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Abstract: Cost-effective energy saving in the building sector is a high priority in Europe; The European
Union has set ambitious targets for buildings” energy performance in order to convert old energy-
intensive ones into nearly zero energy buildings (nZEBs). This study focuses on the implementation
of a collective self-consumption nZEB concept in Mediterranean climate conditions, considering a
typical multi-family building (or apartment block) in the urban environment. The aggregated use of
PVs, geothermal and energy storage systems allow the self-production and self-consumption of
energy, in a way that the independence from fossil fuels and the reliability of the electricity grid are
enhanced. The proposed nZEB implementation scheme will be analyzed from techno-economical
perspective, presenting detailed calculations regarding the components dimensioning and costs-
giving emphasis on life cycle cost analysis (LCCA) indexes—as well as the energy transactions
between the building and the electricity grid. The main outcomes of this work are that the proposed
nZEB implementation is a sustainable solution for the Mediterranean area, whereas the incorporation
of electrical energy storage units—though beneficial for the reliability of the grid—calls for the
implementation of positive policies regarding the reduction of their payback period.

Keywords: nZEB; photovoltaics; geothermal energy system; energy storage units; energy
transactions; life cycle cost assessment; payback period

1. Introduction

Buildings in EU countries account for approximately 40% of the total primary energy
consumption and 36% of greenhouse emissions [1]. EU climate change objectives for 2020, such as a
20% increase of RES in gross final consumption of energy, 20% reduction of buildings primary energy
consumption and 20% reduction of greenhouse gas emissions compared to 1990 levels are key issues
nowadays, whereas new more ambitious targets were set in 2030 climate and energy framework [2].

In this context, the concept of highly efficient buildings has been perceived. Specifically, the term
“nearly Zero Energy Building” (nZEB) has been introduced, referring to a building of high energy
performance which takes advantage of various types of RES in order to service a significant number
of its total annual energy needs [3,4]. The nearly zero or very low amount of energy required can be
produced in site (under the net metering scheme) or in the near area (under the virtual net metering
scheme). Therefore, nZEBs are interconnected to the electricity distribution networks, using them as
a backup system for their power balance. Analytically, the excess electricity that is injected into the
grid (during low building energy consumption intervals) can be used during low energy production
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intervals. It is worth noting that the majority of residential buildings under the net metering scheme
receive almost 70% of the energy required to maintain power balance from the grid, in real time.
Indeed, by studying self-consumption ratio of southern European residential buildings (buildings
with PV installations under the net metering scheme) it is concluded that the mean self-consumption
ratio of such buildings ranges between 30 and 35%. Hence, nearly zero or very low energy
consumption should be studied in regard to energy transactions with the electricity networks [5].
Considering the energy consumption and production (where applicable) profiles of residential
buildings, it is generally accepted that demand side management techniques and energy storage
systems installation seem to be the most suitable smart-grid services in such applications. As far as
demand side management is concerned, demand and response techniques could provide flexibility
on electrical system operation either by reducing residential consumers’ electricity consumption
during electrical load peak periods, or by motivating buildings owners to modify their electrical
consumption profile according to RES availability [6-9]. Demand side management may be more
efficient when implemented at the level of final consumers” aggregators, which have direct control
on air conditioning, heat pump units and water heaters during periods of peak demand or peak RES
production. Building owners which provide demand side management services could be
remunerated either for their demand and response availability (following contracted time-based rates
and critical peak rebates) or for the procurement of the service (following variable peak pricing or
real-time pricing and time-of-use pricing).

Additionally, it is worth mentioning that unlike detached houses where the installation of small
RES systems (mainly PVs) is usually simple, in the case of apartment buildings the installation of
many small and independent PV systems is less efficient and calls for a much more complicated
design. Today, however, the implementation of nZEB concept in apartment buildings is facilitated
by the scheme of energy communities [10,11]. The aggregated use of RES from a group of self-
producers who are located in the same building or multi-apartment block allows the production of
clean energy at the level of a whole building and not an individual property.

nZEBs consist of low thermal transmittance building materials with high energy standards and
technical specifications, in order to increase the insulation levels of building envelope (walls, roof,
floor and windows), achieving so significant reduction on thermal losses. Furthermore, highly
efficient electromechanical installations for heating and cooling are employed in conjunction with
bioclimatic architecture rules and passive solar design techniques for natural cooling and ventilation.
Energy consumption defines the energy classification of each building to specific grades (i.e., A, B, C,
D, E, F or G). For the development and widespread of nZEB concept, EU Commission has published
the Directive 2010/31/EU which regards the residential and tertiary sectors (offices, public buildings
etc.). As for the targets determined for new buildings, this Directive imposes all new buildings to
become nZEBs by 31 December 2020, whereas the deadline for new buildings occupied and owned
by public authorities was 31 December 2018. Additionally, the European Directive states that the
upgrade of buildings energy performances should be pursued to the extent that this is technically,
economically and functionally feasible.

The main issues raised by nZEB concept are the achievement of nearly zero energy transactions
with the public grid on annual basis (and the certification of this condition), the type of energy used,
the accepted renewable energy supply options and requirements in terms of energy efficiency, the
indoor/outdoor climate conditions and the connection with the electricity grid [12]. State-of-the-art
strategies for nZEB technologies are synopsized in three main categories: passive energy-saving
technologies, energy-efficient building service systems and RES integration technologies. The
implementation of these interventions is reviewed in [13]. Renovating constructions are a part of the
building conversion into a nZEB, especially in old buildings, in order to attain high energy efficiency.
In [14] it is demonstrated that deep energy renovation of existing buildings (especially if it is
combined with the overall energy improvement of the building which also involves non-energy
related aspects) is one of the major opportunities to reduce energy consumption and to improve
internal comfort conditions for the residents. In a case study referred in Mediterranean climate
conditions it is mentioned that nZEB mainly depends on a synthesis of existing technologies and
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know-how of consolidated or traditional building principles [15]. Reference [16] provides a brief
overview of existing nZEBs in Mediterranean countries, by noting the main characteristics for
microclimatic design and energy conversion from RES systems. The main part of [16] focuses on an
existing single-family nZEB, which is equipped with various energy conversion systems from RES,
such as solar thermal collectors, PVs and GHEs, aerothermal and multi-split systems as well. EESUs
and thermal storage for DHW tank were also considered.

Many scientific papers perform the energy consumption analysis of the building sector. In [17]
the energy consumption, the technical and the environmental characteristics of residential buildings
in Mediterranean are presented, as well as their potential for energy saving, based on their actual
energy consumption profiles. The technical characteristics of residential buildings related to their
energy performance (thermal insulation, envelope specifications, heating and cooling energy system,
etc.), the actual energy use and the environmental factors related to energy consumption, are also
described. The authors of [18] have proposed a new methodology called BEA, in order to examine
the energy classification of buildings; various aspects of BEA such as, heating/cooling and electrical
load demand, energy consumption and CO: emissions were analyzed. In [19] the energy savings of
multi-family residential building thermal systems, such as hybrid biomass-solar ones, is examined.
The required measurements conducted taking into consideration parameters such as energy
consumption and CO: emissions reduction. In view of developing energy-efficient structures,
references [20,21] provide an overview of building design criteria that can reduce the thermal and
cooling load demand of residential buildings. These criteria are based on buildings orientation,
shape, envelope system, passive heating and cooling mechanisms, shading and glazing. These papers
investigate the optimal sustainable and energy-efficient building design options. Energy efficiency
measures and installation of RES technologies for buildings designed to become nZEBs are
investigated in [22], with the use of quasi-dynamic simulation tools and models. In [23] the principles
of integrated designed procedure and smart building technologies (along with energy efficiency
methodologies and innovative techniques) are presented, highlighting that the integration of smart
technologies requires a holistic approach that takes into account all aspects of sustainability from the
early design phases of the building, in order to take full advantage of the benefits of the process and
the opportunities that smart grids offer.

As for the installed RES technologies on buildings, there are many studies that propose various
combinations of RES systems considering the nZEB concept. Some of them focus on the
implementation of PVs and solar-thermal collectors as combined heat and power systems, in order
to cover both electrical and thermal load demand [24,25]. In [26], a comparison among the installation
of building-integrated PV/T air collectors and side-by-side PV modules and solar thermal collectors
is presented, whilst in [27] a BIPV/T has been used as the roof top of a building in order to increase
the electrical energy per unit area figure and to meet thermal demands. Additionally, BIPV systems
are noted as an interesting approach for newly built and refurbished residences, because they operate
as multifunctional building construction materials (they produce energy and serve as part of
buildings envelope) [28-32]. BIPVs are usually used as glazing and windows for transparent
openings; moreover, they can be used instead of ceramic tiles on the roofs of buildings. Furthermore,
BAPV in the form of fagade components can be used as curtain walls, or as shadings and balcony
barriers. Both types of building PV products do not require the existence of free building surfaces or
free land space for installation, compared to usual residential PV plants. In addition, from an
architectural perspective, the ability to add color to PV cells (with the addition of suitable coatings)
as well as to PV modules frames, reduces any optic nuisance, allowing the aesthetic integration of PV
technology into the shell of buildings [29-34]. Additionally, lightweight fibre reinforced composite
BIPV and BAPV modules are able to be curved (maintaining high mechanical strength) and thus
various surface finishes are possible [28].

In [35] the optimal integration of a CHP to provide district-level cooling, heating, and electrical
energy to a residential area and the potential for combination of the CHP with PV system has been
investigated. In this context, authors in [36] presented an innovative technological concept for energy
supply (electrical and thermal energy) consisting of CHP and WPP. This proposed combination is
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able to manage the energy demand in a small-scale area, like buildings. Finally, a combination of a
solar thermal and a cogeneration system for district heating with seasonal energy storage installed
on building-level is represented in [37].

In [38] a Swedish case study presents an analysis on how EAHPs and GSHPs in combination
with PV-systems affect the specific energy demand of buildings, considering the nZEB concept. In
more details, this energy production combination (enhanced with heat recovery ventilation) leads to
decreased specific energy demand. A hybrid system installation in Bahrain that consists of PVs, a
wind turbine and hydrogen fuel cells is analyzed in [39]. These building integrated RES are proved
to be efficient as well as of a significant environmental impact.

Considering that nZEBs usually operate under the net metering scheme, their design principles
are associated with the on-site production from RES and the self-consumption of locally generated
clean electricity. Self-consumption can be enhanced by installing ESUs-sized for the amounts of
produced energy. In [40] a PV system with two types of energy storage is analyzed, i.e., lead acid
batteries and water heat tank storage, where a part of the electricity produced by the PVs is stored as
heat. Comparing these two types of energy storage, the water heat tank is competitive to the ESS
when it comes to the level of self-consumption. On the other hand, lead-acid battery life is too short
in compared to battery investment cost, and therefore not considered to be profitable. Thus, more
suitable battery technologies should be incorporated in the nZEB concept, such as Li-ion batteries
which is the case in the present work. Another proposed energy system is presented in [41], using
hybrid ESS including both batteries and electric water heaters in residential nZEBs, in order to store
the PV energy production. The outcomes of this work highlight that the proposed hybrid PV ESS can
mitigate the issue of high load variation that is raised at the utility side by the communities with high
PV penetration levels. A thorough economic analysis for a residential building with the integration
of PVs and battery ESSs is presented in [42]. This work considers various tariff structures of the
electrical market, as well as various energy savings and CO: emissions reduction scenarios. The
reduction of CO: emissions per kWh produced from GSHP systems is investigated in [43,44].
Moreover, Lo Russo et al. [45] consider a very low-enthalpy geothermal plant, using GWHPs, in order
to evaluate the sustainability and the benefits of the concept under-study by means of greenhouse
gasses reduction. Additionally, in [46] a survey on various cases regarding the sustainable design of
buildings is presented, whereas the reduction of CO: levels in national and global scale is discussed.

As for the installation of geothermal energy systems on buildings, there are many case studies
that focus on the separate exploitation of this type of RES technology. References [47-49] present a
comprehensive review on the geothermal energy exploitation in buildings, taking into consideration
various restrictions that play a vital role in designing small- or large-scale systems, such as the length
and diameter of the GHE tube, the space between the GHEs and their technical specifications. In
addition, Niemela et al. [50] present a method for efficient heating of DHW by using a GHP; the water
is heated from the inlet temperature of cold water to the target DHW. This system balances the
thermal/cooling load demands of multi-family apartment buildings. Moreover, a case study of a
GHE, designed for extraction or injection of thermal energy from/into ground, has shown that the
double U-tube boreholes are superior to the ones of the single U-tube with reduced borehole
resistance [51].

In [52] an optimization model for a PV/ST and a GSHP system for office building is presented.
This model focuses on the optimal sizing of the PV/ST and the geothermal system, under the
restriction of limited available area and practical heating and cooling loads, without considering the
sizing of ESUs. Referring to the thermal load of nZEBs, the work in [53] compares two types of
thermal storage for a GHP system, i.e., exhaust air- and solar-thermal storage; the analysis has
highlighted the outperformance of the exhaust air-thermal storage option. In addition, a smart
renewable energy system is introduced in [54], consisting of solar PVs, an ASHP and an ESU, in order
to prove the significant decrease of the energy consumption for buildings and the accompanied
reduction on greenhouse emissions. A comparison between the proposed system and the traditional
energy supply system (electricity grid and natural gas) is also represented in this paper, where the
surplus energy can be either delivered to the electricity grid or to the ESU. The performance of hybrid
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solar thermal and geothermal energy systems is discussed in [55-61]. In these studies, energy is
supplied to the geothermal flow from wells in order to boost the power output. Next, Rad et al. [62]
discuss the viability of hybrid GSHP systems combining with solar thermal collectors as the
supplemental component in heating dominated buildings. This examination has shown that the
installation of solar TES in the ground can considerably reduce the GHE length. As for the TESs
design, a case study describes the installation of GSHPs fed by BHEs; in this framework, the
installation of UTES for high temperature heat storage has been proven to be successful [63]. In this
direction, it analyzes the operating performance of a PV/GHP system on a residential building that
maximizes the self-consumption of the energy production [64]. The experimental analysis is based
on real time data, regarding both the operation of the two systems and the interaction with the
electricity grid. Finally, the case study in [65] presents a combined CCHP, i.e., a PV and a GSHP
integrated system, which is designed for a large office.

As for the energy storage in smart grids, it emphasizes on the importance of the energy storage
for the effective management of energy demand and supply, by analyzing the various types of ESUs
(electrical, electrochemical, thermal, and mechanical ones) [66]. Also, in [67] the new types of energy
storage being integrated into the grid are addressed. In this context, the design of smart grids will
take advantage of the available storage capacity in dealing with more dynamic loads and sources.

Following the review on relevant scientific literature, we conclude that there are various
combinations of RES systems in order to cover electrical and thermal (heating and cooling) load
demands of nZEBs. As for ESUs, the existing installations incorporate either thermal or
electrochemical storage units. Also, in many studies, the exploitation of the electricity grid for net
metering application is presented. In conclusion, the outcomes of all these works regard the case of
individual buildings, whereas there is a gap in the literature for the case of multi-family buildings or
apartment blocks. Additionally, the main scope of the introduced RES and ESUs has been the
decrease of CO: emissions and the increase of self-consumption ratio of the locally installed RES, at
individual building/owner level. Therefore, the benefits of local installed RES and ESU units are
limited from electricity grid perspective, because it is not manageable to handle numerous small
systems at low voltage distribution level. In this context, it is worth noting that demand-response
services are easier to be applied to aggregated low voltage prosumers (by using price signals to
rearrange their consumption, production or storage services), than negotiating with numerus
individual owners of small RES and ESU units at “stand—alone” buildings. In this way, demand-
response can be a more credible and cost-effective solution for shifting energy demand (e.g., by
reducing peak consumption) and avoiding high load fluctuations at grid side. Additionally,
considering that more than half of buildings energy consumption corresponds to the heating and
cooling needs (in order to achieve acceptable internal comfort conditions), it is concluded that a great
share of demand-response lies in thermal appliances.

As for the LCCA of those installations, there are many case studies in the specific literature.
Among them, in [68] the basic methodology of LCCA is presented, emphasizing on the analysis of
the present value of system components, in order to calculate the total cost of ownership over its life
time, including the costs to purchase, install, operate and maintain. In [69] a life cycle analysis of
various renovation scenarios for multi-family buildings in Portugal is presented, by focusing on the
goals of the nZEB and ZEB design process and on the contribution of solar systems, such as solar
thermal collectors and PVs. According to [70], the LCCA is proposed for a PV and battery energy
system in a residential building in India, by using analytical expressions for the payback period
calculation. Also, Marszal andHeiselberg [71] use the LCCA method and considers a multi-family
nZEB to indicate that in order to build a cost-effective nZEB, the energy use should be reduced to a
small amount which should be covered by renewable energy generation. The work in [72] presents a
comparison of the LCC of five alternative heating systems, namely GDHS, natural gas-fired boilers,
pellet-fired boilers, GCHP and coal-fired boiler technologies, in four climate zones in Turkey. In
addition, life cycle cost calculations for geothermal energy systems are presented in [73,74]. In case
of battery ESSs, the LCCA method is used in [75-78].
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The present paper focuses on the implementation of a collective self-consumption nZEB concept
for multi-family building of B-energy class certification (which is imposed by the relevant legislation),
that uses RES and ESUs [10]; the area of interest in this work is the Mediterranean, due to its excellent
RES potential, its mild temperature conditions, and the relatively poor energy performance of its
building sector (characterized by old buildings of high thermal losses and limited use of state of the
art HVAC systems) [2—4]. The term collective self-consumption is used to describe a group of jointly
acting renewables self-consumers who are located in the same building or multi-apartment block
[10,11]. The joint use of RES technologies in conjunction with the installation of electrochemical and
thermal ESUs, strengthens the scheme of energy communities; in terms of electricity grid operation,
the installed energy storage not only increases the self-consumption ratio of the on-site installed RES
(increasing the economic benefits of the users of the buildings) but it also relaxes load flow congestion
and manages the evening peaks of electricity demand. These aspects are crucial for the secure
operation of the electrical grids and will become more intensely as the electricity generation shifts
from the centralized generation model to the distributed intermittent RES generation concept [5]. In
this context, the adopted net metering schemes around Europe permit the residents of a multi-family
building to establish an energy community and install a common PV system in order to serve their
total annual electricity needs. The supplier offsets the energy bill by virtually sharing the production
of the PV plant according to the rates given by the jointly acting renewables self-consumers. The
design principles of this concept and its application are described in the following sections.

Last but not least, the estimation of the life cycle cost of the investment by using the LCCA
method (for the proposed collective self-consumption nZEB scheme) is also performed, in order to
evaluate its sustainability and describe the necessary incentives for its successful application.

2. Materials and Methods

2.1. Description of Collective Self-Consumption nZEB under Study

For the purposes of this study, a hypothetical multi-family building in the city of Athens (B
climate zone area according to the National Regulation [79], which is characterized by mild
temperatures during winter and dry weather conditions during summer period), with three floors
and two dwellings per floor, is considered as the case study building. This type of building stock is
common in many small and medium-sized cities in European Mediterranean countries. The
Commission Recommendation 2016/1318/EU (as regards the application of the nZEB definition in
practice) benchmarks for the energy performance of nZEBs the bespoken targets; those targets are
mandatory for the new buildings in EU. Indicatively, for new households in Mediterranean area, the
annual primary energy consumption ranges between 0-15 kWhprimary/m?, according to [80]. However,
for the purpose of this work, each dwelling is classified in B energy class (supposing that all necessary
renovation measures have been already applied). In this regard, it is worth noting that at national
level in Greece 65% of dwellings are classified in energy classes E-H, 32% in C-D and only 3% in A—
B. Additionally, the national plan for Greece requires the energy improvement of refurbished
buildings to B-class before their nZEB transformation. Therefore, in order to convert them into nZEBs,
it is necessary first to reduce their energy demand by using energy efficient materials (such as low
emission glazing for transparent openings and thermal envelope materials with appropriate U-Value
for the insulation of roof, floor, thermal bridges and external walls) and upgrading the
electromechanical equipment to the minimum energy efficiency standards, and afterwards to utilize
RES to meet the extremely low energy demand. Although the upgrade of buildings thermal
insulation is a key issue on their energy performance, as it has been thoroughly discussed in the
scientific literature [81,82], the present work focuses on the effective energy supply of nZEBs
(employing GHPs and PVs) and the optimal integration of EESUs. Any further discussion regarding
renovation measures for enhancing the thermal insulation level of buildings envelope is out of the
scope of this paper.

Last but not least, according to the Hellenic Statistic Authority [83], the average annual primary
energy consumption in Greek households that belong to B energy class is roughly 98 kWhprimary/m?
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[78]. Thus, this primary energy consumption value was selected for, in order to formulate the energy
consumption profiles of the building under study. The term “Primary Energy” refers to the energy
production from RES and non-RES which has not undergone any conversion or transformation
process and it is calculated by using the primary energy factors shown in Table 1 [3,4].

Table 1. Primary energy factors.

Energy Source Primary Energy Factor Emissions kg CO:/kWh

Natural Gas 1.05 0.196

Heating Diesel 1.1 0.264

Electric Energy 29 0.989

LPG 1.05 0.238
Biomass 1 -

District heating by thermal stations 0.7 0.347
District heating by RES 0.5 -

As it will be further analyzed below, the present study focuses on the implementation of a
collective self-consumption nZEB concept by exploiting PVs and geothermal energy systems on a
multi-family residential building. The featured nZEB concept is based on the high energy
productivity of PV systems in Mediterranean countries [84]. Additionally, a central geothermal
energy system has been selected to serve both heating and cooling needs of the multi-family
residential building, due to the technological maturity of these systems as well as their high efficiency
[85]. In this case study, the calculation of the energy consumption of the rest appliances is also taken
into consideration, i.e., the electrical consumption of the building before the installation of GHPs. As
for the rest electrical appliances, it is mentioned that they account for approximately 20-25% of the
annual energy consumption [86]. For this reason, this energy consumption component should not be
disregarded from the rest analysis. The total area of each dwelling is considered to be 150 m2. Having
in mind that the ceiling height is roughly 3.2 m, the total heated and cooled volume of the building
is equal to 2880 m?. Moreover, the building is south-east oriented, and it is located in an urban area.

As an alternative solution, solar thermal panels could be installed instead of the geothermal
energy system. Although solar thermal panels could reduce the required size of GHPs, for the sake
of simplicity this scenario is not examined. Hence, in this paper a case study of a shallow geothermal
energy system has been selected. It consists of GHEs in vertical layout, in order to occupy as less
installation space as possible. The underground thermal energy is supplied to the building by using
highly efficient GSHPs. Moreover, ESUs (electrical and thermal) are used to enhance nZEB
performance. The schematic diagram of the proposed flexible nZEB system is presented in Figure 1.
Additionally, the same figure illustrates the electrical energy transactions between the building
under-study, the locally installed PV system and the electrical distribution network (along with the
energy transactions with the EESU), as well as the thermal transactions between the building and the
geothermal energy system.

The proposed combination of RES technologies comes up with certain restrictions for the
necessary energy storage capacity (electrical and thermal), in order to avoid oversized systems and
high initial investment costs that affect the pay-back period. The design aspects regarding the
reduction of energy transactions with the electricity grid and the associated electrical/thermal energy
storage capacity are discussed. Also, the optimal sizing of the ESUs manages to control demand-
response and peak shavings. In order to achieve that, this study presents the calculations of the
electrical PV production and consumption of the building for a 10-years period. This time period
analysis is used for the following reasons: Firstly, the aim of this paper is the long-term design of the
building energy system, taking into consideration the average life cycle of the ESU unit. Also, this
time period analysis is quite enough for the reliable definition of the load demand and the excess
energy or the energy losses on a monthly and on a yearly basis. Although (according to the nZEB
concept) the energy transactions at the end of each year must be low, this is not a representative
period of analysis, due to the weather conditions and especially the solar irradiation variations. Thus,
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the 10-years period enables the consideration of those variations on climatic conditions; apparently,
by the end of the 10-years period the energy transactions must be low enough in order to meet the
nZEB concept requirements. As for the economic parameters, the 10-year time frame is a usual pay-
back period time for such investments. As regards the EESUs, their costs are a major part of this
investment; hence their sizing should be carefully designed in order to come up with an acceptable
payback period. In this study, the EESU is sized by means of an optimization process that takes into
account the energy transactions among the nZEB and the electricity grid.
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Figure 1. Schematic diagram of the proposed nZEB concept.

In next sections, the sizing of the collective self-consumption nZEB concept will be analyzed in
detail. First, the energy consumption of the building is calculated on a yearly and a monthly basis.
This is the fundamental step for the design of the PV unit and the geothermal system, as well as for
the estimation of the energy transactions with the electricity grid. According to the previous section,
the sizing of the ESUs should aim at minimizing those energy transactions. Finally, calculations on
the LCCA of the proposed energy system, with and without using EESUs, are presented in Section 3.

In order to make the proposed case study more comprehensive, the flow diagram in Figure 2
describes the steps, the methods used and the aim of each step.
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Figure 2. Flow diagram of the methodology and steps of this paper.

2.2. Definition of the Energy Consumption Profiles

As referred in the previous section, the average annual primary energy consumption in Greek
households that are classified at B energy class is roughly 98 kWhprimary/m? [79,83]. In more details,
the average annual thermal consumption, in terms of heating, of the aforementioned Greek
households is 5244 kWhwmh and the average annual electrical consumption is 2400 kWhe. In order to
achieve the appropriate comfort indoor conditions during summer period, it is assumed that the need
for cooling energy in each household is 2000 kWhie which is covered by GHPs. Hence, the
distribution of heating and cooling load demands can be calculated on a monthly basis, during winter
and summer period, as it is shown in Figure 2.
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According to Table 1, those amounts of energy consumption are equal to 5506 kWhihh-primary, 6960
kWhe primary and 2100 kWhihc- primary, which leads to 14,566 kWhprimary in total. This amount of energy
consumption (calculated for the proposed building) is in line with the previously noted average total
primary energy consumption per dwelling for the B energy class. Additionally, these energy needs
must be covered by the utilization of GHPs and PVs in order to transform the building into a nZEB
one. Next, the three types of energy load demand (heating, cooling and pure electric) of the building
under study will be allocated on a monthly basis.

2.2.1. Thermal Energy Consumption (for Heating) Calculation

The definition of the thermal-heating load demand of the multi-family building is based on the
average annual thermal consumption (for heating needs) that each dwelling has. Thus, according to
the previous subsection, the total thermal energy load of the building is 31,464 kWhun. This will be
covered by the geothermal energy system; its annual operating hours (in order to cover the thermal
energy demand for heating) regard the winter period and in general the cold days of the year. Those
are estimated to 1700 h per year. This can be assumed by taking into consideration the mild weather
conditions in Mediterranean climates during spring and autumn periods. Upon this parameter, the
average annual heating load is 18.5 kWinn.

2.2.2. Thermal Energy Consumption (for Cooling) Calculation

As for the cooling load demand, this is similarly calculated to the heating one. Starting from the
cooling load of each dwelling, the total need for cooling energy is 12,000 kWhin.. This amount of
energy demand refers to the summer period and it is covered by using the same GHP (it performs
both heating and cooling operation). The number of cooling operating hours is estimated to 990 h per
year. So, the average annual cooling load is 12.13 kWin..

2.2.3. Electrical Energy Consumption Calculation

The total electrical energy load is the sum of the pure electrical energy consumption of building
electrical appliances and the electrical energy that heat pumps absorb during their operation, as it
will be shown in the following sections. The second component of the electrical energy consumption
can be calculated indirectly through the aforementioned heating and cooling loads and the efficiency
of the heat pumps for those operational modes (heating and cooling). The average annual pure
electrical energy consumption of the multi-family residential building is 14,400 kWh.. Assuming a
24-h operation, the average annual electrical load of the building is 1.64 kWe. Note that the total
electrical energy consumption should be covered by the PV system. Having in mind the contracted
electrical power capacity per dwelling, each dwelling may consume up to a maximum of 12 kWe.
Thus, according to the standardization of the Hellenic Electricity Distribution Network Operator S.A.
(HEDNO S.A.), the contracted power capacity of the building is 85 kVA.

2.3. Geothermal Energy System Design

The shallow geothermal energy system is installed in the uncovered ground area of the land that
the building is situated. According to Figure 1, the geothermal system is installed in a vertical layout
and it consists of a GHP, the necessary GHEs, an insulated TES, a separate heat pump that
charges/discharges the TES unit (HPSU) and the distribution network that transfers heat in the building.

GHPs perform heating and cooling operation and they must be able to cover the maximum
thermal and cooling load demands. For the case under study, the total operating hours for the GHP
are 2690 h per year in order to serve the average annual thermal (heating and cooling) energy
demand. A significant parameter in the selection of the GHP is the COP, which is the ratio between
the useful thermal energy and the absorbed electrical energy during its operation [87]. COP factor
differs for heating and cooling operation. During cooling operation this factor is referred as EER,
though it has the same meaning with COP factor. Hence, depending on the total operating hours, the
COP and the EER factors determine the necessary electrical energy consumption of the heat pump.
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The technical data of the GHP and HPSU heat pumps, for the specific building, are shown in Table
2. It is noted that those are actual data from commercial heat pumps.

Table 2. Geothermal energy system technical data.

GHP Technical Data HPSU Technical Data

Heating capacity (kWnh) 22.26 71.8
Cooling capacity (kWin,) 249 50.5
cop 3.13 5.04
EER 4.4 3.46

Another important issue is the sizing of the TES unit, as it has to cover thermal energy demands
deviations from the average annual value. The sizing of the TES is based on the estimation of the
number of continuous hours per year that heating or cooling load demand is at its maximum value.
Hence, considering a maximum of 12 h continuous maximum thermal load demand, a commercial
TES unit of 40 m? volume has been selected (assuming a conservative capacity factor of 15 kWh/m? in
case of water-tanks). This proposed heat volume is appropriate for underground installation, without
calling for a lot of excavation work. Thus, GHP supplies the TES unit with thermal energy during
low thermal load conditions, whereas the reverse thermal energy flow takes place during high
thermal load conditions.

As a result, the electrical energy consumption of the building is higher due to heat pumps
operation, comparing to the electrical energy consumption without using heat pumps (pure electrical
energy), as shown in Figure 3. More specifically, taking into consideration the technical characteristics
in Table 2, the total annual electrical energy that both pumps consume is calculated to be 18,668 kWhe.
Thus, the total annual electrical energy consumption becomes 33,068 kWhe. The allocation of building
energy consumption on a monthly basis (due to heat pumps operation) is illustrated in Figure 3 for
a typical year. In more detail, this figure depicts the allocation of the thermal energy consumption of
the building broken down by operation mode (cooling-kWh.and heating-kWhun), as well as the
monthly total (including the electrical consumption of the heat pumps), kWheotal, and the initial (prior
to nZEB transformation) electrical consumption of the building, kWhe.
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Figure 3. Allocation of the monthly energy consumption of the building for a typical year.

2.4. PV System Design
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The sizing of the PV system is based on the total electrical energy consumption of the building, i.e.,
the electrical energy consumption of 33,068 kWhe according to Section 2.4. Considering the orientation
of the building, the available meteorological data of the site, as well as the spatial planning restrictions,
the proposed PV system nominal power is 21 kWp, and it is composed by three strings of 24 mainstream
PV modules in series (considering PV panels of 295 Wp). The PV panels are installed on the rooftop of
the building in tilt angle close to the latitude optimum inclination of 30° facing south.

It is noted that the relative production index for free standing-PV systems composed by
crystalline silicon modules (placed in optimum tilt angle facing south) in the area of Athens, is
roughly 1575 kWh./kWp. Additionally, the average monthly value of the capacity utilization index
for PV systems in Greece is 17.73%, whereas the minimum and maximum recorded monthly values
are 9.1% and 24.1% respectively. The minimum and maximum capacity utilization index values are
recorded every year in July or August and in December or January respectively, highlighting the
seasonal variation of PV electricity generation [85]. It is worth mentioning that the capacity utilization
index is defined as the ratio of the final AC energy output (kWh) of a PV system over a specific period,
to the AC rating (kW) of the plant, for the same time period, under STC.

The allocation of the monthly energy consumption presented in Figure 3 is the average energy
consumption per month for a 10-years period (according to available climate data for the area of
Athens). Indicatively, Figure 4 shows the monthly variation of solar irradiation, compared to the 10
years corresponding average value [88]. Similarly, Figure 5 shows the monthly variation of
temperature; those data corroborate the proposed 10-years period of analysis, in order to take into
account any climatic conditions deviations [88].
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Figure 4. Monthly variation of solar irradiation for 10-years period (actual data for Athens area) [88].
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Figure 5. Monthly variation of temperature for 10-years period (actual data for Athens area) [88].

In order to calculate the PV energy production evolution over the period of analysis, the same
climate data for the area of Athens are considered. In Figure 6, the 10-years period average energy
production of the PV system per month in contrast to the monthly energy consumption of the

building is presented.
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Figure 6. Total electrical energy consumption and average monthly PV production.

As it is referred in Section 2.3, the electrical energy consumption of the building is higher due to
the heat pumps operation. This is confirmed by Figure 6, comparing the electrical load of the building
(referring strictly to building electrical appliances—pure electric energy) with the total electrical
energy consumption during the heating/cooling operation of the heat pumps. Also, Figure 6 denotes
the deviations between PV generation and load electrical demand on a monthly basis; during high



Energies 2020, 13, 1032 14 of 29

electrical energy consumption intervals, the excessive energy needed is supplied by the electricity
grid. The reverse electrical energy flow takes place during low load intervals, where the excessive PV
energy production is supplied to the grid or to the EESU (as it is analyzed in Section 2.5), in order to
balance the energy transactions between the building system and the electricity grid. In this context,
it is noted that under the net-metering scheme the prosumers are allowed to inject the excessive
amount of the produced PV electricity into the grid and use it at a later time to offset their
consumption (when their renewable generation is absent or not sufficient).

In any case, according to the above-mentioned data, by the end of the 10-years period the total
electric energy supply by the grid is estimated to be 924 kWhe, considering there is not any EESU
installed. This amount of energy accounts for the 0.279% of the energy consumption of the building
in the 10-years period. Having that in mind, the proposed residential building is characterized as a
nZEB, indeed.

2.5. Sizing of the Electrical Energy Storage Unit

In the previous section, the amount of energy transactions considering the collective self-
consumption nZEB concept without using EESUs was defined. In this section, the use of EESUs is
presented, in order to reduce the energy transactions between the building and the electricity grid.

The EESU sizing is based on the energy fluctuations limitation (among the nZEB and the grid)
per month. In this context, Figure 7 shows the energy exchanges per month (10-years window) for
the EESU, as well as the energy transactions reduction (and the corresponding storage capacity). The
maximum permitted monthly fluctuation in the EESU, AEstorge.mont, is set in the following scenarios,
i.e., 100, = 250, + 400, + 500, + 750, + 1000 and + 2000 kWhe..

The amount of energy that can be stored in the EESU depends on its acceptable maximum
(SOCimax) and minimum (SOCuin) state of charge values. In this paper, it is assumed that SOCuin is 10%
of the peak-to-peak stored energy fluctuation (A Epea-topeat). Thus, the required storage capacity, Cstorage,
can be expressed as:

Cstumge = SOChin + AEpeukfto—peak (1)

During the EESU charging mode, the electrical energy is considered positive and vice versa.
Table 3 shows the required storage capacity of each scenario, according to Equation (1) and the energy
flows shown in Figure 7.

Table 3. Calculated electrical storage capacity for each scenario.

Maximum Permitted EESU
Cstorage (kWh) Energy Fluctuations Per
Month (kWhe/Month)
1040 +100
2264 + 250
3377 +400
4342 + 500
5988 +750
7400 + 1000
13,080 + 2000

The importance of sizing EESUs for the proposed collective self-consumption nZEB concept is
related to the energy transactions with the electricity grid. This interrelation is presented in Figure 7;
the more storage capacity is used (black line), the less energy transactions appear (red line). Of course,
in case that not any EESU is used, the energy transactions with the grid are equal to the balance
between the PV energy production and the energy consumption of the building. On the other hand,
in case of 2000 kWhe per month permitted storage energy fluctuations, the energy transactions
between the nZEB and the grid are mitigated. However, according to Table 3, this calls for unrealistic
EESU capacities for building applications. Another deterrent for such an EESU scenario is its high
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cost and the danger for the residents and the building itself in case of damage. The economic analysis
of the proposed system with and without an EESU is presented in the following sections.
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Figure 7. Monthly energy fluctuations in the EESU and energy transactions with the electricity grid
for each scenario of EESU maximum permitted storage energy fluctuations. Maximum Permitted
EESU Energy Fluctuations Per Month (kWhe/month: a) 0, b) 100, c) 250, d) +400, e) +500, f) +750, g)
+1000, h) +2000.

Although all nZEBs do not present the same profile and size of power transactions with the
electricity grid, their PV production is maximized at the same time interval (i.e., during midday).
Having in mind the energy flows showed in Figure 7 (with and without EESUs) and considering a
high penetration level of residential PV systems, it is concluded that various hazardous operating
conditions (such as voltage rise, fault tripping and poor coordination of grid protection devices) could
be emerged for the electricity grid [89]. Bearing in mind the above issues, the importance of EESU
installation in nZEBs is highlighted —as a measure to secure electric grid operation.

2.6. Optimal EESU Sizing

In this section, an optimization sizing methodology for the EESU is proposed.

The optimal selection of the required storage capacity is based on the analysis presented in Section
2.5. In this context, the optimal storage capacity can be calculated using the following cost function:
+ |AEgrid,month - AEgrid,munth,ref

|| AE

grid, month,ref

E(K) - |Csmmge - Csiomge,ref

| )
storage, ref

where Cstorage corresponds to the storage capacity of the EESU in kWhe, derived by Equation (1),
AEgriamontn is the absolute value of the maximum energy transaction between the building and the
electricity grid during the 10-years period, in kWhe. Cstorage,ref and A Egria,monthref, are the reference values

(weighting factors).
Also, the normalized variable K is defined by Equation (3):
AE
K _ 'storage, month 3
JE ®)

'storage, month, ref

where AEstoragemonth represents the maximum energy amount that can be stored in the EESU or it can
be supplied to the building by the EESU, in kWhe. In Equation (3), AEstoragemonth,ref is arbitrary selected
to be 250 kWhe, and so variable K becomes an integer number which ranges between 0 and 8 (in
regard to the scenarios discussed in Section 2.5).

In order to find the optimal storage capacity, the cost function must be minimized; according to
the procedure described above, this means that the optimal EESU capacity is based on the energy
transactions between the building and the electricity grid. Thus, in Table 4, the results of the
optimization process regarding the EESU sizing is presented. Also, the reduction of the energy
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transactions for the optimum capacity of the EESU normalized in terms of building energy
consumption (considering the nZEB concept), is illustrated in Figure 8.
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Figure 8. Interrelation between the energy transactions reduction and the optimum storage capacity.

Table 4. Optimization of electrical energy storage unit.

Cstorage AEgiamonts (kWh) Reduction of Energy Optimum Storage Capacity Normalized in
(kWh) ' Transactions (%) Terms of Building Energy Consumption (%)
0 2389 0 0

1040 2289 4.19 0.31

2264 2184 8.58 0.68

3377 1989 16.75 1.02

4342 1889 20.93 1.31

5988 1639 31.40 1.81

7400 1389 41.86 2.23
13,080 389 83.73 3.95

As shown in Figure 8, this study comes up to the conclusion that energy transactions between
the building and the electricity grid reduce to a significant extent as the storage capacity increases
(peak shavings). Moreover, it is estimated that the optimum EESU capacity is only a small ratio of
the total energy consumption of the building during this 10-years period of analysis. The area below
the red line shows that values from 0% to 0.68% refer to the practical application area, as higher
energy storage values are not applicable at building level. Apparently, the increase of the EESU
capacity enhances the independence from the electricity grid; however, as it will be discussed next,
the investment cost is about to be extremely high. Last but not least, the results in Figure 8 highlight
the effectiveness of the proposed collective self-consumption nZEB concept for multi-family
buildings, as considerable EESU capacities can be exploited, reducing notably the energy transactions
with the distribution grid.
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3. Techno-Economic Analysis and Discussions

3.1. The LCCA Method

After the technical analysis of the energy system, in this section the cost-effectiveness of the
proposed collective self-consumption nZEB is analyzed and discussed. As already noted, another
important issue of this work is to calculate the total cost of the proposed investment, in order to
estimate the payback period. The cost-effectiveness of the investment is the result of the LCCA
method, by using the mathematical calculation procedure that will be fully analyzed in next sections.
For the sake of calculations, LCCA is conducted for 25 years instead of 10 years. The option of the 25
years period analysis is related to the life cycle of the PV system.

In order to calculate the total life cycle cost of the abovementioned RES and EESU technologies
combination, some economic and time parameters will be used, as presented in Table 5.

Table 5. Economic and time parameters for the calculation method of LCCA.

Economic Parameters

Discount rate, d 0.25%, 0% (*)
Inflation rate, g 0.30%
Borrowing rate, i 0%
Down payment, D 0%
Escalation of energy costs, e 0.50%
Time Parameters
Period of analysis, N 25 years
Borrowing period, Na 10 years, 0 years (*)

(*) Values that correspond to the LCCA of the initial building

The LCCA method calculates the total life cycle cost of the system, considering any future costs
that are reduced to their present value (PV). In general, the reduction to present value of any
investment, considering its increase due to the parameter of the inflation rate, is calculated as:

PV = Xx L x1-1+—gN = X x PVE(d, ¢ N) 4
d-g 1+d & )

The purpose of the LCCA method used in this paper is to calculate:

(a) the Initial Cost (IC) of the investment, and
(b) the payback period of the proposed investment.

The total present value of the proposed investment (PVror), is calculated by using Equation (5):
PVior =PV + PV, oo + PVigp + PViyr -t X PV - PV - PV, 5)
The parameters of Equation (4) will be described in next paragraphs, by giving their
mathematical expressions:

(i) Present value of the total system costs (PVsys)
PV, =DxIC+PV,,, (6)

PVwoan is expressed by Equation (7):

PVE(d,0,N )

PV, =(1- D)% IC x ,
roan PVF(i,0,N,)

Na>=N (7)

(i) Present value of annual interest (PVinr)

PV, =(1- D)xICx{PVF(d,i,NI){i ! } PVP(d’O’NI)} )

" PVFE(,0,N,)| PVF(4,0,N,)
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where: N, =min(N,,N)and D =0 (zero down payment is considered).

(iii) Present value of the funding of the investment (PVirc)

I
PV =—— 9
e=Th ©)
(iv) Present value of operation and maintenance costs (PViisc)
PV,;sc =OMxPVF(d, g,N) (10)

OM costs are repetitive costs during the analysis period and can be calculated by using Equation
(10):
(v) Present value of the energy cost that is supplied by the grid-according to the net metering
scheme (PVEner)

PV, =ExPVE(de N a1

(vi) Present value of the replacement costs (PVkrer)
In many cases it may be necessary to replace some of the subsystems. The present value of the
replacement cost is calculated by using Equation (12):

Nk
R &(1+g)+

PV =237 178 (12)
REP (1+g) (1+dj

k=1
(vii) Present value of the remaining value at the end of the life cycle (PVsv)

The PVsv calculation is related to the life cycle of the system. Given that PVsv is difficult to be
estimated, it is a common practice to extend the period of analysis up to the expected life period of
the system. This is the reason for the LCCA extension to 25-years period, and so PVsvbecomes:

PV, =0 (13)

In next subsections, the LCCA of the building energy consumption and the proposed energy
system is presented, according to the LCCA method analyzed above.

3.2. LCCA of the Proposed Energy System

In this section the results of the LCC calculations are presented. First, the total LCC of the
building energy consumption before the installation of the proposed energy system is described.
Then, the total LCC of the PV, the geothermal system and the EESU will be calculated.

3.2.1. LCCA of the Building Energy Consumption

As referred above, the annual electrical and thermal energy consumption is 26,400 kWhe/y and
31,464 kWnu, respectively. Before the installation of the proposed energy system, the total energy
consumption was covered by using the electricity grid and a diesel-boiler plant. According to the
current rate prices of the electric energy and the diesel oil for heating purposes in Greece [90,91], the
total annual costs of each consumption are 6391€ and 2260€, respectively. The rest costs of the
building, according to the LCCA method, as well as some practical commercial data, are regarded as:

Initial Cost = 0€

Annual operation and maintenance costs = 700€

Replacement costs = 1500€ (i.e., replacement of the diesel boiler plant, r = 1)

Total energy cost = 8651€

Residual value at the end of the life cycle = 0€

Rate of subsidy = 0%

Thus, using Equations (5)—(13), as well as the data in Table 5, the total LCC of the building energy
consumption is roughly 263k€. This total cost is essential in order to estimate the payback period and
the energy and cost savings achieved by the proposed transformation to nZEB.
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Next, the LCCA method is used for the proposed energy system, considering the net metering
scheme; after the estimation of the total Initial Cost of the investment and the calculation of the total
LCC of the system (LCCrorat), the rate of the required subsidy is calculated, in order to make the
whole investment sustainable.

3.2.2. LCCA of the PV System

As described in Section 2.4, the PV system is of 21 kWp nominal power in order to cover the
33,068 kWhe of electrical consumption. According to the LCCA method, as well as some practical
commercial data, the costs of the PV system are estimated further down:

PV system cost = 21,600€

Annual operation and maintenance costs = 500 €/y

Other costs (insurance etc.) = 1200 €/y

Installation and interconnection costs (according to the Hellenic Electricity Distribution
Network Operator) = 500€

Thus, the total Initial Cost of the PV system is roughly 22,100€. So, using Equation (5) and the
data in Table 5, the total LCC of the PV system becomes 97,197€. Also, according to the LCC of the
building energy consumption, the annual energy savings due to the PV energy production are equal
to 6391 €y.

3.2.3. LCCA of the Geothermal Energy System

The geothermal energy system has been designed to cover the 31,464 kWhw of thermal energy
consumption. According to the LCC method, as well as some practical commercial data, the costs of
the geothermal energy system are:

Initial Cost (construction costs of vertical loop system for 6 dwellings of 150 m?) = 60,000€

Annual operation and maintenance costs = 4000 €/y

Replacement costs (one replacement of the heat pump unit) = 4500 €/y

Thus, the total LCC of the geothermal energy system is roughly 239 k€. Also, in comparison with
the LCC of the building energy consumption, the annual energy savings due to the thermal
production from the geothermal energy system are 2260 €/y.

3.2.4. LCCA of the TES Unit

As referred in Section 2.3, the TES unit is a 40 m? volume underground cylindrical water tank.
The various costs of the TES system (according to some practical commercial data) are presented
further down:

Tank cost (0.8€/1t) = 32,000€

Total Excavation costs (6 €/m?3) = 240€

Annual operation and maintenance costs = 640 €/y

Hence, the total Initial Cost of the TES is 32,240€, and the total LCC is 66,645€.

3.2.5. LCCA of the EESU

The EESU consists of a Li-ion battery bank. As discussed in Section 2.5, this study considers a
number of alternative EESU capacity scenarios, in order to minimize the energy transactions between
the building and the electricity grid on a monthly, yearly and 10-years basis. Thus, LCC is proceeded
for all storage capacity scenarios and the LCCrorar calculations of the whole investment are
summarized in Table 6.

Several organizations have performed market analysis on Li-ion batteries (which is the selected
EESU for our case too), providing forecasts regarding their price evolution over the next decades on
the basis of some techno-economical hypotheses [92-95]. However, in the present work the
considered future price formation of Li-ion batteries lies on the study of Bloomberg New Energy
Finance Organization [91], due to the fact that these forecasts are the main scenario for the relevant
market players. Thus, the present cost of Li-ion batteries is considered to be 162.5 €/kWh [92]. It is
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noted that at the 13th year (i.e., the year 2033) of the analysis period the EESU is going to be replaced.
However, the cost of Li-ion batteries by this year is foreseen to be reduced to 74 €/kWh [92]. The
various costs of the EESU system (taking into account some practical commercial data) are presented
further down:

Annual operation and maintenance costs = 2% of the Initial Cost

Other costs (insurance etc.) = 1650 €/y

Cost of inverter unit = 150 €/kW

Cost of EESU activation = 150€

Cost for connection with the electricity grid = 300€.

In order to calculate the total LCC of the proposed investment, the regime of the net metering
concept is also considered. According to the requirements of the Greek Net Metering scheme,
prosumers avoid all charges (such as competitive charges, transmission and distribution grid
charges, CO: emissions fees) for the electricity that they self-produce and consume simultaneously
(self-utilization), with the sole exception of the social services fees. The excess energy (which is
injected into the grid) is compensated with consumed energy; however, only competitive charges are
subject to compensation.

As referred in Section 3.2.1, the LCC of the investment is calculated considering both self-
consumed and injected PV electric energy. According to the household bills released by the HEDNO,
the competitive charges for the electricity procurement are 0.04364 €/kWhe. On the other hand, the
surplus energy injected to the electricity grid is not credited.

The total amount of the excessive PV electricity which is injected into the grid and can be used
at a later time on the 25-year basis, as well as the total cost that must be paid for this amount of PV
energy, are presented in Table 7. Hereinafter and for the purposes of this study, the not directly
consumed PV energy is referred as “absorbed energy”.

Table 6. LCCA of the whole investment for each scenario of EESU capacity.

Cstorage  LCCrotar  Total Initial Cost Funding for the Investment RIz;::i:): d

(wh) © © © Subsidy (%)
0 289k€ 114ke€ 26k€ 23.31
100 376k€ 146k€ 113k€ 77.60
250 424ke 170k€ 160k€ 94.44
400 447k€ 194k€ 184ke 94.50
500 503ke 211ke 240ke 113.83
750 582k€ 251k€ 319k€ 127.01
1000 662k€ 292k€ 398ke€ 136.5
2000 979k€ 454k€ 716k€ 157.52

Table 7. Cost of absorbed energy in each scenario of energy storage capacity.

Total Absorbed Energy on 25

Cstorage (kWh) Year Basis (MWhe) Total Cost of Absorbed Energy (€)

0 159.2 6949
100 156.9 6848
250 152.6 6662
400 150.1 6554
500 146.5 6395
750 142.4 6215
1000 137.2 5991
2000 116.7 5097

The cost of the absorbed energy (under the net metering scheme), after the reduction to its
present value (PVassorsep), is calculated using Equation (14):
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1 1+e )"
PV ypsorsep = Eapsorsep * 0-04364 x i x| 1- m

= E psorsen * 0.04364 x PVE(d, e, N)

(14)

Next, the results of the total LCC of the proposed investment is presented in Table 6, by using
Equation (15):

PViopy, =PV + PVigsc + PV + PVigp + PV apsoppry =t ¥ PV = PV - PV, (15)

In addition, Table 7 depicts the necessary rate of subsidy for the investment depreciation within
the 25-years period of analysis. According to these results, it seems that the proposed transformation
to nZEB may remain sustainable as long as the installed EESU capacity remains below 400 kWh. This
is an important outcome of this work, as it gives a concise sizing EESU capacity figure for the
Mediterranean area, which can be exploited by the local subsidy policies that are about to be
undertaken in order to transform the building sector into a nZEB one. Furthermore, the results in
Table 7 highlight the fact that the installation of EESUs in an upper distribution level is more effective,
in order to accommodate multiple nZEBs, e.g., in a common LVDS; hence, the mitigation of energy
transactions with the electrical grid calls for the common share of larger-scale EESUs in the frame of
LVDS and/or Energy Communities [96,97]. Thus, Energy Communities can become beneficial for the
reliability and the power quality of the grid.

4. Conclusions

This paper has proposed an efficient combination of RES technologies installed on a typical
multi-family residential building in the urban environment, focusing on the Mediterranean area. This
hybrid energy system consists of a PV and a geothermal unit, in order to meet electrical, thermal and
cooling load demands. Furthermore, a methodology for sizing ESUs for thermal/cooling and
electrical loads has been fully analyzed, so that the whole system has been designed considering the
nZEB concept.

The technology that exploits geothermal energy is very efficient and environmentally friendly.
However, an appropriate TES unit is needed, to meet thermal load deviations. In this paper, the TES
has been sized so as to cover maximum load needs at any time of the year. This is a significant issue,
as the main geothermal unit can balance only the average annual thermal/cooling load demand. The
TES volume should be carefully designed, so that it could be undergroundly installed.

The analysis of the total life cycle cost of the proposed nZEB concept highlighted the fact that
the proposed collective self-consumption nZEB concept for multi-family buildings is a sustainable
way to transform the building sector of the Mediterranean area into a nZEB one; as for the installation
of EESUs, this is facilitated by the collective self-consumption nZEB concept, according to the
outcomes of this work. Nevertheless, as previously discussed, a great potential is foreseen in
installing larger EESUs at LVDS level or in the frame of Energy Communities concept, enhancing so
the reliability and the power quality of the electrical grid.

Moreover, the proposed collective self-consumption nZEB concept could be applicable even in
large scale buildings, where there is no available space for RES systems to be installed, by exploiting
the advantages of virtual net metering scheme.

As far as EESUs are concerned, an optimal methodology has been presented for their sizing,
taking into account the corresponding energy transactions with the electricity grid. EESUs
installation importance is given, as the more EESU capacity, the less energy transactions with the
electricity grid are observed. In this context, the proposed dimensioning methodology contributes to
avoid a negative impact on the operation of the electricity grid (such as reverse power flow, voltage
rise, false tripping of protection measures, etc.) as a result of the increased penetration of residential
PV systems into the same feeder.
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Indeed, as we reach the 2030 target, the number of nZEB buildings and the capacity of
intermittent RES systems (mainly PVs in densely populated areas) will be increasing, whilst
electricity system inertia will be decreasing due to the replacement of synchronous generators with
electronically coupled RES units. Thus, in order to secure the operation of the electricity grid and to
avoid a curtailment operation for the RES units, mass EESUs installation either in the electricity grid
or buildings is presumed. Therefore, the analysis on the energy transactions between nZEBs and the
electricity grid as well as the optimal sizing of EESUs that have been presented in this work are of
great interest for DSOs and policy makers, providing insightful assessments on the necessity of
subsidy programs for nZEB transformation as well as on the grid impact due to the fluctuating
production profile of PVs.
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Nomenclature
AC Alternative Current
ASHP Air-source heat pump
BAPV Building Applied Photovoltaic System
BEA Building Energy Analysis
BHEs Borehole heat exchangers
BIPV Building Integrated Photovoltaic System
BIPV/T Building Integrated Photovoltaic/Thermal system
CCHP Combined cooling, heating and power system
CHP Cooling, heating and power system or cogeneration system
CO: Carbon dioxide
COP Coefficient of performance
Cstorage Storage capacity (kWhe)
Cstorage,ref Reference value of storage capacity (kWhe)
d Discount rate (%)
D Down payment (%)
DHW Domestic hot water
DSO Distribution System Operator
e Escalation of energy costs (%)
e(K) Cost function of optimal storage capacity
E Annual cost of the energy (€)
Easorsep  Absorbed energy (€)
EAHP Exhaust air heat pump
EER Energy efficiency ratio
EESU Electrical energy storage unit
ESS Energy storage system
ESUs Energy storage units
EU European Union
g Inflation rate (%)

GCHP Gound-coupled heat pump
GDHS Geothermal district heating system



Energies 2020, 13, 1032

GHEs
GHP
GSHP
GWHP
HEDNO
HPSU
HVAC

i

I

IC

K
LCCrorat
LCCA
Li-ion
LPG
LVDS

N

N1

Na

nZEB
OM

PV

PV

PV aBsorseD
PVEner
PVint
PVirc
PVioan
PVmisc

PVrep
PVsys
PVsy

PVroraL
PVF
PV/GHP
PV/ST
PV/T

»

R

RES
SOCmax
SOCnin
STC

TES
UTES
WPP

Geothermal heat exchangers or Ground heat exchangers
Geothermal heat pump

Ground-source heat pump

Ground-water heat pump

Hellenic Electricity Distribution Network Operator
Heat pump storage unit

Heating, ventilation and air-conditioning

Borrowing rate (%)

Funding of the investment (%)

Initial Cost (€)

Normalized variable

Total life cycle cost of the building (€)

Life Cycle Cost Assessment

Lithium iodide battery

Liquified Pretroleum Gas

Low Voltage Distribution System

Period of analysis (years)

The minimum between N and N (years)

Borrowing period (years)

nearly Zero Energy Building

Operation and Maintenace (€)

Photovoltaic system

Present Value (€)

Present value of absorbed energy (€)

Present value of the energy cost that is supplied by the grid (€)
Present value of the annual interest (€)

Present value of the funding of the investment (€)
Present value of the lean installment (€)

Present value of the various costs during the life cycle, such as
maintenance costs (€)

Present value of the replacement costs (€)

Present value of total system cost (€)

Present value of the system remaining value at the end of the
period of analysis (€)

Total present value of the investment (€)

Present Value Function (€)

Photovoltaic/Geothermal heat pump system
Photovoltaic/Solar thermal system
Photovoltaic/Thermal system

The number of replacements during the analysis period

Replacement cost of a subsystem with reference to the first year of

operation (€)

Renewable Energy Sources
Maximum State of Charge value (%)
Mimimum State of Charge value (%)
Standard Test Conditions

Income tax (%)

Thermal energy storage
Underground thermal energy storage
Wind power plant

Any investment to be analyzed (€)

24 of 29
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AEgria mont:  Absolute value of the maximum energy transaction between the

building and the electricity grid during the 10 — years period (kWhe)

AEgria, Reference value of maximum energy transaction between the

month,ref building and the electricity grid during the 10 — years period (kWhe)
AEpeaktopeak  Peak-to-peak stored energy fluctuation in EESU (kWhe)

AEstorage, Maximum permitted energy fluctuation in the EESU per month

month

(kWh)

AEstorage, Reference value of maximum permitted energy fluctuation in the
month,ref EESU per month (kWhe)
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