including Portugal), have not presented a
detailed information (if any) on the cost-effective approaches to renovations and priority
groups of buildings nor have they provided a comprehensive analysis of the barriers to
investment [14]. Like most of energy efficiency programs prevailing in the EU, the economic
instruments to stimulate building’s energy renovation market in Portugal are generally
target for existing residential and public buildings [10,34]. Office buildings built before the
entry into force of the first thermal regulation in 1991 [35] constitute a relevant group for
assessing the energy performance of the Portuguese building sector. Of the country’s built-
up area, in 2014, 77% was represented by residential buildings and 23% by commercial and
service buildings [4]. The service segment is broken down in the following subsegments:
private and public offices (26.6%); schools (20.1%); hospitals (6.9%); hotels and restaurants
(13.5%); sports buildings (4%); commerce (27.2%); other (1.7%). Office buildings built
without thermal performance requirements represented about 20.1% of the gross floor
area of the country’s total non-residential segment and were responsible for about 38%
of this building segment’s final energy consumption in 2016 [10]. As the commercial and
service building segment’s final energy consumption in Portugal is not much dissimilar to
that of the residential buildings, an approach focused on the former segment may provide
new insights for assessing the consistency of Portugal’s strategy for energy efficiency.
The aim of this research is to explore the evaluation of energy building retrofits from a
cost-effectiveness approach, within the context of the EU and Portugal’s regulatory and
policies frameworks for energy efficiency of the building sector. The paper is used as a case
study of an existing large office building, located in the town of Bragança, Northeastern of
Portugal, which is typical of the pre-1960 age.

The remainder of the paper is structured as follows: Section 2 provides a brief review
on the economic evaluation of renovation investment in buildings; the methodology is
presented in Section 3; Section 4 presents the obtained results of the application of the
case study and provides an assessment of the results; a concluding remark is drawn in
Section 5.

2. A Brief Review on the Economic Evaluation of Building Renovation Investments

Research into the use of energy in buildings goes back to the 1970s and the first oil
crisis [36]. In the United States, economic evaluation of public investment takes place
in the early 1980s, in the aftermath of the second oil crisis in 1979–1980 [37]. The Build-
ing Economics Subcommittee was established in 1979 within the ASTM Committee E06
on the Performance of Buildings [38]. Energy and economic benefits are the main ob-
jectives in building renovation. However, other non-energy objectives have also to be
considered to expand the feasibility of transforming existing buildings in low-energy
buildings [31,39]. Since 2000’s, an increasing amount of literature dealing with building
renovation investments has been published. Most of these works follow more of less closely
the EU comparative methodology framework, which, in its essence, follows the classical
framework of the net present value (NPV) concept.

The EU comparative methodology uses the life cycle cost (LCC) concept as the basis
for the MS to compare their minimum energy performance requirements levels against
cost optimal levels. The Article 5 of the EPBD defines cost optimal level as “the energy
performance level that leads to the lowest cost during the estimated economic life cycle of
a building or building element”. The comparative methodology involves the following
steps as defined in the EU Delegated Regulation 244/2012 [15]: (1) establishment of the
reference buildings (RB) for different types of residential and service buildings, for both
new and existing buildings; (2) identification of energy efficiency measures/packages for
each RB; (3) calculation of the primary energy demand resulting from the application of
such measures/packages to an RB; (4) calculation of the life cycle cost (global cost) in terms
of the net present value (NPV). If the results of this comparison show that current minimum
energy requirements are significantly less energy efficient than cost-optimal levels, then the
MS are required to justify this difference. These global costs can be seen at the macro level
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(social) or at the end-user (micro) perspectives. As regards the reference building (RB), in
each category, there are two methodologies for creating an RB: the RBr methodology, in
which a real building representing the most typical building in each category is selected;
the RBv methodology, which consists in the creation of a virtual building which, for each
relevant parameter, includes the most commonly used materials and building systems.
In the latter methodology, the relevant information is either based on expert’s advice or on
statistical data, or a combination of both [40]. Regarding national studies that have been
developed as part of the obligations contained in the Article 5 of the recast EPBD, two sets
of the Portuguese government-commissioned reports [40,40–42] used the EU comparative
methodology to assess the cost-optimal levels of energy efficiency measures/packages
for residential, office and hotel buildings. This notion of reference building has also been
applied in studies dealing with cost-optimality of energy renovation of a particular building
segment of the national stock in the EU [44–46] and for identifying the cost-optimal energy
efficiency requirements according to the EU comparative methodology [47].

Other studies dealing with the cost-effectiveness of energy retrofit investments have
used the building typology approach, which consists in the use of representative buildings
or building types identified and classified in function of specific aspects (e.g., building
use, building age, building size and climatic zone) [44]. Some of these works have dealt
with residential buildings [31,48–56]. For example, Ascione et al. [56], by using a reference
multi-family housing in the city of Naples, applied economic methods to select the best
profitable packages of energy efficiency. They found that, for a range of available budgets
from 10,000 € to 600,000 €, the most proper economic budget was 300,000 €, either by using
the utopia point criterion or the comfort point criterion. Conci et al. [55], using German
residential multi-family buildings in the 1950s–1970s age group as a case study, applied
life cycle analysis to define a benchmark for environmental impact, expressed as global
warming potential (GWP), and LCC to assess the economic impact, expressed as IRR, both
assessed in a Pareto optimal method, to evaluate traditional strategies of energy renovation,
and whether innovative strategies performed economically and environmentally better for
this purpose. They conclude that implementing the rate of traditional strategies contributed
only partially to raise the degree of certainty in reaching the energy and climate targets, and
that the use of RES had a much bigger impact on the GWP balance than the choice between
a standard renovation or minimal renovation of the building envelope. Regarding private
office buildings, most of the studies dealing with evaluation of energy retrofitting invest-
ments consist in investigating the most economically efficient retrofit measures/packages
applied to these buildings [57,58]. Pikas et al. [57] assessed the economic and energy per-
formance building fenestration design solutions applied to an office building. The analysis
also looked at alternative measures to achieve the NZEB level. They found that, for the cold
Estonian climate, triple glazed argon filled windows with a small window to wall ratio and
walls with 200 mm thick insulation are energy efficient and cost optimal within 20 years.
However, they concluded that existing NZEB solutions are not cost optimal, but this should
change in the near future. However, a significant number of studies have been, most
recently, combining LCC analysis with environmental analysis in this building segment
as well [59–61]. Gustafsson et al. [60] used as a case study a typical office building in
three European climates (Nordic, Continental and Mediterranean) to assess the economic,
energy and environmental impacts of energy retrofit measures/packages applied to this
typical office building in three European climates (Nordic, Continental and Mediterranean).
These packages included insulation, windows, energy generation and distribution systems
and solar photo-voltaic, with a total of 255 renovation cases. They found that a reduction
in final energy cost of up to 74% could be achieved in the Mediterranean climate, up to
77% in the Continental climate and up to 70% in the Nordic climate, compared to the
reference cases. Gangolells et al. [59] presented a model for identifying environmental,
cost-effective retrofitting measures by assessing their energy, economic and environmental
impact when they are applied to the entire office stock. Their methodology built upon
the energy performance certificate scheme to identify the life-cycle energy, economic and
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environmental impacts of a set of energy renovation measures for each representative
office. They concluded that the most efficient energy renovation measures were heat pump
replacement (18.1%) and replacement of lamps with LEDs (14.4%). However, they also
found that the most effective renovation solutions depended on the evaluation criteria
(energy, economic or environmental).

Studies dealing with building renovation investments have also addressed public
buildings [62,63] and historical buildings [64]. Ferrari & Beccali [62] took a building
located in the campus of Politecnico de Milano (Italy) as a case study. They used the
LCC and SPB methods to select the most financially efficient packages for improving the
energy performance of the building toward NZEB requirements. They found that it was
possible to reduce primary energy needs and associated emissions up to 40% from current
values by adopting traditional and well-proven technological solutions for retrofit. They
also concluded that retrofit solutions that do not include improvements on the building
envelope are generally the most cost-effective options. Regarding the studies that took
single family or multi-family housing in Portugal as a case study, Ferreira et al. [65] used
the LCC and SPB methods to assess the most cost-effective solutions to achieve net-zero
requirements, by taking a single-family housing in O’Porto city as a reference. They then
compared these net-zero solutions with those resulting from the cost-optimal calculation.
They concluded that both approaches led to similar results, implying that the transition
from cost-optimality to NZEB requirements could occur in Portugal. Tadeu et al. [66], used
the LCC method to evaluate 15 alternative retrofit packages for a single-family building
and an apartment in a multi-family building. Both buildings are typical of the pre-1960
age. By following the EU comparative methodology, they provided alternative procedures
to identify the macroeconomic and financial solutions. They found that their results
reflected the then market values better than those provided in Government national reports.
Rodrigues et al. [67] took a 19th century stone masonry residential building, located in
O’Porto city, as a case study, to assess the applicability of the EnerPHit standard in existing
buildings. The reference solution was then studied in six climate zones in the north and
center of the Portugal mainland. They founded that an energy efficiency measure consisting
of an XPS solution had a discounted pay-back between 11 and 12 years, and a vacuum
insulation panel solution had a discounted pay-back of more than 30 years, in all climate
zones analyzed. From this review, it is reasonable to assume that most studies dealing
with economic evaluation of renovation investments in Portugal have addressed the single-
family and multi-family housing segments of the building sector. This research aims to
contribute to fil the gap regarding economic studies on renovation investments pertaining
to the commercial and service segment in this country.

3. Methodology

This research aims to explore the evaluation of energy building retrofits from a cost-
effectiveness approach, with reference to a single case study that is representative of a
particular building cluster in Portugal. In the first step of the study, the EU and Portu-
gal’s regulatory and policies frameworks for energy efficiency of the building sector were
reviewed. This included the EU’s harmonized methodology for calculating cost-optimal
levels of energy performance requirements, and the issues related with the staged approach
to renovation. Next, a financial analysis through the NS method combined with a dynamic
energy simulation was undertaken to determine the energy performance of the building,
considering two alternatives: the “base building”; a set of scenarios of energy efficiency
measures/packages for improving the energy performance of the building. This was
followed by the analysis of the economic feasibility of the staged renovation approach
to the building. The energy efficiency measures analyzed consisted of two passive tech-
nologies which applied to the building envelope and an energy-efficient domestic hot
water equipment. For each of efficiency measures/packages, the following parameters
were identified: initial investment cost; operation and maintenance cost; the equipment’s
residual values at the end of the period of analysis; incurred savings. These savings were
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calculated as the difference between the energy consumption of different energy vectors
(electricity and natural gas) of the “base building” and that of the building implement with
different energy efficiency measures/packages. The study period was set at 30 years.

The next subsections present: (i) the building characteristics, the climate conditions
and the proposed retrofit actions to be applied to the building (Section 3.1); (ii) the dynamic
energy simulation of the building (Section 3.2); (iii) the key data and assumptions of the
life cycle financial analysis (Section 3.3).

3.1. Case Study Building and Retrofit Actions
3.1.1. Building Characteristics and Climate

The building under study is part of a building complex, constructed in 1933, and is
located in the town center of Bragança, Portugal, at an altitude of 656 m and a distance
to the coast of about 173 km. The premise, which is owned by a Catholic Church’s
organization, has a U-shaped configuration (Figure 1a), in which the left wing (building A)
has been functioning as a church and the right wing (building B) has been used both as
a primary and secondary levels school and residence for boarding students. The central
wing (building C), had also been used as a student residence until the 1990’s and has
been, since then, unoccupied and in a degraded conservation status. The architecture of
the building C, which is object of the present study, consisted, originally, of granite stone
masonry walls (in Portugal, buildings built before the Second World War have, generally,
a load-bearing wall, in which the structure and the envelope are coextensive), floor slabs
with a wooden-framed structure and wooden flooring, and partition walls comprising a
wooden-grid structure filled and covered with earth-based mortar. The roof consisted of a
wooden structure covered with ceramic tiles and the windows had single glasses, equipped
with a wooden frame. The building is 48 m wide, Southwest–Northeast, and 12.4 m long,
Northwest–Southeast, with its main façade facing Southeast (Figure 1b).

Figure 1. (a) Sketch of the building complex plan; (b) main façade of the central wing (C).

The building is not yet renovated but the project design was recently developed.
The owner’s objective was to provide the building with adequate conditions of habitability,
including the eventual improvement of its energy performance. The project design consists
of the preservation of the external walls, the erection of a reinforced concrete pillar-beams
frame structure in the interior of the building, replacement of the wooden-framed ceil-
ings with precast reinforced concrete slabs in the floors. The double-glazed windows,
equipped with an aluminum frame, that replaced the original windows, were also pre-
served. The building has a partial underground floor, a light-colored exterior surrounding,
spreading over three floors above ground level and the attic, with vertical connection
bridged by stairs. The total gross area of the building is 2665.60 m2, of which 1521.30 m2

are heated area; the exterior wall area is 1275.67 m2; the pitched roof area is 670.89 m2

(Table 1).
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Table 1. Building areas (m2).

Basement 370.00
Ground floor 595.20

First floor 595.20
Second floor 595.20

Attic 510.00
Total gross floor area 2665.60

Total heated area 1521.30
Exterior glazed area 211.99

Exterior walls area (excluding glazed area) 1275.67
Skylight area on the pitched roof 11.00

Walls area in contact with the ground 83.50
Flat roof area (adjacent staircase) 51.00

Pitched roof area 670.89

The thermal characterization of the building envelope, namely the building parameters
and the thermal transmittance coefficient of the walls and roof was performed according to
the Ministerial Decision nº 15793-E/2013 [68]. This legal provision established a simplified
procedure to be used in service buildings undergoing major renovations, as well as in exist-
ing buildings. The reference publication ITE 50 from the Portuguese National Laboratory
for Civil Engineering [69] provides the reference values for all building elements, such as
glazing and outer covering. Regarding the glazing, two different types were observed:
glazing 1-aluminum frame, with double glasses 6 mm + 6 mm, with 16 mm air box, with-
out sun protection; glazing 2-aluminum frame, with double glasses 6 mm + 6 mm, with
16 mm air box, with interior sun protection composed of a wooden board. The thermal
transmittance coefficient and solar glass factor of the two types of glazing are presented in
Table 2.

Table 2. Thermal transmittance coefficient and solar glass factor of the glazing.

Glazing Type Thermal Transmittance
Coefficient U (W/m2 ◦C) Solar Glass Factor Solar Glass Factor with

Protection

GL1 3.8 0.75 -
GL2 3.1 0.75 0.46

The characteristics of the opaque envelope elements of the renovated building are
as follows:

• External wall: consists of granite stone masonry with a thickness of 95 cm with 2.5 cm
thick cement plaster on both sides, resulting in a thermal transmittance coefficient of
1184 W/m2 ◦C;

• Roof: consists of a wooden structure covered with ceramic tiles, resulting in a thermal
transmission coefficient of 1.30 W/m2 ◦C.

Climate zoning in Portugal is presented at the Level III of the Nomenclature of
Territorial Units for Statistical Purposes (NUTS). Its composition by municipality is detailed
in the Ministerial Decision nº 15793-F/2013 [70]. The building under study is located
in Bragança, which corresponds to the NUTS III Alto Trás-os-Montes. Applying the
Equations (1) and (2), as described in the Ministerial Decision nº 15793-F/2013, the climate
zone of the building was determined.

HDD = HDDre f + a
(

z − zre f

)
, (1)

where HDDre f is the reference heating degree day, on the basis of 18 ◦C, corresponding
to the conventional heating season of 2015 ◦C, a is the slope for altitude adjustments,
1400 ◦C/km, z is the altitude of the building location, 656 m, and zref is the reference altitude
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of 680 m. The resulting value is 1981.4 ◦C, which corresponds to zone W3 according to
Table 3.

θext,v = θext,vre f + a
(

z − zre f

)
(2)

where θext,vre f is the reference outdoor temperature corresponding to the conventional
cooling season, 21.5 ◦C, a is the slope for altitude adjustments, −4 ◦C/km, z is the altitude
of the building location, 656 m, and zre f is the reference altitude of 680 m. The resulting
value is 21.60 ◦C, which corresponds to zone S2 according to Table 4.

Table 3. Criterion for determining the winter climate zone.

Criterion HDD ≤ 1300 1300 < HDD ≤ 1800 HDD > 1800

Zone W1 W2 W3

Table 4. Criterion for determining the summer climate zone.

Criterion θext,v ≤ 20 ◦C 20 ◦C < θext,v ≤ 22 ◦C θext,v > 22 ◦C

Zone S1 S2 S3

3.1.2. Regulatory Framework and Retrofit Actions

Energy performance of service buildings in Portugal is regulated by the Decree/Law
nº 101-D/2020 [71], which is a transposition of the 2018 EPBD. This normative document
requires that new buildings (from 2021 onwards all new buildings must have NZEB re-
quirements) and building undergoing major renovations shall present a minimum level
of energy performance requirements. These requirements must take in to account the
climatic characteristics of the zone where the building is located. In the case of building
interventions that do not reach the threshold of “major renovation” stated in the legislation,
the installed/retrofitted building components are only required to have a minimum energy
performance level. In these situations, as it is the case of this intervention, it was up to
the design team to provide design options that best suited the building characteristics.
The energy-related design solutions for the base building scenario and those for the energy
efficiency measures were the results of interactions between the design team and one of the
co-authors of this study. As it is usual in practice, the available budget represented a con-
straint regarding investment costs. Thus, the design consultants devised a “base building”
scenario for the building technical systems comprised of: (i) heating system—a natural
gas condensing boiler with continuous operation, with a nominal efficiency of 105.1%,
according to the document presented by the equipment supplier. This value is higher than
the regulatory minimum requirement (96%) set in the Portuguese legislation; (ii) domestic
hot water (DHW) system—a set of gas-fired water heaters placed in strategic points in the
building; (iii) lighting system—LED lamps in all areas of the building; (iv) cooling system—
cooling fans in all bedrooms and social areas. The actual glazing system was preserved
because it presented an adequate conservation status and its replacement with a more
energy efficient one would not fit in the available budget. The exterior façade of the
building was also preserved, owing to aesthetic considerations. This constraint to façade
modification entailed the selection of alternative energy retrofitting choices instead of
external insulation, as it happens, generally, in interventions in historical buildings [31].
The design options also had to comply with the Portuguese legislation regarding the maxi-
mum values for thermal transmittance coefficients, as stated in the Ministerial Decision
nº 15793-E/2013 [68], and as amended in the Ministerial Order 138-I/2021 [72]: vertical
opaque elements (U = 0.50 W/m2 ◦C); horizontal opaque elements (U = 0.40 W/m2 ◦C);
glazing system (U = 3.30 W/m2 ◦C). The energy efficiency measures proposed for the
building energy retrofitting were as follows:

• Installation of internal insulation of the roof, by means of installation of 10 cm thick
cork-based panels (Ir);
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• Installation of internal insulation of the vertical envelope, by means of installation of
10 cm rockwool panels (Iv);

• Installation of an aerothermal heat pump for the DHW system (HP) as an alternative
to the set of gas-fired water heaters. According to the document presented by the
equipment supplier, the COP of the aerothermal heat pump is 3.5, which is higher
than the regulatory minimum requirement.

The temperature set points for heating and cooling were, respectively, 20 ◦C and 25 ◦C.

3.2. Building Energy Modelling

EnergyPlus, which is a program accredited by ASHRAE Standard 140 was the energy
simulation tool used in the study. In the simulation, the following data were collected
for each room: type of space; the average occupation rate and the average utilization
rate; the power capacity of lighting systems and their operation schedule; the heating
and cooling systems and their operation schedule. To run several simulations needed to
assess the energy performance of the “base building” and that of the building implemented
with each one of the energy efficiency measures, it was necessary to create a 3D building
model in the DesignBuilder, which is a graphical user interface of EnergyPlus. The 3D
model was intended to represent the actual building operating conditions as well as
their construction characteristics, which makes the simulation as reliable as possible [73].
After properly treating the building plans by using the AutoCAD software, the plans were
exported to the DesignBuilder. After drawing the contours of each slab, creating blocks and
overlapping them to shape the building, the glazed spans were then created. Figure 2a,b,
show, respectively, the 3D model of the first floor and the 3D model of the envelope.
In the 3D model, each floor was divided into zones according to the Ministerial Order
nº 349-D/2013 [74] for multi-zone simulations. It was also necessary to characterize each
area according to its use, occupation and illuminance.

Figure 2. (a) Model of the first floor; (b) model of the building envelope.

The modelling of the building by construction elements is shown in the software in
different colors (Figure 3a). Figure 3b shows the set of the building surroundings, shading
and other details. The shading is represented according to daytime and month of the year.
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Figure 3. (a) Building modelling by construction elements; (b) 3D model of the building in view mode.

3.3. Life Cycle Financial Analysis-Key Data and Assumptions
3.3.1. Method of Analysis and Selection of Interest Rates

As already mentioned, the EU comparative methodology adopts the LCC method
to choose the least global costs of different energy efficiency measures/packages. This is
conducted to set up minimum energy performance requirements at the national scale.
Either the NS method or the IRR method could be applied to assess the financial viability
of the proposed interventions. The IRR measures the percentage yield of an investment.
It is then compared against the investor‘s minimum acceptable rate of return (or reasoned
by the average long-term capital market interest rates) to ascertain the economic/financial
attractiveness of the investment. As stated earlier, the use of these methods is usually
coupled with the use of the SPB method, which is usually adopted as a pre-test of the
financial efficiency of each of the retrofit measures (see Section 4.2). The SPB method
measures how long it takes to recover investment costs. As a rule of thumb, an investment
that has both an SPB shorter than the economic life of the building and the useful life
of the building system generally signals an economic investment, setting aside the time
value of money [37]. Otherwise, it should be rejected. Some authors [55,73] have argued
that, at the private investor’s perspective, the IRR method is more informative. However,
this study is not only concerned with the financial attractiveness of an investment per se.
It also attempts to encapsulate the societal perspective of a private investment, i.e., its
contribution to the country’s energy and climate goals. Thus, what is considered here is
whether an energy efficiency measure/package has a positive net saving at the end of the
building study period as well as being conductive to a significant reduction in primary
energy consumption. The NS formula is presented in Equation (3).

PVNSA1:A2 =
N

∑
t=0

St − (It + Mt + Rpt) + RVN

(1 + D)t , (3)

where PVNSA1:A2—present value of net savings of alternative A1 when compared with
a mutually exclusive alternative A2, St —savings in year t of A1 less those of A2, It—
investment costs in year t of A1 less those of A2, Mt—operation and maintenance costs
in year t of A1 less those of A2, Rpt—replacement costs in year t of A1 less those of A2,
RVN—residual value in year N of the study period of A1 less that of A2, N—number of
years in the study period and D—discount rate.

The NS formula can be reduced to a difference between the life cycle costs of the two
alternatives, where A2 corresponds to the “base building” scenario and A1 to the “base
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building” implemented with energy efficiency measures/packages. The formulae are
presented in Equations (4) and (5).

PVLCCA1 =
N

∑
t=0

(It + Mt + Rpt) + Enert − RVN

(1 + D)t (4)

PVLCCA2 =
N

∑
t=0

Enert

(1 + D)t (5)

where Enert is annual energy costs in year t.
If PVLCCA1 < PVLCCA2, the NS is positive, which signals an investment that is

economically efficient. As can be deducted from the above formulae, discount rates are
a crucial economic parameter in energy system analysis [18,75]. Indeed, the trickiest
aspect of the EU comparative methodology is the choice of the discount rate. It is usually
set up in real terms i.e., not considering inflation throughout the economic life of the
building/building system. At the macro level, it depends on a country’s macroeconomic
fundamentals as well as on the interest rates set up by national central banks or by the
European Central Bank. At the micro level, it tends to reflect the conditions of the market
price of capital. Within this concept, the discount rate at the perspective of a private
non-commercial investors is, usually, lower than that of a property investor [76]. Steinbach
and Staniaszek [75] and Hermelink and de Jager [77] provided a review of the discount
rates prevailing in some European countries and US, at both macro level and micro level
perspectives. Steinbach and Staniaszek [75] found that social discount rates in the MS
national reports were set up in a range between 1% and 7%, as measured in real terms.
For private non-commercial and non-industrial investors, including the household sector,
the authors recommended a real discount rate in a range between 3% and 6%. In the
Annex 1 of the EU Cost-Optimality Delegated Regulation, it is set that Member States
“have to determine the discount rate to be used in the macroeconomic calculation after
having performed a sensitivity analysis on at least two different rates, one of which shall
be 3% expressed in real terms” [15]. The Portuguese national report [43] used real discount
rates of 3% and 1.5% in the sensitivity analysis, for both the macroeconomic and financial
calculations. As the building owner’s organization is a non-commercial private investor,
an estimation of the discount rate tends to come near of the lower tier of Steinbach and
Staniaszek’s [75] discount rate range. However, a more recent study dealing with the
energy renovation of the national building stock in Portugal [34] used a nominal discount
rate of 2.52% for the financial analysis. We do believe that this strikingly low discount
rate (1% in real terms) is illustrative of the Portuguese authorities’ strong commitment in
tackling energy consumption in buildings and, ultimately, in dealing with the issues related
with the climate crisis. However, this discount rate used in the latter study also seems to
reflect the positive climate of low interest rates and low inflation that prevailed in Portugal
and in the EU throughout the last decade. Data drawn from the Pordata database [78]
indicated that the average mortgage interest rate in Portugal in the period 2011–2020 was
2.39% (average for the period) and the average annual inflation rate, as measured by the
Consumer Price Index, was 1.52% in the same period [34]. Thus, real discount rates of 3%
and 1% were used in the sensitivity analysis in this study. The study period was set at
30 years, ending in 2050.

3.3.2. Costs and Useful Lives of the Retrofit Measures

The global costs of the retrofit actions were calculated according to the methodology
described in the Commission Delegate Regulation (EU) 244/2012 [15]. They were calculated
as the sum of the present value of the investment costs, running costs and replacement costs,
as well as disposal costs if applicable. In some situations, the investment costs are calculated
as extra-investment costs i.e., the investment cost of a specific retrofit action minus the
investment costs that would incur in the “base building” scenario if the retrofit action
was not implemented. As it is usual in this kind of financial analysis, the maintenance
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and operation costs that occur in all considered alternatives (including the “base building”
one) were not taken in consideration. The useful lives of Ir and Iv were set at 30 years, so
no residual value was considered for these retrofit measures. For HP (aerothermal heat
pump), the useful life was set at 20 years and the residual value was calculated by using the
linear depreciation method. The annual maintenance and operation costs of HP were set at
2% of the investment cost. The cost of the design solutions for the envelope were taken
from Cype Ingenieros database [79]. The cost of the vertical insulation (including gypsum
board) is 44.78 €/m2. From this value, 6.00 €/m2 was deducted, which is the cost of the
wall covering pertaining to the “base building” scenario. The cost of the roof insulation
is 35.59 €/m2. Again, from this value, 4.00 €/m2 was deducted, which is the cost of the
attic ceiling finishing pertaining to the “base building” scenario. The cost of the heat pump
was taken from equipment suppliers—12,510.78 €. From this value, 5510 € was deducted
(10 electric radiators), which is the alternative investment cost for the “base building”
scenario. Table 5 presents the extra-investment costs of these energy retrofitting options.

Table 5. Investment cost of the energy efficiency measures.

Type of Energy Efficiency Measure Extra-Investment Cost (€)

Internal insulation of the roof (Ir) 20,844.55
Internal insulation of the vertical envelope (Iv) 49,470.48

Aerothermal heat pump (HP) 7000.78

3.3.3. Energy Prices Development

In the Portuguese national report [43] to comply with the Article 5 of the EPBD
recast, three scenarios of energy price development were modelled: (i) “high price”
scenario-an escalation annual rate of 2%; (ii) “medium price” scenario-an escalation annual
rate of 1%; (iii) “low price” scenario with constant prices throughout the study period.
These escalations rates were expressed in real terms. As regards the relation between
discount rates and escalation rates of energy prices, it is worth noting that, in the rationale
of economic evaluation, the present value of net savings in energy costs decreases with
increasing time along the study period if the discount rate is higher than the growth rate of
energy prices, both expressed in real terms. This research followed previous works [55,73],
that adopted constant (in real terms) energy prices along the study period to account for the
volatility in the energy market. Energy prices were taken from the Pordata database [78].
The average prices of electricity and of natural gas in 2020 were, respectively, 0.2246 €/KWh
and 0.0776 €/KWh, and it was assumed that these prices will remain the same for 2021, the
beginning of the study period.

4. Results and Discussion
4.1. Energy Simulation Results

Table 6 presents the annual final energy consumption of the “base building” by type
of technical system. It also shows the total final energy consumption by type of energy
vector: natural gas (NG); electricity (E).

Table 6. Final energy consumption of the “base building” by type of technical system (Kwh).

Lighting 21,222.24
Equipment 24,899.23

Cooling 1319.47
Heating 127,107.04

Domestic hot water (DHW) 43,898.74
Total consumption-natural gas (NG) 171,005.74

Total consumption-electricity (E) 47,440.94

Table 7 presents the annual final energy consumption of the building implemented
with each of the following energy efficiency measures: (i) installation of internal insu-
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lation of the roof −Ir; (ii) installation of internal insulation of the vertical envelope −Ir;
(iii) installation of an aerothermal heat pump for the DHW system—HP. Again, it also
shows the total final energy consumption by energy vehicle: NG; E. Note that the calcu-
lations refer to the final energy consumption of the “base building” implemented with
different energy retrofitting measures. In the case of HP, the heat pump is an alternative of
the set of gas-fired water heaters for the DHW system.

Table 7. Final energy consumption of the “base building” implemented with each of the efficiency measures Ir, Iv and HP
(Kwh).

Ir Iv HP

Lighting 21,222.24 21,222.24 21,222.24
Equipment 24,899.23 24,899.23 24,899.23

Cooling 1319.47 1319.47 1319.47
Heating 114,670.00 101,798,21 127,107.04

Domestic hot water (DHW) 43,898.74 43,898.74 11,635.81
Total consumption-natural gas (NG) 158,568.74 145,696.95 127,107.04

Total consumption-electricity (E) 47,440.94 47,440.94 59,076.75

4.2. Financial Evaluation of Energy Retrofit Investments

As can be constructed from Table 5, seven different options of energy efficiency
measures/packages were analyzed. These are, in an ascending order of investment costs
(note that for HP, the investment cost of the gas-fired water heaters, which amounted to
5510 €, was deducted from the cost of the heat pump): HP (B1); Ir (B2); HP + Ir (B3); Iv (B4);
HP + Iv (B5); Ir + Iv (B6); HP + Ir + Iv (B7). The SPB method was used as a pre-test for
assessing the financial efficiency of the energy retrofit measures/packages. The annual
savings were calculated from the data presented in Tables 6 and 7.

Table 8 presents the investment costs, annual savings and the payback times of the
efficiency measures/packages B1 to B7. It shows that B1 (installation of heat pump), with
an SPB of 10.48, is the most financially efficient option, followed by option B3 (installation
of heat pump plus installation of roof insulation), with an SPB of 17.05 years. The least
financially efficient retrofit option is B4 (internal insulation of the vertical envelope) with
an SPB of 25.19 years, followed by the packages that include both Ir and—B6 and B7—with
payback times of, respectively, 24.49 and 24.00 years.

Table 8. Investment costs, annual savings and SPB of the efficiency measures/packages B1 to B7.

Energy Efficiency
Measures/Packages Investment Cost Annual Cost Savings (€) SPB (Years)

B1 7000.78 668.03 10.48
B2 20,8844.55 965.11 21.60
B3 27,845.33 1633.14 17.05
B4 49,470.48 1963.97 25.19
B5 56,471.26 2632.00 21,46
B6 70,315.03 2929.08 24.49
B7 77,315.81 3597.11 24.00

Table also shows that all energy retrofit options have a payback time shorter than
the study period. Thus, these efficiency measures/packages were further evaluated more
thoroughly through the NS method. As stated before, the discount rates used in the analysis
were 1% and 3%. By using the data presented in Tables 6 and 7, the life cycle costs of
the retrofit options (including that of the “base building”) were calculated by applying
the Equations (4) and (5). Figure 4 presents the LCCs of the “base building” and of this
implemented with each of the energy efficiency measures/packages.
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Figure 4. Global costs (LCC) of the base building and of the retrofit options B1 to B7.

The results presented in Figure 4 show that the financial efficiency of the retrofit
options evaluated through the NS method is very sensitive to the discount rate used in
the analysis. The discount rate is connected with the real or presumed cost of capital.
The cost of capital is of critical importance for determining the financial attractiveness of
capital-intensive investments, such as building renovation. Due to the effects of compound
interests, the cost capital has increasing significance for long-term, capital-intensive invest-
ments [80]. By using the real discount rate of 3%, the profitable retrofit measures/packages
are options B1 and B3 only, with NS of, respectively, 6129 € and 4201 €. These financial re-
sults are relatively high, considering the low values of investment costs. These figures also
demonstrated that it is financially efficient to install a retrofit measure package, considering
an annual real interest of 3%. This corresponds to a nominal interest rate of 4.52%, which is
much higher than the mortgage interest rates that prevailed throughout the last decade.
With a real discount rate of 1%, all retrofit options are financially efficient. This corroborates
the results of earlier studies [55,62,66,73] that found that the lower the interest rates used
in energy renovating investments the higher the financial results tend to be. By using the
latter discount rate, the most profitable options depend upon the available budget. For an
additional budget of 50,000 €, the most financially efficient options are B3 followed by B1
(NS of, respectively, 14,385 € and 10,320 €). For an additional budget of 80,000 €, the most
profitable retrofit options are B7 (NS = 15,604 €) followed by B3. The least economically
efficient investment is B4 for both considerations of the available budget (NS = −10,977 €
and 1219 €, by using the real discount rates of, respectively, 3% and 1%). The conjugation of
the financial attractiveness of the retrofit investments and their impact on primary energy
consumption of the building will be presented in the next subsection.

4.3. Primary Energy Reduction and Economic Feasibility of the Building’s Staged Renovation

The efficiency of energy renovation investments can also be seen at a macroeconomic
(social) perspective i.e., reduction in energy consumption. In the life cycle energy analysis,
the form of energy must be clarified. The energy used by the consumer is known as
delivered energy or final energy. However, a considerable amount of energy is spent
in the production of the delivered energy, and it varies according to energy vector (e.g.,
natural gas or electricity) and the means of producing the energy. Thus, primary energy
consumption is the standard measure for assessing the energy efficiency strategy of an
economy or a sector. Primary energy factors (PEF) are used for converting final energy into
primary energy. In Portugal, according to the Ministerial Decision nº15793-D/2013 [74,81],
the PEF for electricity is 2.5 Kwhpe/Kwh and that of natural gas is 1 Kwhpe/Kwh. Table 9
presents the annual final energy consumption by type of energy vector and total primary
energy consumption for both the “base building” and of this implemented with the energy
retrofit options.
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Table 9. Final energy consumption, primary energy consumption and reduction in primary energy consumption of the
retrofit options B1 to B7.

Energy Retrofit
Option

Final Energy Consumption (Kwh) Primary Energy
Consumption (Kwhpe)

Reduction in Primary
Energy Consumption (%)NG E

Base building 171,005.78 47,440.94 289,608.13 -
B1 127,107.04 59,076.75 274,798.92 5.11
B2 158,568.74 47,440.94 277,171.09 4.29
B3 114,670.00 59,076.75 262,361.88 9.41
B4 145,696.95 47,440.94 264,299.30 8.74
B5 101,798.21 59,076.75 249,490.09 13.85
B6 133,259.91 47,440.94 251,862.26 13.03
B7 89,361.17 59,076.75 237,053.05 18.14

Table 9 shows that the most efficient retrofit option for improving the energy perfor-
mance of the building, at an environmental point of view, is, as was expected, B7, which
is the package that includes all energy efficiency measures (HP + Ir + Iv), with a primary
energy consumption reduction of 18.14%. This is followed by the retrofit options that in-
clude Iv (B5 and B6), with primary energy consumption reductions of, respectively, 13.85%
and 13.03%. For all these retrofit options, the additional budget considered was 80,000 €.
Considering an additional budget of 50,000 €, the most environmentally efficient option
(9.41% in primary energy reduction) was B3, which also is the most financially efficient
option. Conjugating these results with those of the preceding subsection, the following
ranking of the above-mentioned energy retrofit options has been inferred:

• Basic package, and thus a combination of internal insulation of the roof with the
installation of an aerothermal heat pump for the domestic hot water system;

• Installation of internal insulation of the vertical envelope.

Finally, the design team should select the retrofit measures, depending on the available
budget, according to the shown priority.

One way to assess the energy efficiency of a building retrofit investment is to com-
pare the reduction in primary energy consumption with the investment-to-the-building-
construction-cost ratio. The EPBD (and the Portuguese legislation) do not provide thresh-
olds for energy renovations in buildings. Nor do they define what constitute light (minor)
and medium (moderate) renovations [73]. Major renovations, as defined in the EPBD
recast, are interventions in a building where the investment cost relating to the building
systems and/or the building envelope is higher than 25% of the value of the building,
excluding the value of the land. In order to compare the outcome of different renovations
measures between EU Member countries, the EU ZEBRA2020 project [82] developed the
indicator of “major renovation equivalent” and assumed that, with major renovations, a
building’s final energy demand for heating could be reduced by 50 to 80% (range depend-
ing on the country and according to the current efficiency of the building stock). Following
Cova et al. [73], an energy retrofit investment is efficient, at the macro level, perspective,
when the value of primary energy reduction (in percentage terms) is at least double than
the investment-to-the-building-construction-cost ratio, also measured in percentage terms.
Building construction costs for tax purposes in Portugal, for the year 2021, are 492 €/m2 [83].
The total gross area of the building is 2665.60 m2. Thus, the building construction cost
amounted to 1,311,475.20 €; Note that this figure is somewhat undervalued as the building
is located in a prestigious area in the Bragança town center. Considering the retrofit package
B7, the primary energy consumption reduction was 18.14% and the additional investment
cost was 77,315.81 €. The investment-to-the-building-construction-cost ratio was 5.9%, or
just under one-third of the value of the primary energy consumption reduction.

As regards the economic feasibility of the building’s staged renovation, the aim
here is not a comparison of the global costs between the two approaches—one-step deep
renovation versus staged renovation—throughout the entire study period. We are of the
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view that it is not reasonable to assume in advance the prices of efficient energy generating
technologies that will occur in a medium to long-term horizon, and compare them with the
prices of existing technologies. Furthermore, as mentioned earlier, most of building retrofit
works in Portugal and in the EU have been in the light to medium rage [14,26] and the
motivations for undertaking most of these works (as in the case of this building) have not
been related with energy savings. Thus, the right comparison would be an eventual staged
renovation, starting now, with one-step deep renovation at an uncertain time in the future.

The energy use intensity (EUI) for the “base building” scenario was 190.38 Kwhpe/m2.
Note that a preliminary energy analysis of the building showed that the use of an efficient
natural gas condensing boiler for the heating system instead of electric radiators powered
by electricity delivered directly by the energy company represented about 27% in primary
energy consumption reduction. With the installation of the retrofit package B7, the EUI
was 155.84 Kwhpe/m2, which appears to correspond to a relatively low energy efficient
building. However, the minimum energy performance requirement for new hotel build-
ings in O’Porto city, which has a warmer winter season (Zone W2 S2) than that of the
building location, is 158.31 Kwhpe/m2 and the cost-optimal solution is 138.79 Kwhpe/m2.
According to Portugal’s 2030 National Energy and Climate Plan [84], the milestones for
primary energy consumption reduction in buildings are 11%, 27% and 40% for, respectively,
2030, 2040 and 2050, with 2018 as the reference year. Considering a further tightening
on the regulatory requirements of the energy performance of buildings, an additional
primary energy consumption reduction of about 30% in the period 2030–2050 would lead
to a building with NZEB requirements. Note that these requirements for existing build-
ings are calculated according to the cost-optimal methodology [34]. For the renovation
steps of the building, the useful lives of the retrofit options and that of the natural gas
boiler for the heating system need to be considered. As stated before, the useful lives
were set up as following: insulation materials (for vertical and horizontal elements of
the building)—30 years; the natural gas boiler and the aerothermal heat pump—20 years.
According to a survey of the building, the glazing system will, by 2030 or so, reach the end
of its useful life. The SPB of the aerothermal heat pump was about 10.5 years and that of
the natural gas boiler, according to a preliminary analysis, was 8.6 years. So, a prospect for
the following renovation steps of the building would be: for 2030—replacement of existing
glazing system with a more efficient one; for 2040—replacement of the aerothermal heat
pump and of the natural gas boiler with efficient energy generation systems powered by
renewable energy sources.

The renovation of the Portugal’s building stock, as well as those of many countries
in the EU, represents a daunting challenge to be implemented in a thirty-year time hori-
zon. In Portugal, based on recent experiences, macroeconomic and financial difficulties
will undoubtedly aggravate the situation. One-step deep renovations require a large
amount of public (national and EU) funding to finance de high upfront costs that char-
acterize these works. However, given the scale of investment required [34], the extent to
which the day-to-day government spending alone can deliver this may be limited [80].
Public buildings apart, the great majority of the government intervention (either through
fiscal and/or financial incentives) will be directed at the housing segment. This policy
should be balanced with public policy actions that lower market interest rates, which
would also enhance the development of staged renovation works in the private commercial
and service building segment.

5. Conclusions

This research has assessed the energy performance of an existing large office building
before the pre-1960 age. The construction characteristics of this building represented a
constraint to façade modification, as it happens, generally, in interventions in historical
buildings [31]. This constraint entailed the selection of alternative energy renovation
choices instead of external insulation. Additionally, the available budget also represented
a constraint to the investment costs. Two passive technologies applied to the building
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envelope and an efficient domestic hot water system were selected and a financial eval-
uation through the net saving (NS) method was undertaken to choose the best efficiency
measures/packages for improving the building’s energy performance. The real discount
rates used in the financial analysis were 3% and 1%. By using the real discount rate of 3%,
only two out of seven energy efficiency measures/packages were profitable. However,
those positive financial results were relatively high, considering the low values of invest-
ment costs. With a real discount rate of 1%, all retrofit options were financially efficient.
The results of the study keep with the results of earlier studies [55,62,73] that found that
the lower the interest rates used in energy renovating investments the higher the financial
results tend to be. This study corroborated the results of previous studies [62,85] that
showed that retrofit solutions that do not include improvements on the building envelope
are generally the most cost-effective options. The results of the study also suggested that
the staged renovation approach used in the analysis is economically feasible, and that this
approach is an alternative to one-step renovation approach to help to achieve the country´s
energy and climate targets by 2030.

This study can help to inform public policy in two ways. The first has to do with the
compliance with the obligations contained in the Article 2a of the EPBD. The review of EU
and Portugal’s policy frameworks indicates that Portugal’s 2nd LTRS did not provide any
information on the cost-effectiveness approach to renovation. Like in most MS, the majority
of building renovation projects in Portugal is in the light-to-moderate range. Thus, a
staged approach to renovation appears to be more compatible (at least in the medium-term
horizon) with the reality of the market. An analysis that identifies profitable approaches to
renovation in specific building clusters (and with different renovation scenarios) would be
an effective way to help to motivate the stakeholders of the building renovation market.
The second way (connected to the first) has to do with the link between national public
financial aid available for the initial investment and the country’s long-term energy and
climate goals. This study suggests that an approach to assess the effectiveness of energy
retrofit investment, at the macroeconomic pointed of view, is to compare the investment-to-
the-building-construction-cost ratio with the rate of primary energy reduction.

The paper has some limitations. Firstly, our analysis was limited to a building that is
representative of a particular building cluster (buildings of the pre-1960 age). Additionally,
the study covers one (Zone W3V2) of the six climate zones of Portugal mainland only.
In Portugal, buildings built before 1990 were constructed without thermal regulations.
Thus, this study could be extended to buildings belonging to the same building archetype
in other climate zones as well as buildings pertaining to other age groups.

Second, the sensitivity analysis developed in this study comprised the selection of
interest rates only. As energy prices are also an important economic parameter for assessing
the financial viability of building renovation investments, ours results may suffer from
the choice of constant (in real terms) energy prices throughout the study period. Thus, a
further study should contemplate different scenarios of discount rates and escalation
rates of energy prices. This analysis would give a more accurate picture of the economic
feasibility of the interventions.

Third, our analysis assessed the economic and energy performance of selected energy
retrofitting measures/packages. EU and national policies call for the transformation of
national building stock to NZEB requirements. These require not only the reduction in
primary energy consumption but also the reduction in GHG emissions. Further studies
should be extended to combine cost, energy and life cycle analyses.

Finally, regarding studies related to national strategies, they would be based on a wide
sample of representative building archetypes. These analyses, ideally directed at the urban
scale, would allow a better identification of the suitable range of energy performance that
is reasonable to promote in different types of buildings. These would constitute useful
complements to studies dealing with the macroeconomic and financial evaluation of the
national building stock.
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Abbreviations

DHW Domestic hot water
E Electricity
EEM Energy efficiency measures
EUI Energy use intensity (Kwhpe/m2)
HP Heat pump
Ir Internal insulation of the roof
Iv Internal insulation of the vertical envelope
LCC Life cycle cost
Kwhpe Kilowatt hour primary energy
NPV Net present value
NS Net savings
PEF Primary energy factor
RES Renewable energy systems
SPB Single payback
U Thermal transmittance coefficient (W/m2 ◦C)
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