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Abstract: Energy consumption in large building complexes has a specific profile, consisting of
thermal energy and electricity. Due to the recent energy crises, operational costs of these needs
have been significantly increased. According to EU Energies Policies, the future objective is the
transition to renewable-based energy, and self-sufficient and nearly zero buildings. This paper
investigates the electricity consumption profile of a specific hotel located in Crete. An algorithm has
been introduced to maximize the self-sufficiency of the examined hotel. The algorithm succeeds in
increasing the self-sufficiency of the hotel’s energy system up to 99% by determining the PV power
and battery capacity.

Keywords: energy consumption of buildings; self-sufficiency; energy storage; photovoltaics

1. Introduction

Large buildings require energy for various functions, and the amount of energy needed
can vary depending on the building’s purpose and design. Many authors studied energy
consumption in large-volume buildings through the utilization of diverse methodologies
and examination of various facets of the issue [1-3]. The specific profile of a large building
complex consists of thermal energy and electricity [4]. Attention has been directed towards
a mounting concern regarding the increment in energy consumption and the relevant costs.

The recent energy crisis has led to significant increases in operational costs for these
needs. The pandemic disrupted the renewable energy sector. While renewables had
been experiencing rapid growth, lockdowns and supply chain disruptions delayed the
construction of renewable energy projects and the manufacturing of related components [5].
Changes in electricity demand patterns were observed. With more people working from
home, there was a shift in electricity consumption from commercial and industrial sectors
to residential areas. This shift posed challenges for grid management and load balancing.
Furthermore, the recent conflicts such as the Ukrainian war have led to even higher energy
costs [6].

EU Energies Policies state that the future objective is the transition to renewables-based
energy self-sufficient and nearly zero buildings [7-9]. The concept of autonomy in buildings
regarding energy consumption with the use of Renewable Energy Sources (RES) has
become a priority for many countries to reduce building sector energy consumption [10,11].
The idea necessitates fulfilling a building’s thermal and electrical energy requirements
through the installation of locally deployed renewable energy sources. The development of
solar energy is one of the most promising approaches for reducing carbon footprints and
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reducing CO2 emissions in buildings [12]. In recent times, photovoltaic systems (PVs) have
experienced notable expansion due to rising electricity costs and the declining prices of
installation and operation [13,14].

Hotels are ranked in many countries to be among the most energy-consuming build-
ings categories in the world [15-17]. More than half of the hotel buildings in Europe are
located in Mediterranean countries. Being situated in places with increased energy demand
during specific seasons, frequent high energy costs, and limited energy supply security
is a key characteristic of Mediterranean hotels [18]. On the contrary, there is a significant
opportunity to use RES and save energy. However, the utilization of renewable energy
sources in hotels is lacking [19].

The present study examines the energy composition of a summer operating hotel
situated on the island of Crete. Crete saw a decrease in tourist arrivals and activities in the
early months of 2021 due to ongoing pandemic-related challenges. Many tourists did visit
Crete in 2021, especially during the summer months, but the overall tourist numbers were
lower compared to a typical year due to the pandemic’s lingering effects [20].

Situated in the southern region of the Aegean Sea, Crete experiences an extended
period of hot and humid summers from early May to late October. In the summer, hotels
experience peak occupancy, coinciding with maximum solar exposure and temperature
levels. During this period, energy consumption typically accounts for up to 50% of the total
usage for most hotels. Furthermore, the significance of the impact of different seasons on
energy consumption varies dramatically with outdoor temperature. Nevertheless, due to
this seasonal operation, the hotel has comparatively lower energy consumption than the
unitary energy consumption per night spent.

The hotel’s total annual energy consumption has been estimated at 5.4 GWh. The
main source of energy used in the hotel is electricity, which is utilized for activities like air
conditioning, lighting, lifts, electric appliances, etc. According to a study, the amount of
electricity needed to run air conditioners accounts for 30% or more of all energy consump-
tion costs [21]. Furthermore, solar thermal for hot water production plays a remarkable
role too.

One of the most common RES that can be easily embedded in buildings is photo-
voltaics (PV) technology, which can supply sufficient power [22]. The main problem with
photovoltaics is that their production is variable due to weather conditions. To address the
variability in PV energy production, several strategies and technologies are employed [23].
Such technologies are different types of energy storage systems batteries have the capability
to store surplus energy produced during sunny time frames for later utilization when
sunlight is insufficient improving the reliability of solar power [24]. The most popular
storage solution for reducing PV’s intermittent nature and re-solving the inconsistency
between production and load is batteries [25]. When sizing a PV installation coupled
with batteries to enhance a building’s energy independence, various combinations of PV
installed power and battery capacity might yield equivalent levels of self-sufficiency in the
energy system [26].

To increase the investigated hotel’s self-sufficiency, an algorithm has been imple-
mented. The algorithm takes into account not only the technical aspect of the problem
(sufficient percentage of self-sufficiency), but the financial aspect as well by taking into
account the capital expenditure (CAPEX) required for the installation of the system, since
the study is a decision-making tool for entrepreneurs. The implementation of the algorithm
is based on actual data obtained from the hotel under investigation. The energy consump-
tion for one year is monitored and elaborated, coupled with data on annual production
of a photovoltaic system located in Crete, and a qualitative analysis has been conducted,
considering the energy consumption hourly data for the years 2021, 2022 and 2023.

The algorithm’s calculation of photovoltaic power and battery capacity enhances the
hotel’s energy system self-sufficiency to 99.02%. This suggests that the hotel may produce
and store a substantial portion of its energy requirements, reducing reliance on external
power sources. The computed optimal PV power and storage capacity are 7.2 MW and
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19.8 MW, respectively, with an estimated capital cost of EUR 12,150,000 for the system’s
installation. This cost includes expenses related to purchasing and installing the solar
panels, inverters, and batteries, as well as any necessary infrastructure and labor costs.

2. Materials and Methods

Studying the specific hotel and analyzing the annual consumptions, it is noticeable
that the consumption increases significantly in the time range from April to October. This
is an expected energy profile for a hotel located in the island of Crete, where the traffic is
considerably higher than the rest of the year due to seasonal tourism.

For the entirety of the year 2022, measurements regarding the energy needs have
been collected (Figure 1). The surface area of this hotel is approximately 95 acres and has
411 rooms. The result of this research is that the total consumption of the hotel for the year
2022 was 5.4 GWh, while the maximum hourly consumption was 1598.6 kWh.
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Figure 1. Annual and maximum hourly consumption of 2022.

Analyzing the year, it is observed from Figure 2 that for the duration of the summer
season, the highest energy demand is reported, while August reaches its peak.
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Figure 2. Monthly energy consumption of 2022.

The same can be seen in Figure 3 from the maximum amount of energy demand for
each month.
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Figure 3. Monthly energy maximum consumption of 2022.

Expanding further on these results and analyzing indicatively for this month, the
following diagram of Figure 4 illustrates the fluctuation in energy demand.
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Figure 4. Energy consumption of August 2022.

In addition, by focusing on a shorter time span, more specifically on a week in August
(the peak-demand month of the year) the following diagram presented in Figure 5 was
formed that shows the consumption curve during the week.
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Figure 5. Weekly consumption pattern (8-14 August 2022).
3. Methodology

The implementation of the algorithm requires the collection of two sets of data, the
hotel’s energy demand on an hourly basis throughout the year 2022, and the hourly
output of a solar panel located in Crete. Using these values, the state of the storage
system in each hour is calculated, along with the energy allocations stemming from the
photovoltaic production and the grid’s contribution to load satisfaction. Then, overall
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Yes
Battery_out{t]=Max_out «—— Load[t]-PV_out[t]>Max_out Battery_out[t]=Storage[t-1]*Out_eff

quantities regarding the system’s efficiency can be computed and used to determine a
correlation between them and the decision variables of the model.

The values of hourly demand are symbolized as Load[t], t symbolizing the number of
hours after the installation, and the normalized PV output as PV[t], so for a specific hour t,
the PV output PV [t], is equal to

PVout[t] = PVpower X PV[t], 1)

where PVpower the nominal power of the installed photovoltaic system.

Before the theoretical installation, the storage system is considered to be fully charged
when installed to the energy system (Storage[0] = Capacity), while both output and storage
efficiency are selected to be equal to 90%, and the maximum output equal to max(Load[t]),
fort=1,2,...,8760.

By using the collected data, crucial hourly values describing the behaviour of the
system are calculated.

Initially, the output of the installed storage system for each hour, denoted as Battery ,[t],
is calculated according to the description provided in Figure 6.

Start

l

Read Storage[t-1]
Read Loadl[t]
Read PV_out(t]

l

Yes

Battery_out[t]=0«—><" PV_out[t]-Load[t]>=0

J No
Yes Yes

Storage[t-1]-(Load[{]-PV_out[t])/Out_eff<0——=>—><Storage[t-1]"Out_eff>Max_out ——>—» Battery_out[t]=Max_out

|No No

No

Battery_out|t]=Load|[t]-PV_out[t]

End

Figure 6. Calculation of battery output in each hour.
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Then, the total amount accumulated in the battery by the conclusion of each hour t is
calculated as shown in Figure 7.

Start

|

Read Load[t]
Read PV_out[t]
Read Storage[t-1]
Read Battery_out]t]

|

Yes
Storagelt]=Storage[t-1] «—Load[t]-PV_out[t]=0

JNO

Yes Load[t]-PV_out{t]>0
Storage[t]=0 «—— AND
Storagel[t-1]-(Storage_out[t}/Out_eff)<0

l No
Yes

Load|[t]-PV_out[t]>0 ~———— Storage][t]=Storage|[t-1]-Battery_out[t]/Out_eff

- —

Load][t]-PV_out[t]<0

Yes
AND —» Storage[t]=Capacity
Storagel[t-1]+(PV_out{t]-Load[t])*Store_eff>Capacity

\No

Storagelt]=Storage[t-1]+(Load[t]-PV_out]t])*Store_eff

|

End

Figure 7. Calculation of battery storage level after each hour.
When both the PV production and battery storage do not suffice for load satisfaction,

the system imports power from the grid, the amount being calculated as shown in Figure 8.

Start

L

Read Load][t]
Read PV_out[t]
Read Battery_out[t]

Load[t]-PV_out]t]-Battery_out[t]<0 Yes | Network([t]=0 L

JNO

Network[t]=Load][t]-PV_out[t]-Battery_out[t]

End

Figure 8. Computation of energy imported from the grid.
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Since both the storage capacity and round-trip efficiency are limited, the amount of
excess energy, after losses, produced by the photovoltaic system cannot be fully stored for
all cases, therefore, rejections attributed to the system’s production should be considered
and are calculated as shown in Figure 9.

Start

1

Read Load]t]
Read PV_out[t]
Read Storage|[t-1]

%
PV_out[]-Load[]<0 ~———> Rej[t]=0

lNo

N
(PV_out[t]-Load][t])*Store_eff+Storage[t-1]>Capacity 0, Rej[t]=0

l Yes

Rej[t]=(Load[t]-PV_out[t])-(Capacity-Storage[t-1])/Store_eff

End

A

Figure 9. Calculation of rejections of the system in each hour.

Additionally, the losses of the storage system after each charge or discharge are
calculated as described in Figure 10.
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Losses|[t]=((Capacity-Storage[t-1])/Store_eff)*(1-Store_eff) J No

Losses[t]=(PV70ut[t]fLoad[t])‘(1~Store7eff)!
|

Start

|

Read Load][t]
Read PV_out[t]
Read Storagelt]

Read Storage[t-1]
Read Battery_out[t]

l

Yes

PV_out[t]=Load][t] Losses|[t]=0
l No
Storagel[t]=0
AND Yes || ossesit}=0

Battery_out[t]=0

lNo

Storage[t-1]=Capacity Yes
AND — Lossesl[t]=0

Battery_out[t]=0

l No
Yes PV_out[t]-Load[t]>0
AND

Capacity-Storage[t-1]<=(PV_out[t]-Load][t])*Store_eff

PV_out[t]-Load[t]>0
Yes AND No
Capacity-Storage[t-1]>=(PV_out[t]-Load][t])*Store_eff

Losses][t]=(Battery_out[t]/Out_eff)*(1-Out_eff)

End

Figure 10. Calculation of energy system losses in each hour.

By calculating the hourly values of the system’s attributes as described above, the
system’s annual rejection rate, annual percentage of the grid’s contribution, and sys-tem
self-sufficiency are computed.

The percentage of the network’s contribution is the amount of annual energy imported
over the amount required annually:

Y 5760 Network|t]
/% Load|t]

Networkperc = )
The annual rejection percentage represents the portion of energy rejected annually, di-
vided by the annual production stemming from the photovoltaic installation, excluding the

amount that was discarded due to the storage system’s limited efficiency or unsuccessfully
stored by the end of the year:

0 e |
Y3760 PV gt [t] — 70 Losses|t] — (Store[8760] — Cap)

Rejperc =

®)
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Additionally, the percentage of the annual energy produced and taken advantage
of successfully is the quantity of solar production and the storage system’s maximum
charge minus the amount lost, rejected, and stored at the end of the year over the annual
requirement of energy:

Y3760 PV e [t] +Cap — Y079 Rej[t] — Y-876 Losses|[t] — Store[8760]

SSperc =
pere 8760 Loadt]

(4)

By calculating the values stemming from Equations (2)—(4), the dependence of annual
self-sufficiency to the installed PV power and storage capacity can be computed, along
with the capital expenditure’s correlation to the forementioned values.

4. Results and Discussion

To assess the necessity of a storage system, the relationship between the system’s self-
sufficiency and the photovoltaic system’s power is computed and illustrated in Figure 11.
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Figure 11. Annual self-sufficiency with respect to PV power.

Without an installed storage system, the self-sufficiency cannot exceed 50%, therefore
an energy system is indeed necessary to ensure the system’s independence from the
network. For a fixed value of 3000 kW PV power, the relationship between self-sufficiency
and the system’s storage capacity is presented in Figure 12.
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Figure 12. Relationship between self-sufficiency and storage capacity.

In this scenario, the sufficiency cannot exceed 70%. To both locate and isolate the
sets of decision variables for which the self-sufficiency exceeds a minimum of satisfactory
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percentage, a 3-dimensional scatter plot of the sufficiency, calculated for a wide range of
PV power and storage capacity is formed, as shown in Figure 13.
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Figure 13. Three-dimensional plot ranges of PV power and storage capacity.

Figure 13 indicates that for a wide range of PV power and Capacity values, the
self-sufficiency exceeds 99%, which is considered a sufficient level of independence from
the grid.

In the specified range, the optimal pair of (PV power, capacity) is considered that
ensures the minimum capital expenditure required for PV power and energy system
installation.

At constant rates of 1000 €/kW for PV power and 250 €/kWh for storage capacity, the
CAPEX is computed and presented in Table 1.

Table 1. Indicative sets of PV power and capacity with the corresponding CAPEX.

PV Power (kW) Capacity (kWh) CAPEX (€)
7200 19,800 12,150,000
7400 19,000 12,150,000
7600 18,400 12,200,000
7800 18,000 12,300,000
8000 17,600 12,400,000

In Figure 14, the trend of CAPEX correlated to PV power and capacity is shown.

21,000,000 € 22,000
20,000,000 €
19,000,000€ 20,000
18,000,000 € 18,000 =
@ 17,000,000€ Z
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Figure 14. Correlation between CAPEX, PV and Storage.
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From both Table 1 and Figure 14, it is apparent that the optimal solution is one of the
two solutions that ensure the minimum CAPEX, equal to EUR 12,150,000 in the partic-
ular case. However, the first solution yields a slightly higher self-sufficiency percentage
(99.017%) compared to the second one (99.015%), and is, therefore, the optimal solution of
the model.

5. Conclusions

Large building complexes typically exhibit a distinct energy consumption pattern.
In light of recent energy crises, the operational expenses associated with meeting these
requirements have seen a significant rise. In accordance with EU Energy Policies, the future
goal is to transition towards buildings that rely on renewable energy sources, aiming for
self-sufficiency and near-zero energy consumption. This research focused on the energy
demand of a hotel situated on the island of Crete. An algorithm was developed to optimize
the hotel’s self-sufficiency, and it has proven successful in enhancing the building’s energy
system self-sufficiency to as high as 99%.

This achievement was realized by installing 7.4 MW of PV power and 19 MWh of bat-
tery capacity, with the total CAPEX approximately equals to 12 M€. The total consumption
of the hotel that has been covered was 5.4 GWh, while the maximum hourly consumption
was 1598.6 kWh.

It is noteworthy that while this investment reduces the hotel’s dependence on external
energy sources and can lead to long-term cost savings, it also involves a substantial initial
capital expense. The hotel will need to evaluate the economic benefits and environmental
impact of this investment to determine its overall feasibility and return of investment.
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