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HIGHLIGHTS

e An online platform for dynamic lifecycle analysis is presented.

e An energy-retrofitting use case in a multi-family residential building is examined.
e The primary energy needs, carbon emissions, and lifecycle costs are analyzed.

e The retrofitting use case can lead to a 95 % reduction of CO2.4 emissions.

o For 25 years of operation, a total of 515 k€ can be saved.
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Keywords: Building stock retrofitting is essential to achieve the ambitious sustainability goals of the building sector due to
Life cycle assessment tool its high energy consumption rates. The evaluation of the various building interventions shall be holistically

Dynamic life cycle assessment
Life cycle costing
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assessed in terms of environmental and costing impact. The aim of this paper is twofold: First, it presents the
innovative characteristics of a developed online tool (Virtual intEgrated platfoRm on Llfe cycle AnalYsis -
VERIFY) able to perform dynamic life cycle analysis and global warming impact assessments by capitalizing on
the well-known LCA and LCC methodologies, applicable in the case of building renovation. VERIFY is able to
analyse dynamic life cycle inventories that consider the temporal profiles of energy consumption, and the time-
dependent temperature changes, while being also interoperable in terms of exchanging data with other available
energy simulation engines, or even using real-time monitoring data from sensors, processing any data time
granulation. Second, the paper evaluates, from a life cycle perspective, the impact of specific energy retrofitting
measures, meeting the Passive House Standard, for the case of a multi-family residential building in Athens,
Greece. The proposed energy-retrofitting scenario examines actions related to the deep retrofitting of the
building envelope and the upgrade of the thermal components as well as to the incorporation of clean electricity
generation based on renewable energy systems; all aiming to drastically reduce the environmental impact of the
building, rendering it almost near zero energy. Through the planned infrastructure installations, the primary
energy needs and COxeq emissions were reduced by 91 % and by 95 % respectively, while for a building oper-
ational lifespan of 25 years, savings up to 515 k€ compared to the baseline scenario, can be achieved.
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1. Introduction

During the last decade, the sustainability of buildings has gained
increasing interest from researchers, building specialists, and policy-
makers [1,2]. The building sector is considered a fundamental element
towards mitigating environmental impacts and reaching climate targets
in line with the Sustainable Development Goals (SDGs) [3]. On a global
scale, one-third of the final energy consumption and almost 40 % of total
CO, emissions is attributed to buildings [4]. In the European Union
(EU), 42 % of non-residential buildings and 38 % of residential buildings
were built before 1970 [5], while around 75 % of the building stock is
energy inefficient [6], with an energy consumption per square meter of
floor area higher than the established energy consumption benchmarks
of reference buildings [7]. Building renovation and energy-efficiency
measures present a huge potential to achieve significant energy sav-
ings, and reach the medium-term emission reduction targets of at least
55 % by 2030, contributing to sustainability and climate neutrality of
Europe by 2050, as envisaged by the European Green Deal [8]. The
establishment of the “Renovation Wave” [9], aims to increase sharply
the renovation rates and processes, as well as accelerate buildings deep
energy renovations, to foster the share of Nearly Zero Energy Buildings
(NZEBs) and Positive Energy Buildings (PEBs). Achieving sustainability
in buildings requires the i) manufacturing of innovative and ecological
building materials, ii) market introduction of efficient building design,
renovation, and construction processes, iii) further integration of smart
technologies and iv) higher penetration of Renewable Energy Sources
(RES) in the energy mix, towards facilitating energy transition and
decarbonization of the building stock [10].

The use of life cycle assessment (LCA) in building applications began
three decades ago, to evaluate the environmental impact during build-
ings’ lifetime, and throughout their various life cycle phases, i.e. from
cradle-to-grave [11]. A life cycle approach in buildings considers design
and operation changes during the whole service life of the building and
estimates the potential environmental impacts, resource flows, and costs
[12]. More specifically, LCA is able to take into account impacts
occurring at multiple stages throughout the building life cycle, consid-
ering specific properties and quantities of building materials or tech-
nologies, while also providing estimates and insights about material and
energy use (e.g. lifetime primary energy savings) and associated carbon
emissions. On top of that, life cycle analysis entails the economic and
cost-related trade-offs analysis of products, processes or systems and
interventions in buildings in terms of life cycle costing (LCC) and overall
investment valuation, e.g. by calculating life cycle costs, investment
costs, and economic indicators, during their manufacturing, construc-
tion and operation lifetime [13]. In this context, it can be used also as a
tool to benchmark alternative design, construction, and/or retrofitting
options, supporting decision-making towards an optimal state; critically
improving both the environmental impact and the energy performance
of the buildings (focusing on energy consumption and carbon footprint
reduction) accompanied by cost-effectiveness along their entire lifecycle
[14]. It can also support building designers and engineers to compare all
the environmental impacts and economic features, to conclude the most
sustainable solutions with a longer lifetime and high recyclability [15].
Furthermore, it is necessary towards shifting the environmental con-
siderations from the level of lifetime characteristics of the components
to the level of the whole lifespan of the building.

The sustainability performance of buildings can be evaluated capi-
talizing on the well-defined LCA and LCC methodologies [16]. LCA and
LCC can assist in the design of highly energy efficient and net carbon
buildings along with social and economic benefits for their users [17].
LCA and LCC can provide such evaluations for various climatic condi-
tions and building typologies [18], taking into account all the different
life cycle stages of the building, i.e. design and production, trans-
portation of materials, construction, use (operation & maintenance),
and end-of-life (demolition, recycling and reuse, disassembly and final
disposal) [19]. The analysis may focus on either whole buildings, parts
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of them, or on isolated building systems/components and materials,
considering either their entire life cycle or part of it [20]. Nowadays,
LCA is used in building design for several objectives [21], such as
enhancement of building materials in terms of thermal and structural
properties, sustainable and improved indoor environment, eco-design
options, building certification, optimization of construction processes,
evaluation of new innovative building technologies, and comparison of
construction/retrofitting projects in line with the NZEB principles. Such
an analysis can also be extended to the level of a community/neigh-
borhood/district scale [22].

Special attributes of building infrastructure strengthen the need of
LCA, for measuring and evaluating building performance. These attri-
butes include i) the long useful life of buildings - typically around 50
years, ii) the high energy and environmental burden of buildings during
their use phase, and iii) several technological, material, design, and
operational changes often demonstrated in buildings. [23]. The
employment of LCA allows for the evaluation of operational impacts,
associated to the energy use during the use phase, as well as embodied
impacts, that take into account the energy and carbon content of
building materials, construction products, manufacturing processes, and
refurbishment actions in the building’s lifecycle [24]. It facilitates the
fulfillment of building life cycle environmental performance targets and
policies related to energy use, comfort and operation, and the design of
energy efficiency measures [25]. The type of energy efficiency measures
and the building renovation expenses are not aligned among countries,
owed to the diversification of geographical, climatic, social, legal,
technological, and economic conditions [26], as well as the existence of
various building typologies [27] and different context-specific building
characteristics [28]. Given the large number of old and energy-
inefficient buildings, as well as the existence of the aforementioned
building specificities, retrofitting options can be benefited from an
evaluation perspective using a life cycle analysis aiming to effectively
design or improve building performance. According to LCA studies, the
use phase is responsible for 80 %-90 % of life cycle energy consumption
in buildings [23,29,30]; thus contributing the most to building green-
house gas (GHG) emissions [31]. As a consequence, available research
mostly focuses on the operational energy of the building [32]. Trans-
portation and demolition usually account for about 1-2 % of the total
life cycle energy consumption [25,33], whereas the remaining per-
centage is attributed to manufacturing, construction, and/or refurbish-
ment processes. LCC deals with the estimation of all incurred costs
relating to building energy retrofitting and systems, components, and
materials installations [34], and supports interventions and investment
decision-making, when designing a renovation project or a new building
[35].

Moreover, there is a continuously increasing interest in the link of
Building Information Modeling (BIM) and ingested data with the rele-
vant LCA/LCC calculation algorithms, able to retrieve automatically,
building-related materials quantities [36]. Previous thorough reviews
dealing with the use of LCA in the building sector, in the last two de-
cades, have revealed that most investigations focus on energy use and
GHG emissions [37-39]. Most researched groups of LCA studies are
oriented to the development of frameworks capable of facilitating the
LCA workflow during the design stage and have proposed, as simplified
as possible, screening approaches to choose among available materials
and energy systems, for which a plethora of design data exist, during the
early design stages [40]. Some also consider the cost-effectiveness and
anticipated embodied impacts, during the design phase [41], while a
few studies are available, that account for water management consid-
erations [42].

The current paper advances beyond the current most commonly used
LCA approaches, as it includes except for an integrated LCA/LCC
approach, the consideration of dynamic consumption data along with
basic inventory datasets, able to account also for i) variations in tem-
peratures, ii) any updates in the energy grid mixture (local or even na-
tional) and consequently in the emissions, iii) building occupancy effects
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and own RES primary production and consumption profiles. This is a
step towards the development of dynamic LCA frameworks, able to ac-
count for even real-time data, which in general have been proven more
realistic in terms of results, as also denoted by [43], because they take
into consideration the temporal evolution of GHG releases and any up-
takes. Specifically, as noted down by Collinge et al.[44], the temporal
resolution of building-level data, along with the continuous (to the
extent this is possible) capturing of effects that an electrical grid (but not
limited to) has on the life cycle analysis of buildings, cannot be captured
by static LCA approaches (thus resulting in underestimations compared
to reality). This is true, especially if someone also considers that build-
ings nowadays should be designed and operate as active nodes of
interconnected energy systems, at least at the level of a district.

The paper aims to investigate and evaluate the life cycle impact of a
deep retrofitting scenario, according to the passive house requirements,
for the case of a Greek building, from an ongoing EU-funded building-
oriented project entitled RINNO [45], based on a newly developed
house-built online tool, conducting dynamic life cycle assessment and
costing computations named as “Virtual intEgrated platfoRm on Life
cycle AnalYsis (VERIFY)”. The retrofitting actions are analyzed, in terms
of life cycle primary energy savings, CO2.¢q savings, and life cycle costs
and are compared with the baseline data (representing the performance
of current systems), to extract valuable outcomes regarding the envi-
ronmental and cost performance of the building from a life cycle
perspective. The paper started off with the role and importance of LCA
and LCC methodologies in buildings and continues with a short but
comprehensive presentation of the current available LCA and LCC
standards as well as the concepts and methods of relevant non-
commercial tools in the research academy, to support the cognitive
background of the reader, and identify key research limitations and
practical gaps on current LCA/LCC practice. Then, the methodological
background and software architecture of VERIFY, and its available
modules are described in detail, to emphasize its offered benefits and
improvements in the field. Finally, the developed tool is used for the
evaluation of a building renovation project in Athens, aiming to examine
its real-life applicability potential, and analyze the impact achieved and
results generated.

2. Materials & methods

2.1. Relevant LCA and LCC standards for buildings and construction
industry

LCA is internationally standardized and recognized, under a common
methodological approach by the specific ISO standards ISO 14040 [46]
and ISO 14044 [47,48]. According to the ISO 14040 series, the LCA
methodological framework comprises four (4) key interrelated steps, i.e.
i) the Goal and scope definition, ii) the Life Cycle Inventory (LCI)
analysis, iii) the Impact Assessment, and iv) the interpretation of the
results. LCA certifications of building products can be developed by
manufacturing companies, called Environmental Product Declarations
(EPDs) [49], in compliance with ISO 21930 [50]. LCC concept re-
quirements and guidelines were set by the ISO 15686-5 [51], which
establishes a clear terminology and a common methodology for LCC;
being a common basis for setting targets against which actual cost per-
formance can be tracked and assessed over the asset lifespan.

At the European level, LCA methodology in buildings is supported by
the European standards EN 15643-2 and EN 15978. EN 15643-2 is
dedicated to the definition of the framework and specific requirements
for the assessment of environmental impacts considering buildings’
technical characteristics and functionalities. EN 15978 provides a
calculation method for implementing LCA in buildings, pertaining to the
life cycle environmental loads of construction products and building
materials, as well as of entire buildings [52]. The standard defines four
(4) main life cycle phases for LCA application in buildings, namely
production and design, construction, use, and end-of-life (EoL). The
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concept of LCA is also incorporated in the European Standard EN 15804
for establishing EPDs [49] and in the Construction Products Regulation
(CPR), while it is also applied in multi-criteria certification schemes for
sustainable and green buildings such as Building Research Establish-
ment Environmental Assessment Method (BREEAM) and Leadership in
Energy and Environmental Design (LEED) [53]. In this vein, building
LCA results can be exploited to prove that the building reached an
appropriate level of excellence, rendering it also as a reference case for
the building market. Regarding LCC, the European standard EN 16627
defines the economic principles and cost calculation methods for eval-
uating the economic performance of a newly constructed or existing
renovated building. Moreover, the EN-15459-1 focuses on the buildings’
energy systems by specifying a calculation method of the economic
performance of energy savings options in buildings.

In addition, intending to adopt a unified approach for building sus-
tainability assessment, the European Commission established in 2020 a
common life cycle evaluation and reporting framework for the sustain-
ability performance of both residential and office buildings across
Europe, named Level(S) [54,55]. Level(S) introduces a life cycle
perspective of analysis under three (3) thematic areas, namely i) envi-
ronmental performance, ii) health & comfort and indoor air quality
performance, and iii) cost and risk performance, i.e., optimization of
building life cycle cost and value as well as building adaptation to future
risks of climate change. The framework defines an overarching set of six
(6) macro-objectives and sixteen (16) core indicators associated with EU
and national policy goals in areas such as energy, material use and
waste, water, indoor air quality, and climate change. Level(S) envisions
introducing a whole life carbon approach into construction policies and
renovation plans for a sustainable built environment.

2.2. Screening of developed life cycle analysis tools for building
assessment

Several building LCA tools have been developed to support the use
and application of the LCA methodology, in the built environment in
Europe, and all over the world. Widely known examples of available on
the market LCA and LCC-related software for analysis are SimaPro,
LCAIT, GaBi, BeCost, OneClick LCA, BEES, EQUER, ATHENA™ Impact
Estimator, TEAM™ etc. However, this section is dedicated to indicative
examples and previous works related to developed non-commercialized
tools and models identified for the topic of building LCA, such as VERIFY
tool. Numerous open computational tools have emerged by researchers
and technical experts for the estimation of the life cycle carbon footprint
of buildings, based on national data and bills of quantities. Good ex-
amples are the tools developed by Malmqvist et al. (2011) [56], Rossi
et al. (2012) [57], and Fu et al. (2014) [58]. There are also tools spe-
cifically dedicated to residential buildings and different building ty-
pologies as that of Li et al. (2016) [59] and Solis-Guzman et al. (2018)
[60]. The environmental impact of Building Integrated Photovoltaic
(BIPV) systems was also examined by Jayathissa et al. (2016) [61].
Regarding LCC, an indicative example is the NZEB cost spreadsheet
developed by Pernetti et al. (2019) [62], within the context of H2020
CRAVEzero project. Furthermore, tools such as those of Domjan et al.
(2019) [63] and Kong et al. (2021) [64] can evaluate both the envi-
ronmental impacts and costs during the entire building life cycle and
display relevant LCA and LCC metrics to support comparability between
projects and decision-making. In general, diversified LCA approaches
are observed in Europe, North America and Australia [20]. The dynamic
effect of time-dependent parameters and properties in buildings has
been also introduced, for example in the frameworks and tools designed
by Tiruta-Barna et al. (2016) [65] and Su et al. (2017) [66]. In addition,
in the study of Negishi et al. (2018), an operational methodology sup-
ported by dynamic tools and databases for performing dynamic building
LCA is developed [67].

As a first finding, various methodological disparities and discrep-
ancies or critical framework limitations exist among several life cycle
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analysis tools and evaluations, eradicating the consistency and accuracy
of LCA. A limited number of LCA studies have been developed using a
dynamic life cycle approach in building LCA considering climate change
data modelling and dynamic energy simulations or dynamic environ-
mental analysis including energy mix changes, as in the case of [68]. In
fact, most of the current LCA approaches do not consistently account for
existent life cycle variations [69], in terms of a) embodied energy of
building materials, ii) energy supply (including also renewable sources),
iii) any architectural and environmental rules, as well as iv) dynamic
parameters during the building/district lifetimes, as changes in the en-
ergy mix, the retrofitting options and occupancy patterns [69-71]. In
addition, LCA tools encounter considerable challenges pertaining to site-
specific considerations, uncertainty problems in the use cases, and the
dynamic nature of datasets or components [72]. An important research
gap in the life cycle analysis of buildings is the consideration of the
temporal variation and uncertainty phenomena and their relation to the
calculation of real-time impacts and dynamic characterization factors,
such as dynamic life cycle inventories (LCI), considering the temporal
profile of emissions. For example, when it comes to the estimation of the
life cycle GHG emissions occurring during the operation of RES systems,
most LCA tools capitalize on average emission factors, implying a con-
stant factor value during the year. However, time-varying emission
factors should be used due to the variable renewable energy production
throughout the day and season, as well as owing to the dynamic effect of
the energy efficiency measures [73]. The need for real-time performance
monitoring and calculations led to the emergence of LCA tools that take
into account the dynamic behavior and temporal variations in energy
systems embedded in buildings. Moreover, buildings offer services that
might change over time and be subject to modifications resulting in
different dynamic scenarios that should be investigated by a Dynamic
Life Cycle Assessment (DLCA), for example in the exemplar case of
energy-positive buildings, which offer the excess of energy produced, on
an annual basis, to the interconnected grids.

Given these facts, building life cycle modeling should adopt an in-
tegrated LCA and LCC approach resulting in a holistic and comprehen-
sive analysis of benefits and costs, highlighting the optimal performance
and the most sustainable building solutions. Numerous data sources
originating from various building components, processes, and life cycle
stages are required. Effective simulation methods for optimal energy
management [74] and cost-effectiveness of building solutions, are also
essential to feed the life cycle models [75]. Ideally, calculation tools
need to have the ability to deal with a large amount of data and infor-
mation regarding local area dynamics, building features, and system
parameters, either ingested from multiple-origin databases and/or
through communication with other software tools, or based upon own-
built databases, consolidating and categorizing several data types and
dynamic inventories. Considering also the potential changes occurring
at different stages of their life cycle, due to the long service life of
buildings, new methods should take into account their dynamic and
time-dependent performance during this period and should provide real-
time results towards proposing corrective actions and improvement
measures. The EU policy-makers and researchers in the field of LCA and
decarbonization acknowledge that the sustainability of buildings should
be developed from a life cycle perspective towards dynamic life cycle
carbon approaches [72,76]. To this end, when it comes to performing
building life cycle analysis, particular attention should be given pri-
marily to the consideration of elemental dynamic factors and real-time
aspects under different timesteps and horizons, accounting for the
variation of specific variables that demonstrate temporal changes and
effects during building lifetime, such as the energy mix and emission
inventory variations, the dynamic building occupancy profile and con-
sumption patterns, the load and temperature changes, and the periodic
installation of new components. To address the aforementioned short-
comings, a tool dedicated to dynamic life cycle analysis (VERIFY) has
been developed.

Applied Energy 334 (2023) 120710

2.3. Virtual intEgrated platfoRm on LIfe cycle AnalYsis (VERIFY) — A
holistic LCA & LCC tool

VERIFY is designed to perform environmental and economic
assessment of buildings, following a component-based life cycle
approach. VERIFY tool offers real-time environmental assessment cal-
culations, followed by corresponding economic ones, considering dy-
namic building operation time-series data and LCI datasets, temporal
variations in temperature and any time-varying factors pertaining to the
energy grid mix and the building usage, such as the occupancy profiles
and effects, and any building related self-energy production and con-
sumption patterns. Data injected through an Internet of Things (IoT)
sensorial network, feeds such computations, providing hourly/daily/
monthly environmental and cost results. Any data time granulation can
be processed by VERIFY, according to each user needs. VERIFY supports
calculation engines, with a variable (user adjustable) time step. The
result is a life cycle comprehensive report involving a set of well-defined
Key Performance Indicators (KPIs) summarizing the sustainability pro-
file of the system under consideration. The following sections outline the
inner workings of the tool.

2.3.1. VERIFY background & methodology

The overall methodological framework of VERIFY is based on
quantitative methods and algorithms categorizing, measuring, and
calculating LCA and LCC indicators for a diverse set of examined energy-
related components and technologies that can be installed in buildings,
while providing also real-time data monitoring and project evaluation.
VERIFY calculates the life cycle performance of assets present in
buildings in terms of primary energy and renewable energy generation,
while it also can consider the cost-effectiveness of the solutions to
identify the best renovation strategies leading to an optimal balance of
environmental impacts and costs, via an effective comparison and
benchmarking of alternative scenarios. The corresponding calculations
are based on ISO 14044 methodology and are tailored to the environ-
mental impact categories related to climate change and energy, i.e.
Global Warming Potential (GWP) and Cumulative Energy Demand
(CED). In addition, VERIFY also embeds environmental targets and
policies for the sustainability performance of buildings in line with Level
(S) framework. In particular, three (3) Level(S) macro-objectives are
already addressed by VERIFY methodology, namely the following: 1.
GHG emissions along a buildings’ life cycle, 2. Resource efficient and
circular material life cycles, 3. Optimized life cycle cost and value,
respectively. To do so, VERIFY considers bills of quantities related to
construction, transformed into inventories. It also takes into account
cost elements for each material/product and specific lifetimes for each
building component in comparison to the planned building lifetime.
Further customization of the tool aims, soon, to include and comply with
all thematic areas and macro-objectives of Level(S), to provide a quite
broad uniformity level for building sustainability analysis in terms of
LCA.

Concerning the life cycle phases for the target energy-related tech-
nologies/systems, which are currently supported, include a) the pro-
duction and design, b) construction, and c) use phase. EoL has not been
included at this stage due to the uncertainty of waste treatment methods
applied in most EU countries. To illustrate this, life cycle modeling and
analysis focus on the manufacturing and installation processes as well as
the operation of the technologies present or installed in buildings,
considering both the embodied and operational energy content for all
components. So that VERIFY can carry out a life cycle analysis, its own
customized database with data provided by technology providers, well-
reviewed literature, and technical reports, according to each country’s
dynamics and existing building profiles, are included. It also includes
data for multiple technical components provided internal editing and
analysis costing data sourced from well-established technology data-
bases e.g. [77], and electricity/fuel data by specific databases from
Eurostat [78,79] and European Commission [80]. The database offers an
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inventory of global warming (provided in CO2-eq) and primary energy
(provided in MJ) factors for conventional and innovative technologies/
systems. In addition, VERIFY’s database contains specific local data and
information about the meteorological and energy mix profile as well as
the energy prices for twenty-seven (27) EU countries.

An overview of VERIFY data and methodological framework, its
overall structure and modelling flow analysis, as well as key elements
and steps for conducting life cycle modelling and analysis, are depicted
in Fig. 1. The project options can be segmented into four main steps,
namely creation of electrical and thermal plans, optional creation of an
investment plan, and the final association of electrical, thermal and in-
vestment plans to a geographical location. VERIFY guides the user
through the required steps in an intuitive sequential manner. More in-
formation about the required steps for project setup and creation with
VERIFY is provided in Appendix A.

VERIFY supports the usage of energy consumption and production
time-series data, instead of aggregate energy values (typically yearly
based), to enhance accuracy and enable real-time calculations. In this
manner, historical, synthetic, and/or real-time sensor data can be used
for the building energy performance description. More specifically,
datasets can be provided either:

e directly by the VERIFY users - dataset file upload is supported by the
platform of the tool by utilizing previous captured time series data
information (historical data)

e via the communication of the platform with IoT external sensorial
networks. The key functionality

e of real-time data for monitoring and evaluation is provided (real-
time data).

e automatically - VERIFY is able to obtain energy demand data from
building energy simulation tools and specialized energy analysis
software, and store it in its local database (synthetic data).

Specifically for the latter case, or in case of no or low data avail-
ability, a software integration approach can mitigate this problem, by
using as input simulated “synthetic” data. VERIFY is coupled through an
automated API with a specialized energy building simulation engine,
own developed, named INTEMA.building [81]. INTEMA.building is a
detailed energy analysis tool that performs dynamic in-time simulations
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for the thermal behavior of the buildings coupled with active energy
systems. INTEMA.building is offered as a web-based application for
conducting accurate building energy simulations, able to energy systems
(production, consumption and storage). The basis of the simulation
engine lies in the development and implementation of white-box models
for a range of energy systems. INTEMA.building is based on open-source
Modelica libraries, currently being developed to be fully customizable
with a web-based user-friendly interface. More specifically, the tool is
developed in the Dymola environment [82] using the Modelica
modeling language [83] by exploiting the existing repository of com-
ponents from the libraries Buildings [84] and BuildingSystems [85].
Moreover, there are extra house-built components created to satisfy the
simulation needs and the models analysis with a high level of detail. All
required passive (i.e., walls, windows) and active components (i.e., PV
panels, boilers, heat pumps, batteries etc.) with the corresponding
controls, are combined to form the appropriate building system repre-
sentation automatically. The tool utilizes weather data from the
Photovoltaic Geographical Information System (PVGIS) provided by the
EU [86]. INTEMA.building also supports building geometry inclusion
and consideration via BIM files (.ifc). The tool has been successfully
verified according to the relative European Standard EN 15265-2007
standard [87]. Passive components and the overall building thermal
behavior have been verified and achieved high accuracy in all 12 cases
involved. More details for the software and its verification procedure
can be found in Appendix B.

2.3.2. VERIFY architecture

The tool architecture, as depicted in Fig. 2, consists of the interaction
with the end-user via the front-end application layer. The front-end layer
assists users to perform the following actions: 1) set up a building energy
plan, 2) connect monitoring devices responsible to gather real-time data
from distributed energy infrastructure of a building, 3) upload historical
sensor data using files in CSV format and 4) perform life cycle analysis
(under environmental and costing terms) of a building energy plan.
VERIFY supports these user actions through a user-friendly and
responsive graphical interface, interactive forms that enhance user
experience, and finally dynamic charts that plot useful information and
the results of the life cycle analysis.

The following programming tools are orchestrated, to ensure the
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Fig. 1. Overview of VERIFY data and methodology framework, and project evaluation pathways.
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Fig. 2. System Architecture of VERIFY.

VERIFY’s best possible function. More specifically, the basic HTML view
of a VERIFY’s page is visually enhanced by the Bootstrap CSS frame-
work, an open-source toolkit that is used to quickly design responsive
websites. Along with Bootstrap, JQuery was used to add extra func-
tionality to the web pages, such as opening/closing modal forms. JQuery
supports easy document manipulation, event handling, and animations
is a mature project and is used vastly in the development of web ap-
plications. Finally, JavaScript libraries are used to facilitate the fast
development of the tool and provide an interactive user environment.
The front end of the application communicates directly with the back
end through the HTTP protocol. Under the back-end layer, the core of
the application and the coordination of the actions take place during the
VERIFY’s operation. The back-end layer is responsible for handling user
requests, performing the corresponding actions, and generating the ex-
pected analysis results. The communication between the back-end sys-
tem and the database of VERIFY serves the ability to add or remove
records from the database, as well as perform validation on these data to
ensure the system’s integrity. For the implementation of the back-end,
Ruby on Rails (RoR) is used. Ruby on Rails is a full-stack web frame-
work, which is used to develop web applications and contains a set of
tools to make the development quick and easy. It is shipped under the
MIT Open-Source license, and it is supported by a large community of
developers. RoR follows the Model-View-Controller development
pattern that offers a clean code structure. It is written in Ruby, an object-
oriented programming language, which has been also used for the
development of VERIFY’s back-end system. A strong point of RoR is the
easy modeling of the database’s tables. More specifically, each table can
be modeled as a Ruby class and the data can be easily fetched or
removed, without the need of composing complex queries. Additionally,
constraints can be imposed on the various models of the database so that
invalid data will never be inserted into the database.

VERIFY needs to store various data into a database to keep track of 1)
user preferences, 2) energy plans created and their details, 3) time-series
data and 4) the results of the life cycle analysis. To achieve that, a strong
and reliable database system is required. PostgreSQL was selected, based
on 1) the object-relational approach, 2) the open-source formation, and
3) the ability to manage various volumes of data as well as the support of
complex data types. It conforms with the SQL prototype, however, it is
easily extensible and offers a variety of additional features compared to

a classic SQL database, such as custom-type columns. PostgreSQL is
released under the PostgreSQL License, which is like the BSD or MIT
licenses. The database of the tool is installed under the platform
framework, to ensure rapid and accurate communication with the
platform, effective usage by many peripheral components, and avoid-
ance of confidential data transfer through external networks.

The middle-end environment introduces the layer, where smart al-
gorithms considering LCA and LCC analysis are implemented. The need
for fast performance and complex mathematical computations are con-
ducted using Python programming language. Python is a versatile, easy-
to-use language supporting the fast development of software. It also
supports efficient, well-known and vastly supported libraries for arith-
metic operations (numpy') and the manipulation of large data
(pandas?). To be successfully executed, the smart algorithms require
time-series data regarding the district/city’s energy consumption/pro-
duction. To obtain this data the middle-end communicates directly with
the PostgreSQL database. After the analysis is conducted, the middle-
end layer exports the results to the front-end layer, which is respon-
sible for the environmental and costing KPIs displayed to the user.

2.3.3. VERIFY life cycle analysis

Following the project definition, VERIFY conducts life cycle analysis
towards the extraction of KPIs and graphs mapping performance and
benchmarking examined scenarios. Table 1 provides a summary of the
main input categories and data requirements for VERIFY core LCA &
LCC methodology. Indicative features and parameters per input and data
category are presented. The geographical area is a key attribute that
defines the spatial size covered by the location coordinates, whereas the
climate zone is a parameter indicating various climate characteristics
such as degree days, irradiation, humidity, wind, etc.

The set of well-defined KPIs mapping the performance related to the
most important life cycle carbon activities is exported through the life
cycle report of VERIFY. An indicative list of the core indicators, which
can be calculated by VERIFY tool, categorized in LCA and LCC in-
dicators, is outlined in Table 2. KPIs include aspects related to primary
energy and Primary Energy Savings (PES), CO, emissions and savings
(expressed in kg or ton COs.y), self-consumption, life cycle costs,
payback time etc. KPIs are monitored and calculated at specific or

1 https://numpy.org/.
2 https://pandas.pydata.org/.
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Table 1

VERIFY primary and secondary data and inputs. Categories pertain to specific
project details, country dynamics factors, building characteristics as well as
component and system technical specifications.

Category Factors Indicative Features/Parameters
Project Lifecycle Project Lifespan
Initial Year of Analysis
Meteorological Data Climate Zone
Temperature
Geographical Data Geographical Area
Location Coordinates
Country Energy Mix Fuel/RES Source Distribution
Dynamics Energy Conversion Factors Primary Energy Factors
Emission Factors CO, Emission Factors
Building Building Profile Building Typologies
Usage Type
Floor Area Details Floor Surface/Floor Height
Number of Floors
Wall Surface/Wall Materials
Window/Glazing Surface
Energy Needs Annual Electricity Demand
User Preferences Target Temperature
Winter/Summer Flexibility
Systems Usage Priority
Number of Occupants
Cost Factors Investment/Capital Costs
Infrastructure Costs
Operation & Maintenance
Costs
Component Electricity Generation Installed Power
(System or (PV Systems) PV Material
Material) Number of PV Panels
Conversion Efficiency
Mounting Type/Angle Values
Heating Heating/HVAC System Type
Cooling Thermal Rating
Ventilation Usage Level
Property Type
Insulation Insulation Material &
Glazing Thickness
Glazing Frame Material
Glazing Layer Thickness
Frame Coverage
Number of Layers
Energy Storage/ DHW Type
Domestic Hot Water (DHW) Tank Capacity
Fuel

Environmental Data (EPDs)
Technology Inventories

Initial Embodied Carbon
and Energy Content

various time intervals, e.g., once, on daily basis, on annual basis, and
during the entire project lifetime, depending on the nature and impact of
each indicator. The potential interconnection of VERIFY with sensorial
networks at project demonstrations allows monitoring and calculation
of KPIs in real-time and enables adjustment of the LCA algorithm, to-
wards providing on the one hand continuous update and self-accuracy of
results, while on the other, corrective actions towards optimal operation
of the assets or buildings in the project.

2.4. Case study: Deep energy renovation of a residential building
according to the passive house premium standard

To examine the applicability of VERIFY, the case of an old residential
building was investigated. The building is a multi-family house located
in the Moschato-Tavros municipality of Athens, Greece, and it is planned
to be renovated considering the Passive House concept [88]. It has four
floors with two apartments per floor 75 m? each, and a total floor area of
750 m> (see Table 3). It provides accommodation to fourteen building
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residents. It is constructed with conventional concrete and brick mate-
rials, aluminum frames and single glazing in windows, while it is
equipped with old heat pump units for six of the apartments (two in each
apartment), as well as an oil boiler and a natural gas boiler that cover the
heating needs of one apartment each. Conventional solar thermal col-
lectors coupled with a storage tank provide hot water in four apart-
ments, while the rest of the apartments use for this purpose electrical
resistances. Information about the building’s energy performance is
modeled on an annual level, i.e., energy consumption and production
time-series are generated and retrieved by INTEMA.building, and
inserted into VERIFY as.csv files for conducting the life cycle analysis
[81]. In the specific study, simulation data have been calculated with an
average time granularity of 1/2 min. The building life cycle analysis is
based on two defined scenarios representing the current status of the
operation (baseline) and a deep energy renovation package according to
the Passive House Premium standard towards reducing the entire
building’s carbon footprint (planned renovation scenario).

The boundaries of the investigated use case include the infrastruc-
ture and operational (use) stage. The disposal is out of the scope of the
current study. The comparative life cycle analysis considers i) the
infrastructure impacts related to the manufacturing phase also including
installation, and replacement of systems, and building materials and
highlights those elements contributing significantly to the embodied
energy and carbon content throughout the building lifecycle, and ii) the
life cycle operational impact of their use. A functional unit (FU) ac-
cording to the ISO 14040 on LCA was defined. Based on a one-year
modeling period of the building energy demand and consumption
data, the energy amount per year per m? is calculated. In this context,
the 1 m of floor area was taken, which is usually the FU in building LCA.
Energy absolute values are all expressed, measured, and calculated in
kWh/year/m? to be easily benchmarked, while carbon emissions are
presented in kg and ton COx.¢q/year or kg COg_eq/mz/year. The primary
energy conversion factors used in this study were taken in accordance
with the Greek legislation [89], being the following: 2.9 for electricity,
1.1 for oil and 1.05 for natural gas. The analysis of the carbon emissions
was based on specific emission factors of 0.0458 kg COs.eq/kWh for
natural gas, 0.2662 kg CO2..q/kWh for oil, and 0.41 kg CO2..q/kWh for
electricity. A lifespan of 25 years for the project is considered.

2.4.1. Baseline Scenario: Current Status of operation

As a first step, a baseline scenario is needed to evaluate the current
environmental footprint of the building. The baseline scenario considers
the current state of operation of the building both on the building en-
velope, and the currently installed electromechanical systems. The
baseline scenario also considers the maintenance or replacement pro-
cesses of specific infrastructure components that may take place during
the targeted lifetime. The energy simulation was conducted with the
INTEMA.building tool considering time-series simulation data
describing the building performance for a specified one-year period
from July 2020 to July 2021. The time-series data produced by INTEMA.
builiding fed VERIFY inputs. The simulation data account for the vari-
ation of load profile, temperature and power output, and have been
normalized in line with the defined FU. The key characteristics of the
demo building are shown in Table 3. The total energy demand for the
baseline is also provided. The table refers also to key technical properties
of the building components e.g., the nominal power of systems, insu-
lation and glazing materials, thickness and U-value of openings and
building elements, the useful lifetime of building systems/components e.
g., the useful lifetime for boilers is 20 years, etc. The thermal loads refer
to the yearly operation of the building considering the indoor temper-
ature setpoints at 20 °C during winter and 26 °C during summer.
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Table 2
Key performance indicators (KPIs) calculated by VERIFY.
Indicator Description Unit
Life Cycle Assessment (LCA)
Embodied Infrastructure CO3.¢q emissions produced due to the new components installations in the 1st year of the project’s lifetime kg
CO,, Emissions
Embodied Infrastructure Total infrastructure primary energy costs due to the new components’ installations for the 1st year of the project’s lifetime kWh
Primary Energy
Net Energy Ratio (NER) Recovered amount of primary energy spent for the initial components’ installations -
Self-Consumption Amount of energy consumed from the energy generated by the electricity production components (PV and/or wind turbines) kWh/
year
Self-Sustenance Ratio Average daily ratio of the renewable energy consumed to the total energy consumed for the 1st year of analysis -
Self-Consumption Ratio Average daily ratio of the energy consumed from RES to the total energy generated that day for the first year of analysis -
Lifetime CO, Emissions Total CO,..q emissions (infrastructural and operational) yearly and during the project’s lifetime kg,
kg/year
Lifetime Primary Energy Total primary energy costs (infrastructural and operational) yearly (annual PED) and during the project’s lifetime kWh,
Demand (PED) kWh/
year
Lifetime Primary Energy Efficiency of the new installation scenario compared to the existing one in terms of primary energy during the project’s lifetime (as ~ kWh,
Savings (PES) well as monitoring on annual basis) considering infrastructure and operational costs kWh/
year
Lifetime CO, Emissions Savings Efficiency of the new installation scenario compared to the existing installation scenario in terms of CO5.q emissions, during the kg,
project’s lifetime as well as on annual basis (annual CO, savings), considering infrastructure and operational costs. kg/year
Energy Payback Time (EPBT) Number of years required for the new installation scenario to recover the infrastructure and operational costs in terms of Primary years
Energy
CO,, Payback Time (CPBT) Number of years required for the new Installation Scenario to recover the infrastructure and operational costs in terms of COx.¢q years
emissions
Life Cycle Costing (LCC)
Initial Investment Total monetary costs for the initial installation of the components in a building. €
Lifetime Capital Costs Amount of money that was invested for the installation and replacement of the components in a building for each year of the project’s €,
lifetime €/year
Lifetime O&M Costs Total monetary costs emerging from the operation and maintenance of the installed components on annual basis and during the €,
project’s lifetime €/year
Lifetime Fuel Costs Total fuel costs of all installed components in the project for all the years of the analysis. Costs of components that consume electricity €,
to provide thermal energy, like heat pump and air-condition units are not considered. €/year
Lifecycle Costs (LCC) Total monetary expenses (capital costs, O&M Costs and fuel costs) for the whole duration of the project. €
Electricity Bills The monetary costs for electricity bills in relation with project’s electrical components. The indicator can calculate also the part of the ~ €/year
bill for the components that their final energy form is thermal.
Electricity Revenues Monetary gains that come solely from electricity components €/year
Lifetime Income Monetary gains coming from the excess energy for whole project’s lifetime €
Lifetime Cost Savings Efficiency of the new installation scenario compared to the existing in terms of monetary costs, yearly and during the project’s lifetime €,
€/year

2.4.2. Planned retrofitting scenario: Deep energy renovation towards
passive house design

The passive house standard is an exemplar of well-performing stan-
dardized building design, which offers at the same time increased energy
efficiency and thermal comfort, and less environmental impact. The
proposed deep energy retrofitting is aligned with the criteria considered,
according to the passive house requirements [90], based on five key
design principles, i.e. thermal insulation of the opaque building com-
ponents, passive house windows, efficient ventilation with heat recov-
ery, assured indoor air quality and airtightness, and thermal bridge
reduced design.

In this context, the planned retrofitting scenario pertains to in-
terventions associated with radical building envelope changes, aiming
to minimize thermal losses and reduce energy needs. It also entails the
replacement of the old Heating and Cooling (H&C) systems with new
heat pump units, able to cover the H&C loads with relatively low energy
demand, as well as the integration of RES systems i.e., PV systems
aiming to provide clean generation, electricity surplus, and self-
consumption. Building energy consumption and production time-series
data correspond to the next year after baseline i.e., the period be-
tween July 2021 and July 2022. More specifically, the following energy
retrofitting measures are considered:

installation of thermal insulation

e renovation of glazing (glass and frame materials)

replacement of conventional fuel heating systems and old heat
pumps with highly efficient air-to-air heat pumps (mini-split units)
installation of decentralized ventilation system with heat recovery
(in every apartment)

installation of selective solar flat plate collectors to all apartments
installation of flat roof PV panels with 30° inclination towards the
southwest direction and a Facade Photovoltaic system on the
southwest external walls. The useful lifetime of the PV assets typi-
cally ranges from 30 years up to 40 years depending on the
component/technology.

Installation of new highly efficient lighting equipment

The planned infrastructure installations and key characteristics are
presented in Table 4.

3. Results and discussion

This section includes the results accounting for the dynamic energy
modelling and simulation, environmental impact assessment, and life
cycle costing estimation of the building on its current state (baseline)
and according to the planned renovation actions in line with passive
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Table 3

Baseline Scenario — Key characteristics of the case building.
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Building profile

Building Picture

Building Type/Typology

Energy Demand

T

Building envelope characteristics

Type: Residential
Typology:

Multi-family house
Construction Year: 1970
Total Floor Area: 750 m?
Useful Area: 600 m?

Electricity Demand
100,609 kWh/y

H & C Demand

Total: 163,130 kWh/y
Heating: 92,715 kWh/y
Cooling: 70,415 kWh/y

Elements Materials Properties
External Walls: Thickness: 0.25 m
Plaster — Brick — Concrete — Plaster U-Value: 3.45 W/(m?K)
Walls - - -
Internal Walls: Thickness: 0.25 m
Plaster — Concrete — Plaster U-Value: 3.85 W/(m?K)
Roof Ceiling area: 170 m? Thickness: 0.23 m
Cement mortar — Concrete — Plaster U-Value: 3.85 W/(mZK)
Glass Type: Normal Surface: 195 m?
’ U-Value: 3.13 W/(m?K
Frame Coverage: 20% aue /GmK)
Doors Not insulated wooden doors U-Value: 1.8 W/(m?K)
Floor Ceramic tile — Cement mortar — Concrete — Plaster Thickness: 0.23 m

Building systems parameters

U-Value: 4.2 W/(m?K)

Thermal load per
User: 80W/person

Target Temperature
(H/C): 20°C /26°C

Domain Building Systems Parameters
Thermal rating: 10 kW
0Oil central heating system (boiler) Efficiency: 80 %
. Usage: 15 %
(usage in 1 apartment) Lifetime: 20 years
Heating - -
Thermal rating: 10 kW
Natural gas heating system (boiler) Efficiency: 90 %
. Usage: 15 %
(usage in 1 apartment) Lifetime: 20 years
Thermal rating: 40 kW
0Old heat pumps (split units) SCOP: 2.0
Heating & (usage in 6 apartments for heating SEER: 2.0
Cooling Heating/Cooling Usage:

Domestic Hot
Water (DHW)

and all for cooling)

Conventional solar thermal flat plate
collectors coupled with storage tank
(usage in 4 apartments)

70% / 100%

Lifetime: 10 years
Tank Capacity: 800 L
Collecting Surface: 8m?
Lifetime: 20 years

Mechanical -
- No ventilation system -
Ventilation
Specific load f
Lighting Standard incandescent lighting liz(leli;n(g:‘ gaw/:Z
. Refrigerator/Electric stove Specific load for
Appliances

/Washing Machine

appliances: 4 W/m?
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Table 4
Planned Retrofitting Scenario - Key energy retrofit measures and system in-
stallations in the demo building.

Retrofit measure Domain Properties

Material: Sheep Wool
Surface: 629 m?
Thickness: 0.14 m
U-value: 0.15 W/(m?K)

Building

Insulation
Envelope

Glass Type: Thermochromic
Layers: 2 / Thickness: 0.04 m
Frame Material: PVC

Frame Coverage: 20 %

Glass U-value=0.6 W/(m?K)
Frame U-value=0.6 W/(m?K)
g-value=0.37

frame fraction: 25 %

Building

Glazing Envelope

Power rating: 1 kW
Air Infiltration Rate:
0.5 ACH

Heat recovery
effectiveness: 75 %

Micro-ventilation
system with
heat recovery

Ventilation

Thermal rating: 40 kW
SCOP: 3.0

SEER: 5.0

Lifetime: 10 years

Air-to-air
heat pump

Heating &
Cooling

Selective solar flat
plate collectors
(all apartments)

Tank Capacity: 1200L
Collecting Surface: 20 m?
Lifetime: 20 years

Domestic Hot
Water (DHW)

Material: Polycrystalline
silicon modules

No of Panels: 48

Power: 16 kW
Efficiency: 19 %
Lifetime: 30 years

Flat Roof
PV System

Electricity
generation

Material: Polycrystalline
silicon modules

No of Panels: 15

Power: 5kW

Efficiency: 19 %
Lifetime: 40 years

Facade
PV System

Electricity
generation

New energy-efficient
LED lighting systems
Nominal lighting
power: 3 W/m?

Lighting equipment Lighting

house premium standard, in order to evaluate the impact of the building
renovation procedure. The energy and environmental performance of
the building are assessed, by calculating its energy demand profile,
primary energy needs, carbon emissions and associated savings. The
total life cycle costs and savings through the lifetime of 25 years are
estimated in terms of net present value (NPV).

3.1. Energy assessment of the building renovation procedure

Table 5 presents the building’s current state and planned retrofitting
energy parameters. Considering the current infrastructure (baseline
scenario), the total annual energy needs of the building are equal to
167.7 kWh/y/m? for electricity and 271.9 kWh/y/m? for H&C. Due to
the fact, that, in the current building state, energy production is not
available/supported, all of the demanded electricity is imported from
the grid. After the retrofitting measures are applied, the electricity needs
for the building’s operation are reduced significantly; thus, accounting
for 51.8 kWh/y/m?2. The PV-generated energy during the first year of the
analysis is estimated at around 37.1 kWh/y/m?, whereas the amount
that is used to cover the building’s own needs is 19.8 kWh/y/m?, cor-
responding to 53.3 % of the total energy generation and 38.1 % of the
annual electricity demand. The excess generated energy of 17.3 kWh/y/
m? (46.7 %) is exported to the electricity grid. In addition, an amount of
32 kWh/y/m? needs to be imported from the grid, because the building

10
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does not have any energy storage system (i.e., battery system); therefore
the generated energy can be only used instantly and might not be
available at some times of the day (mainly at nighttime and cloudy
days). Similar behavior is observed for the H&C needs, which are
extremely lower than in the baseline scenario when the energy-
retrofitting options are applied. The annual H&C demand corresponds
to 39.9 kWh/y/m?.

In order to illustrate the ability of VERIFY to take into account dy-
namic values and data granularity, as well as to follow a dynamic life
cycle analysis approach, a specific building energy variable which in-
corporates time-dependent features in the context of temporal and
spatial variations is presented in greater detail. Figs. 3 and 4 below show
the energy demand results in terms of time-series analysis of the
building’s heating & cooling loads for the baseline and the planned
renovation scenario, as extracted from the energy simulations. Results
show a strong reduction of the thermal loads (over 80 %), when
considering the interventions of the planned renovation scenario. Worth
to mention that VERIFY takes also as inputs the specific temporal pro-
files of electricity production, electricity and fuel consumption, tem-
perature, and emissions.

3.2. Environmental assessment of the building renovation procedure

VERIFY calculated the impacts due to the building operations and
the embodied energy of materials used, following a GWP approach and
taking into account the whole lifecycle and replacement of systems.
Based on the list of KPIs, VERIFY provides insights into the gains ach-
ieved, in terms of primary energy and carbon emissions. The life cycle
primary energy needs and carbon per building component of current and
planned infrastructure are illustrated in Table 6. Since the building is
renovated according to the premium passive house design, it does not
need conventional heating systems, as it can make efficient use of the
internal heat sources and exploit the heat recovery concept to cover a
significant part of its heating needs. This is due to the installation of
highly efficient building materials, such as the natural wool insulation
for the envelope, as well as the thermochromic glass and the PVC frame
for the openings. The removal of conventional heating systems results in
a significant reduction of primary energy requirements and emitted
carbon for the building. Moreover, the newly installed air-to-air heat
pumps lead to outstandingly better environmental performance,
throughout the building’s whole lifecycle, due to the higher efficiency
and less power required for H&C needs. In addition, the new glazing
materials can result in almost the half amount of emissions. The GHG
emissions caused by the installed component (embodied impact) are
probably higher, but the new glazing will contribute to lower GHG
emissions over the life cycle. The primary energy requirements imposed
by the new installations (insulation, heating, and PV components) can
be far outweighed by the abortion of the conventional heating systems
and old heat pumps. Overall, the planned retrofit reduces the grid-
related primary energy needs and carbon emissions dramatically.

The environmental impact analysis of the whole building for lifetime

Table 5
Annual energy profile parameters of the demo building.

Building Energy Parameters Current Status Planned Renovation

(kWh/y/m?) (Baseline) Scenario
Electricity Demand 167.7 51.8
Annual Imports 167.7 32.0
Self-Consumption 0.0 19.8
Annual Exports 0.0 17.3
Electricity Generation 0.0 37.1
Heat Demand 154.5 4.9
Cool Demand 117.4 35.0
Total H&C Demand 271.9 39.9
Heat Load (Supply) 154.1 4.9
Cool Load (Supply) 108.3 35.0
Total H&C Load 262.3 39.9
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Fig. 4. Building Heating & Cooling Load TimeSeries — Planned Renovation Scenario.

period of 25-years is summarized in Table 7. The planned infrastructure
interventions require an available primary energy amount for install and
operation purposes equal to 34.11 MWh per year. This means signifi-
cantly lower primary energy needs of more than seven times less
compared to baseline scenario. The initial primary energy needs of
902.3 MWh required due to the very high embodied energy content of
the new infrastructure can be easily compensated in a few years of
building operation. The analysis also indicated that the polystyrene
materials of the retrofitting exhibited the greatest amount of embodied
energy. Renovation with high-efficiency heat pumps can be an impor-
tant way to reduce the environmental impact. The operational primary
energy needs of the building when considering the planned renovation
scenario are reduced from 578.62 to 56.85 kWh/y/m>.

Overall, the planned retrofitting measures can lead to significant
primary energy and carbon footprint reduction throughout the entire
project lifespan. According to results, the lifetime PES, when the

retrofitting scenario is applied, account for approximately 8,218 MWh i.
e. an amount of 11.5 MWh per m? of total heated area can be saved. This
means a reduction to the primary energy needs of around 91 %, corre-
sponding to lifetime carbon savings of about 1,647 ton COg2eq or to a
reduction of carbon emissions by almost 95 %. This is around 355.31
MWh of primary energy savings per year, while the saved amount of
emissions corresponds to 68.88 ton COz.¢q per year, i.e., almost 115 kg
CO2.¢q per m? per year. The amount of 8,218 MWh includes both the
avoided primary energy due to RES exports and the primary energy
minimizations due to retrofitting.

Figs. 5 and 6 illustrate the temporal PES and CO2 savings (in COa.eq)
that can be achieved considering a building lifespan of 25 years. The
light blue bars represent the operational savings during the use phase,
while the dark blue bars refer to the embodied energy and carbon
incurring due to material and system installations taking place when the
planned retrofitting initiates, as well as due to the maintenance activities
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Table 6

Life cycle primary energy and CO2 impact per component.

Table 7
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Building Environmental Analysis based on LCA indicators.

Component/ Current Status (Baseline) Planned Renovation
Technology Scenario
Primary CO2-eq Primary CO2-eq
Energy (ton) Energy (ton)
(MWh) (MWh)
Glazing 233.58 18.18 344.4 5.7
(aluminum/
PVQ)
Hot water iron 389.42 76.47 92.43 18.79
Solar thermal 36.89 2.15 36.89 2.15
collectors
Natural Gas Boiler 265.29 12.34 - -
0Oil Boiler 543.64 131.62 - -
Heat pump units 5,134.90 1,006.19 496.07 102.21
Ventilation - - 0.06 0.004
Roof flat PV - - 218.7 49.3
PV Facade - - 36.17 2.6
Polystyrene - - 245.98 10.29
insulation walls
Polystyrene - - 126.14 5.28
insulation
ceiling
Polystyrene - - 18.92 0.792
insulation floor
Grid 7,490.6 1,464.5 813.5 159.0

and/or component replacements for both baseline and planned retro-
fitting. For the case of the mini-split units, representatively, this
replacement happens every ten years.

The dark blue bars can be on the negative or positive side for some
years of the analysis because they highlight the losses or gains related to
the installation and maintenance/replacement of specific infrastructure
components. When dark blue bars are on the negative side, they illus-
trate the losses and negative impact of the planned retrofitting attrib-
uted to the installation of new systems, their maintenance or
replacement. In the case dark blue bars are on the positive side, the
maintenance or replacement of the infrastructure components has taken
place in the baseline scenario, thus the planned renovation scenario is
more efficient in terms of primary energy and carbon emissions for those
specific years. Figs. 7 and 8 depict the accumulated primary energy and
CO; savings (in COaz.eq) during lifespan. It can be easily shown that,
when the retrofitting options of the proposed renovation scenario are
implemented, the building begins to achieve primary energy savings and
carbon savings from the 2nd and 3rd year of operation, respectively.

Another important aspect of the retrofitting process is the time
required for the PV systems installed, to recover the primary energy and
carbon imposed by the infrastructure manufacturing and installation
processes. The achieved EPBT and CPBT are estimated for both PV
system types (see Table 7). Flat roof PV achieves shorter payback times
than the PV Facade, due to the higher power and level of solar irradiance
leading to more energy generation.

3.3. Economic assessment of the building renovation procedure

Lastly, the life cycle costing analysis focuses on providing a cost
evaluation of the entire investment, by tracking the cost-effectiveness of
the installed building infrastructure for the 25 years of analysis. Table 8
presents a breakdown of the life cycle costs per individual component
both for the current and planned infrastructure.

LCC results are summarized in Table 9. All cost categories are
calculated in terms of NPV i.e. they encompass the time value of money,
including a project-specific discount rate of 5 %. Fuel and capital costs
comprise the most significant contributory components to the life cycle
costs. The current infrastructure is from a life cycle costing perspective
excessively more expensive than the proposed interventions, in terms of
fuel costs as well as of O&M costs. In particular, the cost of oil and
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KPI Current Status Planned Renovation Scenario
(Baseline)
Primary CO,. Primary CO2.¢q
Energy eq Energy
Initial Embodied 0.00 902.30
Primary Energy
(MWh)
Operational Primary 347.17 34.11
Energy (MWh/y)
Annual Operational 578.62 56.85
Primary Energy
(kWh/y/m?)
Lifetime Primary 9,009 1,893
Energy (MWh)
Primary
Energy
Savings (PES)
Annual Primary 355.31
Energy Savings
(MWh/y)
Lifetime Primary 8,218
Energy Savings
(MWh)
Lifetime Primary 11.5
Energy Savings
(MWh/m?)
Initial Embodied CO5 0.00 90.90
(ton CO2.¢q)
Operational CO, 67.29 6.67
Emissions (ton/y)
Lifetime CO, 1,717 286.04
Emissions (ton CO,.
eq)
CO3.¢q savings
Annual CO, Savings 68.88
(ton CO2.eq/y)
Lifetime CO, Savings 1,647
(ton CO2.¢q)
Annual CO, Savings 0.115
(ton COy.eq/y/m?)
Flat Roof PV BIPV
EPBT (years) 3 years, 3 Not achieved
months in project
lifespan
CPBT (years) 3 years, 9 13 years
months

natural gas is the highest contributor to the overall LCC, corresponding
to 585,085 €. O&M costs account for 15,875 € during the 25 years
project lifespan. Fuel costs are reduced significantly when the retrofit-
ting actions are applied, plummeting to an amount of 60,901 € while
O&M costs are also a little bit higher than in baseline, corresponding to
16,938 €. The capital costs of the planned retrofitting measures have a
relative contribution to the LCC that is very high in the beginning of the
project due to the initial installations and becomes extremely low as the
project lifespan increases. This corresponds to an initial investment cost
of 106,167 € and a total amount of capital costs equal to 125,857 €.
Overall, total life cycle costs of current building performance are esti-
mated at around 644,238 €, while planned retrofitting options can lead
to extremely lower life cycle costs equal to 203,696 €.

Overall, the planned retrofitting actions can provide significant cost
savings and also generate revenues from the energy exports to the grid
owing to PV generation. The lifetime cost savings that can be achieved
are equal to approximately 515,263 €. Fig. 9 presents the monetary
losses and savings per year resulting from the proposed building retro-
fitting measures during the 25 years of analysis. The light blue bars
represent the costs incurred during the infrastructure use and operation,
i.e. the operational costs, while the dark blue bars illustrate the cost of
the infrastructure initial installations or any replacements costs during
the entire project lifespan. Fig. 10 illustrates the cumulative cost savings
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Fig. 5. Planned Renovation Scenario — Primary Energy Savings (PES) throughout the building’s lifespan.
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Fig. 6. Planned Renovation Scenario - CO2 savings (in CO3.q) throughout building’s lifespan.

achieved due to the proposed interventions of the planned renovation
scenario. The proposed retrofitting options are proved cost-effective,
since the investment can be beneficial and gives a positive return in
terms of monetary savings from the 3rd year of the project and beyond.
More specifically, an attractive payback time of 3 years and 6 months is
estimated for the planned passive building retrofitting.
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3.4. Discussion

An elaboration on the results with VERIFY follows, to illustrate on
the one hand how the inclusion of specific building renovation options
can improve LCA performance and serve the building sustainability
objectives, and on the other, how novel aspects and dynamic factors in
life cycle analysis and evaluation of buildings can improve the quality
and accuracy of the results.



V. Apostolopoulos et al.

Applied Energy 334 (2023) 120710

Cumulative Primary Energy Savings

I Primary Energy Savings

9000000

8000000

7000000

6000000

5000000

4000000

kWh

3000000

2000000

1000000

-1000000

0o 1 2 3 4 5 6 7 8 9 10

11

12 13 14 15 16 17 18 19 20 21 22 23 24 25

Years

Fig. 7. Planned Renovation Scenario — Cumulative Primary Energy Savings (PES) throughout the building’s lifespan.
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Fig. 8. Planned Renovation Scenario - Cumulative carbon savings (in CO2.cq) throughout building’s lifespan.

First of all, results indicated that key selection of building envelope
characteristics (e.g., primary wall interior insulation materials and
glazing elements) but also inclusion of energy production components
(e.g. photovoltaics) can play a key role in improving significantly the
performance of the building, implying from an energy perspective, the
efficiency of the passive house standards in retrofitting. Regarding the
environmental impact of the building, the analysis highlighted the
strongly beneficial effect of the planned renovation scenario on the
operational phase in terms of primary energy and carbon footprint
reduction primarily owed to the replacement and modernisation of the
heating systems. The operational primary energy needs of the building
were reduced to 56.85 kWh,/y/m? when considering the planned reno-
vation scenario measures. Results are totally comparable with similar
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building renovation projects across the EU, such as the Inspire project
that achieved to reduce the primary energy consumption of the reno-
vated residential buildings in the range of 50 kWh/y/m? [91]. The high
embodied energy content of the retrofitting PVC and polystyrene ma-
terials contributed negatively to the amount of primary energy, it is
quickly outweighed though due to the very low operational primary
energy needs. In addition, results showed the cost effectiveness of the
proposed renovation scenario in terms of LCC, generating essential cost
savings.

The results presented by the tool, incorporate dynamic-related
criteria, and are calculated following the core dynamic life cycle anal-
ysis principles, including data time granularity analysis, time-dependent
evaluation. VERIFY supports any required data time granularity level
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Table 8
Life Cycle Costs per component - Current and Planned Infrastructure.

Component Name Current Status Planned Renovation

(Baseline) Scenario
Costs (€) Costs (€)
EPS insulation - 13,311
Glazing (aluminum/ 19,436 22,357
PVQC)
Hot water iron 28,524 10,067
Panel solar thermal 3,426 3.863
Natural gas boiler 22,670 -
Oil boiler 44,484 -
Heat pump units 361,520 57,806
Ventilation - 908
Roof flat PV - 29,846
PV Facade - 7,100
Table 9

Building Costing Analysis based on LCC indicators.

KPI Current Status Planned Renovation
(Baseline) Scenario
Initial Investment (€) 0.00 106,167
Annual Fuel Costs (€/y) 29,771 2,952
Annual O&M Costs (€/y) 808 870
Annual Cost Savings n/a 20,611
(€/y)
Lifetime Fuel Costs (€) 585,085 60,901
Lifetime O&M Costs (€) 15,875 16,938
Lifetime Capital Costs (€) 43,277 125,857
Lifecycle Costs (€) 644,238 203,696
Lifetime Cost Savings (€) n/a 515,263

(from ms to days, if necessary). Data inputs are based, on average, of a
timestep granularity of 1/2 min, while for highly-varying conditions
timestep can decrease down to 1 sec. VERIFY is capable of performing
LCA and LCC analysis on an hourly or sub-hourly basis, using as input: i)
building energy performance data (synthetic or real-time), ii) variation
of temperatures iii) occupancy and ambient conditions profiles, iv) dy-
namic changes of energy mix and inventories. Moreover, results have
been based on the interaction with the INTEMA. building simulation
tool, which provides a dynamic process modelling analysis, under a
variable user-adjustable timestep, in the context of energy consumption
and thermal behavior of the building; and on performing computations
by the two core modules of VERIFY each one accounting for the
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environmental and costing evaluation; thus introducing a holistic
building performance assessment and life cycle analysis that paves the
way towards the interoperability of energy simulation engines, and in-
tegrated energy, environmental and economic approaches. Conse-
quently, VERIFY serves the scope of recent DLCA tools and can be
considered as a supporting fully interoperable tool, with the aim to
facilitate building(s) behaviour assessment and retrofitting activities. On
the contrary, as with the majority of LCA software and tools, the design
of the current tool is subject to potential limitations. Two limitations of
VERIFY regarding LCA that can be mentioned at this point, are related
with the i) environmental impact categories and the ii) technology in-
ventories’ part of the database considered in the environmental analysis.
Regarding the impact categories, the tool does not include all of them,
since it is tailored to global warming impact assessments and aims to be
fully aligned with Level(S). The other shortcoming concerns the incor-
porated technologies in the database, which is currently dedicated only
to the involved technology providers’ data for the specific investigated
demos of ongoing EU projects. Hence, technology providers of recently
developed and innovative technologies should provide their data in
order to expand the technologies’ database.

4. Conclusions

The present study illustrated the innovative characteristics and po-
tential applicability of a dedicated life cycle analysis tool (VERIFY) to-
wards an including assessment framework supporting building(s)
retrofitting purposes. As a first advantage, the combination of LCA and
LCC methodologies, as well as the interconnection and communication
of the tool with energy simulation engines has the asset of providing
integrated energy, environmental and techno-economic assessments. In
addition, the use of a dynamic LCA approach achieves the goal of
considering temporal information to the analysis, which can be benefi-
cial in terms of interaction in multiple steps of the analysis and real-time
decision-making, improving accuracy of the results, and examining
various time-varying effects, compared to static LCA approaches.
Moreover, the data granularity options that VERIFY offers can improve
the quality of the LCA results.

The tool was utilized to evaluate, from an environmental and eco-
nomic point of view, a set of energy-efficient retrofit measures according
to the passive house requirements, in a residential multi-story apartment
building in Greece. Tangible results have been extracted that can sup-
port sustainable decision-making on building(s) retrofitting. The fore-
seen interventions resulted in lifetime primary energy savings of around
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Fig. 9. Cost savings throughout building’s lifespan due to planned retrofit measures.
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Fig. 10. Cumulative monetary savings throughout building’s lifespan due to planned retrofit measures.

11.5MWh/m?, which in turn lead to a significant reduction in the carbon
footprint of the building corresponding to about 1,647 tons of COgq in
total, for the 25 years of analysis. The proposed measures were also cost-
effective, in terms of life cycle costs, resulting in a saved cost amount of
almost 515 k€ when considering a 25-years lifetime. The main cost
components contributing to the LCC were fuel and capital costs. A sig-
nificant reduction in fuel costs is observed when the planned retrofitting
measures are applied. A high initial amount of capital costs is required to
install the new components; however, the relative contribution of the
capital costs becomes lower as the building’s foreseen lifespan becomes
longer.

Overall, the proposed combined LCA and LCC approach and analysis
offered by VERIFY can provide useful guidelines for policymakers in the
sustainable design of buildings, as well as for building engineers in
retrofitting works, in line with EU climate and energy goals. VERIFY tool
is committed to helping key stakeholders and communities towards
effective environmental impact analysis and techno-economic decision-
making in the field of smart and sustainable buildings as well as districts
towards smart cities, based on advanced and multi-scale LCA compu-
tations and research, and considering various types of systems, several
data formats, and different evaluation scales. VERIFY offers direct out-
puts targeting to motivate users towards environmentally-friendly ac-
tions and increase economic profits within projects, e.g., propose energy
efficiency measures that minimize emissions, identify critical cost sav-
ings, as in the case of efficient design, planning, and pre-evaluation of
planned construction and renovation activities. Besides, policy-making
outputs based on potential stakeholder engagement can also be deliv-
ered, via assessing energy-oriented investments in terms of benefits from
energy trading, examining economic viability and sustainability of en-
ergy import minimizations due to on-site renewable energy production
and storage, and also evaluating further up-scaling, replication and
expanding of energy investments towards RES penetration
maximization.

It is a widely accepted fact that the building sector requires to a great
extent sustainability and carbon-neutrality policy action. Several issues
surrounding building renovation projects are still being debated. The
sustainable transformation of the building stock can also be significantly
benefited by measures being applicable on a district scale. For this
purpose, a proper scaling-up approach from building to community level
addressing all life cycle aspects and physical entities and assessing the
various district objects is needed. VERIFY could be used also to assess
the impact of technologies to other areas of interest, e.g., power grids, as
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well as to analyze the long-term temporal evolution of key district fea-
tures both from geographical and stakeholder perspectives. The authors
aim to apply VERIFY at district scale and test potential replication sce-
narios and applications of the configuration of the integrated system to
district and community scales. In this context, the main technical, eco-
nomic, regulatory and social factors affecting the replication potential
and the systems scaling-up approach will be examined.
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Appendix A. VERIFY Interface - Key steps for project setup and creation

The first step of developing a customized project with VERIFY tool is the creation of an electrical plan. The user can create an electrical plan of a
specific VERIFY project use-case based on the electrical data form, which, is depicted in Fig. A.1. The user can insert: i) initial information about the
project (basic project characteristics such as the project lifespan, the first year of analysis and the project location) ii) as well as specific data for
electricity generation, consumption, and storage. The user can provide detailed information for the electricity production sources (i.e., PV, wind
turbines etc.), to select among different storage technologies (e.g., flywheels and several types of batteries), while also energy consumption values
(annual or monthly) for the systems can be imported. The building profile can also be defined here via selecting from a list of basic building types. In
addition, VERIFY provides the option of choosing an owner profile between standalone and prosumer, based on an important functionality offered by
the tool algorithms that gives the ability to perform also LCA at the community level considering community energy production from several systems
and related pricing schemes [92].

The next step is the creation of the thermal plan. This step requires the definition of the building specifications, including floor area characteristics,
internal climate preferences and new or existing thermal components, if any (Fig. A.2). After the building specifications are imported, detailed
technical features of the thermal components need to be filled, as Fig. A.2 depicts. Thermal components are divided into two general categories: i)
active thermal and ii) passive thermal components. The categorization distinguishes building equipment based on energy consumption and man-
agement in contrast to passive components, which do not need energy sources and are not able to be automatically controlled. The thermal com-
ponents that can be considered in the analysis are: a) for active components: heating (e.g. boilers, heat pumps), cooling and ventilation components
and b) for passive components: insulation, glazing and storage. Thermal plan is performed for current building state, planned building state and leads
to comparison between current and planned building state by filling the appropriate forms. Detailed information regarding the current and planned
scenario must be inserted in case of retrofitting process. For instance, active components e.g. boilers, require technical information like thermal rating
(kW), usage (%) etc., while passive components need specific input data regarding the construction materials, with focus on materials, surfaces and
dimensions, such as the type of material, thickness etc., as for example the frame material of glazing which can be selected among wood, PVC and
aluminum.
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Fig. Al. Electrical Plan Creation with VERIFY — Project Details and Electrical Systems Characteristics.
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Fig. A2. Thermal Plan Creation with VERIFY — Building Details & Thermal Component Properties.

The third step which refers to the creation and evaluation of an investment plan is optional and depends on user inputs pertaining to financial
factors (e.g. tax rates, WACC), loan details, land use, and acquisition parameters etc. The analysis aims to illustrate the case with optimal budget
allocation via comparisons and decision-making for the roll-out of investments primarily towards increased renewable energy penetration.

The last step of the project definition is the association of the several plans, i.e. electrical, thermal, and optionally investment to a specific
geographical location. Location-depended information such as weather data or primary energy factors are retrieved automatically from the database.
This aspect enables the reuse of plans definitions in other projects, which maybe is located in different areas.

Appendix B. INTEMA.building tool - brief description and verification

INTEMA.building is a detailed energy analysis tool that performs dynamic in-time simulations for the thermal behavior of the buildings coupled
with active energy systems (heat pump, boiler, PV, solar thermal, storage tanks, etc.). This tool is developed in the Dymola environment using the
Modelica modeling language and specific building-related component libraries, namely Buildings and BuildingSystems. In addition, the tool includes
two main developed component libraries named “Building Envelope Model” and “Energy Systems”; the first one includes mainly the structural
components of the building (e.g. wall, window, etc.), while the other includes mainly the active energy systems (e.g. heat pump, oil-boiler, etc.). An
important innovation of the present tool is the ability to simulate complex phenomena with an adjustable timestep, which can be up to 1 sec, while the
nominal simulation step is set to 1 min, for the specific study. High quality meteorological data are sourced from the PVGIS tool. INTEMA.building also
offers the capability to upload a BIM file (.ifc) from which it extracts building geometry. INTEMA.building is able to communicate with VERIFY in an
interactive way by exchanging data (time series/profiles of power, energy and temperature parameters) about the heating/cooling, electricity, fuel
demands profiles.

The INTEMA.building tool was verified with data provided by the European Standard EN15265 [87]. Twelve different scenarios (Case 1-Case 12),
the boundary and operating conditions are described in detail in the Standard, were used to determine the model accuracy in every case regarding the
estimation of the heating and cooling thermal loads. Table B1 summarizes the results of the comparison and the verification of the developed tool.
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Table B1

Summary of the verification procedure for INTEMA.building.
Cases Heating Cooling

Reference (kWh) Model (kWh) rQy Level of accuracy Reference (kWh) Model (kWh) Q¢ Level of accuracy

1 748.0 745.7 0.24 % A 233.8 235.2 0.14 % A
2 722.7 715.8 0.75 % A 200.5 204.4 0.42 % A
3 1368.5 1358.2 0.73 % A 43.0 32.0 0.78 % A
4 567.4 507.7 2.84 % A 1530.9 1348.5 8.69 % B
5 463.1 486.3 3.49 % A 201.7 208.3 0.99 % A
6 509.8 548.0 5.50 % B 185.1 191.9 0.98 % A
7 1067.4 1142.8 6.93 % B 19.5 12.4 0.66 % A
8 313.2 349.1 2.48 % A 1133.2 1141.3 0.56 % A
9 747.1 704.8 4.67 % A 158.3 139.2 211 % A
10 574.2 645.2 9.26 % B 192.4 179.9 1.63 % A
11 1395.1 1264.5 9.27 % B 14.1 21.0 0.49 % A
12 533.5 519.4 0.96 % A 928.3 817.3 7.59 % B

Below, the definitions of the relative errors, according to the standard, are given (subscript “ref” represents the corresponding values from the
Standard):

rQC _ QC - QC,rcff (Az)
er,ref

The heating (Qp), the cooling (Q¢), and the total load (Qtr = Qu + Qc) are used for quantifying and estimating the level of INTEMA.building
accuracy against the standard. The acceptable levels of accuracy, for every similar tool purpose, according to the EN15265, are provided below:

Level A: Relative errors (rQyg and rQ¢) lower than 5 %.
Level B: Relative errors (rQyg and rQc) lower than 10 %.
Level C: Relative errors (rQy and rQ¢) lower than 15 %.

According to the results of Table B1, it is obvious that all the cases present a level of accuracy equal to (A) or (B), something that indicates the
validity of the developed model. Specifically, the mean deviation for the cooling was calculated at 2.09 %, while for the heating at 3.93 %. Therefore,
the aforementioned results indicate that the INTEMA.building tool can estimate with high accuracy the heating and cooling thermal loads and it is a
reliable tool according to the provided data by EN15265.
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