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A B S T R A C T

The European Union has proposed a common methodology to identify energy-efficient measures with the
minimum global cost throughout the lifecycle. It is known that the energy impact of a specific measure is
influenced by other measures in the same package, which affect its profitability. For this reason, the cost-optimal
package cannot be a simple combination of individual cost-optimal retrofitting measures. Thus, to define a cost
optimal solution, the energy performance and the global cost of a large number of packages need to be calculated
and analysed.

To overcome the expensive computational effort of this type of study, this work proposes an expeditious
procedure for selecting the optimal energy source for heating and domestic hot water (DHW) service generation
as a function of the following variables: energy needs and costs, initial investment, primary energy conversion
factors and efficiency of energy systems. The method was applied to a reference dwelling in the Portuguese
building stock. With the expeditious cost optimality approach, once an energy system configuration has been
determined, an estimation of the cost-optimal package can be established as the sum of the most profitable
options for each element.

1. Introduction

Buildings account for around 40% of the final energy consumption
and 60% of the electricity consumption in the 28 countries of the
European Union (EU). Residential buildings account for two-thirds of
this consumption. Energy consumption by the building sector has in-
creased by an average of 1% per year since 1990 [1]. As a response to
this issue, policies aiming to promote energy efficiency in buildings
have been adopted. The Energy Performance of Buildings Directive
(EPBD) is a relevant tool that is being used to promote energy efficiency
in buildings [2]. The third generation of the EPBD was published re-
cently and Member States are expected to transpose it into national law
in the next few years [3]. Two key concepts were introduced by the
EPBD of 2010. One is the Nearly zero-energy building, which represents
the level of efficiency that buildings should aim for. The other is the
cost-optimal methodology to benchmark minimum requirements for

the energy performance of buildings. This involves a balance between
costs and energy savings throughout the lifecycle of a new building or
in retrofitting work. The MSs were encouraged to develop national
plans to promote energy efficiency in buildings following the principles
of the EPBD. It is expected that energy efficiency measures could reduce
the energy demand of buildings by 41% by 2050, compared to 2005/06
values [4].

The cost-optimal methodology to be followed by the MSs was
published in EU Delegated Regulation 244/2012 [5,6]. It includes the
establishment of reference buildings, the definition of energy-efficiency
measures to be implemented in these reference buildings, the assess-
ment of the primary energy demand of these measures, and the calcu-
lation of their cost through the net present value approach. This
methodology is based on EN 15459 [7]. The cost-optimal calculation is
given from both the macroeconomic and financial standpoints. The
main weakness of the cost-optimal methodology is the high degree of
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flexibility when selecting the input data for the calculation: the re-
ference building, discount rate, energy cost, energy measures, inter alia
[8]. This flexibility was provided to allow the MSs to adapt their na-
tional plans to their economy, real estate market, legislation, culture,
and type of climate.

Researchers have been working to address the limitations of the
cost-optimal methodology, providing policy makers with useful
knowledge. More specifically, the cost-optimal methodology is geared
to national authorities, not to investors or users [2]. Araújo et al. [9]
bridged this gap by considering the stakeholders’ willingness to invest
in energy-efficient solutions in retrofitting. Becchio et al. [10] included
some of the benefits that the energy-efficiency elements and systems
can provide in the cost-optimal calculation for a new residential
building, in particular, improved indoor comfort, a higher value in the
real estate market, and lower CO2 emissions. The as-built methodology
considers only cash outflows.

A few measures are often chosen from a larger group of available
measures at the project stage of a building renovation. Given that these
measures can be combined into thousands of packages, numerical
methods for determining the optimal solution are another active field of
research. The Guidelines provided by the European Commission [2]
mention this optimization problem but do not offer a specific metho-
dology to solve it. In the review by De Boeck et al. [11] on studies on
improving the energy performance of residential buildings, the dif-
ferent variables usually considered by researchers are presented, as well
as methods for optimization and the sensitivity analysis. More specifi-
cally, Hamdy et al. [12] compared the performance of advanced multi-
objective optimization algorithms, while the review by Tian [13] covers
the sensitivity analysis methods.

Evins [14] reviewed the computational methods for optimizing
sustainable building design, with the focus on residential retrofitting.
This comparison showed evolutionary algorithms to be the most con-
sistent methods. Therefore, in order to provide MSs with an advanced
and robust tool, Tadeu et al. [15] used an algorithm based on the non-
dominated sorting genetic algorithm (NSGA)-II in the cost-optimal
search in the renovation of a reference building in Portugal. Ascione
et al. [16] brought together several techniques in their method to cal-
culate the cost-optimal energy retrofit for any building: a genetic al-
gorithm was used to search the cost-optimal packages by minimizing
primary energy consumption and thermal discomfort; the procedure
uses artificial neural networks to predict the building's energy perfor-
mance; large-scale uncertainty and sensitivity analysis support the
generation of the networks.

Of the alternative approaches, the work by Ruparathna et al. [17] is
noteworthy. They used fuzzy set theory to address a weakness in the
global-cost analysis of building renovation: as a data-intensive process,
it is highly affected by data uncertainty and subjectivity. Fuzzy set
theory helps to deal with this non-statistical uncertainty. Ruparathna
et al. achieved a reliable decision criterion, which showed a consider-
able discrepancy in relation to traditional life-cycle costing. Eskander
et al. [18] applied an improved method described by Üçtuğ et al. [19],
based on linear programming, to different representative households
located in the centre and north of Portugal to determine the optimal
package of energy efficiency measures. Some novelties were added,
notably the consideration of a new energy system, the “rebound effect”
due to user behaviour once they are aware that their energy bill is
lower, and the possibility to calculate the energy saved by installing
better insulation and a new energy system at the same time. They fo-
cused on the financial angle, since the two clashing function objectives
analysed were energy savings and investment. Lizana et al. [20] de-
veloped a methodology to determine the most effective retrofitting
solutions for the residential sector. Their method enhanced decision
management by discriminating the three main stakeholders: users,
public administrations, and private promoters.

Given that lack of financial resources is a major barrier to building
renovation, the resources that are available should be used effectively

to design an optimum renovation package. Therefore, practical tools
should be developed to assist decision makers. Some decision support
tools have been proposed ([21,22]), but they are time-consuming and
require energy simulations using reference buildings. A great effort has
been made to develop simplified tools in the form of conceptual
methodologies or as software/spreadsheets. Ferreira et al. [23] ana-
lysed the decision support tools available in renovation works. Given
that decision making is usually extremely time-consuming, they con-
cluded that fast and effective methods are still needed by technicians,
since only roughly 13% of the tools reviewed were considered user-
friendly for technicians lacking experience in the energy performance of
buildings. Bribián et al. [24] proposed to complement the EPBD with a
simplified calculation method to estimate the embodied energy to
support the reduction of the environmental impact.

While computationally-expensive cost-optimal problems are being
tackled with the aforementioned complex techniques, the present work
provides a way to make cost-optimality problems less complex. First,
we describe a simplified procedure to compare the primary energy
consumed by different energy systems. Second, the procedure is ex-
tended to the calculation of the energy systems with the cost-optimal
approach. Then, the ‘as-built’ cost-optimality calculation framework
provided by the European regulations is implemented to validate the
selection of the energy systems and the identification of the cost-op-
timal package derived from the simplified method. Finally, we show the
predominance of the energy system over insulating elements, enabling
the cost-optimal package of fundamental measures to be estimated. The
measures considered consist of using different energy systems, in-
sulating the roof, walls or floor, and replacing windows. The proposed
methodology is especially useful for planners, skilled experts, property
owners, and for the systems manufacturers involved in the construction
industry. This procedure can be transferred easily to a software tool
used to estimate the most economically and environmentally attractive
retrofitting solutions. The commonest type of Portuguese residential
property was studied, as 38.1% of these buildings need urgent refurb-
ishment works to solve indoor thermal and hygrometric comfort pro-
blems [23].

The next section presents the simplified method for comparing en-
ergy systems’ configuration, firstly to assess the primary energy con-
sumption, and secondly to evaluate their economic performance.
Section 3 details the reference building and the parameters that con-
stitute the calculation framework. The methodology is applied in Sec-
tion 4: it includes the comparison with the recommended cost-optimal
procedure [5] and the creation of an optimal package of measures by
adding envelope improvement measures to the cost-optimal energy
systems. Finally, the conclusions are presented in Section 5.

2. Simplified procedure to evaluate the optimal configuration of
the energy systems

2.1. Description of the problem

In the cost-optimal methodology, the overall cost is calculated by
comparing the effect that the possible energy-efficient measures would
have on the energy and economic performances of a reference building,
which must be defined for each project [2]. In the present study, apart
from the basic economic parameters, the variables involved in the
calculation were the initial investment, energy costs, primary energy
conversion factors, efficiency of heating and domestic hot water (DHW)
systems and useful energy needs. To relate the framework to the user's
point of view, the primary energy consumption and the global cost were
both calculated as a function of the useful energy needs.

The global cost-optimum is not equal to the sum of cost-optimal
solutions for each of those energy measures, and this generates the
optimization problem, that is, the search for the cost-optimal solution
among a large number of combinations. This is because the overall cost
depends on the thermal insulation characteristics, the investment, the
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operational costs and the efficiency of the energy systems, which in turn
depend on how the aforementioned energy measures are combined
[25]. Furthermore, some energy systems provide multiple functions -
heating and cooling of the living area and DHW - which increases the
nonlinearity of the optimization problem. The measures included in this
study are some of those most widely implemented in the energy re-
novation of buildings, i.e. the installation of new energy systems, the
improvement roof, wall or floor insulation, and the replacement of
windows. In Section 4.3, we show the predominance of energy systems
over insulation when it comes to calculating the global cost for the
reference building in question.

Each MS had to adapt the calculation methodology for the energy
performance of buildings to its national characteristics [2]. This led to a
number of simplifications to the climatic conditions, market prices and
macroeconomic variables [26]. In the case of Portugal, cooling re-
quirements can be neglected when the risk of overheating is minimal
[27]. In fact, the energy used by the Portuguese residential sector for
cooling was only 0.5% in 2010 [28]. This assumption was made in our
study, and therefore the energy needs have been restricted to heating
and DHW services.

The proposed procedure, represented in Fig. 1, allows the selection
of optimum energy systems according to financial and environmental
perspectives. The method uses the initial investment in each type of
heating and hot-water system, the corresponding energy efficiency, the
useful energy needs, and the primary energy calculated using the spe-
cific conversion factors associated with each energy source. The ap-
proach has a low computational cost and provides results similar to
those obtained using the conventional cost optimal methodology de-
fined in the delegated regulation [5]. It can also be applied to different
buildings and climate regions.

2.2. Simplified procedure: environmental criterion - primary energy
consumption

While stakeholders in building retrofitting are interested in financial
profits, the motivation that has driven the European energy policy is the
environmental impact associated with energy consumption. In fact, the
CO2 emissions related to energy consumption are one of the main in-
dicators mentioned in the energy performance certification of build-
ings. For this reason, the environmental impact of the energy systems
analysed was estimated by comparing the useful energy needs that
would be covered by the primary energy that they would consume. The
primary energy consumption, PE, can be expressed in terms of the
useful energy needs for heating, Eh, and for DHW, Ew (adapted from
Ref. [27]):
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where fw k, and fh j, represent the share of the useful energy that is as-
sociated with each system designed for DHW and heating, respectively
(with nk and nj being the number of DHW and heating systems); ηw k,
and ηh j, are the efficiency of the energy systems, which convert the
useful into the final energy; and Pw k, and Ph j, are the conversion factors
from final energy to primary energy. Single DHW and heating systems

were considered ( =k 1 and =j 1), and fw,1 and fh,1 therefore become 1.
Thus, equation (2) is written as follows:

= +PE a E a E kWh year( / )w h EP1 2 (2)

where =a P η/w w1 ,1 ,1 and =a P η/h h2 ,1 ,1 .
If it is assumed that the first useful energy needs (E) are only as-

sociated with DHW, the previous equation becomes:

=PE a E kWh year( / )EP1 (3)

Then, if we assume that after the total DHW needs E( )w are satisfied
the increase in useful energy needs is only associated with heating, the
following equation is obtained:

= − +PE a a E a E kWh year( ) ( / )w EP1 2 2 (4)

Fig. 2 illustrates how this relationship between primary energy
needs and useful energy consumption can be used to compare the ef-
ficiency of each set of DHW and heating systems (hypothetical energy
system sets 1 and 2). The solution of the most efficient set of energy
systems can be easily identified as a function of the DHW (E )w and the
heating (E )h needs.

For the given energy needs indicated ( +E E )w h , energy system set 2
would be more energy efficient than set 1. However, energy system 1
would be the optimal choice if the energy needs fell below the useful
energy need for which both systems have the same primary energy
consumption, the intersection point (IP). The polygonal curve formed
by the segments of the linear equations with the greatest efficiency,
crossing at intersection points, identifies the most efficient energy
system for each useful energy need. In the example given, both energy
system sets use separate DHW and heating systems. If a single energy
system provides both services, the associated graphic would become a
straight line if its efficiency at producing DHW were the same as for
heating.

Fig. 1. Scheme of the proposed expeditious procedure.

Fig. 2. Environmental evaluation of energy systems.
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2.3. Simplified procedure: economic criterion - global cost

The cost-optimal procedure established by the European
Commission favours expressing the global cost as a function of the
primary energy consumed by the building. The simplified procedure
presented in this section is based on useful energy needs. The costs
taken into account and the economic parameters, such as the expected
useful life of energy systems, were those established by EN 15459 [7]
and provided for by the Delegated Regulation 244/2012 [5]. The
starting point is the following formula for the total cost GC of a set
number of measures NM , calculated from the financial perspective as a
net present value over the period τ years:

∑ ∑= ⎡

⎣
⎢ + ⋅ − ⋅ ⎤

⎦
⎥

= =

GC I C D V D( ) ( ) (€)
j

NM

j
i

τ

j i i τ j τ
1 1

, ,
(5)

in which j is the measure (energy system set) being analysed; Ij is the
investment costs; Cj i, represents the annual cost, which is subject to the
discount factor Dτ ; Vτ j, is the residual value associated with each
measure, calculated at the end of the period by applying the discount
factor Dτ . The discount factor for year i Dτ , is calculated by the fol-
lowing formula:
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D
r
1

1 /100τ

i

(6)

where r is the real discount rate (%).
The cost-optimal methodology described in Refs. [5,6] suggests a

general period of τ =30 years for the calculation. However, a life cycle
of 20 years was considered in this study since EN 15459 establishes this
is the life span assumed for most of the energy systems under study.
This avoids having to deal with replacement costs and residual values.
From the financial perspective, value-added tax (VAT) and other ap-
plicable taxes are included. The investment amount considered depends
on the energy system, and the annual cost includes maintenance and
energy costs.

Next, the global cost is calculated for the energy measure that
consists of installing a new energy system or a set of them. The first
indicator to be analysed is the total cost associated with the useful
energy needs of a DHW system. Taking into account the aforemen-
tioned assumptions, the global cost for the DHW system w k, can be
expressed as follows:

∑= + +
=

GC I M EC D( ) (€)w k w k
i

τ

w k i w k i r, ,
1

, , , ,
(7)

where Mw k i, , is the maintenance cost in the year i, ECw k i, , is the energy
costs in the year i, which depend on the annual final energy use FE kw,
and the energy price Cen w k i, , , :

=EC FE C (€)w k i w k en w k i, , , , , , (8)

The final energy needs have to be converted into useful energy Ew as
in the previous section:

=FE
f
η
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(9)

And if DHW is again provided by a single system ( =k 1), equation
(7) becomes:
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Thus, the total cost turns into a linear function of the useful energy
needs Ew:

= +GC Eb b €w w,1 1 2 (11)

where = + ∑ =I M Db w i
τ

w i r1 ,1 1 ,1, and = ∑ ⎛
⎝

⎞
⎠= C Db i

τ
en w i η r2 1 , ,1,

1
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.

Similarly, the total cost for a heating system can be expressed as:

= +GC Ec c (€)h h,1 1 2 (12)

where = + ∑ =I M Dc h i
τ

h i r1 ,1 1 ,1, and = ∑ ⎛
⎝

⎞
⎠= C Dc i

τ
en h i η r2 1 , ,1,

1

h,1
.

Replacing both energy systems, combining equations (11) and (12)
leads to:

= + + +GC E Eb c b c (€)w h1 1 2 2 (13)

As before, if it is assumed that the useful energy needs E( ) are at first
only associated with DHW, this equation becomes:

= + +GC b c b E( ) (€)1 1 2 (14)

In this equation it is assumed that the initial investment and
maintenance costs are related to both systems, as they are accountable,
even if not used. Then, once DHW needs are covered, they remain
constant and subsequent increases in useful energy needs are assigned
to heating. This leads to the following equation:

= + + − +GC b c b c E c E( ( ) ) (€)w1 1 2 2 2 (15)

It is observed that the energy system used for heating affects the
global cost, even when only DHW is consuming energy. Equations (14)
and (15) and their use are illustrated in Fig. 3. In this hypothetical
example, energy system 2 turns out to be more economically attractive
for the energy needs specified in the retrofitting project. In conclusion,
energy system 2 would be the most environmentally and economically
attractive energy system in the range of useful energy demand defined
by the intersection points of Figs. 2 and 3. With the DHW needs kept
constant, modifying the heating demand shown in both Figures would
improve one of the objective functions at the cost of worsening the
other one.

3. Case study

3.1. Definition of the reference building

With a share of roughly 44%, residential buildings constructed be-
tween 1960 and 1990 constitute the majority of the Portuguese
building stock [29]. Since the first Portuguese energy performance
regulation dates from 1990, houses built up to then did not follow any
particular requirements regarding energy efficiency. Most were built of
masonry with single glazed windows using a cold aluminium frame
(without a thermal break), while the roofs were generally sloping with

Fig. 3. Economic evaluation of energy systems.
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ceramic tiles laid on a wooden structure, without insulation [30]. To
validate the simplified method described, a reference building was
defined that would represent the detached houses built in that period.
Its geometric and thermal characteristics were established based on two
sources. One is the database Energy Certification System (ECS) [31],
provided by the National Agency for Energy (ADENE). It contains sta-
tistical data from more than one million certificates. The other is the
statistical data provided by the National Statistics Institute (INE) and
the General Directorate for Energy and Geology (DGEG) [28]. From
these data it was concluded that a typical model consists of a single
storey 3-bedroom house with masonry walls (see Fig. 4). Rooms would
be heated by electric heaters, whose nominal efficiency is 100%, while
a gas heater with an average efficiency of 60% would be used for DHW
[32].

Walls would be made of masonry. The internal dimensions of the
reference building and its thermal characteristics are indicated in
Table 1. The glazed area was assumed to be distributed equally between
the four directions of the façades (north, south, east and west) and the
solar factor gw included in Table 1 is an averaged value. Shading de-
vices were assumed to be light coloured curtains made of a thin fabric
that would have an obstruction factor of 0.38. It was also found that the
thermal inertia corresponds to an intermediate class of the energy
storage capacity [27,33].

This study focuses on dwellings built between 1960 and 1990.
However, both for those built before 1960 [34] and for historic build-
ings [35], replacing low-efficiency energy systems with high-efficiency
ones is substantially more cost effective than improving the envelope
insulation. Actually, investing in high-efficiency equipment even re-
duces the need to improve the insulation of the façades, which is
usually one of the most expensive measures [36].

3.2. Climate data

Portugal is a country in south-western Europe and has a pre-
dominantly Mediterranean climate, with the Köppen classification of
Csa/Csb (warm temperate, dry summer, and hot-mild summer) [37].
With regard to the heating needed in the cold season, the national
regulation divides the country into three climate zones (I1, I2 and I3),

which are used to set the envelope's thermal requirements. The heating
degree days and duration of the heating season (HDD) depend on the
building's location and altitude. The range of degree days for mainland
Portugal varies from 987 °C.day HDD to 2015 °C.day HDD [27], which
influences the calculation of the cost optimal levels in Portugal [38].
Coimbra, the location assigned to the reference building, lies in climate
zone (I2, V2) and has a 1304 °C.day HDD.

3.3. Energy needs of the reference scenario

The energy needs considered in this study were for heating and to
produce DHW. The actual heating usage habits of users depends on a
number of variables such as weather, dwelling morphology, envelope
insulation, occupant profile (age, renter/owner, household size, energy
use awareness, etc.), time of day, energy price, and others [39]. Na-
tional regulations and energy performance certification frameworks
make a number of simplifications to drastically reduce the variables
involved in calculating energy needs. For example, a survey conducted
in 2012 on 8500 retrofitted Greek dwellings found that the average
energy consumption was 44% lower than the calculated value [40]. The
energy performance data for 3400 German homes indicates that the
measured energy consumption for DHW and heating is on average 30%
lower than that calculated [41]. In the case of mainland Portugal,
Magalhães et al. [42] concluded that the heating energy needs are only
5% of the calculated needs indicated in the energy performance certi-
fications. They included 259,775 certificates in the analysis, and the
actual energy consumption was calculated from the national energy
balance using a top-down approach.

The Portuguese regulation uses the seasonal method [27] described
in EN ISO 13790 [43] to estimate the energy needs for residential units.
One of the most relevant simplifications is the assumption of the per-
manent use of equipment for thermal comfort. However, when the
habits of the occupants are taken into account, the value of the energy
needs decreases markedly (as a rule, people do not heat all the building
space all the time). To carry out a realistic calculation in the present
work, a reduction factor was applied to the nominal (according to the
Portuguese regulation) energy needs for heating. This factor was de-
termined using data from the Portuguese energy performance certifi-
cation system, (Sistema Nacional de Certificação Energética dos Edifícios,
SCE) [44] and from a Portuguese survey, Inquérito ao Consumo de En-
ergia no Sector Doméstico (ICESD) [28]. The database of the SCE was the
source of the energy consumption figures according to the building
regulation ([27,31]), while information from the ICESD enabled the
assessment of the final values of the energy actually consumed in
buildings for various uses, including heating, cooling and domestic hot
water. According to the SCE, the annual useful energy consumption for
heating per dwelling is 117.7 kWh/m2 and the average efficiency of
heating systems is 1.91, resulting in an annual final energy consump-
tion of 61.6 kWh/m2. According to the ICESD, 51.7% of households use
electricity for heating, and the annual electricity consumption for
heating an average area of 50.6 m2 was 418.6 kWh. This is 13.4% of the
figure reported by SCE. This percentage was adopted in this work as a
reduction factor for the useful energy needs for heating estimated by
the seasonal method [36].

The reduction factor was afterwards used in the energy calculation
method adapted from Ref. [45]:

= + −E Q Q Q (kWh/year)h tr ve gain (16)

where,

• Qtr is the transmission heat transfer coefficient (expressed in kWh),
obtained by multiplying the total annual heating degree-hours (HDD
x 24) by the overall coefficient of heat transfer by transmission;

• Qve is the heat transfer coefficient by ventilation (expressed in kWh),
obtained by multiplying the total annual heating degree-hours (HDD
x 24) by the overall coefficient of heat transfer by ventilation;

Fig. 4. Reference building.

Table 1
Dimensions and thermal characteristics of the reference building.

Living space floor area A m( )u 2 100
Height of ceilings hm (m) 2.70
Envelope area Ae (m2) 93
Windows area AW (m2) 15
Roof area Ar (m2) 100
Thermal transmittance of walls Ue (W/m2 K) 1.76
Thermal transmittance of floor Uf (W/m2 K) 1.65
Thermal transmittance of roof Ur (W/m2 K) 2.80
Thermal transmittance of windows Uw (W/m2 K) 5.10
Obstruction factor of windows 0.38
Windows solar gain heat coefficient gw 0.85

Air renewal rate −h( )1 0.4
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• Qgain is the net heat gain (expressed in kWh), obtained by multi-
plying the average internal gains of the total surface by the average
duration of the conventional heating season and by the internal
floor area.

The nominal needs of useful energy for DHW indicated by the
Portuguese regulation [27] are calculated using the following formula:

=E M T n4187 Δ
3600000

(kWh/year)w
d

(17)

where TΔ is the temperature gap necessary for DHW supplies and the
value of 35 °C was established; nd is the annual number of days energy
is consumed, taken to be 365 days; and M is the average daily DHW
consumption, which depends on the usual number of occupants, no, and
on the hydric efficiency factor, feh, for which the conventional value of
1 was assumed. In this reference scenario, four persons were considered
to be living in the dwelling.

=M n f litres year40 /o eh (18)

For the scenario considered, M results in litres day160 / and
E kWh year2377.3 /w . This value is quite close to real consumption at
national level [28] and therefore no adjusting factor was applied.

3.4. Definition of the energy systems considered

The characteristics of combined heating and DHW systems proposed
in this study are listed in Table 2. Investment costs are shown in
Table 3. To perform the economic evaluation of DHW and heating se-
parately when the system provides both services (sets 3 and 4), the
investment in energy system equipment was assumed to be propor-
tional to the DHW and heating energy needs (EDHW and Eh).

3.5. Financial data

A cost optimality study depends on the price trend of energy and, to
a lesser extent, on CO2 emission costs. The EU has published the energy
price trends until 2050 [46] and the prices of CO2 were set by the
European Union Emissions Trading Scheme (EU ETS). Initial energy
costs were obtained from Portugal's Energy Regulator, ERSE [47]:
€0.23/kWh for electricity and €0.077/kWh for natural gas. The dis-
count rate, which is adjusted according to the degree of risk relative to
estimated cash flows, is generally higher for riskier assets. We have
assumed 5% for the financial perspective. This is the current rate in
Portugal for loans for rehabilitation projects for rental purposes [48].

3.6. Investment and operational costs

An economic evaluation of the solutions most often used in Portugal
was performed for the insulation materials and heating and DHW sys-
tems. Investment costs associated with these systems were based on
current market figures [49]. For replacement costs, a lifespan of 50
years was assumed for insulation, 40 years for windows and 20 years
for mechanical systems. In our analysis, the maintenance costs were

assumed to be 1% of the initial investment, in accordance with the
predominant values indicated in EN 15459 [7]. Running costs depend
on the correlation between energy consumption, energy prices and
system efficiency.

4. Results and discussion

4.1. Application of the expeditious procedures to the reference building

4.1.1. Primary energy consumption
Following the calculation explained in Section 2, a dwelling occu-

pied by four persons, would accounts for needs of DHW =E 2377w
kWh/year. The results for the four energy systems’ configurations are
shown in Fig. 5. When the useful energy covered is assigned only to
DHW, the higher efficiency of GWH combined with HP (GWH,

=ηw k, 0.78) is essential to achieve a better performance than the older
GWH ( =ηw k, 0.60) combined with EE. In Fig. 5, we can see that for the
simulation scenario, where useful energy needs for heating and for
DHW are 4981 kWh/year, GWH + HP will have lower primary energy
needs or less environmental impact, according to this criterion. Note
also that BB is always better than GB in terms of the efficient use of
primary energy.

From the project engineer's point of view, it is interesting to identify
the point where both systems have the same useful and primary energy
need, since from this intersection point, we can choose the systems
considering their environmental impact (expressed by PE). The con-
figurations GWH + HP, and GB, intersect at the point

= =E PE( 2746kWh/year, 3272 kWh /year)PE . If the useful energy needs
increase to more than 2746 kWh/year, the GWH + HP solution begins
to show a lower environmental impact than GB. This would be the case
if no reduction factor were applied to the heating energy needs calcu-
lated with the seasonal method (19,432 kWh/year).

4.1.2. Global cost – DHW system
Next, the economic evaluation of the energy systems is analysed

through their global cost. The result of the different energy system
configurations is shown in Fig. 6. The linear equation for each energy
system (equation (11)) is obtained by using in equation (10) the eco-
nomic parameters given in Section 3: investment, maintenance cost as a
function of investment, the period of calculation, the prices of the dif-
ferent types of energy, and the efficiency of the systems.

For each useful energy need, the cost-optimal system is identified by
the segments that minimize the global cost before and after the inter-
section point IP (at =E kWh year441.8 / ). It can be seen that for the
reference occupancy of four users the efficiency and initial cost of a
GWH would be critical to it becoming the least or the most cost-efficient
solution. Even if only one user were living in the dwelling, the highly
efficient GWH would be the cost-optimal solution, since in that case

=E kWh year594.3 /w , which exceeds the useful energy need corre-
sponding to the IP. If there is a change in the occupancy profile, then
the cost-efficient energy system would change only if the updated DHW
needs changed until they passed the useful energy needs of any inter-
section point.

4.1.3. Global cost – heating system
When the heating system is analysed alone, the global cost is cal-

culated through the same parameters used in the previous section, but
through equation (12). The results can be compared in Fig. 7. GB is the
most cost-efficient system for a broad range of deviation from the
heating demand calculated for the reference scenario. Even though HP
and BB are more energy-efficient, the high investment they require
removes their economic attractiveness.

The large gap between real energy consumption (reference scenario:
Eh = kWh year2604 / ) and estimated energy consumption according the
Portuguese regulation (seasonal method: Ew = kWh year19433 / , can
have a very negative economic impact on the promoter of the

Table 2
Characteristics of the configuration of each energy system set.

DHW system Pw,1
a ηw,1 Heating system Ph,1

a ηh,1

Set 1 Gas water heater
(GWH)

1.0 0.60 Electric heater (EE) 2.5 1.00

Set 2 Gas water heater
(GWH)

1.0 0.78 Heat pump (HP) 2.5 4.30

Set 3 Gas boiler (GB) 1.0 0.83 Gas boiler (GB) 1.0 0.93
Set 4 Biomass boiler (BB) 1.0 0.92 Biomass boiler

(BB)
1.0 0.92

a Conversion factor to primary energy needs [27] in kWhEP/kWh.
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renovation. If the seasonal method were followed, then the optimal
energy system would be BB. This system has a greater investment than
GB and, moreover, the energy savings over the years would be lower
than expected, so that the real total cost of BB would be overestimated.

4.1.4. Global cost – DHW and heating systems
The global costs calculated for the reference scenario in the general

case, when both DHW and heating services are required, are detailed in
Table 4. These linear equations correspond to equations (14) and (15).
The useful energy needs of the scenario are kWh year4981.0 / , which
includes DHW and heating. It is concluded that when the heating ser-
vice begins to consume energy GB is the most cost-effective solution
until =E kWh year6969.2 / IP( 1), with heating accounting for

kWh year4592.2 / . Above this value, the biomass boiler would have the
lowest global cost of the other alternatives. GB would be still the

optimal solution if only DHW were demanded, since the useful energy
needs corresponding to IP 2 are lower than DHW needs.

4.2. Validation in the EU's cost-optimal methodology

To validate the procedure applied in the previous section, the cal-
culation was carried out following the ‘as-built’ methodology described
in Delegated Regulation (EU) 244/2012 [5]. This analysis included the
energy systems from Tables 2 and 3 and six different insulation thick-
nesses for the roof, exterior walls and ground floor. The results, pre-
sented in Fig. 9, are compared with those obtained with the expeditious
procedure. The Portuguese regulation on energy performance certifi-
cation establishes an upper limit for the primary energy consumed for
each energy technology [27]. As can be seen in Fig. 9, these limits
(coloured vertical lines) make it possible to discard a substantial
number of packages of energy measures.

The economic analysis carried out in the previous section indicated
that GB is the most cost-effective option for the energy needs studied,
followed by BB. The results of the official methodology (shown in
Fig. 9) confirm that GB and BB generate the curves with the most cost-
efficient packages of measures. Consequently, the simplified procedure
would discard the other two solutions for energy systems in the simu-
lation of the cost-optimal solutions, thereby substantially reducing the
number of combinations in a ‘full-scale’ cost-optimal analysis. More
precisely, the cost-optimal package provided by the official cost-

Table 3
Investment and energy costs (VAT and taxes included) for the configuration of each energy system.

DHW system Investment Iw,1 (€) Energy cost Cen w i, ,1, (€/kWh) Heating system Investment Ih,1 (€) Energy cost Cen h i, ,1, (€/kWh)

Set 1 GWH 457.7 0.1032 EE 1189.8 0.230
Set 2 GWH 534.7 0.1032 HP 6034.1 0.230
Set 3 GB a 1058.5 0.1032 GB a 1101.8 0.077
Set 4 BB a 3819.0 0.0492 BB a 4010.0 0.045

a The investment cost was shared between heating (51%) and DHW (49%), as set in the baseline scenario (2377 over 4832 kWh/year). The share was modified
appropriately for the other scenarios.

Fig. 5. Relation between primary energy consumption and useful energy needs
for different energy systems.

Fig. 6. Economic evaluation of energy systems used for DHW and with no
heating retrofitting.

Fig. 7. Economic evaluation of energy systems used for heating, and with no
DHW retrofitting.

Table 4
Linear equations of global cost GC( ) in € for the energy systems considered.

≤ ≤E E0 DHW >E EDHW

Set 1 = +GC E–885.7 3.4611
Set 2 = +GC E9099.5 0.8049
Set 3 = +GC E3382.9 1.5323
Set 4
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optimal methodology consists of the GB set combined with roof in-
sulation consisting of expanded polystyrene, 60mm thick.

To compare and validate the application of the expeditious proce-
dure proposed in this paper, other calculations based on the European
methodology framework were performed. So, Fig. 9 presents the results
for a reference building of 150 square metres and with 4 occupants.
Fig. 10 presents the results for a reference building of 200 square metres
with 7 occupants.

The results of the official methodology shown in Fig. 10 confirm
that GB has the most cost-efficient packages of measures. In this case,
the total useful energy need is kWh year5478.0 / . This energy consump-
tion is lower than the IP 1, so it was expected that the cost-optimal
solution would have GB. According to Fig. 8, it is expected that the BB
packages of measures would become the most cost-efficient for energy
consumption higher than kWh year6969.2 / IP( 1). This is demonstrated
in Fig. 10. Comparing Fig. 9 with Fig. 10, we can see that the
GWH + HP optimal-cost curve gets close to the GB optimal cost-curve.
This result shows the approximation between set 2 and set 3 curves, as
useful energy needs increase, shown in Fig. 8.

The results of the official methodology shown in Fig. 11 confirm
that BB has the most cost-efficient packages of measures. In this case,
the total useful energy need is kWh year7794.7 / . This energy

consumption is higher than the IP 1, so it was expected that the cost-
optimal solution would be with BB, according de expeditious proce-
dure. Thus, we can conclude that the proposed expeditious procedure to
support the selection of combined heating and DHW systems provides
the same results as the recommended cost-optimal method established
by EU regulations. This expeditious procedure avoids the high com-
putational demand required when a large number of packages of energy
efficiency measures are necessary.

4.3. Building up the package of measures from the simplified procedure

Next, it is shown that when a set of available heating systems are
combined with insulation measures, the choice of energy system has a
stronger impact on the global cost analysis than the impact of the in-
sulation improvements. This predominance of the heating systems
means that the cost-optimal package of energy measures can be esti-
mated as the sum of each cost-optimal measure separately: first, the
energy system configuration for DHW and heating is chosen using the
simplified procedure described in Section 2; then, the elements to be
insulated are identified, since they are closely related to the energy
systems chosen, as shown below; and finally the viability of upgrading

Fig. 8. Global cost of retrofitting energy systems.

Fig. 9. Global cost of all the combinations of energy efficiency measures,
grouped by heating and DHW systems – reference building.

Fig. 10. Global cost of all the combinations of energy efficiency measures,
grouped by heating and DHW systems – reference building of 150m2 with 4
occupants.

Fig. 11. Global cost of all the combinations of energy efficiency measures,
grouped by heating and DHW systems – reference building of 200m2 with 7
occupants.
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the windows of the building is assessed.
First, the relation between energy savings m(€/ )2 and the investment

in insulation is shown in Fig. 12. Each points curve is generated by
changing the thickness of insulation: 30mm, 40mm, and then in-
creasing in increments of 20mm up to 180mm. The investment in-
creases as the thickness increases. The EE system consumes much more
energy and therefore has greater potential for energy savings through
improving insulation or by switching to another energy system. In fact,
certain energy savings would be achieved by switching to GB or HP,
even without improving the insulation. It can be seen that, keeping all
other parameters unchanged, the choice of energy system affects the
energy savings more than the choice of the element to be insulated and
the insulation thickness.

Second, the impact on the global cost, on the reduction of useful
energy needs for heating with the energy systems, and on the insulation
and windows chosen, is shown in Fig. 13. The global cost was calcu-
lated following the official methodology [5]. For each energy system,

the changing parameters were the type and thickness of insulation, and
the characteristics of any new windows to be installed. Thus, the dif-
ference which appears on the horizontal axis [x] occurs only by in-
creasing insulation, since each window is compared with itself in a
scenario where there is no insulation and the system is the same. The
influence of windows on energy savings is negligible, and therefore they
essentially increase the global cost. Thus, as can be seen on the vertical
axis [y] for x=0, the window that provides the lowest global cost is
always already in the reference building ( =Uw 5.10 [W/(m2.°C)]), re-
gardless of the system. This relationship does not change when the
insulation costs are added. Apart from the fact that the window area is
only 15% of the envelope area, the solar factor of more advanced
windows is lower than the default one. This supports the performance
of the building when cooling is needed, which is often not necessary in
Portuguese dwellings, as noted earlier. A lower solar factor, however -
keeping the same heat transfer coefficient U - increases the heating
needs in the cold season.

Fig. 12. Reduction in heating energy bill for different systems due to improving thermal insulation.

Fig. 13. Global cost for the different thickness of
insulation, windows and energy systems. For each
window, the heat transfer coefficient Uw (W/m2K)
and solar factor gw are shown. The thicknesses con-
sidered are 30, 40, 60, 80, 100, 120, 140, 160 and
180mm. The relative position of these two variables
is the same for the other insulation types and energy
systems.
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The comparison of these different types of insulation showed that
the investment in roof insulation proved more effective than investment
in exterior walls or floor, from both the economic and the energy-effi-
cient point of view. Once it has been decided to invest in insulation, the
best thickness options for the roof, exterior walls and floor will always
be associated with the CG system and the window with

=U W m K5.10 /w
2 . Thanks to its higher energy need, EE is the only

system for which the global cost can be reduced by adding insulation.
Again, the optimal energy systems (GB and HP) can be easily identified
and then the same can be done for the type of element insulated and its
thickness, and the windows. This procedure leads to the package of
measures obtained by ‘brute force’ in the previous section.

5. Conclusions

In this paper, an expeditious procedure to identify the optimal en-
ergy systems of residential buildings has been proposed in terms of both
primary energy consumption and global cost. This method can be im-
plemented easily and allows technicians to quickly compare the energy
solutions from the user's point of view.

Furthermore, looking for the cost-optimal package of renovation
measures has shown the dominance of energy systems. Taking this into
account, the cost-optimal package could be estimated by adding the
cost-optimal insulation measures to the cost-optimal energy system
configuration identified by the simplified method. Proceeding in this
way, the complexity of a ‘full-scale’ cost-optimal problem is avoided. A
great effort has been made to deal with the complexity involved in the
search among a large number of combinations of measures. However,
the simplified calculations described in the present work make it pos-
sible to pinpoint the most convenient energy measures in the detached
dwellings that are very common in the Portuguese housing stock.
Refurbishment works are needed by 38.1% of Portuguese houses to
solve indoor thermal and hygrometric problems. This methodology has
provided the same result as the official cost-optimal method established
by EU regulations.

Although this expeditious procedure has been applied in this work
to a representative dwelling of the Portuguese housing stock, it is
equally applicable to different types of buildings, including non-re-
sidential buildings and buildings in other climatic regions. It is also
possible to aggregate energy needs for cooling, which was not con-
sidered in this work.

There is a great divergence in Portuguese houses between nominal
energy needs and actual energy consumption. In conclusion, when the
energy systems of a dwelling are subject to renewal, the cost-optimal
calculation according to the building code in force can lead to choosing
a wrong option: the cost-optimal energy system could require a high
investment and might provide lower than expected energy savings.

It is important to emphasize that policymakers must consider real
energy needs so that the building owner can make an investment
analysis that is closer to actual energy consumption patterns. Only if
solution providers and other stakeholders make use of practical and
simple methods will the effective investment in measures of energy
efficiency in buildings be fostered.
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Nomenclature

Abbreviations

BB: Biomass boiler
DGEG: General Directorate for Energy and Geology
DHW: Domestic hot water
ECS: Energy Certification System
EE: Electric heater
EU: European Union
EPBD: Energy Performance in Buildings Directive
GB: Gas boiler
GWH: Gas water heater
HDD: Heating degree days [ºC.day]
HP: Heat pump
ICESD: Survey on Energy Consumption in the Domestic Sector
INE: National Statistics Institute
PE: Primary energy
MS: Member State
VAT: Value-added tax

Symbols

hm: Height of ceilings [m]
Cen w k i, , , : Energy price [€/kWh]
Cj i, : Annual costs [€]
Dτ : Discount factor
Eh k, : Heating energy needs [kWh/(m2.year)]
ECw k i, , : Energy cost in the year i [€]
Ew k, : Domestic hot water energy production [kWh/(m2.year)]
FEw k, : Final energy needs [kWh/(m2.year)]
GCw k, : Global costs [€]
Ij: Initial investment costs [€]
Mw k i, , : Maintenance cost in the year I [€]
Pk j, : Conversion factor between final energy and primary energy
Qgain: Heat gains [kWh/year]
Qtr i, : Heat transfer coefficient by transmission [kWh/year]
Qve i, : Heat transfer coefficient by ventilation [kWh/year]
V τ j, : Residual value associated with each measure [€]
fh k, : Percentage of the energy needs for space heating [%]
fw k, : Percentage of the energy needs DHW [%]
A: Area [m2]
CO2: Carbon dioxide
gw: Solar factor of the glazing
U: Thermal transmittance [W/(m2.ºC)]
E : Useful energy needs [kWh/(m2.year)]
G τ( ): Global cost [€]
K : Number of systems
M : Average daily DHW consumption [litres/year]
NM : Number of measures
r : Real discount rate [%]
η: Efficiency

τ : Calculation period [years]
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