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Abstract—In the present work, a case study of an innovative nearly Zero Energy Building (nZEB) for academic purposes is
investigated. In particular, its primary energy vector is electrical, i.e. a Photovoltaic (PV) generator is coupled with storage units and
supplies the electrical loads and the thermal demand, which is converted into electrical by heat pumps. The system is designed to
maximize the self-sufficiency and minimize the absorption from the grid. Moreover, the nZEB is equipped with sensors that are
oriented to smart metering in order to monitor the energy exchange between the rooms of the building. An energy simulation is
performed on a yearly basis, evaluating the size of the batteries, to reach the optimal compromise between benefits, in terms of self-
sufficiency, and costs.

Index Terms--grid absorption, nearly Zero Energy Building, photovoltaic generator, self-sufficiency, smart metering.

l. INTRODUCTION

Nowadays, Renewable Energy Sources (RES) play an important role in producing significant share of electricity and reducing
the emissions of carbon dioxide and other greenhouse gases. One of the most important RES is the Photovoltaic (PV) technology:
indeed, it requires reduced installation and maintenance costs and it is the most suitable for urban integration thanks to the
modularity of the structure and the limited installation spaces [1]. In this context, the concept of nearly Zero Energy Buildings
(nZEBs) is fully framed. This term has been introduced by the European Commission with the Directive 2010/31/EU [2] and it
defines appropriate measures, at national level, to increase the number of nZEBs. In particular, in a nZEB energy consumptions
must be significantly covered by RES located on-site or nearby. Moreover, the European member states ensure that, by
31/12/2020, all new buildings will be nZEBs. Among the first, universities should take an active part in the nZEB frame, due to
their relevant socio-economic impact [3-4]. Indeed, some universities already moved in this direction, focusing on possible
retrofits to reduce the energy consumptions of existing academic buildings [5-7]. Samples of established buildings have been
realized in University of Lleida (Spain), in Oberlin College (Ohio, USA) and in CSIRO Energy Centre (Newcastle, Australia).
Other examples of nZEB schools and sustainable buildings for academic purposes are reported in [8]. In [9] the self-sufficiency
ratio of residential buildings in Sweden is analyzed, focusing on the best battery technology for this purpose. Instead, in [10] the
self-consumption and the self-sufficiency are discussed for a commercial building in Germany equipped with a battery storage
system. Several studies, [11] and [12], based on domestic nZEBs, focus on self-sufficiency rate depending on battery size.

With respect to the above-mentioned research projects, this work designs and simulates a prototype of a prefabricated wooden
nZEB for academic purposes. It will be built in the university campus of Politecnico di Torino. The building will be composed
of four modular units and it will be used by students and professors of the university. The innovative feature of the present project
is the multidisciplinary combination of architectural, electrical and thermal design, in order to achieve an optimal compromise
between costs and benefits, in terms of self-sufficiency. The building is designed to be independent from the gas network and to
reach the almost total autonomy from the electricity grid in terms of absorption. In particular, one goal will be to maximize self-
sufficiency, reaching 100% independency, from the viewpoint of thermal and electrical energies, for most of the year. In this
context, a proper design of a PV-storage system has been performed in order to satisfy the electrical consumptions and the
thermal demand due to seasonal conditioning or heating [13]. Another innovative aspect of the project consists of the primary
energy source: indeed, the loads will be mainly met by the PV-storage system. Moreover, the contemporaneity between loads
and solar PV production is guaranteed, being this nZEB used not for residential but for academic purposes [10]. Furthermore,
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the project includes the installation of proper sensors, smart metering oriented, to monitor the demand and generation profiles.
In future works, the electricity exchange between the units will be analyzed, i.e. the rooms of the nZEB considered as separate
active users.

The paper is structured as follows: in Section Il the design of the case study and the procedure to size the storage is described.
Section Il presents the estimation of the thermal and electrical loads of the building. In Section 1V, the prediction of PV
production, the storage model and the energy balance for the sizing calculation on a yearly base are reported. In Section V the
results of the simulations are presented and the last section contains the conclusions.

Il.  THE SIMULATED SYSTEM
A. Description of the system

Regarding the architectural aspect, the building is made of eco-friendly materials as cork and wood, and it is divided in four
units, each with an independent entrance. In particular, it is composed of two study rooms, where students can study and university
employees can work during the day, a control room, where a continuous monitoring of the entire system is performed, and a
technical room, where the energy conversion devices and the batteries are located. The generation is composed of the PV modules
and the Battery Energy Storage System (BESS), both connected to the DC Bus. They are coupled with the DC/AC converters to
feed the AC loads. The main goal of the system is to supply the loads by a PV generator, minimizing the absorption from the grid.
Nevertheless, grid connection is performed as required by the DC-AC converters chosen for the project. The PV generator, the
storage in discharge phase and the grid behave like generators. The block diagram of the system is shown in Fig. 1.
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Figure 1. System block diagram.

The PV generator consists of mono-crystalline modules [14] with a rated power of 360 W and a very high efficiency of 22.2%.
The panel specifications are provided at Standard Test Conditions (STC, with irradiance Gstc=1000 W/m?, cell temperature
Tstc=25°C and air mass AM=1.5). Moreover, the PV generator has a rated power of 8.64 kW and it is divided into four arrays
located on the four sides of the roof, with the same rated power of 2.16 kW (i.e., six PV modules each section). This is the
maximum power that can be installed to place the same number of modules on each side of the roof. Distances between the PV
arrays are determined to minimize the mutual shading, during central sunlight hours in winter, according to [15].

PV modules face four perpendicular orientations (South-West, SW; North-East, NE; South-East, SE; North-West, NW) and
each sub-array is coupled with a separate DC/AC converter and storage, except for the NE and SW sections that are connected to
the same converter-storage system. In a second phase, the interconnection between the inverter-storage systems will be monitored
(smart metering) to analyse the energy flows between units. In Table 1, the type of room according to the DC/AC converters, the
orientation and the inclination, in terms of tilt angle g, of the PV modules is presented.

TABLE I. BUILDING ORGANIZATION
DC/AC PV PV
Type of room converter Orientation Inclination
Control Room # SW 30°
Technical Room NE 10°
Study Room #1 #2 SE 20°
Study Room #2 #3 NW 20°

In Fig. 2 the architectural layout of the building and the arrangement of the PV generator are shown.
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Figure 2. Layout of the building and arrangement of the PV generator.

The BESS consists of lithium-ion batteries and it is integrated into the DC/AC converter. Each inverter can manage storage
capacities ranging from a minimum Cpin=4 KWh to a maximum Cnax=12 kWh. As previously mentioned, the building will be used
as a study/meeting room: therefore, the electrical loads consist of Personal Computers (PCs), lighting devices, projectors,
ventilation and heating systems (heat pump).

B. Sizing Procedure of the System

In the present project, the PV generator and the storage meet the global consumption of the loads, minimizing the energy
absorbed from the grid [16]. In particular, the loads consist of a thermal demand, to obtain the desired temperature in the building,
and electrical consumptions, related to the utilization of several devices. In order to size correctly the PV-storage system, the
thermal and electrical consumptions of the building are estimated. Regarding the thermal demand, an energy balance is performed
to evaluate the yearly energy required by a heat pump [17]. Then, the electrical consumptions of electronic devices such as PCs,
lighting devices, and ventilation systems have been monitored for months in order to obtain representative load profiles. Moreover,
a proper utilization profile of the devices is considered, according to the frequency of attendance of people using the study rooms,
such as students or university employees.
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Figure 3. Frequency of attendance of the nZEB.
In Fig. 3, the predicted frequency of attendance of the building is reported.

Finally, several simulations are performed to evaluate the rating of the PV-storage system, in terms of batteries capacity, that
permits to reach an adequate compromise between high self-sufficiency and low costs. In particular, the self-sufficiency parameter
Rsutr is defined according to the following formula:

_ Epic
Rsuff - Eload (1)
where Eyic is the amount of PV generation that is produced and, immediately, consumed, and Ejeaq is the global demand of the
building [18]. In Fig. 4 typical PV production and load profiles of the system in a clear sky day are presented. The green area
identifies the energy supplied by PV generator, the red area indicates the energy absorbed from the grid and Ewaste is the surplus
energy that is wasted. Rq is the ratio between the green area and the sum of the green and the red areas. The integration of a
BESS will increase Rq, reducing the energy absorbed from the grid (Egrig).
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Figure 4. Typical PV generation and load profiles in clear sky conditions.

I1l.  ESTIMATION OF LOADS
A. Thermal loads

In order to evaluate the thermal demand of the building, a thermal energy balance is applied, taking into account the gains
and the losses across the housing module. The system operates in two configurations: a heating configuration during winter and
a cooling configuration in summer months [19]. In particular, during winter, the thermal demand is calculated according to
equation (2):

Qh,nd = (Qh,tr + Qh,ve) - 7lh,gn(Qint +Qs01) (2)

where Qnng is the thermal energy required by the system. Regarding the thermal losses, Qn are losses due to transmission
through the building envelope, Qn.e are losses due to ventilation and replacement of air, that is necessary to maintain a high level
of air quality. Qint and Qsqr are thermal gains that take into account, respectively, the heat generated by internal sources such as
humans, electrical devices etc., and the increase of internal temperature due to incident solar irradiance. However, only a quota
of the gains is useful to reduce the heating demand, therefore, the gains are multiplied by a reduction factor # gn, usually assumed
between 0.7 and 0.8 for buildings with an efficient thermal response.

On the contrary, the thermal demand in summer is estimated according to equation (3):

Qcna = (Qint + Qso1) — Ne,gn (Qc,tr + Qc,ve) (3)

where Qcnd is the thermal energy to be removed from the building. In summer configuration, Qin: and Qs are not gains but
negative contributions for the cooling purpose. Regarding thermal gains, Qc are the thermal flows exchanged with the ambient
due to transmission through the wall and Qce are cooling gains due to air replacement and infiltration. The parameter 7 gnis the
reduction factor of the cooling gains.

B. Electrical loads

The building contains twenty-three computer workstations, each one with a dedicated Light Emitting Diode (LED) lamp and
a PC. Moreover, every room is equipped with two ceiling lights, one projector and a ventilation system to provide the periodical
replacement of internal air in the building.

Regarding the lighting devices, i.e. LED and ceiling lights, their consumption is supposed to be equal to, respectively, 9W
and 23W when turned on. The consumption of the projector during the operation phase is equal to 190 W and the device is
supposed to be operating, at maximum load, four hours per day. Several PCs are monitored for months in order to extract their
typical load profiles: the maximum consumption of about 50 W is reached when the PCs are turned on. After few minutes, the
devices absorb a steady-state power of about 30 W. During the stand-by configuration and when they are turned off, no power
absorption occurs. In order to measure the absorbed power from such devices, a digital power meter is connected to the PCs,
measuring the power with an uncertainty of +0.3% of the full range.

IV. PV-STORAGE MODELS
A. Model of photovoltaic generator

Regarding the production of the PV generator, it is evaluated according to the single diode model [20]. First, the open-circuit
voltage Vo at cell temperature T is calculated with the following equation:

Voc = Vocrer [1+ Broc - (Te — Tsrc)l C))



where Svoc is the temperature coefficient of V. (assumed equal to -0.24 %/°C) and Ve ref (69.5 V) is the open-circuit voltage
of PV modules at STC conditions. Then, the current-voltage (I-V) characteristic curve of the generator is obtained calculating
the current, at cell level and for each voltage value ranging from zero to Vo, according to equation (5):
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where Iy, is the photovoltaic current, lo is the dark saturation current (10=3.45-101!A), q is the electron charge (1.6-10° C),
Rs is the series resistance of the cell (R=0.055 Q), n is the non-ideality factor (n=1.5), k is the Boltzmann constant (1.38-102
J/K), and the shunt resistance of the cell is Rsy (210 Q). Then, the AC power production Pac gen is 0btained starting from maximum
DC Power Ppc gen at temperature Tc and irradiance G:

Pyc gen = PPV(G' Tc) - Necu “Narray @)

where 7amay IS an efficiency taking into account typical PV losses as exposed in [19], i.e. losses due to dirt, reflection from
the glass, I-V mismatch, Joule effect in the cables. The parameter npcu incorporates losses due to Maximum Power Point (MPP)
tracking, DC/DC and DC/AC conversion. In our analysis, it is assumed #pcu=97% [15] and #array=92% [20]. In order to estimate
PV production, T¢ is calculated according to:

NOCT-T,
T.=T, + 2T aWoen | @ (®)
GNocT

Where Tais the ambient temperature and TanocT) is equal to 20°C. NOCT is the Nominal Operating Cell Temperature, that
is the temperature of the modules in open circuit operation [21]. It is provided by the manufacturer (NOCT=46.8°C) and
Gnoct=800 W/m?, that is the irradiance occurring at NOCT conditions.

However, the model does not take into account shading losses due to obstacles or adjacent PV modules. Therefore, PV
production is also evaluated with the software System Advisor Model (SAM) [22]. It is a model that predicts the performance
of grid-connected power systems: in particular, it uses the same above described model, providing the total AC generation Pac shad
with shading losses. The production profiles of the two models are compared in order to adjust the results of the single diode
model.

B. Storage Model

The model used for the storage is an energy model that permits to calculate the State Of Charge (SOC) of the batteries at
each time instant t, not requiring measurements of physical quantities [23]. In particular, the following equations are used:

SOC(t) = SOC(t — 1) — Lrardt Poae >0 (9)

CEbat

SOC(t) = SOC(t — 1) — TeatPoard® p <0 (10)

CEbat

where SOC(t-1) is the state of charge at the previous time step, nua i the charging efficiency of the storage (it is assumed
nba=96%), Ppat IS the exchanged in the time step 4z and Cepa iS the rated energy capacity as the product of rated voltage (V) and
charge capacity (Ah). As described in Section I, during discharge phase (Pva>0), the storage behaves like a generator and energy
is provided to satisfy the loads. Vice versa, in charging phase, the batteries behave like loads and energy is absorbed by the
storage.

The performance of the BESS can degrade [24] depending on several factors like not optimal charging patterns, overcharging,
undercharging and abnormal cycling conditions caused by atypical charging temperature. In order to protect the storage from
degradation, two limits are imposed. A power limit is imposed to avoid too high currents in the storage, i.e. Ppa Cannot exceed a
limit power Pyatiimit. Moreover, an energy limit avoids the complete discharge of the batteries. In particular, the storage always
contains a minimum amount of energy that cannot satisfy the loads and the SOC cannot be lower than a minimum SOC value
(SOCmin=5%). These limits are imposed according to the technical specification of the considered storage units.

C. Energy balance

The average power exchanged with the grid is calculated on a yearly basis with a time step At =15 minutes, according to
(12):

Pgrid=Pload_PPV_Pbat (1)



where Pgriq is the average power absorbed from the grid, Piead iS the consumption, Ppy is the PV production and Ppay is the
average power provided by the storage. In the present work, the simulations are performed with storage capacity ranging from
16 kWh to 36 kWh, with steps of 4 kwh.

V. RESULTS

As described in section 11, PV production is calculated using both single diode model and the software SAM. The results of
the two models have been compared to evaluate the shading effect due to obstacles and adjacent PV modules [25]. In particular,
PV production, calculated with single diode model, is equal to 8660 kWh, while the software estimates a yearly PV production
of 8878 kWh .
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Figure 5. Production and load profiles of January 15%.
The difference between the two methods is about 2.5%, this means that the building is located in an optimal site, and that

shading effect is not relevant in the present case study. Therefore, the results of the single diode model are used in the simulations
to size the storage. The profiles of PV production and electrical loads for each section are presented in Fig. 5 and Fig. 6.
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Figure 6. Production and load profiles of July 15™.

They refer to a typical winter day and a summer day in clear sky conditions, respectively, i.e. the incident irradiance on the
PV generator is maximum. During winter, the PV generator reaches a peak power ranging from 0.5 kW to 1.2 kW, depending
on the orientation of the modules. As expected, in summer months, PV production is higher, reaching peak values between 1.5
kW and 2 kW. Fig. 6 shows that, in summer, PV production is always higher than the loads, except for the afternoon in Study
Room #1 (SE orientation). In such conditions, the BESS is not strictly necessary, while the integration of an optimal storage unit
is fundamental in winter and during days with low irradiance. Indeed, during winter, PV production cannot supply the entire
demand (Fig. 5). In particular, in case of Study Room #1 and #2, the loads are higher than PV generation and, without the BESS,
the absorption from the grid would be relevant. In Table 2, the results of the simulations performed with several batteries
capacities are reported:



TABLE Il

RESULTS OF THE SIMULATIONS

Cbat Epvvyeaﬂy Eload,yearly Rsuff Egrid.abs
[KWh] [kwh] [kwWh] [%] [kWh]
0 61.0 1509
16 84.1 617
20 85.3 570
24 8660 3874 86.3 530
28 86.9 505
32 87.4 488
36 87.8 473

The storage capacity that permits an adequate compromise between high self-sufficiency and low costs is 16 kWh. Indeed,
Rsutf remarkably increases from 61% to 84% thanks to the batteries, but the further growth from 84% to 88% does not justify the
higher costs of a larger capacity. Moreover, the absorption from the grid is similar and negligible for all the analyzed
configurations and in case of Cena= 16 kKWh it is equal to 617 kWh. Therefore, the goal of the nZEB in terms of grid absorption
is reached and the consumptions are almost supplied by PV production. As shown in Fig. 7, from April to October, the building
is completely self-sufficient (Rw=100%) while the minimum value of self-sufficiency is reached in December (Rsuit =53.3%).

100%
75%

N

Figure 7. Monthly self-sufficiency of the building.

VI. CONCLUSIONS

The present project shows a case study of a prototype of a prefabricated nZEB for academic purposes. Results demonstrate
that the optimal capacity of batteries in the PV-storage system corresponds to Cpa=16 kWh, with Re#~84% and low absorption
from the grid (Egria,a0s~600 kWh). Moreover, the system reaches high levels of self-sufficiency due to its designated use, leading
to the contemporaneity between the PV production and the loads. The total self-sufficiency is achieved for seven months per
year (from April to October) and in the worst winter month Rsus reaches values higher than 50%. The presented nZEB includes
the installation of proper sensors that are smart metering oriented. The future goal will be to achieve the global yearly self-
sufficiency. Load flexibility will be taken into account, for example, by reducing the number of available workstations during
days with low predicted PV production.
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