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Abstract: Wineries present significant interest on a research level, combining Indoor Air Quality
(IAQ) issues related with substances emitted through the wine production, as well as the need for
minimizing conventional energy consumption (optimizing energy performance). In the proposed
work, experimental and theoretical analyses are presented which aim to achieve both targets, that
of improved indoor climate and energy performance. An extensive measurement campaign was
implemented, regarding indoor climate thermal parameters, as well as concentration of substances
(CO2, VOCs, NO2) affecting IAQ. The results of the parameters were exploited for the assessment
of indoor climate; moreover, data from indoor thermal parameters together with values of specific
parameters related to the efficiency of the individual devices were utilized in the development of the
energy model. The model was used to formulate and evaluate proposals for reducing the energy
consumption of the winery. The proposals include the use of Renewable Energy Sources (RES) and,
in particular, the installation of a photovoltaic array on the roof of the premises. Finally, an economic
and technical study was carried out to determine the performance of the suggested interventions
and the expected payback period.

Keywords: winery; energy analysis; IAQ; indoor thermal climate

1. Introduction

The discussion about the global warming and the climate change is very intense
lately. The Paris Agreement aimed to restrict the global temperature increase, while
adopted the so-called 20/20/20 targets of the EU, as they are reflected in the relevant EU
Directives [1,2]. The wine sector is highly vulnerable to climate change, especially due to the
dependence of vine growing on climatic and environmental conditions, while their carbon
footprint is significant, taking into consideration aspects of energy use, waste management,
water use, soil management and transport of production [3]. The need for increasing
the sustainability of wineries, as well as the important role of research on achieving this
aim, is highlighted in [4]. Regarding energy issues, energy usage in English wineries
is reviewed in [5], indicating specific points of the production process where energy
efficiency can be implemented. The energy performance of a specific winery in South Italy
is investigated in [6]; cooling proves to be the most energy intensive use, while Renewable
Energy Sources (RES) solutions are also examined. The elaboration of a methodology
for the reduction of energy optimization during cold stabilization, is presented in [7,8]
concentrates on the analysis of cooling loads, demonstrating a methodology for indicating
seasonal performance indicators for the respective chillers. In [9], shallow undergraduate
temperature variations that can be of benefit in the case of energy saving in underground
cellars are experimentally investigated. The implementation of RES in Spanish wineries is
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investigated in [10], focusing on sectoral structural issues for the energy transition, thus,
proposing the measures of increasing the information provided to decision makers in
the sector, including technical and economic offers, and facilitating access to financing,
while in [11], the use of solar energy, thermal and electrical, for wineries is reviewed,
along with its perspectives. The operation of a standalone renewable energy system,
installed in a winery in the North-east of Spain, is investigated in [12]. PV panels supply a
drip irrigation system, as well as the wastewater treatment plant. Provided that energy
storage is small, surplus energy is used for the on-site production of hydrogen by the
electrolysis of water, fueling a hybrid fuel cell electric vehicle for the mobility of workers in
the vineyard. Towards more environmentally friendly strategies, in [13], the potential of
producing biogas from thermophilic anaerobic digestion of winery residue is investigated,
quantifying the values of energy that can be produced on the level of the installed wineries
in Italy; the results demonstrated that the process could be self-sustaining. Biogas and
methane production potential is investigated on a winery in Brazil [14] and Chile [15];
the valorization of winery waste is reviewed in [16]. The environmental and economical
profits of CO2 recovery in Siena, Italy is presented in [17]; through the implementation of
this technology, about 6050 t CO2 can be stored, and potentially used in many production
activities (e.g., food grade, dry ice and other manufacturing processes, such as wastewater
treatment, welding and cryoextraction/carbonic maceration in wine making). Moreover,
Indoor Air Quality (IAQ), especially for workplace environments, is a crucial issue for
the health of the occupants. According to the WHO [18], various problems in IAQ are
recognized as important risk factors for human health; well established evidence on health
effects of air pollution comes from outdoor air studies, but health effects of same pollutants
are expected to be similar also indoors, indicating as well the substantial body of research
on health effects of indoor exposures. As it is noted, in the indicated document, IAQ
management is made difficult not only by the large number and variation of indoor spaces
but also the complex relations of indoor air quality and the building design, materials,
operation and maintenance, ventilation and behavior of the building users. Thus, the
scientific interest focuses on different types of buildings, addressing also IAQ improvement
interventions, through ventilation, filtering or the limitation of specific activities the burden
indoor air; indicatively, investigations on hospitals [19], schools [20], offices [20,21], athletic
centers, namely aquatic [22], but also residences [23], are reported. Relevant, though
limited, investigations for agricultural buildings can be detected [24], also addressing
biological factors [25]. To the best of our knowledge there has not been published any
study for indoor air quality of winery building. The presented work aims to combine
an investigation on both indoor climate and energy issues. An extensive measurement
campaign was implemented, regarding indoor climate thermal parameters, as well as
concentration of substances (CO2, VOCs, NO2) affecting IAQ. The measurements were
exploited for the assessment of indoor climate, as well as for the determination of thermal
parameters necessary for the energy model developed. It should be noted that most studies
investigating wineries energy performance are based on actual consumption or statistical
data. The indicated model provides an insight on the respective processes, while it is
used in order to formulate and evaluate proposals for reducing the energy consumption of
the winery. The proposals include the use of RES and, in particular, the installation of a
photovoltaic array on the roof of the premises.

2. Materials and Methods
2.1. Description of the Building

The premises are located 3 km away from the town of Amyntaio, and 30 km from the
town of Florina, in Western Macedonia, a perfection of Northern Greece. The climate of the
respective site is characterized as the coldest one, regarding Greece, noting that Western
Macedonia is ranked on D climate zone according to the Greek version of the European
Performance of Buildings Directive (EPBD) [26]; rainfall is generally moderate, summers
are mild and snowfall is frequent in the winter months. An average annual temperature
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of 12 ◦C is reported [27], while in the winter months, the temperature may reach −20 ◦C
or even lower. As can be seen in Figure 1, the building has three floors, and a house is
attached to the premises; the screening of the grapes takes place on the upper floor, while
the grapes fall on the stainless tank located on the ground floor, with the help of gravity.
This floor is the main place of vinification, where most of the tanks lie; on this floor, the
only office room of the premises is also located. On the mostly underground floor lie the
remaining vinification tanks (architecturally constituting a common place with the ground
floor), and two storage rooms for the conservation of the wine bottles, as well as a room
where the bottling process takes place.
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Figure 1. Layout of the examined winery.

The studied winery specializes in brut sparkling wine, mostly occupying production
volume, while red wine is also produced. Regarding vinification process, as in all cases,
this depends on several parameters, the most important one being related to the kind of
wine produced, while the variety of grapes strongly depended on the climatic conditions
of the winery site, as well as the targeted quality are also of importance. Focusing on
the specific industry, the main stages are briefly described, together with the respective
equipment requirements:

• Grape collection and insertion into the press; procedure takes place by the end of
August and September;

• Precooling of the produced juice in the heat exchanger; temperature falls at around
12 ◦C from ambient temperature, which is at least 4–5 degrees Kelvin higher by this
period of the year. This stage requires operation of the cooling system;

• Insertion of juice into the vinification tanks; constant temperature of 18 ◦C has to be
conserved for the juice in the vinification tanks. Initially the juice remains for 24 h
into the tanks. At the end of these hours, transfusion takes place, as the must has
to be separated from the mud which has been produced. The tanks get cleaned and
the must is reinserted; it stays there for 2 weeks, in order for the fermentation to take
place. With regard to the complete production, the tanks are full of must until the end
of December;

• By the new year, the employees lay the tanks alternately inside the fridge. The fridge
room is around 10 m2. A water cooler produces the required cooling power, in order to
maintain the temperature at about −4 ◦C. The tanks remain in this place for 8–10 days.
This process lasts until April for the complete production, depending on its amount;

• Yeast is inserted to the wine; it stays for one day in the tanks, suitably conditioned at
18 ◦C;

• The wine/yeast mixture is inserted into the bottles; two storage rooms are used for
this purpose. The temperature in each storage room remains at 15 ◦C, through the
operation of air-to-air heat pumps, one in each room;

• The final stage refers to the removal of the sediment and sealing of the bottles with
cork. An air-to-air heat-pump is also used in the bottling room.

Given the above, it is evident that the dominating energy use refers to cooling, refriger-
ation and air conditioning, noting that natural ventilation takes place through the opening
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of windows and doors. In the following analysis, the energy consumption in the respective
appliances, i.e., heat exchanger (cooler), fridge and heat pumps, would be investigated.

2.2. Experimental Measurements Setup

The measuring quantities, in terms of thermal comfort, are the temperature (T) and the
relative humidity (RH) of indoor air. In terms of IAQ, CO2 concentration was measured,
as well as VOCs and NO2 concentration. Instrumentation is presented in Table 1; the
information provided in the table includes the type of instrument, its measuring character-
istics, along with the indication referring to its position. The position of the instruments
is presented in Figure 2; a 4 m to 4 m grid is added, in order to better indicate space
dimensions. The measuring period covers complete year 2019, including December 2018;
the measurements have been implemented on the office, the main vinification space, fridge
and storage room.

Table 1. Measuring instrumentation characteristics and position.

Measuring Quantity/Instrument Type Position (Instrument) Indication Measuring Characteristics

T-RH-CCO2/Telaire 7001, Hobo ONSET
U12-012 1 Office (1)

Accuracy: ±0.5 ◦C (T) 2, ±5% (RH) 2,
±5% or ±50 ppm (CCO2)

Range: −20–70 ◦C (T), 5–95% (RH),
0–2500 ppm (CCO2) 3

T-RH-CCO2/Telaire 7001, Hobo ONSET
U12-012

Vin (2)

Accuracy: ±0.5 ◦C (T) 2, ±5% (RH) 2,
±5% or ±50 ppm (CCO2)

Range: −20–70 ◦C (T), 5–95% (RH),
0–2500 ppm (CCO2) 3

AEROQUAL(NO2) Vin (3), Out (5) -

air sampling (SKC) and chromatography
(VOC) Vin (4), Out (6) -

T-RH/Hobo ONSET H08-003-02 Out (7)
Accuracy: ±0.5 ◦C (T) 2, ±5% (RH) 2

Range: −20–70 ◦C (T), 25–95% (RH)

T-RH-CCO2/Telaire 7001, Hobo ONSET
U12-012

Vin (8)

Accuracy: ±0.5 ◦C (T) 2, ±5% (RH) 2,
±5% or ±50 ppm (CCO2)

Range: −20–70 ◦C (T), 5–95% (RH),
0–2500 ppm (CCO2) 3

T-RH-CCO2/Telaire 7001, Hobo ONSET
U12-012

Stor1 (9)

Accuracy: ±0.5 ◦C (T) 2, ±5% (RH) 2,
±5% or ±50 ppm (CCO2)

Range: −20–70 ◦C (T), 5–95% (RH),
0–2500 ppm (CCO2) 3

T-RH-CCO2/Telaire 7001, Hobo ONSET
U12-012

Stor2 (10)

Accuracy: ±0.5 ◦C (T) 2, ±5% (RH) 2,
±5% or ±50 ppm (CCO2)

Range: −20–70 ◦C (T), 5–95% (RH),
0–2500 ppm (CCO2) 3

T-RH-CCO2/Hobo ONSET MX1102 Vin (11)

Accuracy: ±0.21 ◦C (T) 2, ±2% (RH) 2,
±5% or ±50 ppm (CCO2)

Range:0–50 ◦C (T), 1–95% (RH),
0–5000 ppm (CCO2)

T-RH-CCO2/Telaire 7001, Hobo ONSET
U12-012

Vin (12)

Accuracy: ±0.5 ◦C (T) 2, ±5% (RH) 2,
±5% or ±50 ppm (CCO2)

Range: −20–70 ◦C (T), 5–95% (RH),
0–2500 ppm (CCO2) 3

1 The Telaire 7001 instrument was connected to HOBO ONSET U12-012 in order to measure and record CO2 concentration. 2 Aging effects
have been considered. 3 The Hobo ONSET upper limit is indicated (Telaire upper limit: 10,000 ppm).
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2.3. Field Sampling and Analysis for VOCs

Air samples for VOC analysis were taken using low volume personal pumps (SKC)
and pre-conditioned glass tubes filled with Tenax TA (Chrompack, Middelburg, Nether-
lands) at flow ratios of about 80 mL/min for 30 min. Moreover, duplicate samples were
taken and blank tubes were analyzed for quality assurance/quality control purposes. Sam-
ples were analyzed using a thermal desorption unit (Gerstel TDS2, Mülheim an der Ruhr,
Germany) coupled to a gas chromatograph (Agilent 6890N, Santa Clara, USA), equipped
with a mass spectroscopy detector. Tenax tubes were thermally desorbed using Gerstel ther-
modesorption system TDS2 with autosampler TDSA, in splitless mode using the following
programme: initial temperature: 40 ◦C, raised to 250 ◦C at 30 ◦C/min, held at 2.5 min and
final temperature of 280 ◦C. The transfer temperature to the Cryocooling injection system
(CIS) was 280 ◦C. The desorbed compounds were trapped at the CIS at −120 ◦C and then
underwent rapid heating to 280 ◦C to enter the gas chromatography capillary column. The
initial oven temperature was kept at 35 ◦C for 5 min and then increased at 80 ◦C with a rate
of 8 ◦C/min and kept there for 6 min. After that the temperature increased up to 100 ◦C
with a rate of 20 ◦C/min and kept there for 3 min. The total run time was 30.63 min.

2.4. Energy Model

The energy model aims to simulate the operation of the devices serving the respective
processes in terms of energy consumption. The devices are listed in Table 2, together with
the main parameters of the adopted model for each process. More specifically:

• Cooling processes: it has been preferred to adopt the simplified model:

Eel =
Pc·t

SEER
(1)

where:

- Eel, the electrical energy consumed for the process;
- Pc, the cooling power;
- t, the time of operation;
- SEER, the efficiency of the cooling device.

The above approach is implemented for the cooler (supplying heat exchanger and
vinification tanks), and the fridge.

Especially regarding the operation time of the cooling system and the fridge, this has
been calculated with regard to the production quantity, while the exact time the compressor
is operating for each system has been determined through measurement of the temperature
into the fridge cell, or of the time itself for the cooling system.

In terms of the SEER, given that the value of this index depends on ambient tempera-
ture (heat source temperature) and chilled water temperature (heat sink temperature), as
well as to the working load imposed, the determination of this index is too demanding,
requiring measurements over a sufficient period.
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Table 2. Technical characteristics of winery’s equipment.

Device Category Equipment Type (Number) Parameter Source

Cooling Air-to-liquid Cooling unit (1) Pc = 46.8 kW, EER = 2.7, Ta
(varying; Aug to Dec)

Manufacturer data/literature,
Inspection/measurement

Fridge Air-to-air Cooling Unit (1)
Pc = 10.5 kW, EER = 2.2, t

(depending on the production;
Jan to April)

Manufacturer data, Literature,
Inspection/measurement

Heating/Cooling of storage
spaces and bottling room Air-to-air Heat pump (3)

SCOP = 3.72/SEER = 3.78,
Pth = 22,000 Btu/h,

Um = 0.54 W/m2K, Ta
(varying; all year), Tb = 15 ◦C

Manufacturer data/literature,
Manufacturer data, Inspection,

Measurements,
Inspection/measurement

Miscellaneous equipment Personal Computer (3) Lights
(25) Radio (1) Refrigerator (1)

Pel = 0.3 kW, t = 8 h/d,
Pel = 0.05 kW, t = 4 h/d,

Pel = 0.015 kW, t = 6 h/d,
Pel = 0.09 kW, t = 8 h/d (mid

Aug to Jul)

Manufacturer data, inspection

Labelling Electrical device Pel = 0.9 kW, t = 8 h/d (May to
Sep) Manufacturer data, inspection

For the heat exchanger chiller, there are available performance data from the man-
ufacturer, indicating SEERR = 3.24. According to the Greek version for the adoption of
European Performance Buildings Directive (EPBD) [26,28], a value of SEER = 2.7 is pro-
posed for chillers installed between year 1990 and 2001. Given that the device is quite old,
while its maintenance is not proper, this value has been considered more suitable for the
calculations, than manufacturer’s indication.

For the chiller of the fridge, manufacturer data were not available, while the referred
Technical Directive [26] does not make any proposition for user temperatures below 0 ◦C.
It has been preferred to use a value of SEER = 2.2, as this the suggestion of the Technical
Directive in case of not available performance data.

• Heating/Cooling of storage spaces; the energy consumed for the heating/cooling
of storage spaces has been calculated on the basis of the respective demand and the
performance of the heat pump:

Eel =
Edth

SCOP(SEER)
(2)

where:

- Edth, the thermal energy load (demand) of the storage spaces;
- SCOP (SEER), the seasonal efficiency of the heat pump for heating or cooling,

respectively.

The thermal energy demand of the storage spaces has been calculated according to
EN ISO13790 monthly method [29], as adopted by the Greek version for the adoption of
EPBD [26,28]. The method indicates the calculation of heat losses and heat gains, due to
the solar source (external) and indoor sources, namely human, lighting and equipment
(internal); individual quantities sum up, respectively, to the total load, taking into account
heat gain and heat losses utilization factor, with regard to the heating or cooling load
respectively. The model requires the ambient temperature (Ta), room temperature (Tb), as
well as the thermal loss coefficient of the walls (Um) and their surface (A).

The SCOP of the heat pump refers to seasonal performance; given that the value of this
index depends on ambient temperature (heat source temperature) and room temperature
(heat sink temperature), as well as to the working load imposed, the determination of this
index is too demanding, requiring measurements over a sufficient period. In the proposed
approach, it has been preferred to use a representative value, based on the manufacturer’s
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data and the treatment of similar devices according to the Greek version for the adoption
of EPBD [26,28]. The rated value provided by the manufacturer is SCOPR = 4, while the
Technical Directive suggests that SCOP = SCOPR·0.93.

Respectively, for the cooling process, noting that the cooling period refers to months
June–August, according to the Technical Directive of the Technical Chamber [26], the rated
value provided by the manufacturer is SEERR = 6.3, while the Technical Directive suggests
that SEER = SEERR·0.6.

• On site processes: these refer to various devices that are installed, and are listed in
Table 2. Their energy consumption is calculated according to the simplified approach:

Eel = Pel ·t (3)

where:

- Pel, the installed power of the devices;

• Labeling device: the labeling device operates by the time wine production is not active,
i.e., by summer period. The approach imposed by Equation (3) has been adopted.

From the above, it is obvious that despite the intense effort to determine all the
parameters involved in the calculations, uncertainty factors are strong (devices operation
times, heat pumps/chillers performance, etc.) and may affect the reliability of estimations.

3. Results
3.1. Thermal Comfort and IAQ Parameters

In Table 3, the values of thermal comfort and IAQ parameters (namely CO2 concen-
tration) are presented for the office; values refer to working hours (9:00–17:00). As can be
seen by the demonstrated values, the heating of the office, especially during the period
following fermentation (wintertime) is responsible for the satisfaction of thermal comfort
conditions. Relative humidity values are rather high, nevertheless lie within acceptable
limits for the case of the office; the inadequate ventilation can be related to the above. This is
verified by the fact of the CO2 concentration exceeding acceptable limits, noting the sensor
measurement limitation of 2500 ppm (see note 3 in Table 1), due to the fermentation (office
communicates with the main area, as can be seen in Figure 2) or the presence of people
(especially regarding the period after fermentation). It should be noted that the observed
values lie above the indicated limit of 800 ppm, according to the relevant Directive by the
Greek Government [30], verifying the need for the increase of ventilation rate.

Table 3. Meteorological and environmental parameters at the installation site and at the office throughout fermentation
period (September 10th–October 20th) and after fermentation (7 November–31 December).

Parameter

During Fermentation After Fermentation

Indoor Ambient Indoor Ambient

Mean Min–Max Mean Min–Max Mean Min–Max Mean Min–Max

T (◦C) 21.4 17.9–24.6 17.8 9.6–27.9 19.5 12.2–21.9 8.2 −2.8–18.4
RH (%) 59.5 40.5–70.7 65.2 20.2–100 60.7 45.4–70.8 74.3 35.8–100.0

CO2 (ppm) 1414.84 355.9–2500 - - 1040.9 315–2500 - -

Moreover, in Figure 3, the concentration of CO2 is presented over a period within the
fermentation one (the measurement days have been numbered with regard to complete
year 2019, i.e., Day 1 refers to January 1st 2019; this is valid for Figure 4 as well). As can
be seen, during the fermentation phase, the high values of CO2 decrease by late hours, as
by that time the owner of the place opens the door in order to put some fresh air (night
ventilation). The doors close again by early morning time, even though, due to the mild
outside temperatures they do not stay firmly closed, allowing some ventilation. On the
other hand, as demonstrated in Table 3, by the period fermentation does not take place,
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the CO2 values are lower, depending on the presence of personnel during regular working
hours (9:00–17:00).
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Figure 3. CO2 concentration in office over a specific period of measurements.
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Figure 4. CO2 concentration in vinification area over a specific period of measurements.

Regarding the main area, in Figure 4 the CO2 concentration during fermentation
period is presented. Again, one may see the effect of night ventilation on decreasing CO2
concentration, while the values of the various sensors are quite close, demonstrating rather
homogeneous environment in terms of (unfortunately not acceptable) air quality.

In Table 4, the values of thermal comfort and IAQ parameters (namely CO2 concentra-
tion) are presented for the main area. The values of the MX sensor (Vin(11)) have been used,
as their CO2 concentration range is higher, thus allowing the more accurate monitoring
of the phenomenon. As one may see, during fermentation, indoor conditions lie close
to thermal comfort ones on a temperature level; nevertheless, after fermentation period,
which is by wintertime, the non-conditioning of the vinification area is responsible for
the temperature decreasing and lying below thermal comfort level. Relative humidity is
high, on the edge of the thermal comfort limits; this can be potentially attributed to the
rather low temperatures of the specific space. Inadequate ventilation combined with the
fermentation or the presence of people leads to values of the CO2 concentration exceeding
acceptable limits.
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Table 4. Environmental parameters at the main vinification area.

During Fermentation After Fermentation

Mean Min–Max Mean Min–Max

T (◦C) 18.3 14.6–22.0 14.5 11.4–16.1
RH (%) 70.8 40.6–100 71.0 54.2–99.4

CO2 (ppm) 1966.9 239–5000 562.7 325.0–1155.0

In Table 5, the values of thermal comfort and IAQ parameters (namely CO2 concen-
tration) are presented for the storage room of bottles, referring to wintertime (January to
March). Values demonstrate that the set-point of 15 ◦C is not strictly maintained, while
CO2 values exceed suggested limits; this can be attributed to the preparation of yeast on
open tanks at the storage rooms, as well as to the presence of personnel, noting that these
rooms are not ventilated at all. The case for relative humidity is similar to the one for the
vinification space.

Table 5. Meteorological and environmental parameters at the installation site and at the storage
rooms (1 January to 7 March).

Parameter
Storage Room 2 Ambient

Mean Min–Max Mean Min–Max

T (◦C) 17.0 10.2–20.8 3.6 −7.3–17.4
RH (%) 73.1 56.5–89.7 67.9 28.9–100.0

CO2 (ppm) 740.5 305.0–1586.0 - -

Regarding other parameters related to IAQ, the outdoor values of NO2 concentration,
as presented in Table 6, are higher than the indoor values; this can be attributed to the lack
of NO2 sources inside the winery.

Table 6. NO2 concentration indoors and outdoors during a typical day.

NO2 Indoor Concentration
(mg/m3)

NO2 Outdoor Concentration
(mg/m3)

Average 0.073 0.127
Max 0.109 0.213
Min 0.027 0.054

VOC compounds measured in this study are namely illustrated at Table 7. More
specifically, the concentration of measured VOC in the different rooms of the winery for the
two seasons of measurements are included. The concentration of VOCs at the winter period
of 2018–19 (non-winemaking period) was at higher values compared to the winemaking
period of the 2019 (Table 7). This is probably due to the heating period of December of
2018, in contrast to the non-heating period of early October 2019. The closed windows and
doors of the whole building led to a higher concentration, in contrast with the winemaking
period, when the doors and windows were completely open by night time, and semi-open
by the day time, as indicated also above. The heating period and the low temperatures
are probably the reason that the VOCs outdoor concentration of the winery at the non-
winemaking period is higher than the winemaking period. In general, the outdoor VOC
concentrations in both periods are at low levels as the winery is located at rural area. The
predominant compounds of the outdoor area are, as expected, benzene, toluene and hexane
for the non-winemaking (heating) period, while for the winemaking period benzene and
toluene are the substances with the higher concentration. Comparing these compounds
concentration at the different rooms of the winery, regarding the storage room which is
the room with the lowest ventilation mode, the high concentration of benzene, toluene
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and hexane might be due to the movement of the hand pallet truck that took place at the
vinification place at the non-winemaking period. This is also reflected for the winemaking
period. Except those values, the predominant compounds for the storage room are a-pinene
and 3-carene, i.e., terpenes, which are naturally emitted compounds and their concentration
mainly come from the cork and wood (pine) made barrels of the wine storage tanks. For
the office room, the VOC concentrations for both measurement periods present differences
with regard to those of the vinification area, as office constitutes a separate, “isolated”
space from this area (Figures 1 and 2); separation is more intense by wintertime as, due to
heating purposes, the connecting door remains strictly closed. Especially, by wintertime
(non-wine making period), the indicated high values for Benzene and Toluene are related
to the occasional use of a woodstove for heating purposes of the office. Moreover, the high
concentration of d-limonene in the office by non-winemaking period is probably due to the
presence of some person wearing a personal care product which emits such terpenes [31].

Table 7. VOC concentrations (in µg/m3) for the different winery rooms and period.

Compounds
Winemaking (3/10/2019) Non-Winemaking (13/12/2018)

Office Vinification Area Storage Out Office Vinification Area Storage Out

Benzene 0.46 1.76 0.81 0.46 27.51 16.23 12.49 3.89

Toluene 0.77 1.20 3.28 0.52 32.42 21.93 13.20 3.37

Octane ND ND ND 0.08 1.07 1.14 0.79 0.25

Ethylbenzene 0.19 0.10 0.96 0.06 2.16 1.14 0.60 0.21

p,m-xylene 0.52 0.33 3.24 0.20 6.67 3.92 2.16 0.55

o-xylene 0.24 0.16 1.73 0.09 3.57 2.11 1.15 0.32

a-pinene 1.13 0.47 6.85 ND 5.40 1.22 9.49 0.03

1,2,4-
trimethylbenzene 0.22 0.14 0.82 0.10 1.81 1.57 0.47 0.18

d-limonene 0.22 0.06 2.88 ND 273.76 7.38 7.32 0.38

Naphthalene 0.06 0.04 0.06 0.01 0.47 0.22 0.12 0.12

Hexane 0.25 0.52 0.47 0.20 14.19 15.41 6.31 6.94

Trichloroehylene ND ND ND ND ND ND ND 0.15

Tetrachloroethylene ND ND ND 0.01 ND ND ND 0.07

Styrene 0.10 0.05 0.69 0.02 0.94 0.44 0.80 0.25

b-pinene ND ND ND ND 0.37 ND ND ND

3-carene 0.46 0.33 3.36 0.04 9.99 1.98 10.98 0.41

1,3,5-
trimethylbenzene 0.09 0.07 0.43 0.04 3.53 1.85 0.54 0.21

With regard to the detection of compounds which are directly related to the wine
making procedure, the GC-MS analysis of the sampling air of the basement room detected
compounds such as iso-amyl alcohol, ethylacetate, iso-amylacetate, hexanoic acid ethyl
ester, N-hexyl acetate, octanoic acid ethylester and decanoic acid ethyl ester [32,33]. These
compounds are not found at the non-winemaking period for the vinification area which is
the place of wine making procedure.

3.2. Energy Analysis
3.2.1. Present Situation

In Figure 5, one may see the monthly consumption of energy according to the model,
as well as according to the energy bills. The agreement is quite satisfactory, given the dis-
cussion in Section 2.3 for the related uncertainties and modeling difficulties; the deviation
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on annual level being 16.1%. Estimated consumed energy reaches 0.42 kWh/L, which is in
agreement to the values proposed in [5] for the English wineries in average; it should be
noted though that in [6], significantly lower values are proposed through the case study of
an Italian winery.
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In Figure 6a, the share of the main processes to the total energy consumption is
presented on monthly basis; Figure 6b presents the annual share. It is evident that the
cooling and refrigeration processes, together with heating, constitute the most important
share, in agreement with the findings of the existing literature [5,6].

3.2.2. Conventional Energy Decrease Scenario

The energy upgrade scenario includes two basic interventions, that of replacing the
compressor of the air-to-liquid cooling unit, performing poorly, as well as investigating the
potential of installing PV panels for substituting electricity produced by conventional fuel.

The energy model allows the calculation of the energy saving by the aforementioned
interventions; the total amount of consumed electricity by the new chiller is 4326.4 kWh,
with an achieved reduction of 38.5%. Moreover, it has been preferred that the area occupied
by the photovoltaic system is equal to 50 m2, as this area is available, while leading to
significant conventional energy reduction and satisfactory payback period, as it will be
discussed hereafter.

Given that the PVs would be installed on horizontal surface (South orientation), as
there is availability of free area on the premises, their inclination results through the
recommendation of the Greek Directive for EPBD [26]. The transformation of the solar
radiation data from horizontal [27], to that of the installation, has been based on the Liu-
Jordan method [34]. The energy analysis has been based on a monthly based method,
proposed by the Greek Directive for EPBD [26]. In Figure 7, the solar fraction is presented.

Given that the installation of the PVs is planned according to the net metering mecha-
nism, which allows the clearing of produced energy on annual basis, Solar Fraction values
above 1 have been considered acceptable; payback period of 3.4 years are estimated for the
PVs. The conventional energy saving percentage, through the aforementioned interven-
tions, is 54.6%, and the respective payback period 3.6 years, which can be considered quite
satisfactory.
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4. Conclusions

The experimental investigation of indoor climate parameters through a complete year
of winery operation resulted to the following findings:

- Quite high CO2 concentration values during the periods of fermentation at the vinifi-
cation area.

- Night ventilation contributed to the decrease of the respective CO2 concentration
values.

- The effect of night (and partially daily) ventilation resulted also to the detection
of higher VOCs concentrations for the non-winemaking period, taking place by
wintertime.

- The preparation of yeast led to high CO2 concentration values at the storage rooms,
while the predominant VOCs for the storage room are a-pinene and 3-carene, i.e.,
terpenes, naturally emitted from the cork and wood (pine) made barrels of the wine
storage tanks.

- In the office, CO2 concentration values were affected by both the presence of people
and fermentation process. The determined CO2 concentration values exceeded the
respective exposure limits of the respective regulations, demonstrating inadequate
ventilation.

- Thermal parameters, and especially temperature, proved to be well regulated in the
respective spaces (office, storage rooms) were caution was implemented.

The formulated energy model, having incorporated determined indoor climate and
energy performance parameters, and validated through actual consumption data, allowed
an insight on the involved processes. The assessment of energy interventions, through
the model, namely the replacement of the air-to-liquid cooling unit, and the installation of
PV panels with a total area of 50 m2, demonstrated 54.7% energy saving and 3.6 payback
period.

The proposed methodology can be, through proper adjustment, exploited for relevant
units, i.e., premises combining building uses and agro-industrial processes, allowing the
assessment of indoor environment and energy performance, as well as the evaluation
of interventions towards the reduction of energy consumption and improvement of the
environmental footprint of the respective units.
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