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Abstract: This article presents a novel software tool for the assessments of life-cycle environmental
impacts and costs, which is aimed to support decision-making in the design phase of retrofit inter-
ventions in the building sector. By combining Life Cycle Costing (LCC) and Life Cycle Assessment
(LCA) calculations and functionalities, this tool allows evaluating the long-term trade-offs between
economic and environmental performance of investment projects in energy efficiency for buildings,
while accounting for uncertainties in input parameters and economic scenarios. A major novelty
of the software tool is the stochastic nature of both the LCC and LCA dimensions. The LCA is
implemented with Monte-Carlo methods, while the LCC accounts for the probabilistic interdepen-
dence of macroeconomic variables over time. The software also includes advanced specific tools for
parametrization and sensitivity analysis. Exemplary applications are presented in order to illustrate
the novelty and the functionalities of the software tool.

Keywords: Life Cycle Assessment; Life Cycle Costing; Monte-Carlo simulation; global sensitivity
analysis; stochastic approach

1. Introduction

The transition towards a climate-neutral Europe by 2050 [1] recently confirmed by the
EU Green Deal [2] is one of the most urgent challenges for the European Union (EU) in the
upcoming decades. The EU has put forward several initiatives to promote and incentivize
sustainable practices in an increasing number of areas during the past years, and, in the next
programming periods, it is expected to continue on the path towards climate neutrality [3].
Energy efficiency improvements in the building sector are essential to achieve the long-term
environmental targets of the European Union. Indeed, buildings in the EU are responsible
for around 40% of final energy consumption and 36% of carbon dioxide (CO;) emissions [4].
Thus, to reach the EU’s energy efficiency and climate objectives, the annual renovation rate
of the building stock in the Member States, which today varies from 0.4 to 1.2%, will need
at least to double [2]. However, this “renovation wave” will require costly investments
whose returns are closely linked to highly uncertain future scenarios [5].

This article describes a novel Life Cycle Costing (LCC)/Life Cycle Assessment (LCA)
software tool that is aimed to support decision-making in the design phase of retrofit inter-
ventions in the building sector. Through combined stochastic LCC and LCA functionalities,
this tool allows evaluating the long-term trade-offs existing between the economic and
environmental performance of investment projects in energy efficiency for buildings while
accounting for uncertainties in all its input parameters and economic scenarios. By integrat-
ing the economic and environmental dimensions, the proposed methodological approach
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and software tool contributes to a suitable LCC and LCA assessment of these long-term
projects [6].

An increasing interest is shown in the recent literature for multi-dimensional LCC,
multi-dimensional LCA, and social LCA assessments of building energy retrofitting projects.
However, as underlined in the review of Amini Toosi et al. [7], there are still few works
that combine LCC and LCA to evaluate long-term trade-offs between the economic and
environmental performance. Moreover, the role of uncertainty of life-cycle-related param-
eters is often overlooked, and, consequently, an appropriate sensitivity analysis is rarely
performed. Moreover, concerning the available tools, sustainability assessment functional-
ities are separately provided by several existing software applications. However, only a
few include both LCC and LCA calculations [7], and none of them explicitly considers the
stochastic nature of input data and the consequent uncertainty. The IEA-EBC Annex 56
project (“Cost-Effective Energy and CO, Emissions Optimization in Building Renovation”),
for example, developed a specific tool named A56opt-tool able to perform both LCC and
LCA evaluations of building renovation measures. The tool was specifically developed
to support the decision-makers for the establishment of cost-optimized targets for en-
ergy use and carbon emissions related to building renovation, also considering different
co-benefits [8,9].

The LCA and LCC models presented in this paper are based on the European LCC stan-
dard EN 15459-1:2017 [10], and on the international LCA standards ISO 14040-14044 [11,12],
EN 15804, and EN 15978 [13,14]. To account for the uncertainties inherent in the long-term
planning horizons due to stochastic input data, Monte-Carlo (MC) methods are applied
to both LCC and LCA models (uncertainty propagation) [15]. In particular, for the LCC
calculations, stochastic predictions of the economic variables are generated by multivariate
time-series models and used as discount factors and price escalation rates [16,17]. The re-
sulting output of the analysis takes the form of probability distributions of economic and
environmental indicators. Sensitivity Analysis (SA) can thus be performed to assess the
contribution of input and scenario assumptions on these output indicators.

The explicit modelling of the stochastic nature in both LCC and LCA assessments,
and the consequent sensitivity analysis, are what make this LCA/LCC software tool
original compared to the available packages and constitutes the main contribution of the
present paper to the existing literature. Thus, the main novelty of the work stands in
the development of this tool with its different functionalities, which allow the users to
apply the described uncertainty and sensitivity analysis in different ways. A first version
of the tool has been originally developed in the context of the EU-funded project “RIBuild”,
which focused on guidelines for the safe internal thermal insulation of historic buildings
as an effective energy renovation measure [18,19]. The version specifically developed
within the project RIBuild can be accessed freely from the project online platform: https:
//www.ribuild.eu/lcalcc (accessed on 5 July 2021). The software (“RIBuild WP5 LCA /LCC
Tool”) was then further developed to perform parametric advanced assessments of different
buildings’ renovation measures, including the whole building envelope and the Heating
Ventilation and Air Conditioning (HVAC) equipment.

The rest of the manuscript is organized as follows. Section 2 overviews the adopted
LCA and LCC models and the associated Monte-Carlo approach. Section 3 illustrates the
consequent software tool also with the use of a typical workflow and presents exemplary
applications and the related results. Finally, Section 4 draws some concluding remarks.

2. Materials and Methods

A comprehensive illustration of the LCA and LCC calculation assumptions embedded
in the RIBuild WP5 LCA/LCC is provided in [15,18] and [16,17,19], respectively, where
also a comparison of the developed methodologies with more common deterministic
approaches is reported for validation.

Here we define “renovation system”, or simply “system”, as any Energy Efficiency
Measure (EEM) related to the building envelope or HVAC. A set of EEMs applied to a
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certain building forms a “case study”, which can be assessed under alternative “energy”
or “economic scenarios”. An “energy scenario” represents the possibility that the build-
ings” HVAC use a certain energy source (electricity, natural gas, biomass, etc.) with the
associated environmental impact (LCA calculation) and tariff to the consumer (LCC cal-
culation). An “economic scenario” represents a specific dynamic interaction between the
macroeconomic variables entering the LCC calculation (see Section 2.3).

2.1. LCA Model

In this work, the environmental impacts assessment of a set of renovation systems
composing a case study covers the systems’ material manufacture, the use phase impacts
related to the building HVAC energy needs, and the possible repair and replacement of
materials and systems, as well as their end-of-life. The following life-cycle stages are then
considered in the tool’s LCA model: (i) the production stage (modules A1-A3), (ii) the use
stage (modules B2 maintenance, B4 replacement, and B6 operational energy use), and (iii)
the End of Life (EoL) stage (modules C1-C4).

The environmental impact of a case study, originated by combining a certain number
(n) of systems (identified with the subscript j), composed by a certain number (m) of
materials (identified with the subscript k), for a given LCA indicator, is calculated during a
calculation period cp, through the following Equation (1):

n cp
IG =) (slj+slj-sj + EoLI; + EoLI;-sj +sml;) + ) Qy-EI; )
j=1 i=1

where:

IG is the Global Impact of the case study for a given LCA indicator (unit of indicator);
sl; is the environmental impact related to production phase of the j-th system, Equa-
tion (2) (unit of indicator);

e s; is the number of replacements of the j-th system within the cp, considering its
Service Life SL; (years);

e  EoLl; is the environmental impact related to the EoL phase of the j-th system, Equa-
tion (3) (unit of indicator);

e  sml;is the environmental impact related to the periodic maintenance of the j-th system,
Equation (4) (unit of indicator);
i is each year of the calculation period;
Qp is the building energy need (kWh/year);
El; is the environmental impact of the energy carrier at the year I (unit of indicator).
sl; is defined in the following Equation (2):

m
slj = kz U l-my )
=1

where:

e Ul is the unitary production impact of the k-th material composing the j-th system
(unit of indicator);
e  my is the mass of the k-th material (kg).

EoLl; is defined in the following Equation (3), where EOL is the unitary End of Life
impact of the k-th material composing the j-th system (unit of indicator):

EOLI]' = EoLk-mk (3)

m

k=1
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sml; is defined in the following Equation (4):

m
sij = kz UIk-mk-sk (4)
=1

where s is the number of replacements of the k-th material within the calculation period
cp, calculated considering the k-th material Service Life sl.
If the user specifies a building pre-renovation energy need (Q;°) and a building

post-renovation energy need (sz), the impact savings can be also assessed. As described
in Section 3.1.2, the environmental impact of a case study can be computed according to a
maximum of three impact indicators, with their specific units.

2.2. LCC Model

The LCC assessment is based on the procedure of European Standard EN 15459-
1:2017 [10], and considers the following cost categories: the initial investment costs of the
energy efficiency systems; the annual costs related to the building energy use; the systems’
maintenance and replacement costs. The LCC model allows for computing two economic
indicators for a case study, originated by combining a certain number (1) of renovation
systems (identified with the subscript j), i.e., the Global Cost (GC) in a cp (Equation (5)),
and the Pay-back Period (PB):

n

i . i .
GCep = Z{czj + 21 [( CM;; + CSj;)-Rfisc. Rﬂ } + ;(CEI-- RS REY —val; ., (5)
1= 1=

=1

where:

e  Cl;is the initial investment cost of the j-th system (€);

e  (CM,;; is the annual maintenance cost of the j-th system (€/year);

e (S ; is the replacement cost at a specific year f, assumed equal to the discounted
investment costs for that year [€], whose frequency depends on the j-th system Service
Life SL; (year) as follows: CSj,+ = Cl;- R‘tiji“-RtLj , t=S8L;j+1,25L;+1, ..; SL; < c¢p;

e CL; is the annual energy cost (€/year), calculated multiplying the building annual
energy consumption Py (kWh/year) for the energy tariff related to the specific energy
carrier EnT (€/kWh) (see Equation (6) for details);

° Rflisc is the discount factor at the year i (-) defined as Rfi“ = ]—[Z1 ﬁ, with ilR the
real interest rate; l

° RiL is the price development rate for human operation (labor cost) at year 7 (-) defined
as Rl-L = HZ (14 eiL), with el-L the escalation factor for labor;

e REisthe price development rate for energy at year i (-) defined as RF = Hle (14ef),
with el-L the escalation factor for labor;

e Val; ., is the residual value of the system at the end of the calculation period, cal-
culated based on straight-line depreciation of the initial investment or replacement
cost of the system until the end of the calculation, discounted at the beginning of the
evaluation period [€].

The PB of a set of EEMs applied to a building case study is calculated as the minimum
number of years making the present value of the cumulative energy savings (Equation (6)),
equalizing the present value of the total other costs (i.e., the initial investment, maintenance,
and replacement costs) (Equation (7)):

S
Savings = Y- | (P — P ) EnT|- Rf™. R ©6)
i=1
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n S )
Costs = Z{CI]' + Z {(CM]'J‘ + CS]',t)-R;ilSC' RZL} } (7)
=1 i=1

where:

e Py indicates the building energy consumption expressed as Py = Qp /%y (kWh/year),
where 17y is the building overall efficiency for heating (-);
. PI’_}” is the building pre-renovation energy consumption (kWh/year);

PEOSt is the building post-renovation energy consumption (kWh/year);
EnT is the energy tariff of the specific energy carrier (€/kWh).

Monetary values are defined in real terms, and discount factor (depending on the
inflation rate and nominal interest rate) and price development (depending on the Gross
Domestic Product (GDP) and on oil price growth) rates are assumed as time-varying.
The discounting and escalation rates are important components of a LCC assessment,
as they can be major drivers of the long-term economic performance of an investment
project [16,20,21]. The methodology included in the LCA /LCC software allows the user
to carry out stochastic LCC assessments under different macroeconomic scenarios (as
described in Section 2.3). This is a major improvement over the existing available method-
ology and tools.

2.3. Macroeconomic Scenarios

Macroeconomic scenarios express the different possible dynamic interactions between
interest rate, inflation rate, Gross Domestic Product (GDP) growth, and oil price growth.
These dynamic interactions are expressed parametrically using econometric multivariate
models estimated on real-time-series. Out-of-sample projections from the estimated models
enter the LCC equations as time-varying discount factors and price escalation rates.

The adopted modeling approach is Vector Autoregression with exogenous variables
(VARX) and follows Baldoni et al. [16]. The VARX model assumes that the behavior of N
economic time-series over T observations can be represented with a discrete multivariate
stochastic process as follows [22]:

I(L)Y;=c+p'Xe+u,t=1,...,T 8)

where IT(L) = I, = IT}L — ... =TI, L? is a lag polynomial, and IT, are N x N coefficient
matrices. Y; is the N x 1 vector of the endogenous economic series observed at time t and
includes the inflation rate, real interest rate, and real GDP growth rate; c is the N x 1 vector
of constant terms; X; is the M x 1 vector of the exogenous variables observed at time t; 8 is
the M x N matrix of unknown coefficients; u; is the N x 1 vector of error terms that are
assumed to be independently and identically distributed following a normal distribution.
The only exogenous variable included in the models is the oil price percentage change that
is assumed to have a direct relation with the inflation rate only.

Four economic scenarios are accounted for [17]. These are regular growth, intensive
growth, deflation, and stagflation scenarios. For each of them, historical time-series rep-
resentative of their economic fundamentals have been identified and used to fit a VARX
model. For each scenario, the best VARX model is selected comparing AIC information
criteria among a set of possible alternatives with a different assumption on the lag structure
of endogenous and exogenous variables. The selected VARX model fully characterizes
the joint probability distribution of the scenario and can be used to generate stochastic
projections of the endogenous variables. Therefore, these projections account for the inter-
dependent, stochastic nature of economic phenomena, and they are thus considered better
suited for LCC assessments than traditional deterministic methods [16,17].

Draws from the econometrically estimated joint distribution of these macroeconomic
time-series are contained in the data matrices that are loaded at the start-up of the software.
Each data matrix is linked to a specific scenario and contains a set of 10,000 pre-defined time-
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series of stochastic predictions from which the user samples when running the stochastic
LCC assessments as described in next Section 2.4.

2.4. Monte-Carlo Simulation for Uncertainty and Sensitivity Analysis

The LCA and LCC models, described in Sections 2.1 and 2.2, are coupled to Monte-
Carlo (MC) methods for uncertainty propagation and sensitivity analysis. The input data
can be defined by the user as Probability Density Functions (PDFs). The MC method embed-
ded in the software allows to be drawn values from the input PDFs, using Sobol’s sequences
as a quasi-random sampling technique, and to insert them into the Equations (1) to (7) a
proper number of times (selected by the user), depending on the envisaged accuracy level,
to obtain the corresponding output distributions [23].

LCC and LCA assessments are often very data-intensive, and MC methods add a
layer of computation complexity to these assessments. To handle such complexity and
to minimize computing time, the software implements efficient MC sampling based on
Sobol’s sequences [24] and leverages different parallel computing paradigms.

The tool also includes the possibility to perform a sensitivity analysis through a
variance-based decomposition technique (Sobol’s method) to relate the outputs’ variances
to the inputs’ variances. Two sets of sensitivity indices can be calculated for each input
data. The “first-order” index (Si) represents the main contribution of each input factor to
the output’s variance. The “total order” index (STi) measures the contribution to the output
variance due to each input, including all variances caused by its interactions with any other
input variables [25]. The higher the value of the sensitivity indices, the most influential are
the related parameters’ uncertainty on the outcome.

3. Results
3.1. Description and Structure of the Software Tool

The software tool performs LCA and LCC stochastic assessments according to the
methodology described in the previous Section 2. The user can select pre-defined case
studies included in the internal database (see Section 3.2) or can tailor them according to the
specific needs. To facilitate this adaptation, the software includes a set of functionalities to
edit and expand the internal database within the Graphical User Interface (GUI). Complex
case-studies can be simulated using available systems and scenarios or by creating new
systems using the available materials. Input and output data can eventually be exported in
standard formats.

The tool has been implemented using R [26] and Shiny R package [27]. This latter is
designed to build interactive and user-friendly web applications. Additional R packages
have been used for data computation and visualization. The complete list of the main R
packages used is provided in Appendix A.

The following sections will describe the full version of the software (developed after
the end of the RIBuild project).

3.1.1. Software Overview and Workflow

Figure 1 schematically displays the workflow of a generic sustainability assessment
within the LCC/LCA software tool. This workflow is based on the reactive programming
paradigm of the Shiny package. Within this paradigm, the choice of a specific set of input
parameters upstream the workflow influences output choices downstream [18,27] and
eases the navigation and setting-up of the case studies. The workflow has been divided
into three main steps. At every step, the user can select and tailor specific features of
the assessment.
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Figure 1. LCA /LCC Software workflow.

The first step consists of loading the data included in the software database (described
later in Section 3.1.2), selecting the reference country, and performing the pre-processing
(Section 3.1.3).

The second step consists of visualizing the “case studies” and “energy sources” in-
cluded in the software database or adding new “case studies” and “energy sources” by
inserting the related input data in specific tables (Section 3.1.4).

After the preparation of the case study, the third step consists of the actual LCA/LCC
assessment (Section 3.1.5), i.e., in both the stochastic LCC and LCA calculations as well
as their sensitivity analyses. The user can select to perform either a LCC, a LCA, or both
assessments sequentially. After the calculation of LCA/LCC indicators, SA can be used
to inspect the sources of uncertainty of the indicators produced. Once any or both the
LCA/LCC assessments are accomplished, results and input data can be downloaded in
.csv format. Moreover, results can be directly visualized with the tool.

When many alternative LCA /LCC assessments are needed altogether, the user can
exploit the “advanced section” functionalities (Section 3.1.6). These functionalities allow
the user to set up in a single step many different case studies and then to launch them
sequentially or in parallel. There are two main advanced functionalities: the first one
allows the full specification of multiple case studies with their parameter uncertainties
and scenario assumptions; the second one, following Lacirignola et al. [28], allows the
user to define different comparable probability distributions for each input parameter of a
single case study instead. Each step of the workflow is explained in the next subsections,
while the complete user-guide of the RIBuild WP5 LCA /LCC Tool (the RIBuild project’s
version, available on-line) is provided as Supplementary Materials.

3.1.2. Internal LCC/LCA Database

The software includes a detailed database of input data of Equations (1) to (7) re-
lated to the design options (renovation materials and systems) and the energy scenarios.
They are organized in four data tables (.csv), named materials, insulation systems, case studies,



Sustainability 2021, 13, 7975

8 of 24

and energy sources, which can eventually be manually modified and must be included in
the software folder. The name of the database insulation system was adopted in the original
version of the software within the RIBuild project. However, this database can include
data referring to any building “renovation” system. Therefore, from now on we refer to it
as systems.

The data frame materials include the LCA data inputs of the materials that can be
combined to create a building renovation “system”, as the materials’ mass, their service life,
and their unitary environmental impact at the manufacturing and EoL stage. In this regard,
the unitary environmental impacts can be provided according to three environmental
impact indicators that can be established by the user. The maximum number of impact
indicators that can be contained in the materials data frame is three at a time, but the user
can “duplicate” the material and includes different indicators for further assessments.

The data frame systems include information on the materials composing a specific
renovation system and contain the input data for the LCA /LCC analysis of systems, as the
investment cost, the maintenance cost, and the service life. A set of systerms can be combined
to create one or several building renovation case studies. One or more case studies can be
assessed, in terms of LCA/LCC, under one or more possible energy sources scenarios.

The data frame case studies then include information on the energy need and the
overall efficiency of HVAC. Finally, the data frame energy sources include data as the energy
tariff and the unitary environmental impact of the energy carrier. As for the material data
frame, the maximum number of impact indicators that can be contained in the energy source
data frame is three.

Each item in the data frames, i.e., each material, system, case study, or energy source,
is identified by a name and an ID and is related to a specific Country. Uncertainty char-
acterization of the input parameters included in the four data tables is provided in the
form of fully specified background probability distributions (that can be normal, uniform,
gamma, Weibull, lognormal, triangular, or single points). At this aim, specific cells of the
data frames are filled with information on the distribution shape and parameters.

The following Tables 1 and 2 summarizes the input data of the LCA and LCC assess-
ment, as described in Sections 2.1 and 2.2, specifying the data frame where the input is
included. Instead, further details on the software database organization and the complete
four data frames filled with input data related to the case studies analyzed in Section 3.2
are reported as Supplementary Materials.

The macroeconomic variables entering the LCC (Section 2.3) are part of the software
database but cannot be manually modified by the user.

Table 1. LCA input data included in the 4 data frames of the software database.

LCA Stage

Data Frames

(EN 15978 Nomenclature) LCA Parameter Materials  Systems  Case Studies  Energy Sources

Production stage

my (kg) X

(modules A1-A3) Material Ul (unit of indicator) X
Maintenance sly (years) X
Use stage Replacement SL; (years) X
(modules B2, E 4 Qi
nergy nee X
B4 and B6) 34 foSt(kWh/year)
Energy impact  EI;(unit of indicator) X
EoL stage EoL material EOLy (unit of «

(modules C1-C4)

impact

indicator)
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Table 2. LCC input data included in the 4 data frames of the software database.
LCC Category Data Frames
(EN 15459 Nomenclature) LCC Parameter Materials Systems Case Studies  Energy Sources
Investment Cost CL; ©) X
Replacement cost S(Ljfs(]yf?é; ) z
Running Cost Maintenance cost CM]-,gg F/B year) X
post KWh X
Energy cost Qu (’7H (_)/ year) x
EnT(€/kWh) X

Given the original scope of the birth of the tool (the EU project RIBuild), the actual
input data, included in the data frames of the software version freely available in the
project website, are mainly related to internal insulation solutions and are referred to
specific EU Countries where these solutions are implemented. Their background probability
distributions have been defined in national contexts using available product-specific data
provided by companies producing market-available insulation systems [19,29].

3.1.3. Loading Data, Country Selection, and Pre-Processing

At the start-up, the software tool automatically aggregates the environmental impacts
from the material level to the system level for each system, using the information contained
in the materials and systems tables. The aggregate impacts are obtained by multiplying the
masses of the materials composing each system by their corresponding unitary impacts in
the considered LCA stages (Equations (2)—(4)).

The empirical distributions of impacts at the system level will generally have an
unknown formula, being the sum of a small number of different probability distributions
(limiting theorems, such as the Central Limit Theorem (CLT), do not apply due to the
low number of distributions). Therefore, these distributions are obtained numerically by
sampling from the distribution of masses and unitary impacts. To simplify calculations
down the workflow and to minimize memory usage, these unknown distributions com-
puted numerically are then approximated by distributions with known formulas using
maximum likelihood estimation (MLE). Thus, for each environmental indicator, a selection
of known distributions is alternatively used to fit these environmental impacts at the system
level, and the ones associated with a higher maximized log-likelihood are selected as best
approximations to these unknown distributions.

After the data loading step, the GUI is opened (Figure 2). The “Home” page allows
the user to select the Country of the case study. With this selection, the user drills down
into the subset of the internal database that is relevant to the assessment (i.e., for each data
frame, only the items referred to that specific country can be selected). Due to the reactive
programming paradigm, the subsequent choices of case studies and energy sources will be
influenced by this initial choice of the Country.
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Figure 2. Software Home Page.

The “Pre-processing” tab contains a series of functionalities to visualize the loaded
data on systems and the input data of the economic scenarios, and to perform a specific
calculation of the heat transmission loss through a wall, based on the annual heating
degree-day (HDD) as explained in [15], if needed (for instance, for assessments at the wall
level, as in the RIBuild project). An important component of the pre-processing tab is the
possibility to browse the available materials and use them to create new systems. Further
details on all the functionalities of the “Pre-processing” menu are provided in the software
user guide as Supplementary Materials.

3.1.4. Editing of Case Studies and Energy Sources

The “Editing” step is the core of the design of the sustainability assessments. This stage
allows the selection of the case studies and the energy sources among the available ones,
shows the probability distributions of the main inputs related to them, and allows their
editing (Figure 3).

Pre-processing Editing LCC Run LCA Run Advanced Save results

STR parlt par2 par3 SYSTEM IMPACT DISTR parlt par2 par.

Edit energy source

LCC VAR DISTR

Figure 3. “Editing” menu. Visualization of the summary data of a case study under the “Edit case study” Table (1)
Identification of the case study; (2) Identification of the renovation systems applied to a case study; (3) Visualization/text
editing of the input data included in the database.

Distributions and parameters of each case study are defined at the start-up in the
internal database. However, the software allows for the flexible use of this information
and the combination of different input parameters, with their distributions, into newly
generable case studies and energy sources. Indeed, new case studies and sources can be
created within the GUI in the “Editing” tab.
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The distributions of the input data of the case study (under the “Edit case study” tab)
are divided into three groups: the energy need before and after renovation (Q/¢ and QFs?),
the cost-related system (CI, CM, SL, the latter used for both LCA and LCC), and impact-
related distributions (sl;, sml;, EoL;). In the “Edit energy source” tab, it is possible to
visualize and modify the inputs related to the energy scenario, i.e., EnT, EnFc, ny, EI; (EnFc
is a multiplying factor that can be used for the energy performance in Equations (1) and (5)).
From Figure 3, it can be noticed that any input data of the assessment is associated with a
specific distribution (DISTR) that, in turn, is described by up to three specific parameters
(parl, par2, par3) representing the shapes and ranges of the distributions. A new case study
or energy source can be generated, and the user is allowed to edit manually every single
input parameter of the assessment. Both distributions and distributions’ parameters can
be adjusted to tailor this new case study or source and to model a wide range of specific
interventions.

3.1.5. LCA/LCC Run

The tab “LCC run” allows the user to compute GC and PB, deriving a series of
summary statistics and also performing the sensitivity analysis. The LCC indicators are
computed using the formulas provided in Section 2.2 with the MC approach described in
Section 2.4.

In the “LCC analysis” subtab (Figure 4), the last set of input parameters needed to run
the assessment can be chosen. These refer to the specific energy source scenario involving
carrying out the LCC, the number of simulations (for convergence purposes), the calcula-
tion period, the economic scenario among the available ones (see Section 2.3), and different
assumptions on escalation rates of prices of energy and of human operation [16]. After hav-
ing chosen these final input parameters, the assessment can be run. At accomplishment,
outputs and summary statistics are reported (as shown later in Section 4).

To inspect the sources of GC uncertainty, the user can perform the SA using the “LCC—
sensitivity analyses” subtab, after having run the LCC calculation. Two versions of the
sensitivity analysis are implemented: according to “Method 1”, the SA is carried out for all
inputs including macroeconomic variables, to evaluate the influence of their uncertainty on
the result. With this method, it is possible to compare the importance of economic inputs
across different macroeconomic scenarios.

In “Method 2”, the SA is performed to focus on the influence of the LCC inputs
uncertainties, except for macroeconomic variables. This approach is useful if the user is
interested in comparing the performance of several design options which are subjected to
the same macroeconomic scenario uncertainties, by assessing the influence on the output
variance given by other factors as investment costs, service lives, energy tariffs, etc.

In this case, alternative trajectories of the three macroeconomic variables are simulated,
and, for each simulation, the Sobol’s sampling is performed only on the other LCC pa-
rameters, in order to assess the eventual variation of the sensitivity indices. The graphical
output of a sensitivity assessment using the two methods is presented in the following
Section 4.

Analogously to the LCC assessment, the “LCA run” tab allows computing LCA indi-
cators and their sensitivity analysis. In the “LCA” subtab (Figure 5), the user specifies the
energy source scenario for the assessment, the number of simulations, and the calculation
period. Outputs of the calculation procedures are provided on the right-hand side of
the panel where distributions and summary statistics of post-renovation, pre-renovation
impacts together with the corresponding impacts savings are presented (as shown later in
Section 4). As regards the LCA, three environmental impact indicators can be computed,
depending on the related input data provided by the user. Sensitivity analysis for LCA
assessments is available for all the three environmental indicators using the same “Method
1” available for LCC assessments.
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Figure 4. “LCC Run” menu. Visualization of the input parameters needed to run a case study under the “LCC analysis”;
Table (1) Identification of the case study; (2) Identification of the energy source; (3) Number of simulations to be run;
(4) Calculation Period; (5) Economic scenarios where to perform the LCC assessment; (6) Specific setting for the escalation

rates; (7) Graphical outputs and summary statistics at the end of the calculation.
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Figure 5. “LCA Run” menu. Visualization of the input parameters needed to run a case study under the “LCA”; Table (1)
Identification of the case study; (2) Identification of the energy source; (3) Number of simulations to be run; (4) Calculation
Period; (5) Graphical outputs and summary statistics at the end of the calculation.

3.1.6. Advanced Functions

When the number of comparisons grows, the steps described above can become oner-
ous. To facilitate the comparison of large numbers of different case studies, some advanced
functionalities have been developed and made accessible.

These functions allow the user to set up many different case studies and then to launch
them sequentially or in parallel. There are two main advanced functionalities: the first one
(“Cases comparison” tab) allows the full specification of multiple case studies with their
parameter uncertainties and scenario assumptions; the second one (“Parametrizing” tab)
allows the user to define different probability distributions for each input parameter of a
single case study, following Lacirignola et al. [28].

In the tab “Cases comparison”, the left-hand panel allows the user to select multiple
case studies, multiple energy sources, a range of simulation numbers, a range of calculation
periods, multiple economic scenarios, and escalation rates, obtaining a matrix of all the
combinations of cases. As the number of case studies generated can become easily large,
the user can specify a parallelization method to speed up calculations: the “Simulations”
option distributes a number of MC simulations for each case study to the nodes of the
calculation cluster, while the “Case Studies” option distributes entire case studies to the
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nodes. The first parallelization option is recommended when dealing with few case studies
characterized by a very large number of MC simulations while the second option is
recommended when dealing with a large number of case studies.

The tab “Parametrizing” allows the user to define different probability distribution
shapes for each input parameter of a single case study, and it is considered particularly
useful when dealing with novel products whose uncertainty characterization might have
been based on a small number of data points and assumptions [28]. The normal, the uni-
form, and the triangle (both left and right) distributions are available choices for the
user to characterize input data. The generation of these distributions with comparable
support but different assumptions about their associated probability is done following
Lacirignola et al. [28].

3.2. Exemplary Applications

In order to demonstrate the software potential, illustrative examples of the application
of the stochastic LCC and LCA are provided in the next sub-sections, using the different
software functionalities: a single assessment (Section 3.1.5), multiple assessments of several
case studies under alternative scenarios (through “cases comparison”), the analysis of the
impact of different PDFs shapes (through “parametrizing”). Five internal thermal insulation
measures, applied in a historic building in Italy for its energy efficiency improvement,
are assessed and compared, also considering alternative energy (for LCA and LCC) and
economic (for LCC) scenarios. The simulation input data are included in the database of
the software version of the RIBuild website, and the specific data frames are reported as
Supplementary Materials.

3.2.1. The Case Studies

The five insulation systems mainly differ for the insulation material adopted, i.e., Ex-
panded Polystyrene (EPS), Calcium Silicate (CaSi), Autoclaved Aerated Concrete (AAC),
Cork, and Rockwool (RW). A detailed description of the stratigraphy of each system and
the thermophysical properties of each layer can be found in [15].

The systems are applied to a typical Italian historic building placed in the Italian
region Lombardy (2200 < HDD < 2900), made of 30 cm thick plastered solid bricks masonry
walls characterized by an air-to-air heat transfer coefficient (U-value) of 1.76 W/m?K.
The thicknesses of the different internal insulation layers were calculated to achieve a
similar U-value for the retrofitted walls, i.e., equal to or slightly lower than 0.36 W/ m2K,
according to the actual Italian law requirements [30], with slight differences due to the
commercial insulation thicknesses available in the market.

Two alternative “building heating systems”, i.e., “energy scenarios”, have been consid-
ered, i.e., a gas boiler and an air-to-water heat pump (“natural gas” and “electricity” energy
scenarios in the following), which are the most widespread in Italy for existing buildings.

The functional unit for both LCC and LCA is defined as the insulation intervention
needed to cover a wall area of 1 m? and to obtain an average U-value < 0.36 W/m2K with the
minimum insulation thickness and for a calculation period of 30 years, assumed equal to the
service lives of the insulation systems. For sake of simplicity, no maintenance or replacement
operations are considered within this time horizon in these exemplary applications.

Moreover, in this simplified application, as the LCA and LCC are performed at the
“component level”; the operational energy use is considered the only heat transmission
loss through the wall. Assuming the walls” U-values as deterministic in both pre- and
post-renovation scenarios, the pre- and post-renovation heat transmission losses (Qf;* and
Qi;St) are computed as normal distributions through the annual HDD method, considering
the variability of the HDD data of the Italian Lombardy region from 2000 to 2016 (extracted
from the Eurostat database, [31]).
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Concerning the LCC data inputs, the statistical distributions of the investment costs
(CI) are defined based on producers’ pricing lists (collected in 2019), considering the wall
as clean and ready for the internal insulation installation. The energy tariffs refer to the
Italian context [32].

Regarding the LCA, the global warming potential (GWP), acidification potential (AP),
and eutrophication potential (EP) indicators of the CML-2001 baseline V3.02/EU25 LCIA
method are chosen for comparing the insulation systems since representing the most
significant indicators according to [33]. Thus, data from the ecoinvent v.3.1 database were
retrieved to characterize the unitary environmental impacts of materials used in the five
insulation systems during the production and EoL phases, and of the heating equipment.
The PDFs of these unitary environmental impacts for LCI background data are obtained
based on the pedigree matrix approach [34], using the MC analysis included in SimaPro
software v8.1 (10,000 runs) and a data-fitting procedure (see [15] for further details).

Concerning the masses of the materials, the uncertainty due to the possible differences
among provisional and real quantities installed during the renovation is considered. At this
aim, a triangular distribution is assigned to each material mass, where the mode is the
quantity computed in the project, while minimum and maximum values are defined
considering a variation from the mode by —5% to +10% according to [35].

3.2.2. A Single Stochastic LCA and LCC Analysis

The results of a stochastic LCA and a stochastic LCC analysis applied to the EPS case
study are reported in this section to illustrate the functionalities of the “LCA run” and
“LCC run” tabs of the software. The EPS case study is considered for the analyses, which
are carried out assuming a natural gas energy source scenario (in both LCA and LCC) and a
regular growth macroeconomic scenario (in LCC). Sensitivity analyses are then realized to
identify the most important input parameters for each environmental /economic indicator,
through the “LCA—Sensitivity analyses” and “LCC—Sensitivity analyses” tabs. A total of
40,000 runs are realized to ensure a sufficient convergence of the result.

Concerning the LCA, the software calculates, for the selected case study, the distri-
butions of the three environmental impacts in pre- and post-retrofit situations, as well as
the related impact savings. Interactive visualization of the results is provided at the end of
the analysis in terms of the probability density function (PDF) and cumulative distribution
functions (CDF). In Figure 6, the PDFs plotted by the software are reported.

The software also provides synthetic data for describing each stochastic output, such
as mean (p), median (x), and standard deviation (o), in addition to the possibility to export
the entire dataset as a .xIsx file. In particular, in terms of mean values, the installation of
the EPS insulation system in the building case study allows for reducing the GWP from
about 767 to 169 kg for the CO,-Eq., the AP from about 2.63 to 0.55 kg for the SO,-Eq_,
and the EP from 0.09 to 0.05 kg for the (PO4)3—Eq. It should be noted that mean values are
not always significant, especially in the case of the distribution that substantially differs
from the normal one, as in the case of the EP indicator (see Figure 6).
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Figure 6. PDFs of the GWP (GI1), AP (GI2), and EP (GI3) indicators in pre- (a) and post- (b) renovation scenarios, and impact

savings (c) for the EPS internal insulation system.

A sensitivity analysis has been carried out to investigate how the uncertainty on input
values affects the uncertainty on output values. In Figure 7, the first order and total order
sensitivity indices obtained for the EPS case are reported as plotted by the software, where
it can be noted that no differences are present between the two index types, denoting a low
or null interaction between inputs. For the GWP, the highest total order index is obtained
for the EI (energy-related impact), showing that uncertainty on EI has the highest impact
on GWP uncertainty. EI has also the greatest impact on AP uncertainty, followed by sl
(insulation system impact). Finally, concerning the EP, the highest indices are obtained in
this case for the EoL (End of Life impact of the system), followed by sl.
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Figure 7. LCA first order and total order sensitivity indices for the EPS case and each impact indicator: (a) GWP; (b) AP;
(c) EP. The error bars indicate the confidence level intervals at 95%.

For the LCC analysis (through the “LCC run” tab), the software calculates the stochas-
tic global cost (GC) and payback period (PB) for the selected insulation measure over the
defined calculation period. Even in this case, interactive visualization of the stochastic
output is provided by the software in terms of the probability density function (PDF) and
cumulative distribution functions (CDF). In Figure 8, the PDF and the CDF plotted by
the software for the GC and PB are reported. As already seen for the LCA, also in this
case, the software provides synthetic data for describing the obtained stochastic output,
such as mean (i), median (x), and standard deviation (o), in addition to the possibility to
export the entire dataset as a .xlsx report file for further analysis. In this case, the global
cost is characterized by a p of about 110€ (o = 8.85€), resulting in a mean payback period of
5.30 years (o = 0.60 years).

Finally, also, the share of investment, maintenance, and energy cost are computed by
the software. In terms of mean values, the investment cost is about 40% of the global cost,
with a standard deviation of 3.4%.
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For the LCC analysis, the software provides the sensitivity analysis by following
the two different approaches, as seen in Section 3.1.5. In the first approach (“Method 1”),
the software computes the sensitivity indices of all the LCC variables, including the macroe-
conomic ones (inflation rate, interest rate, and growth in GDP). In the second approach
(“Method 2”), the software generates alternative trajectories of the three macroeconomic
variables (trials) and computes the sensitivity indices of all the remaining variables for each
trajectory. In this exemplary application of the software, the result of both approaches is
shown, considering 50 trials for method 2.

In Figure 9, the sensitivity indices obtained through the two different approaches are
reported as plotted by the software. The highest index for “Method 1” is obtained for the
INT parameter, followed by Qhpost, EnT, and ETAh. In “Method 2”, since the sensitivity
on the INT parameter is not included in the assessment, the highest indices are obtained
for Qhpost, EnT, and ETAh.
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Figure 9. (a) First order and total order sensitivity indices for global costs computed with “Method 1” for the EPS case;
(b) Total order sensitivity indices for global costs computed with “Method 2” for the EPS case. The error bars indicate the
confidence level intervals at 95%.
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3.2.3. LCA and LCC Analysis under Alternative Scenarios

In this section, an exemplary application of the “Cases comparison” tab of the software
is shown to demonstrate the ability of the software to support the designers in the selection
of the best performing solution under several conditions and eventually evaluate the
robustness of the results. At this aim, the environmental and economic indicators obtained
for the five insulation systems under different assessment scenarios (different energy
sources and macroeconomic scenarios) are compared in the following.

Concerning the LCA, in Table 3, the results obtained according to the three selected
indicators under the natural gas energy scenario are synthetically reported. Almost all the
insulation systems allow a reduction in terms of GWP, AP, and EP during the calculation
period, compared to the pre-renovation situation. In terms of both GWP and AP impact
indicators, the higher reduction is obtained through the RW insulation system, followed by
EPS, AAC, Cork, and CaSi. Regarding the EP impact indicator, instead, the best option is
represented by the EPS insulation system, followed by RW, Cork, AAC, and CaSi. In this
latter case (CaSi), the overall mean value for EP is even higher than the mean value obtained
in the pre-renovation scenario, denoting the possibility to increase the EP if this type of
internal insulation solution is adopted. Table 4 reports the synthetic LCC results obtained
for each case study. A similar ranking to that obtained in the LCA analysis is obtained in
this study. In terms of mean values, the EPS provides the lowest global cost, followed by
RW, AAC, Cork, and CaSi. Since running costs, such as maintenance and energy costs,
are almost the same for all the insulation solutions (the first equal to O for all the cases,
and the second almost the same due to the similar U-values), the differences between the
insulation systems obtained in this study can be attributed to the different initial investment
costs (CIs).

Table 3. Mean (1), median (x), and standard deviation () of GWP, AP, and EP indicators obtained from the LCA analysis
for the natural gas energy source scenario.

Case GWP (kgCO,-Equation) AP (kgSO,-Equation) EP (kg(PO,)*-Equation)

Study U X o U X o U X o

Pre 7.68 x 102 7.56 x 102 1.34 x 102 2.63 x 10° 244 x 10° 1.03 x 10° 863 %1072 852x1072 143 x 1072

EPS 1.69 x 10% 1.67 x 102 275 x 100 553X 107" 509 x 1071 264 x 107! 239 %1072 1.39 x 107!

CaSi _ 243 x 10> 3.81 x 10! 6.00 x 1071 1.23 x 10° 330x 1072  7.84 x 1071

AAC 182 x 10 1.80 x 10? 3.04 x 100 595 x 10~ 505 x10°1  8.09 x 10! | 7.66 x 10~ 237 x1072 519 x 1071

Cork | 1.83 x 102 1.80 x 102 2.86 x 10 | 604 x107*  520x 107! 626 x 107!  685x1072 277 x1072 273 x 107!
__RW GZBIORN 1.65 x 10 2.75 x 10 495x 1071 279x10°! | 574%x10°2  265x102 192 x 107!

Table 4. Mean (i), median (x), and standard deviation (o) of GC, PB, CI share, and energy costs’ share obtained from the
LCC analysis for the natural gas energy source scenario and regular growth macroeconomic scenario.

Case Study GC (6) PB (Years) CI (%) Energy (%)
u X o u X o u X o u X o
EPS 109.14 879 533 500 063 3947 3944 346 6053 6056  3.46
CaSi 28213 1810 25.89 2400 1449 7577 7588 266 2423 2412  2.66
AAC 151.25 151.03 1024 997 1000 126 5817 5821 357 4183 4179 357
Cork 16515 164.82 1090 1140 11.00 146  61.00 61.15 342  39.00 3885 342
RW 122.05 12168 885 705 700 085 4984 4992 364 5016 50.08  3.64

In Figures 10 and 11, the global costs obtained in the different economic scenarios and
the GWP are shown for the natural gas and electricity energy source scenarios, respectively.
For both the LCC and LCA, the ranking of the solutions obtained for the “natural gas” sce-
nario is confirmed also for the “electricity” energy source scenario: EPS and RW solutions
are the best performing solutions from both the economic and the environmental point
of view. In the “electricity scenario”, however, lower GC values are generally obtained,
mainly due to the higher efficiency of the heat pump (LCC and LCA) together with the
lower energy tariff (LCC).
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Figure 10. Global cost and GWP (GI1) distributions obtained for the five insulation systems for the natural gas energy
source scenario (LCA and LCC) under the four macroeconomic scenarios (LCC). 1: EPS, 2: CaSi, 3: AAC, 4: Cork, 5: RW.
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Figure 11. Global cost and GWP (GI1) distributions obtained for the five insulation systems for the electricity energy source
scenario (LCA and LCC) under the four macroeconomic scenarios (LCC). 1: EPS, 2: CaSi, 3: AAC, 4: Cork, 5: RW.

In the LCC calculations, similar results are obtained for the regular and intense growth
scenarios. The highest and lowest GCs are instead obtained in the stagflation and deflation
scenarios, respectively. This is an expected result. In fact, in the stagflation scenario running
costs are generally lower due to the low price development rates, lower than 1, and a
discount factor higher than those of all other macroeconomic scenarios (due to the high
inflation rate). Conversely, the deflation scenario is characterized by higher running costs,
due to an inflation rate lower than those of all the other scenarios and discount rates and
escalation factors higher than in other scenarios. This can be also observed in Figure 12,
where the energy costs’ share on the GCs are also reported as plotted by the software.
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Figure 12. Energy share obtained for the five insulation systems for the natural gas energy source scenario under the four

different macroeconomic scenarios. 1: EPS, 2: CaSi, 3: AAC, 4: Cork, 5: RW.
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3.2.4. Parametrizing Function

An exemplary application of the “Parametrizing” tab of the software is shown in this
section, aimed at evaluating how different assumptions on the probability distribution
shape of input parameters may affect the result. At this aim, the LCC analysis of the
EPS-based internal insulation system under the regular growth macroeconomic scenario
is carried out again, considering, for each input parameter, two different distribution
typologies, i.e., a normal and a left-triangular distribution. As a result, a total of 32 stochastic
LCC analyses have been obtained from the combination of the different distributions.
The results are summarized in Figure 13. As shown, in this case, a maximum deviation
of the median value of about 5% is obtained, demonstrating the robustness of the results
under the alternative input distribution assumptions.
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Figure 13. LCC results in terms of GC box plot for each analysis carried out with the “Parametrizing” tab.

4. Discussion and Conclusions

Decision support systems are becoming essential tools to achieve the ambitious envi-
ronmental and climate policy goals of the EU, especially for energy saving investments in
the building sector. In fact, decision making on this type of investments requires complex
calculation and involves a wide set of data and parameters on both economic and environ-
mental aspects. Therefore, properly designed, accessible, and easy-to-use software tools,
supporting investors in assessing the interventions” ultimate convenience and the eventual
trade-offs between economic and environmental performance, seem particularly attractive.

The present paper presents a novel software tool for the assessments of life-cycle costs
and environmental impacts of energy efficiency interventions for buildings. The software
combines several advanced functionalities for the calculations of the LCA of the environ-
mental performance and the LCC of a specific retrofit intervention. Although LCC and LCA
calculations are implemented according to the internationally agreed standards and the
recent literature in the field, the software tool presents some major novelties. Not only does
it integrate the implementation of both LCC and LCA calculations, but, more importantly,
it takes the stochastic nature of input data fully into account. By analyzing uncertainty
propagation via Monte-Carlo methods, the tool is able to capture the intrinsic uncertainties
associated to investments under uncertainty and, therefore, to support decision making on
long-term planning horizons. The software also includes sensitivity analysis functionalities
to assess the contribution of input and scenario assumptions on output indicators.

The software design and functionalities are illustrated through a set of case studies
concerning alternative building insulation systems. These examples are presented to high-
light the wide range of results and parametrization functions the software can generate
and implement. This also corroborates the software flexibility with respect to the range of
its possible real-world applications.
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These functionalities make it suited for use to a large number of users ranging from
academic researchers to private investors and policymakers. The detailed database and the
flexibility of modeling complex case studies, while accounting for input parameter and
scenarios uncertainties, make it appealing to experienced scientists and researchers with a
good knowledge and understanding of LCC and LCA. For those users who may be more
interested in the easiness to use, transparency, and the graphical functionalities, the tool is
characterized by a simple workflow with pre-set parameters and interactive functionalities
to adapt each case study to the users’ level of knowledge, and graphical functionalities for
the creation of interactive plots for the simple comparisons of large numbers of alternative
investment options.

The aim of this software is to provide the user with the information necessary to
take investments decisions under uncertainty in the building sector. For this purpose,
LCC and LCA results provided are only meant to guide the user to the optimal choice
and not to provide one among many alternative options. In fact, the optimal trade-off
between economic and environmental performance will have to be resolved by the user that
will need to assign his own specific weighting scheme to each set of indicators provided
and make decisions accordingly. This assignment is non-trivial and may depend, among
others, on the decision-maker risk aversion, the potential environmental risks linked to
local conditions, the absolute and relative values (also in economic terms) of the specific
environmental pressure under consideration, and the possible different weights to assign to
the economic and environmental assessment and to each environmental pressure. All these
factors can be hardly embedded flexibly in a software tool.

Still, a potential extension and research line that could be pursued to facilitate the
choice could be represented by an automated search algorithm that would explore all
feasible technical solutions starting from the available data and draw a continuous Pareto
frontier in the 2D space of environmental and economic performance. Such a Pareto frontier
would highlight dominant and dominated solutions and provide the user with a restricted
set of potentially original optimal investment options.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/su13147975/s1: User guide of the version of the software developed within the RIBuild project
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Appendix A

List of main used R packages

“dplyr”; “mc2d”; “reshape2”; “triangle”; “rhandsontable”; “shiny”; “shinyjs”; “DT";
“datasets”; “vars”; “foreign”; “tseries”; “forecast”; “dse”; ”plyr”, “parallel”; “data.table”;
“shinythemes”; “rlist”; “ggplot2”; “shinyBS”; “leaflet”; “RColorBrewer”; “fitdistrplus”;
“xlsx”; “plotly”; “tidyr”; “gridExtra”; shinyFiles”; “ggrepel”; “lat-
tice”; ”sens1t1v1ty”, “rmarkdown”; “devtools”; “mvtnorm”; “zoo”; “urca”; “Imtest”; “xts”;

“TTR”; “purr”; “NMF”; “chron”; “gdata”; “gender”; “igraph”; “irlba”; “openNLP”;

7, 4 7, 4
7,

/i

v, o 7, A

ggplot2”; “stringr”;

., 4

7,

“openNLPdata”; “plotrix”; “qdap”; “qdapDicti”; “randtoolbox”; “rngWELL”; “ggrepel”.
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