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a  b  s  t  r  a  c  t

European  Union  (EU)  regulations  aim  to ensure  that  the  energy  performance  of  buildings  meets  the
cost-optimality  criteria  for energy  efficiency  measures.  The  methodological  framework  proposed  in  EU
Delegated Regulation  244  is addressed  to national  authorities  (not  investors);  the  optimal  cost  level  is
calculated  to  develop  regulations  applicable  at domestic  level.  Despite  the  complexity  and  the  large  num-
ber  of  possible  combinations  of economically  viable  efficiency  measures,  the  real  options  for  improving
energy  performance  available  to decision  makers  in  building  retrofit  can  be  established.  Our  study  con-
siders  a multi-objective  optimization  approach  to  identify  the  minimum  global  cost  and  primary  energy
needs  of 154,000  combinations  of  energy  efficiency  measures.  The  proposed  model  is solved  by the  NSGA-
II  multi-objective  evolutionary  algorithm.  As  a result,  the  cost-optimal  levels  and  a  return  on  investment
nergy retrofit
enetic algorithms
ustainable buildings

approach  are  compared  for a set  of suitable  solutions  for a reference  building.  Eighteen  combinations  of
retrofit  measures  are  selected  and  an  analysis  of  the  influence  of  real options  on  investments  is  proposed.
We  show  that  a sound  methodological  approach  to determining  the  advantages  of  this  type  of  investment
should  be  offered  so  that  Member  States  can provide  valuable  information  and  ensure  that  the minimum
requirements  are  profitable  to  most  investors.

© 2015  Elsevier  Ltd.  All  rights  reserved.
. Introduction

Following the Energy Performance of Buildings Directive (EPBD)
EPBD, 2010), Member States shall comply with the Delegated
egulation 244/2012 (EU, 2012) to calculate the cost of energy effi-

iency measures applied to reference buildings over the estimated
conomic life cycle. Common information, such as long-term esti-
ates of carbon prices and the evolution of energy prices (expected

∗ Corresponding author. Tel.: +351 913734586.
E-mail addresses: sergio.tadeu@itecons.uc.pt (S.F. Tadeu),

falexandre@decea.ufop.br (R.F. Alexandre), tadeu@itecons.uc.pt (A.J.B. Tadeu),
h@deec.uc.pt (C.H. Antunes), nasimoes@itecons.uc.pt (N.A.V. Simões),
atsilva@fe.uc.pt (P.P.d. Silva).

URLs: http://www.uc.pt/fctuc/dec. (S.F. Tadeu), http://www.uc.pt/fctuc/dec.
A.J.B. Tadeu), http://www.uc.pt/fctuc/dec. (N.A.V. Simões).

1 web: http://www.ufop.br
2 web: http://www.uc.pt/fctuc/deec
3 web: http://www.uc.pt/fe.uc.pt

ttp://dx.doi.org/10.1016/j.scs.2015.11.002
210-6707/© 2015 Elsevier Ltd. All rights reserved.
up to 2050), is provided by the European Commission (Eurostat–EU
Energy, 2013; Eurostat, 2014).

In July 2013, Portugal sent the nationwide report (DGEG, 2013)
specified in Article 6 of the Delegated Regulation (EU, 2012)
containing the data and assumptions used for cost-optimal calcu-
lations. However, this report only refers to new buildings, which
annually represented less than 1% of Portugal’s building stock (INE,
2013). The cost-optimal measures were selected using the Monte
Carlo simulation techniques. It neither includes a sensitivity anal-
ysis of the discount rates and the evolution of energy prices, nor
indicates the use of renewable energy sources required in (EU,
2012).

When transposing the methodological framework proposed in
EPBD (2010), the Portuguese legislation established a methodology
for calculating the economic feasibility (REH, 2013). However, this

methodology only applies to wholesale and retail building trade
services in the following situations: (1) design and construction of
new buildings; (2) “major renovation” of the envelope or techni-
cal systems in existing buildings; and (3) energy assessment and
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aintenance of new and existing buildings undergoing major ren-
vation under the energy certification system for buildings.

The Order (extract) 15793-L/2013 (Despacho, 2013) states that
rojects are contingent upon economic feasibility, with mandatory

mplementation when the relevant study shows that there are no
echnical, legal or administrative limitations or constraints on the
nstallation and the simple payback period is eight years or less.

The term “major renovations” mentioned by EPBD is transposed
nto the national context as changes in the envelope and/or tech-
ical systems amounting to 25% or more of the building market
alue. Thus, an investment analysis to assess profitability should
ot be restricted to a mere simple payback period study. However,
espite the inherent risk and uncertainty, energy retrofit projects
ffer options and flexibility for making subsequent decisions that
ffect the future cash flows and the project life cycle.

In short, Portugal faces the same difficulties of other countries in
he EU-28: the large amount of possible combinations of efficiency

easures for energy retrofit of buildings hinders the selection of
he cost-optimal ones and the lack of a clear policy does not attract
rivate investment.

The aim of this study is to contextualize the real options in
nergy retrofit of buildings and show the best options on the return
n investment criteria (ROI), based on Portuguese market prices.
he goal is not to assign quantitative and absolute values to these
ptions, but to value measures more profitable than the business
s usual (BAU) scenario. A multi-objective optimization problem
esigned to minimize the global cost and primary energy needs of
he energy efficiency measures is developed. Section 2 discusses the
isks, uncertainties and relevance of applying real options theory
o cost optimality studies on the energy retrofit of buildings. The

ethodology and a case study are presented in Section 3. In Sec-
ion 4, illustrative results are presented and their implications from
he perspective of real options are discussed. Some conclusions are
rawn in Section 5.

. Risk, uncertainty and real options in energy retrofit of
uildings

The evidence of financial gains of energy efficiency invest-
ents in existing buildings is to our knowledge still rather limited

Christersson, Vimpari, & Junnila, 2015). The energy retrofit of
uildings involves irreversibility issues and the possibility of
eferral associated with the investment. This investment can be
onsidered low risk, but also with little or no liquidity. Traditional
nvestment analysis criteria, such as the net present value (NPV),
end to underestimate its value since, in general, they do not incor-
orate operational flexibility issues and other strategic factors in
he calculation process, in particular the possibility of deferral
Soares, 1996).

Although there is some commitment to keep a given solution for
 long time once the decision to implement has been made, it is pos-
ible to revert previous decisions when circumstances and/or the
echnology change. For example, heating systems, whether con-
entional or based on renewable energy sources (RES), may  be
eplaced by an alternative system at the end of their life cycle,
ppreciably shorter than the 30-year period recommended in (EU,
012). Building owners can then decide to redirect their invest-
ent, which denotes a certain strategic adaptability. Therefore,

eal options increase the value of the project and should be added
o the NPV. The greater the number of options and the associated
ncertainty, the higher the project value (Silva, 1999).
The selection of actions to improve energy efficiency in
uildings is a problem involving multiple, incommensurate and
enerally conflicting axes of evaluation of the merits of those
ctions. These problems may  be tackled using multi-objective
and Society 21 (2016) 12–25 13

optimization models, in which the set of potential alternatives
is implicitly defined by constraints defining a feasible region
and multiple objective functions are optimized, or multi-criteria
decision analysis, in which the alternatives are explicitly known a-
priori to be appraised by (qualitative and/or quantitative) multiple
criteria. Simulation techniques are also used to deal with this prob-
lem, in general focusing on particular aspects rather than following
a global approach (Asadi, Silva, Antunes, Dias, & Glicksman, 2014;
Caccavelli & Gugerli, 2002; Chidiac, Catania, & Morofsky, 2011a;
Chidiac, Catania, Morofsky, & Foo, 2011b; Diakaki, Grigoroudis, &
Kolokotsa, 2008; Doukas, Nychtis, & Psarras, 2009; Soares et al., in
press; Verbruggen, Al Marchohi, & Janssens, 2011).

It is not always possible to establish numerical techniques either
directly addressing the stochastic process (Monte Carlo simula-
tion, for example) or based on the resulting differential equations
(Pindyck, 1988). Monte Carlo techniques compute the expected
value and the dispersion (standard deviation) of a variable (for
example, cash flow), considering the variation range and the proba-
bility distribution of a set of uncertain parameters. However, these
techniques do not distinguish between technical and economic
uncertainty, so their use in cost-optimal approaches is not appro-
priate. It should be noted that future economic uncertainty overlaps
technical performance uncertainty, so it cannot be easily defined
in a probabilistic manner (Rysanek & Choudhary, 2013). The Monte
Carlo simulation techniques are therefore limited and cannot opti-
mize the profitability of energy efficiency measures in buildings.
Instead of simulating all the combinations, the computation time
can be significantly reduced through the use of genetic algorithms
to cope with the combinatorial nature of the problem.

A range of real options can be considered in investments in the
energy retrofit of buildings. Building owners may  decide to defer,
abandon, contract, expand or exchange a particular solution for
insulation, heating, cooling, domestic hot water (DHW) or use of
RES on-site as explained below.

Option of waiting or deferral: when there is no regulatory
requirement, the building owner can postpone the implementa-
tion of a specific energy efficiency measure. It is straightforward to
determine the optimal investment time when there is no uncer-
tainty, since it is sufficient to calculate the project NPV associated
with various start dates and select the one with the higher value.
However, this simple rule does not apply in an uncertain context
(Silva, 1999). One example is the uncertainty of future interest
rates that affect the required return rate (the cost of capital) used
as the discount rate. Dealing with uncertainty is still more diffi-
cult when different scenarios for the evolution of energy prices
are considered. The combination of all these issues will determine
the attractiveness of energy efficiency measures. For example, the
replacement of systems may  involve a waiting value, especially for
fuel switching. In the case of highly volatile prices, waiting becomes
a more profitable option. However, there is no waiting value in
building envelope retrofit when energy price presents a moderate
and smooth increasing (Kumbaroglu & Madlener, 2012).

Option to abandon or exchange: technically, abandonment
occurs when the decision maker chooses waiving the project still in
the investment start-up phase, and exchange is waiving in the oper-
ational phase. The optimal time of this waiver is the point where,
when comparing future expected cash flows, immediate abandon-
ment has the highest adjusted value (Robichek & Van Horne, 1967).
In the case of rehabilitation investment, the abandonment option
appears meaningless.

Option to contract or expand: the expansion option has vari-
ous applications in pilot projects and research and development

projects. These projects can have negative NPV in a first approach,
but they can turn out to be quite valuable with a relatively small
investment, since they can collect information leading to larger
investments and less technical uncertainty. In energy retrofit, this
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an be represented, for example, by installing insulation at differ-
nt stages or by modules. The results can be assessed by energy
udits (Dall, Speccher, & Bruni, 2012) and when experiences are
ood there are arguments for the expansion of investment. In the
pposite scenario, decision makers may  not invest in subsequent
teps and shrink the investment initially planned. Similarly, it is
ossible to implement RES on a small scale and expand them as the
nergy production potential is confirmed.

In summary, the options framework indicates that, all other
hings being equal, the value of management flexibility (premium
ption) is greater under uncertainty; it may  increase in periods
f high interest rates and can grow in longer investment projects
r those that can be deferred. Greater uncertainty, higher interest
ates or leaving more time before the implementation of a project
even indicating delay in receiving or saving cash flows) do not
ecessarily represent a worse investment opportunity (Silva, 1999).

We emphasize that the time of retrofit implementation as well
s the reinforcement of the energy performance level of building
etrofitting, as stated in the EPBD or in national regulations, shall
e taken as constraints over which the owner or investor does not
ave much freedom to defer or delay when it comes to deferring or
elaying implementation of the energy efficiency measures.

. Case study

The building under study is a 2-bedroom single-family dwelling
uilt before 1960. The calculations use climate data from the city
f Amarante, located in central region of Portugal, with 1570 ◦C of
eating degree days (HDD) (REH, 2013). It was defined as a refer-
nce building representative of detached houses from this period
f construction. The geometric and thermal characteristics of this
uilding were established using statistical data provided by the
ational Agency for Energy (ADENE), available in the Energy Certi-
cation System (ECS) database (DGEG, 2013), which contains more
han 800,000 certificates.

This building occupies 80 m2, it has a heating system with
ominal efficiency of 1.00 and a DHW system with nominal
fficiency of 0.60. The original thermal transmittance values (U-
alue) for the roof, walls and ground floor are 2.80, 2.00 and
.65 [W/(m2 ◦C)], respectively. The thermal insulation option is
xpanded polystyrene (EPS) with thicknesses ranging from 30 to
80 mm.  It is assumed that insulation is applied to the exterior

aç ade, the roofing slab and the ground floor. The reference building
as single-glazed wooden framed windows with a solar heat gain
oefficient gw of 0.85 and a thermal transmittance value U of 5.10
W/(m2 ◦C)], which are replaced in some retrofit packages (set of

able 1
eating and DHW system combinations.

Heating system D

h,k Equipment Fuel Efficiency Power [kW] Investment [D ] w

h,1 Electric heater Electricity 1.00 9.6 908 w
h,2  Air conditioner Electricity 4.30 8.6 4948 w
h,3  Biomass boiler Pellets 0.92 4.8–16 4776 w
h,4  Gas boiler Gas 0.93 7–23.6 1520 w

bs.: h,k identifies each heating system and w,k identifies each DHW system, where h,1 c
axes  and fees. It was  assumed that 39% of the investment associated with BM and GB is r

able 2
enewable energy sources (RES) systems.

r,k Equipment Energy source 

r,1 Solar thermal thermosyphon Solar 

r,2  Solar thermal forced circulation Solar 

r,3  Photovoltaic panel Solar 

bs.: r,k identifies each RES system. Combinations among RES systems were not consider
and Society 21 (2016) 12–25

measures to be applied to the building). The options for windows
replacement have U values ranging from 1.21 to 2.45 [W/(m2 ◦C)]
and coefficients gw from 0.30 to 0.59.

The energy retrofit packages combine 10 solutions for roof, 10
for exterior walls and 10 for ground floor thermal insulation, 11
options for windows replacement and the use of 4 different heat-
ing and DHW systems, plus 4 options for RES. A total of 154,000
packages were obtained discounting 22,000 adverse combinations.
The heating and DHW systems defined as energy efficiency retrofit
measures are an air conditioner (AC) (for heating only), a biomass
boiler (BM) and a gas boiler (GB) for both heating and DHW. The
technical performance details were based on the most widely used
systems in the Portuguese market (CYPE, 2014) and an annual
maintenance cost of 1% of the initial investment was considered.
Table 1 shows the possible combinations of heating and DHW
systems. These set of combinations were compared with the heat-
ing and DHW systems defined for the reference building (electric
heater, EH, and gas water heater, GWH). The options for RES are a
solar thermal thermosyphon system—ST T, a solar thermal forced
circulation system—ST C, and a photovoltaic panel—PV, as shown
in Table 2. The PV production is for self-consumption, which means
that there is no feed-in tariff. The system uses batteries to store the
surplus electricity produced. The efficiencies of renewable energy
sources are indicated in Portuguese legislation (REH, 2013) and the
system sizes were selected to prevent waste of energy in all the
simulated scenarios.

3.1. Methodology

The energy needs were calculated using the seasonal method-
ology of EN ISO 13790:2008 (European, 2008), as it was adopted
in Portugal. The calculation is first performed assuming perma-
nent use of heating systems throughout the winter. However, since
the real energy consumption is lower than the estimated value
obtained with the seasonal method, a consumption reduction factor
was considered taking into account the heating habits nationwide.
Considering the recent trend of growing use of electrical heating
systems and the improvement in their efficiency, this energy source
was used as a reference. According to the latest survey (2010) by
the national statistics institute (ICESD, 2010) (Instituto Nacional de
Estatística, 2011), 51.7% of households used electricity for heating.
The annual electricity consumption for heating per housing unit

was 418.6 [kW h] (0.036 [toe]), for buildings with an average area
of 106.6 [m2] and an average heated area of 50.6 [m2] (47.5% of the
total area). Thus, the actual annual consumption of final energy was
8.3 [kW h/m2] of the heated area.

HW system

,k Equipment Fuel Efficiency Power [kW] Investment [D ]

,1 Gas water heater Gas 0.60 9.4 325
,2 Gas water heater Gas 0.78 9.4 542
,3 Biomass boiler Pellets 0.92 4.8–16 3053
,4 Gas boiler Gas 0.83 7–23.6 972

ombines only with w,1  and so on. The values of the initial investment cost include
elative to DHW.

Energy produced Surface [m2] Investment [D ]

Thermal 1.92 1989
Thermal 2.02 3319
Electricity 11.62 12855

ed. The values of the initial investment cost include taxes and fees.
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According to the Energy Certification System (ECS) (DGEG,
013), the final average for energy used for heating is 61.6
kW h/m2]. This is the result of the seasonal method calculations
ssuming permanent heating. Establishing a relationship between
he two sets of data shows that the final heating energy consump-
ion reported by ICESD represents 13.4% of the estimated values
vailable in the ECS.

Thus, a consumption reduction factor (occupancy pattern) of
.134 was applied to be closer to the Portuguese heating habits.
or example, in the reference building, the average monthly energy
ill just for heating and DHW is D 336.40, considering 100% of the
stimated energy needs by the seasonal method and D 86.96 with
he reduction factor (13.4%).

The energy price trend has been estimated by the EU covering
he period up to 2050 (Eurostat–EU Energy, 2013). The energy costs
or electricity (D 0.2375/kW h) and natural gas (D 0.1004/kW h)
ere obtained from data provided by the Portuguese regulator for

nergy services (ERSE) (ERSE, 2009). The energy cost for pellets
D 0.0492/kW h) was based on current market cost. The primary
nergy conversion factors considered were 2.5 kW hep/k Wh  for
lectricity and 1 kW hep/kW h for gas and pellets, according to Order
extract) D-15793/2013 (extrato, 2013). The primary energy con-
ersion factors considered for RES were 1.0 kW hep/kW h, even for
lectricity produced by photovoltaic panels since it is used only in
elf-consumption mode.

The economic analysis of conventional systems recommended
n ISO 15459 (European Committee for Standardization, 2007) was
xtended and adapted to the previous selection of RES, insulation
ptions and windows. The solutions were compared with respect
o profitability in common cost units, which were euros per kilo-
att hour [D /k Wh]  for equipment (systems) and euro per thermal

esistance [D /r] in the case of insulation and windows (building
nvelope). Initial investment and maintenance costs were provided
y manufacturers associations or obtained through sampling of
uotations from the consumer market (CYPE, 2014). For replace-
ent costs, it was considered a lifespan (�L) for every period of: 50

ears (�L = 50) for insulation, 40 years (�L = 40) for windows and 20
ears (�L = 20) for all systems, including RES.

After the useful energy needs for 154,000 packages of meas-
res were obtained, their global cost in the financial perspective
escribed in (EU, 2012) (considering only the return on investment)
as calculated. A 6% nominal discount rate (excluding inflation)
as applied to the various costs incurred in an economic lifecycle of

0 years, this being the value currently offered by credit lines espe-
ially dedicated to retrofit projects (Buildings Performance Institute
urope, 2013). In addition to the criteria required by (EU, 2012), four
ndicators were calculated: simple and adjusted payback period,
nternal rate of return on investment (IRR) and return on invest-

ent (ROI).
Following the cost optimality concept, the objective functions f1

nd f2 represent the primary energy needs and global cost, respec-
ively. We consider a multi-objective optimization problem (MOP)
n a minimization context. Thus, a MOP  is defined as follows (Marler

 Arora, 2004). Let �  =
{

f1, f2
}

, fi : R
n ⇒ R, i = 1,2, the MOP  being

efined as:

inimize : → y = → f (→ x) = [f1 (→ x) , f2 (→ x)] (1)

 x = [x1, . . .,  xn] ∈  � ⊆ R
n (2)
 y = [y1 = f1 (→ x) , y2 = f2 (→ x)] ∈ � ⊆ R
m (3)

here, → x is a vector of n decision variables, while → y represents
 2-dimensional objective vector mapping solutions → x ∈ � into
he objective function space � . The objective functions are defined
y Eqs. (4) and (5).
Fig. 1. Representation of the decision variables.

Each component of the → x vector corresponds to a decision
variable, i.e., specifies the cost and corresponding technical charac-
teristics linked to each retrofit option. Thus, for roof (#1), walls (#2),
ground floor (#3) and windows (#4), the technical characteristic is
thermal transmittance value U. For heating (#5) and DHW (#6), the
technical characteristic is efficiency and for RES (#7) is energy pro-
duction. Fig. 1 shows the solution representation (encoding), where
each vector position has a set of possible valid values:

3.1.1. Primary energy needs
In this study, the cooling needs were not considered. According

to the Portuguese legislation, it is allowed to neglect the cooling
needs once the risk of overheating is minimal. Thus, the total pri-
mary energy needs, PE, result from the sum of the heating energy
needs, Eh,k, and domestic hot water production, Ew,k, less any con-
tributions from renewable energy sources per m2 of floor area, Er,k
(adapted from (REH, 2013)):

f1(→ x) = PE (→ x) =
[

Kh∑
k=0

fh,k(x5)Eh,k(x5)
�h,k(x5)

Ph,k(x5)

]

+
[

Kw∑
k=0

fw,k(x6)Ew,k(x6)
�w,k(x6)

Pw,k(x6)

]
−

[
Kr∑

k=0

Er,k(x7)Pr,k(x7)

] (4)

where, a given system k is linked to a single energy source; Kh,
Kw and Kr are the number of systems for space heating, DHW and
renewable energy production, respectively; fh,k and fw,k are the per-
centage of the energy needs provided by each system k; Ph,k, Pw,k
and Pr,k are the conversion factor between final energy and primary
energy of each system k; �h,k and �w,k are the efficiency of each sys-
tem and x5 to x7 are the associated decision variables, because these
variables have a direct effect on the two  objective functions, while
the variables x1 to x4 affect the useful energy needs and, indirectly,
the objective functions (see Fig. 1).

The useful energy needs of the building, Eh,k and Ew,k, are input
data to the genetic algorithm and were previously calculated by
a software developed for this purpose, which follows the standard
seasonal method proposed in EN ISO 13790:2008 (European, 2008)
together with specific rules defined in the Portuguese legislation
(REH, 2013). This calculation uses the decision variables x1 to x4
to obtain Eh,k, since the useful energy needs also depend on the
insulation thicknesses and windows, among other factors.

The current Portuguese legislation determines that the mini-
mum  energy requirements for existing buildings undergoing major
interventions should be established based on reference parame-
ters of thermal and energy efficiency applied to the envelope and
equipment of the building. In case of existing buildings constructed
before 1960 it is accepted that the value of PE can exceed up to 50%
the regulatory limit set for new buildings.

3.1.2. Global cost
The global cost, GC (→ x, �) for set of measures J (where, j = 0
corresponds to the BAU scenario), referring to starting year, i = 0,
over the planning period �, results from the sum of the full invest-
ment costs, ICi,j, and the energy costs, ECi,j, during year i, affected
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y the discount factor, Di. In this study a period � = 30 years was
onsidered:

2 = GC (→ x, �) =
J∑

j=0

[
�∑

i=0

ICi,j (→ x)+ ECi,j (→ x)

]
Di (5)

The discount factor for year i, Di, is based on the real discount
ate R to be calculated as:

i =
(

1
1 + R/100

)i

(6)

The investment costs, ICi,j, result from a broad concept of full
nvestment cost and are obtained from the sum of the initial invest-

ent, Ii,j, the maintenance costs, Mi,j, the replacement costs, Ri,j, less
he residual value, Vij:

Ci,j

(�x) = (
Ii,j + Mi,j + ıi�L

Ri,j − ıi�Vi,j

)
(7)

here, ınm is the Kronecker delta symbol to be calculated as:

nm =
{

0, if n /= m

1, if n = m
(8)

The replacement costs, Ri,j, associated with each set of measures
re added just at the end of the respective lifespan �L. Similarly, the
esidual value, Vi,j, is subtracted just at the end of the calculation
eriod �.

In the case under study, the investment costs, ICi,j, result
rom the sum of the measures obtained by changing 4 elements
insulation, windows, conventional systems and renewable energy
ystems), identified by the subscripts ins, win, sys and res, respec-
ively:

i,j (→ x) =
(

Iins,i + Iwin,i + Isys,i + Ires,i

)
(9)

In turn, ins (insulation) results from the sum of the 3 enve-
ope elements that are changed, identified by the subscripts insroof,
nswalls and insfloor, denoting roof, walls and ground floor, respec-
ively:

ins,i (→ x) =
(

Iinsroof,i + Iinswalls,i + Iinsfloor,i

)
(10)

Similarly, sys (systems) and res (renewable energy systems)
esult from the sum of the systems that are changed, identified
y the subscripts h, w, and r (see Tables 1 and 2), respectively for
eating, DHW and RES:

sys,i (→ x) =
4∑

k=1

(Ih,i,k + Iw,i,k), Ires,i (→ x) =
3∑

k=1

Ir,i,k (11)

The same procedure is applied to the other parameters Mi,j, Ri,j
nd Vi,j.

The energy costs, ECi,j, result from the sum of the energy costs
or heating, ECh,i, and the energy costs for DWH, ECw,i:

Ci,j (→ x) =
(

ECh,i + ECw,i

)
(12)

The energy costs for heating and DHW, ECh,i and ECw,i, result
rom the final energy, FEh,i and FEw,i, respectively, multiplied by the
ost for the corresponding source of energy used by each system,
ele,i, Cgas,i and Cpel,i (electricity, gas and pellets), in a given year i,
or heating⎧⎪⎪⎪⎪⎨ FEh,iık1Cele,i
Ci,h =⎪⎪⎪⎪⎩
FEh,iık2Cele,i

FEh,iık3Cpel,i

FEh,iık4Cgas,i

(13)
and Society 21 (2016) 12–25

and for DHW

ECi,w =

⎧⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎩

FEw,iık1Cgas,i

FEw,iık2Cgas,i

FEw,iık3Cpel,i

FEw,iık4Cgas,i

(14)

The net final energy needs after contributions from RES, FEh,k
and FEw,k, are obtained assuming the selected heating and DHW
systems (Table 1) and RES systems (Table 2). Considering partic-
ularities on the relation between conventional and RES systems,
FEh,k and FEw,k are calculated as follows:

FEh,k =
fh,kEh,k

�h,k
− ık3Er,k (15)

FEw,k =
(fw,kEw,k) − ık1Er,k − ık2Er,k

�w,k
(16)

The costs of energy, Cele,i, Cgas,i and Cpel,i, are affected by a factor
for readjustment fCele,i (being the same for gas and pellets)

Cele,i =
{

Cele,i, i = 1

Cele,ifCele,i, 1 < i ≤ 30
(17)

According to the following indices based on the European Commis-
sion’s estimates for energy prices development in the next 30 years
(Eurostat–EU Energy, 2013):

fCele,i =

⎧⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎩

1.0349, i < 5

1.0000, 5 ≤ i < 10

1.0040, 10 ≤ i < 15

1.0000, 15 ≤ i < 20

−1.0058, 20 ≤ i < 25

−1.0020, 25 ≤ i ≤ 30

(18)

3.2. A multi-objective approach

The case study has variants with RES systems embedded in it, in
a total of 154,000 possible combinations (packages). This number
of combinations can increase significantly with the addition of new
types of components or when the number of systems increases.
Due to the large number of possible combinations for the problem
under study, we used a multi-objective genetic algorithm (MOGA)
specially developed to find non-dominated packages (solutions).
A non-dominated package is a feasible solution for which no
other feasible package exists simultaneously improving all objec-
tive functions, i.e. the improvement of an objective function value
can only be achieved by accepting to degrade at least another objec-
tive function. That is, non-dominated packages entail a trade-off
between the competing objectives in order to select a compromise
solution. The algorithm proposed was  called Genetic Algorithm
for Energy Efficiency in Buildings (GAEEB) and its pseudo-code is
presented in Algorithm 1. The GAEEB is based on NSGA-II (Deb,
Pratap, Agarwal, & Meyarivan, 2002), which has been used to solve
combinatorial problems in several areas as building retrofit (Asadi
et al., 2014), optimal placement and sizing of distributed generation
(Wanxing, Ke-yan, Yuan, Xiaoli, & Yunhua, 2015) and generation
expansion planning (Kannan, Baskar, McCalley, & Murugan, 2009),
among many others.

GAEEB creates a population consisting in set of packages. Each
package corresponds to a random combination of the decision

variables. Packages are then evaluated. The stopping criterion is
the number of evaluations of objective functions. The n package
population evolves using selection, crossover and mutation oper-
ators. The selection procedure consists in a binary tournament
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Fig. 2. Illustration o

cheme (Coello, Lamont, & Veldhuizen, 2007). Crossover and muta-
ion operators were especially designed for the problem of building
etrofit. A new population with 2 × n packages is created by joining
he packages of the pop and popOffspring populations.

Algorithm 1 – Genetic Algorithm for Energy Efficiency in Build-
ngs (GAEEB).

X∗ ←
GAEEB (nSol, nEval)
Input: n: number of
packages (population
size)
Input: nEval: number
of  evaluations
Input: pc:  crossover
rate
Input: pm: mutation
rate
Output: X*:
non-dominated
packages

1  Begin
2 pop ←

InitializePop (n)
3  Evaluate (pop)
4  or i = 1 to

nEval do
5 popOffspring←

∅
6  For j = 1 to n.

do
7 [parent1, parent2]←

BinaryTournament (pop)
8 [offspring1, offspring2]←

BRC (parent1, parent2, pc)
9 [offspring1, offspring2]←

BRM (offspring1, offspring2, pm)
10  Evaluate (offspring1, offspring2)
11  popOffspring [j]← offspring1

12 popOffspring [j + 1]← offspring2

13 j ← j +2
14  End for
15 pop2n ←

Union (pop, popOffspring)
16 fronts ←

ENS SS (pop2n)
17 pop ←

FillPopulation (fronts)
18  i ← i +1
19 End for
20  fronts ←

ENS BSS (pop)
21 x*← fronts [1]
21 return x*

22 End

GAEEB is an elitist algorithm, where the best packages found are
reserved using a procedure known as Efficient Non-dominated
ort with Sequential Search Strategy (ENS-SS) (Xingyi, Ye, Ran, &
aochu, 2015). The function FillPopulation (.) creates a new popu-
ation using the non-dominated fronts generated by ENS-SS. When
ackages of a front exceed the size of the population, a crowding
istance (Deb et al., 2002) procedure is used to preserve diversity
nd obtain a well-distributed non-dominated front (line 17).
crossover operator.

The crossover operator – Building Retrofit Crossover, BRC(.)
– has been specially designed to create new packages. The BRC
operator produces a pair of offspring packages from a pair of par-
ent packages selected from the current population. The crossover
operator has probability pc and uses one cut-off point (Fig. 2). In
this case, the cut-off point c is chosen at random, where, 1 < c < 7.
The example shows two  packages (parent1 and parent2) selected
by binary tournament (c = 3). The operator creates two  packages
(offspring1 and offspring2) that are composed of parts of parent1
and parent2.

The mutation operator is a “flip mutation” (Coello et al., 2007). In
this Building Retrofit Mutation—BRM(.), each package element has
a probability pm of experiencing change. This operator is applied
to packages resulting from the crossover operator. The new values
for each randomly selected element to be altered are obtained from
the set of feasible alternatives. This ensures that the new generated
packages are feasible.

4. Results

These results were divided for better understanding. First, the
results from GAEEB are presented and discussed in Section 4.1.
After, results of cost-optimal levels (Section 4.2) and a return on
investment approach (Section 4.3) are shown and analysed.

4.1. Results of GAEEB

The purpose of this section is to evaluate the results of GAEEB,
which was  described in section 3.2. The “brute-force” algorithm
was implemented to create all possible packages for the problem,
totalling 154,000 combinations. The non-dominated packages were
identified using the Efficient Non-dominated Sort with Sequen-
tial Search Strategy (Xingyi et al., 2015). The solution proposed by
GAEEB was  able to generate the optimal cost curve accurately with
a significant reduction of processing time.

All the runs considered the following set of parameters: pop-
ulation size (n) = 70; number of evaluations (nEval = [500, 750,
. . .,  3000] with step 250; crossover rate (pc) = 0.9; and muta-
tion rate (pm) = 0.04. The experiments involved 33 runs of the
GAEEB, using a PC Intel Core I7-3632, 2.2 GHz CPU with 8GB  of
RAM.

The quality of the results provided by GAEEB was assessed using
the hypervolume quality indicator (H) (Beume, Fonseca, Loı́pez-
Ibáñez, Paquete, & Vahrenhold, 2009; Zitzler & Thiele, 1998), which
is a measure of the space dominated by a set of non-dominated
points that are bounded by a dominated point called reference
(Pref). To compute the hypervolume value, a solution → xi in the
non-dominated frontier (PFknown) for a 2- dimensional MOP defines
a rectangle area, c (→ xi), bounded by an origin and f (→ xi). The
union of such rectangle areas is called hyperarea of PFknown:

H (PFknown) =
⋃

c (→ xi) |∀→ xi ∈ PFknown (20)
i

It is assumed that the reference point (Pref) for assess-
ing the hypervolume is the worst value for each objective
in the non-dominated region plus 10%. The union of areas
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Table 3
Hypervolume values obtained by 33 rounds of GAEEB for the number of objective
function evaluations.

Number of
evaluations

Hypervolume values Dev. std. GAP (%)

Best Worst Average

500 0.6961 0.5237 0.6075 0.0483 15.75
750  0.7199 0.5285 0.6484 0.0448 10.08
1000 0.7205 0.6032 0.6797 0.0358 5.76
1250 0.7207 0.6511 0.6982 0.0196 3.19
1500 0.7207 0.6572 0.7045 0.0196 2.32
1750 0.7208 0.6726 0.7091 0.0137 1.68
2000 0.7207 0.6767 0.7120 0.0106 1.28
2250 0.7208 0.6690 0.7118 0.0141 1.31
2500 0.7208 0.6723 0.7134 0.0152 1.08
2750 0.7209 0.6722 0.7106 0.0138 1.47

F
p

ig. 3. The value of the hypervolume indicator is the (hyper)volume of the region
onsisting of the points that dominate a reference point Pref.

c1, c2, . . .,  c5} highlighted in Fig. 3 corresponds to hypervolume
f PFknown {→ x1, → x2, . . .,  → x5} considering the reference point
ref.

Fig. 4 shows the hypervolume values calculated for 33 runs of the
lgorithm for each nEval defined. GAEEB converges to the hyper-
olume with only 3000 evaluations of the objective functions. The
lack dots represent the hypervolume obtained by non-dominated
ackages after evaluation using the “brute force” assessment of
54,000 packages. The non-dominated packages found thereafter
ompose the optimal Pareto frontier.

Table 3 shows the hypervolume values after 33 runs of the algo-
ithm. The GAP column shows the percentage deviation from the
verage obtained in relation to hypervolume of the non-dominated
olutions. Note that after 2000 evaluations of the objective func-
ions the algorithm has a similar behavior and converges for
ypervolume values with GAP below 1.5%.

Fig. 5 presents the non-dominated solutions (packages) found
y GAEEB in a single run. GAEEB was able to find a large number of
ptimum packages (solutions) for the problem under study. Of the
7 optimal packages, i.e., non-dominated packages known to the

roblem, the GAEEB algorithm found an average of 25.3 optimal
ackages at 3000 evaluations. In addition, it should be noted that
he algorithm requires a very low computation time. GAEEB did
00 evaluations in 84 milliseconds (Intel® Core i5 desktop with

0,51378

0,54828

0,58278

0,61728

0,65178

0,68628

0.72124
0,73339
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ig. 4. Boxplot of 33 runs of GAEEB for each evaluation. The X axis indicates the number
oints  represent the hypervolume calculated for the Pareto front (optimal points).
3000 0.7209 0.6721 0.7111 0.0154 1.40

3.30 GHz), while only 313 milliseconds were needed to calculate
3000 combinations.

In the negative quadrant, we find the packages that incorpo-
rate photovoltaic panels. They produce more energy than what is
consumed within the scope of this study (heating of living area
and domestic hot water). Table 4 shows 4 selected non-dominated
packages found by GAEEB, including values of thermal transmit-
tance value U for roof (#1), walls (#2), ground floor (#3) and
windows (#4) and values for heating (#5), DHW (#6) and RES (#7),
as well the results of the primary energy needs and global cost, f1
and f2, respectively.

4.2. Cost-optimal results

The cost-optimal curve behaviour was  analysed according to the
methodological framework proposed in Delegated Regulation 244.
As already explained in 3.1, the primary energy results for the cost
optimality assessment were calculated using the seasonal steady-
state method with a reduction factor of 0.134. The cost-optimal
levels in the financial perspective (FIN = 6%) are presented in Fig. 6.
The results show the cost-optimal curves for each combination of
insulation, windows and the use of different heating and DHW
systems, plus options for RES. The plot presents the distribution

of solutions, and it is possible to see groups of packages linked
to certain conventional heating systems (electric heater—EH, air
conditioner—AC, gas boiler—GB and biomass boiler—BM).

1750 2000 2250 2500 2750 3000
 of evaluations

 of evaluations of the objective functions (algorithm stopping criterion). The black
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Fig. 5. Non-dominated packages (solutions) found in a run of GAEEB. In light gray, the search space of the problem created by a “brute force” algorithm is displayed.

Table 4
Selected non-dominated packages found by GAEEB.

Roof (#1)
[W/(m2.C◦)]

Walls (#2)
[W/(m2 ◦C)]

Floor (#3)
[W/(m2 ◦C)]

Windows (#4)
[W/(m2 ◦C)]

DHW (#5) Heating (#6) RES (#7) f1 [kW h/(m2 y)] f2 [D /m2]

2.800a 2.000 1.650 5.1 GWH  0.78 AC PV −121 97
0.494  0.462 1.650 5.1 GWH  0.78 AC PV −132 138
0.208  0.462 1.650 5.1 GWH  0.78 AC PV −135 178
0.187b 0.182 0.182 1.87 GWH  0.78 AC PV −138 235

t
p
d
v
m
o
f
p

F
fi

a It corresponds to package 13, in Table 5.
b It corresponds to package 12, in Table 5.

As stated above, in the negative quadrant, for example, two of
hat clouds are groups of packages that incorporate photovoltaic
anel—PV, linked to two different conventional systems: air con-
itioner (cloud on the left) and electric heater (on the right). The
alues become negative because the photovoltaic panel produces
ore energy than consumed in the scope of this study (heating
f living area and domestic hot water), being the energy surplus
ully tapped by other applications (lighting, appliances etc.). All
ackages that include biomass boiler, BM,  appear concentrated and

ig. 6. Global cost [D /m2] versus primary energy needs [kW h/(m2 y)] results for 154,000 

nancial perspective (FIN = 6%). The national PE requirements (limits) are 50.87 [kW h/(m
pointing to zero-primary energy needs since the total energy needs
are supplied by RES. Both solar thermal systems, thermosyphon—ST
T and forced circulation—ST C, reduce primary energy needs, as it
is expected from RES systems, but the solution of thermosyphon
has the advantage of reducing the global cost, except in combina-
tion with biomass (BM + ST T), this system using the lower cost fuel

(pellets). The vertical lines show energy limits defined as national
requirements that depend on the heating system type (AC—orange,
GB—blue and EH—gray).

retrofit packages, 1570 HDD (Amarante), considering a period of � = 30 years, in the
2 y)] for AC, 56.72 [kW h/(m2 y)] for GB and BM and 77.23 [kW h/(m2 y)] for EH.
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.3. Return on investment approach

In order to determine the advantages of investment in energy
etrofit for investors, regarding return on investment analysis, func-
ion f1 is replaced by the adjusted value of additional investment,
3, which consists in the total amount invested in energy efficiency

easures beyond the BAU scenario. The additional investment,
I (�), referring to starting year, i = 0, over the calculation period

, results from the full investment costs, ICi,j, during year i, for
easure or set of measures j, less ICBAU,i,0, which represents the

orresponding values for the BAU scenario. These values are dis-
ounted referring to the initial year, i = 0, according a discount factor

ig. 7. (a) Global cost [D /m2] and additional investment [D /m2] results for 154,000 retrofi
erspective (FIN = 6%); (b) Zoom in range.
and Society 21 (2016) 12–25

Di. For calculation in the financial perspective having a period � = 30
years:

f3 = AI (�) =
J∑

j=1

[
�∑

i=0

ICi,jDi

]
−

[
�∑

i=0

ICBAU,i,0Di

]
(20)

The investor’s point of view is considered the situation changes
significantly, as shown in Fig. 7. Packages that include photovoltaic

panel, which would be considered best options according to the
cost-optimal approach, are not acceptable according to return on
investment approach due to the high initial investment required.
Since the discount rate is significantly higher than the estimates of

t packages, 1570 HDD (Amarante), considering a period of � = 30 years, in financial
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he evolution of energy prices suggested by Eurostat (Eurostat–EU
nergy, 2013), the potential energy cost savings become insuffi-
ient to offset the initial investment.

Fig. 7 includes a grey line where the global cost of a given
ackage, plus the additional investment (amount invested beyond
he BAU scenario), is equal to the global cost of the BAU scenario
lus costs for maintenance, replacement and residual value of win-
ows and systems already present in the reference building, during
he period of � = 30 years.

As the global cost and the additional investment are shown in
et present value, packages can be compared using this gray line as
eference. Only solutions that are within the triangle formed by this
ine and the axes deliver positive ROI and the additional investment
s not higher than the global cost in BAU scenario, when considering

 discount rate of 6%. In packages that are on this line, the addi-
ional investment does not offset the relative decrease in global
ost, when compared with the BAU scenario. The remaining solu-
ions (outside the triangle) can even reduce the global cost (when
elow D 191.89), but the ROI is negative.

In this type of analysis, the discount rate of 6% can also be under-
tood as cost of capital, especially when the investor does not have
he resources and needs to have access to credit lines to make
dditional investment, in comparison with the BAU scenario. This
nalysis is limited to the return on investment for packages that
rovide the same conditions of thermal comfort, not considering
ther benefits that certain energy retrofit measures can provide.
oncerning this issue, the interest of each investor must be con-
idered in the election of the package with higher added value,
mong those with higher return than the BAU scenario, as well
s the minimum requirements at national level. For example, we
an see that GB without insulation is the best package from the
nvestor’s point of view but this option does not meet the mini-
um requirements, as shown in Fig. 8. After installing ST T, the
ption GB (still without insulation) meets the minimum national
equirements.
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The replacement of the DHW system presents an opportunity
for exchange at the end of the existing equipment’s life cycle. When
considering insulation, the best option is the thickness of 30 mm,
only in the roof. In this reference building, roof insulation is more
cost effective than in the other elements, followed by insulation in
the walls. The insulation of the ground floor is the least cost effective
due to their high costs because increased difficulties for adoption
of this measure in existing buildings. In general, in this reference
building as in others, the investment in insulation becomes more
cost-effective when useful energy needs are higher or the heating
system is a low efficiency one.

The analysis of 18 selected packages of efficiency measures in
comparison with the reference scenario shown in Table 5 enables
us to understand the impact of each action, alone and in com-
bination. Package 0 represents the reference building in a BAU
scenario. The elements that are changed in comparison with the
BAU scenario are in yellow. The values that do not meet minimum
requirements on primary energy needs, global cost or ROI  are in
orange, within their respective columns. Similarly, the blue values
represent the best within these same columns. Note that package
12 has the lowest need for primary energy, package 13 has the
lowest global cost, and package 14 has the highest ROI (taking in
account minimum requirements for primary energy) of all 154,000
combinations. Packages 1–4 consist of just the insulation of com-
ponents, EPS boards with a thickness of 60 or 80 mm.  In Package 5
only the windows are replaced. Packages 6–11 consist of replacing
systems or installation of RES systems. That is, packages 1–11 rep-
resent individual measures, highlighted, and their impact on the
primary energy needs, global cost and ROI. Packages 12–18 repre-
sent combined measures and it is possible to see the interaction
between them. The comparison of these packages confirms that
replacement of the heating system is far more cost effective than

the improvement of insulation in the opaque envelope, according
to the economic criterion ROI. While package 14 is the best option,
package 12 occupies the 26123st position in the ROI ranking.
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Table 5
BAU scenario (package 0) and 18 selected packages.

Insulation Glazing Systems Renewables Energy Global cost ROI

Roof Walls Floor Windows Panes Heating DHW Primary Financial Financial

Package t [mm]  t [mm]  t [mm]  U [W/m2 ◦C] gv̂i Equipment Equipment Equipment [kW h/m2 y] [D /m2] [30 years] (%)

0 – – – 5.1 0.85 EH GWH  0.60 – 123 192 –
1  60 – – 5.1 0.85 EH GWH  0.60 – 94 181 −59
2  – 60 – 5.1 0.85 EH GWH  0.60 – 103 194 −108
3  – – 80 5.1 0.85 EH GWH  0.60 – 110 216 −163
4  60 60 – 5.1 0.85 EH GWH  0.60 – 74 184 −85
5  – – – 1.87 0.58 EH GWH  0.60 – 121 219 −197
6  – – – 5.1 0.85 AC GWH  0.78 – 49 150 −20
7  – – – 5.1 0.85 BM BM – – 156 −57
8  – – – 5.1 0.85 GB GB – 64 133 275
9  – – – 5.1 0.85 EH GWH  0.60 ST T 96 181 −56
10  – – – 5.1 0.85 EH GWH  0.60 ST C 98 201 −122
11  – – – 5.1 0.85 EH GWH  0.60 PV −46 139 −67
12  180 180 180 1.87 0.58 AC GWH  0.78 PV −138 235 −112
13  – – – 5.1 0.85 AC GWH  0.78 PV −121 97 −56
14  – – – 5.1 0.85 GB GB ST T 45 132 47
15  60 – – 5.1 0.85 GB GB – 52 143 18
16  30 – – 5.1 0.85 GB GB – 53 143 25
17  – 30 – 5.1 0.85 GB GB – 57 149 6

b
o
w
a
r
l
i
a
t

18  – – 30 5.1 0.85 GB 

Package 14 provides a ROI of 47%, a 15.47% IRR, a simple pay-
ack of 6 years and an adjusted payback of 7 years. Package 8
ffers the higher ROI over the 30 years, but does not comply
ith regulations. We  must stress that package 14 can only be

dopted because the building envelope does not undergo a “major
enovation” given that the regulation in force (REH, 2013) estab-

ishes minimum requirements for thermal transmittance values
n the envelope. This analysis shows the importance of evalu-
ting the return on investment in a long-term rather than in
he short-term perspective. It also shows that the cost-optimal
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Fig. 9. Global cost [D /m2] and additional inves
GB – 60 162 −40

approach is not enough to cover the information required by
investors.

Fig. 8 shows the cost-optimal graph for the selected packages
and regulatory limits to be met  for primary energy needs, depend-
ing on the equipment used for heating.

For this reference building and the electric heater—EH, the limit

stands at 77.23 [kW h/(m2 y)]. For the air conditioner, the limit is
50.87 [kW h/(m2 y)] and it is 56.72 [kW h/(m2 y)] for the gas boiler
and the biomass boiler. Thus, the BAU reference scenario (package
0) and packages 1–3, 5, 8–10 and 17–18 do not meet the regulations.

12

250 300 350 400

Addi�onal  investm ent [€/m²]
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Limit FIN = 6%

AC + P V, without  ins ula�on 
(cost-op� mal,  foll owing 
Delegated  Regula�on  244/2012)

tment [D /m2] for 18 selected packages.
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Table  6
Summary of the analysis of real options.

Measure: Investment in Lifecycle
(years)

Contribution on the global
cost [D /m2.30 years]

ROI for additional
investment

Technical
uncertainty

Economic
uncertainty

Risk Option

Photovoltaic panel (self-consumption) 20 −53 −67% Middle Middle ↓ Defera

Solar thermal thermosyphon 20 −11 −56% Low Low ↓ bInvest
Solar  thermal forced circulation 20 9 −122% Low Low ↓ Do not invest
Air  conditioner (heating), GWH  (DHW) 20 −42 −20% Low High ↓ Do not invest
Biomass boiler (heating, DHW) 20 −36 −57% Low High ↓ Do not invest
Gas  boiler (heating, DHW) 20 −59 275% Low High ↓ Investb

New windows 40 27 −197% Middle Low ↓ Do not invest
Insulation of the opaque envelope 50 ↓↑ ↓↑ Middle Low ↓ Defer

a Although still having a negative ROI, the price of the equipment has fallen rapidly, determining that this investment option should be reassessed periodically.
ent in 
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t
t
i
t
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b As shown in Table 5, the investment in ST T is necessary to sustain the investm
OI  of 47%.

Fig. 9 shows the additional investment for the selected packages
nd the limit where the ROI is similar to the BAU scenario.

Packages 1–7, 9–13 and 18 have a worse economic performance
han the BAU scenario, although packages 7 and 11–13 raise the
uilding to the NZEB condition (nearly zero energy building), with
rimary energy demand below 15 [kW h/(m2 y)].

Regarding the real options that are available to investors, it is
lear that the profitability depends on the heating system that is
dopted. Investment in systems with high efficiency or low primary
nergy conversion factor can even allow the deferral of investment
n insulation or replacing windows. The investment in the envelope
epresents a capital commitment for an extended period of time
ue to the long life cycles of these materials. Table 6 summarizes
he analysis of real options.

The DHW system could be exchanged at the end of the life cycle
f existing equipment; however, this represents a small reduc-
ion in the global cost. The combination of the gas boiler and
he solar thermal thermosyphon system provides an immediate
nvestment opportunity, since the building does not have architec-

ural or technical restrictions, such as orientation of the building
r shade. This option is better than the investment in an air con-
itioner in combination with a gas water heater, for this range

ig. 10. Global cost [D /m2] and additional investment [D /m2] results for 154,000 retro
erspective (FIN = 3%).
GB and fulfil the minimum national requirements; this package composition has a

of useful energy needs. The biomass system, here designed for
heating and DHW in the entire the building, offers negative ROI,
although it significantly reduces the primary energy needs. Possibly
it can be a good alternative in the coming years, supplementing the
solar thermal system, since the cost of firewood and pellets should
remain low. This type of application requires further technical
research.

Regarding the investment in photovoltaic panels, the available
technology did not reveal itself profitable. Although it significantly
reduces the primary energy needs, these equipment do not offer
the attractive return on investment that was provided in the early
years of the subsidized scheme. The reduction of the reference rates
for micro generation since 2014 discourages the sale of surplus
production to the grid by encouraging self-consumption (Decreto,
2014), which makes it an unaffordable investment. At this point,
it is unknown whether the cost of initial investment could fall due
to technological progress or what the reference tariff policy for the
subsidized scheme will be in the coming years.

Assuming a discount rate of 3%, a larger number of packages

would present a satisfactory ROI, including the package AC + PV
without insulation, as can be seen in Fig. 10. This confirms that
credit lines with lower interest rates can encourage investment

fit packages, 1570 HDD (Amarante), considering a period of 30 years, in financial
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n energy retrofit and efficiency measures with lower environ-
ental impact, a fact also detected in previous studies (Tadeu,

odrigues, Tadeu, Freire, & Simões, 2015). However, GB + ST T
ithout insulation remains the best investment option, since GB
ithout insulation does not meet the minimum national require-
ents.

. Conclusions

This study assessed the relevance of applying the real options
heory and return on investment criteria to the cost optimality of
nergy efficiency measures in the retrofit of buildings. Eighteen
ackages leading to 154,000 possible combinations of measures for

 reference building were selected. The optimization problem was
olved using a multi-objective evolutionary algorithm, GAEEB, tak-
ng into account the methodological framework proposed by the
uropean Commission. The results from the real options perspec-
ive enabled to conclude that:

Regarding the profitability of the measures under analysis,
he replacement of the DHW system presents an opportunity for
xchanging at the end of the existing equipment life cycle. The
ombination of gas boiler with solar thermal system provides an
mmediate investment opportunity. This heating and DWH  sys-
em is better than the investment in air conditioner coupled with
as water heater, for a low range of useful energy needs, as the
nes considered in this study. The biomass system offers negative
OI, although it significantly reduces the primary energy needs; the
hotovoltaic panel did not show profitability.

Reducing the cost of capital through provision of public credit
ines at rates below 6% may  encourage investment in energy retrofit
nd efficiency measures that minimize the primary energy needs.
n this scenario, a larger number of packages with lower environ-

ental impact would have a satisfactory ROI, including renewables.
Regarding the energy retrofit of buildings, an analysis from the

erspective of the theory of real options is fundamental because
here are irreversibility issues and the possibility of deferral linked
o the investment. Mainly in large investment projects, the value
f operational flexibility and other strategic factors, in particular
he possibility of deferral has to be added to NPV in the calculation
rocess.
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