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Abstract. Nowadays, due to the energy, water, and arable land crises, as well as the constant
global population growth and urbanization, water, energy, and food sources are strongly linked
to each other, and a comprehensive analysis including all the influencing factors has to be carried
out. In this context, the need to improve the energy performance of traditional cultivation
systems, as well as to develop alternative and innovative ones, is causing a shift in interest from
greenhouses to indoor farming methods (such as vertical farms) in the agricultural sector. In fact,
they allow for completely controlled crop production without the use of chemical pesticides.
Moreover, their productivity is independent of external conditions and improved compared to
traditional systems. However, their energy consumption is larger than that of greenhouses. To
evaluate the techno-economic feasibility of such systems, a comprehensive model of a vertical
farm, including air conditioning, lighting systems, and plant evapotranspiration, has been
developed to quantify the energy share for the different elements of the system (air conditioning
and lighting) and to relate the energy consumption to the kilogram of produced crop, analysing
exclusively the growth phase. The analysis is carried out for different cities and considers
different scenarios in terms of lighting and electricity costs.

1. Introduction

Nowadays, more than 795 million people in the world are malnourished, and 1.4 billion people cannot
access electricity. Furthermore, the increasingly reduced variety of crops in the agricultural sector (since
1990 it has lost 75% of crop varieties) [1] represents a serious problem that needs to be addressed. To
mitigate the catastrophic effects of the aforementioned issues, the United Nations has set several goals
to be achieved by 2030: to end hunger, poverty, and malnutrition, and to ensure sustainable and healthy
food production in the agricultural sector, increasing productivity while limiting environmental impact.
It is well-known that in recent decades, due to constant global population growth, urbanization, pest use,
climate change, degradation and scarcity of the resources, the agricultural sector has been heavily
stressed. In detail, it is the largest user of water, accounting for 70% of total global freshwater
withdrawals [2], with a projected increase of about 55% by 2050 [3]. Moreover, energy consumption in
the agricultural sector represents 3% and 2% in the European and Italian scenarios, respectively [4] and
it is expected to globally increase about threefold by 2050 [5]. Additionally, the global population is
projected to reach 9.8 billion by 2050 and 11.2 billion by 2100, with intense urbanization affecting more
than 70% of the world's population [6].
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All these aspects will contribute to a 60% intensification in energy consumption in the food production
sector by 2050 (already accounting for 30% when considering the cold chain and the transport sector as
well) [7][8]. This scenario is exacerbated by the scarcity of arable land and the extensive use of
pesticides and chemical substances. In fact, approximately 1.9 million tons of them were employed in
the agricultural sector in the EU context during 2019 [9][10]. The objectives set by the United Nations
are to improve the energy performance of traditional agricultural methods and to develop alternative and
innovative ones, considering the ongoing energy transition, such as indoor farming methods. Traditional
farming methods are affected by several issues, including production uncertainty and high-water
consumption, which is significantly higher compared to vertical farms [11][12][13]. Vertical farms
(VFs) consist of completely controlled environments where optimum conditions for crop growth in
terms of temperature, relative humidity, and lighting are achieved using air conditioning systems and
artificial lighting, while constantly monitoring CO, levels [14]. VFs are becoming increasingly popular
in very cold climate regions with low solar radiation and arid regions with water scarcity. However, the
main drawbacks are the high investment costs and energy consumption, which are significantly higher
compared to traditional greenhouse systems [15][16]. Several studies in the literature analyse the techno-
economic feasibility of vertical farms from different perspectives. Kozai et al. [14] conducted a
comparison between VFs and greenhouses in terms of water use, CO; use, electricity use, and inorganic
fertilizer use efficiency. Similar analyses were carried out by Harbrick et al. [13] and Graamans et al.
[11], considering four different climates in the US and EU, comparing them in terms of energy use and
environmental impact. Finally, Avgoustaki [17] compared vertical farms and greenhouses for basil
production, evaluating their productivity, energy consumption, and resource use efficiency. Since one
of the main drawbacks of th VF systems is the higher energy consumption due to the lighting system,
different studies addressed the possibility to integrate renewable energy sources such as PV panels in
order to reduce their energy consumption. Cossu et al [18] integrated a VF system with a pre-existing
photovoltaic greenhouse for the growth of baby-leaf lettuce in order to maximize the system productivity
and minimize the CO, emissions, while taking advantage in the use of PV panels combined with VF
system. Yalcin et al [19] studied a novel lighting system to be employed in vertical farms which consists
of parabolic collector which collects the sunlight and splitters and optical fibres which transmit it to the
internal ambient of crop growth. Finally, Teo et al [20] simulated the energy and environmental
performances of a vertical farm system integrated with solar panels, founding a reduction in the energy
consumption up to 12%. For the best of authors’ knowledge, no studies in literature propose a thermo-
economic analysis of VFs in which their productivity is correlated to the annual energy consumption
with reference to the geographical location and to the specific cost for electricity. To achieve this aim,
a thermo-economic model of a VFs has been developed, taking into account each component of the
system (air conditioning, lighting system and plant evapotranspiration) to attribute the cost of energy
expenditure to kg of harvest.

2. Method

To assess the energy consumption of a vertical farm and its relationship to the kilogram of harvested

product in different climate regions, the following methodology has been implemented. In Figure 1 the

schematization of the considered vertical farm system with all the potentially energetic loads is shown:
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Figure 1 - Vertical farm schematization with the potentially energetic loads.
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In the above schematization, Qwall,tot is the incoming/outgoing thermal load exchanged with the
external ambient through the walls and the roof of the plant, P, is the power of the installed LEDs,
Qsens is the sensible thermal load of the plants, Q4 is the latent thermal load caused by the canopy
evapotranspiration process and Q.4 is the thermal load caused by the lighting system. Finally, Qpp is
the thermal load of the installed chiller/heat pump that keeps constant the temperature level within the
growth cell, depending on the photo/dark period during the growth cycle. All the thermal loads are
evaluated in kW.

2.1. Crop transpiration and energy balance
The net thermal load intercepted by the crops is a rate of Pj,4 and is given by the following equation:

Inet,canapy = Pled “Miea " CAC - (1 — pg) (D

In Equation (1) 1.4 is the LEDs efficiency, CAC is the cultivation area cover factor and pg is the
reflection coefficient. Only a rate of jnet,canopy [kW] contributes to the growth of the crops and it is
indicated as PPFD [pumol-m™s’!], evaluated by Equation (2):

PPFD = Lyet,canopy * Mied,par (2)
In the Equation (2), the term PPFD represents the photosynthetic photon flux density and o4 pag 1s a
conversion factor [umol-J'] that takes into account that only a rate of the net radiation intercepted by
the crops for their growth. The latent thermal load caused by the evapotranspiration process of the

canopy Q4 1s evaluated through the following equations implementing the model of Graamans et al
[21]:

Qlat =LH- Agrow (3)
veD 4)
LH = LAI- -
re+r,
1\%® )
7, =350-(—]) -LAI?
Ugo
_ 60 1500 + PPFD (6)
s = %" 500 + PPFD

In the Equations (3-6) LH is the latent heat caused by the evapotranspiration of the crops [kW-m?],
Agyrow [m?] is the growth surface of the crops, LAI is the leaf area index and can be assumed as a constant
value as all the stages of the growth process are considered to be present during the cultivation period
of the crops as stated in [22]. The VCD [kg'm™] term is the vapour concentration deficit between the
leaf and the air, Uy, is the uninhibited velocity of the air [m's™'] and A [kJ-kg'] is the latent heat of
vaporization. Finally, 15 and r;, are the leaf surface resistance to the vapour transfer and the aerodynamic
one, respectively [m's']. The sensible thermal load exchanged by the plants Qs is evaluated through
an energy balance applied to the leaf surface of the crops by Equation (7):

Qsens = Inet,canopy - Qlat (7)
Then, the sensible heat exchanged by the plants (SH) is evaluated by dividing the sensible thermal load
by the crop’s growing surface. It is well-known that the sensible heat depends on the temperature
difference between the transpiring surface and the surrounding air. Therefore, it is possible to calculate
the air temperature of the growth cell T, [°C], required to guarantee the desired leaf temperature of the
crops, namely T, which in the present study is fixed to a constant value of 24°C in order to ensure
proper crop growth [23]:

SH -1, (8)
P, Cpa- LAI

T, =T, —
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2.2. Energy model for the wall losses
Once the air temperature is evaluated through equations (3-8), the thermal load of the cell through the

walls and the roof Qwa”,mt can be calculated as the sum of the thermal load of the walls and roof of the
plant Qwall,j:
u €
Qwall,tot = z Qwall,j
j=1

The thermal load exchanged with the external ambient of the generic j-th wall is evaluated by taking
into account the radiative, convective and conductive contributions to the heat transfer mechanism as
reported in Equations (10-12):

Qwall,j = UAj ) (Text - Ta) + Qsolar,j (10)
Qsotarj = G - 4j - a - cos(¥) (11)
1 (12)

Up=773 T

s

(hext * k * hint)
In Equations (10-12) T,, [°C] is the external ambient temperature during the whole year, G is the solar
radiation [W-m™], 9 is the angle of incidence of the solar radiation, hy; and h;,; [W-m™>- K] are the
external and internal convective heat transfer coefficients, respectively, a is the absorption coefficient,
A; [m?*] is the surface of the generic j-th wall, s [m] and k [W-m™-K"'] are the thickness of the walls and
the insulating material’s conductivity, respectively. The analysis was carried out by considering the
hourly temperature profile of different climate regions during the whole year.

2.3. Vertical farm energetic model
Once the thermal load Qwau'tot is evaluated during the whole year, it is possible to calculate the thermal
load of the installed chiller/heat pump Qyp by considering the energy balance reported in Equation (13):

Qwall,tot + Pled = Qup (13)

2.4. Vertical farm thermo-economic model
In order to relate the energy consumption [kWh-kg'] of the growth cell to the kilogram of crop produced,
the following methodology has been implemented. By knowing the quantity of lettuce m,, and the time
interval AY in which the analysis is carried out —assumed as 1h — the energy consumption is evaluated
as reported in Equation (14):
) . 1 14

Elettuce = <CQ~OL; + Pled) AV m_p (9
The quantity of lettuce grown in the cell, namely m,,, is evaluated by considering a production cycle of
29 days and assuming a reference yield, Y,.f, of 6.25 kg'm™ as indicated in the reference [22]. The
number of cycles during the year is assumed to be 12 [22]. Furthermore, the productivity of the system
is strongly dependent on the lighting system radiation, which linear dependency is evaluated with the
term Fpppp, calculated in Equation (15):

_ (PPFDactual _

PPED "\ PPF Dygrger

PPFDgctyq 1s the actual PPFD supplied by LEDs whereas PPF Dyqyrge 1s the target of PPFD used in

the manuscript [22]. For each cycle of production, it can be assumed that the yield of the system is equal
to:

1> 074 +1 (13)

Y = Fpppp - Yref ' Agrow (16)
The yield dependency on the crop surface temperature is neglected since, as specified before, a constant
temperature is ensured. Since the vertical farms is a completely-controlled ambient in terms of
temperature and relative humidity, the yearly dynamic simulation are carried out in quasi-steady state
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conditions. The coefficient of performance of the chiller/heat pump serving the plant is hourly evaluated
by simulating a standard vapor compression cycle, using R134a as refrigerant (whose transport and
thermodynamic properties are calculated by using Refprop 9.1 [24] software), and assuming that the
system always counterbalances the total thermal load of the plant and guarantees the desired internal
conditions within the cell. The coefficient of performance COP is:

Qup (17)

comp
Finally, the rate of cost for energy —named RCE [€-kg '] — for the kilogram of grown product is evaluated
by multiplying the total energy consumption during the year and the specific cost for electricity:

Nstep (1 8)

RCE = Z (Elettuce,i) - specific cost of electricity
i=1

COP =

3. Results and discussion

3.1. Case study description

The model described in the previous section has been executed in Matlab [25] to carry out an assessment
of both energy consumption and costs for a vertical farm producing lettuce, by considering different
climate conditions in the cities of Naples, Milan, Helsinki and Dubai and various levels of PPFD on the

plant. In Figure 2 is reported the external thermal load (Qwal Ltot) profile for each city during the year
whereas the parameters adopted in the simulations are shown in Table 1:

Thermal load during the year for different cities
Dubai
Naples
15 Milan
Helsinki

20

| ) meM W M'W MWW

" i ‘N WMHM ‘ "

10 A IM m \IW.I.

-15

Qu;ali

-20

0 1000 2000 3000 4000 5000 6000 7000 8000
Time [h]

Figure 2 - Yearly external thermal load profile through the walls and the roof of the cell for each considered climate.

Table 1 - Parameters for the simulation of the vertical farm.

Quantity Value Quantity Value Quantity  Value
Naples, Milan,

Climate zone Helsinki, PPFD 250-375-500 s 0.01
Dubai

Leaf temperature 24/18 Growth cycle duration [day] 29 k 0.023

. Number of cycles during the

Photoperiod [h] 16 year 12 PR 0.05

Number of growth cells 5 PPFDiqrget 250 Rine 7.7

][?I‘f]“e“‘o“ ofgrowtheell e 75465  Lal 2.1 2 2260

Yier 6.25 CAC 0.95 VeD 5-10-3

Nea 0.52 Med,PAR 23
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3.2. Energetic analysis

In Figure 3a, the total energy required for each city is shown with respect to the different levels of PPFD.
It is evident that increasing the PPFD, and therefore the power required from the LEDs, the total energy
demand of the vertical farm increases significantly, regardless of the climate. However, also the
productivity increase with the lighting, passing from 1170 ton-year! with a PPFD of 250 pmol'-m™ -s™!
to 2060 ton-year! with a PPFD of 500 umol-m?-s™!. When comparing the different analysed climates, it
can be observed that the total energy demand decreases in colder climates. This is due to the fact that in
warmer climates, for a fixed PPFD level and LED consumption, there is a higher energy demand for
cooling purposes, as the external load (Qwa”,mt) is higher. On the other hand, in colder climates, the
remarkable heat emission from the LEDs leads to a decrease in the heat required from the heat pumps
to maintain the appropriate temperature in the growth chamber. As a result, in Dubai, the energy demand
is approximately 15% higher than in Helsinki. This observation is supported by Figure 3b, which
demonstrates that, despite the total energy required by the LEDs being the same for each city at a fixed
PPFD, it represents nearly 80% of the total energy demand in Dubai, while in Helsinki, it exceeds 90%.
This indicates that in the latter case, the energy consumption of the air conditioning system is reduced.
From Figure 4, it is evident that for a given PPFD and productivity, the yearly specific energy
consumption (kWh-m?year™) is significantly higher in warmer climates. Moreover, it is worth noting
that the increase in PPFD brings to higher productivity, passing from 75 kg m?-year! with a PPFD of
250 umol'm?-s'to 130.5 kg'm?-year! with a PPFD of 500 umol-m™2-s’.

5 X 10° Total Energy required Percentage Energy demand

—

[ rFD-250 imot/m’s
[ PPFD=375 jimol/m®s
_ 1 PPFD=500 smol/m’s

Total Energy demand [-]
=)
%

—4 — -
- ) (b)
D
z
z3
0.6 =
= E
a <
5, b
s B < 04 -
s {0 A C-PPFD=250 pmolm®s |z,
‘E 0 AC-PPFD=375 zmol/m?s 5
== 2
Eq L — JAC-PPFD=500 gmol/m’s S 2 ||
I LED-PPFD-250 pmol/m®s | &
[ LED-PPFD=375 yumol/m?s | £
Ll | LED-PPFD=500 pmolim®s | & | |
Dubai Naples Milan Helsinki 8 Dubai Naples Milan Helsinki

Figure 3 — For different climate regions and PPFD levels (250, 375 and 500 umol /m?s):(a) Total energy required with
respect of three PPFD levels.(b) Percentage energy demand for Air conditioning (AC) and lighting (LED) for different PPFD
levels.

Crop produced vs. Energy consumption

140 :
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5130 {> Naples /T
2. Milan
o . .
g120 O Helsinki PPFD=500 zmol/m’s |
£
«_ 110
E A
= &
S 100 0 10
=
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{="
2
s 80 _¥ ppPED=25) Hmnung
& O
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Total energy consumption/m2 [kWh/mzyear]
Figure 4 - Crop produced per m? with respect to the total energy consumption per m?for different climate regions for three
different PPFD.
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3.3. Economic analysis

The economic analysis is conducted by considering different specific costs for electricity (0.05, 0.1, 0.2
and 0.3 €kWh!), to account for variations due to market conditions in each city and country analysed.
As depicted in Figure 5a, for each city, considering a PPFD of 250 pmol-m?s!, the RCE of the product
is highly affected by the electricity costs. As a matter of fact, considering Dubai, for the electricity cost
of 0.05 €kWh'!, RCE is lower than 1 €kg!, while it becomes higher than 5.3 €-kg' when the electric
kWh electric 0.3 €.

In Figure 5b is shown the RCE for an electricity cost of 0.05 €:kWh! and different values of the PPFD.
It is evident that the RCE slightly enhance due to the higher energy consumption. Nevertheless, also the
productivity rises, thus the profitability of the choice to increase the PPFD depends also on other factors,
such as costs for sanitization of structure, workforce and maintenance services. However, comparing
Figure 5a and Figure 5b, it is worth nothing that the price of electricity has a higher impact on RCE
compared to lighting intensity.

_ -1
RCE for a PPFD=250 yzmol-m™2.s™! RCE for C =0.05 €-kWh
' R N 1.2 T T
Bl c,-005 e-kwn™! [TTC =02 €-kown! Il pPFD=250 imol-m™.s™!
Bl o1 exwn llC, =03 €kwh! I prrD=375 pm0l~m'i-s':
5 1 PPFD=500 pmol-m™-s”
(a) b)
4 Zos 1
) - =)
- — _ -
173 o 173
33 S 0.6 a
9 i)
@ £ ||
= 2 = 0.4
1 0.2 u
(R (R (R (R 0 L
Dubai Naples Milan Helsinki Dubai Naples Milan Helsinki

Figure 5 — Rate of cost for energy related to the kilogram of grown product: (a) RCE for a PPFD of 250 umol-m~2-s1 and
different electricity prices; (b) RCE for an electricity cost of 0.05 €-kWh and different PPFD.

4. Conclusions

In this paper, an assessment of energy consumption and costs for a vertical farm producing lettuce has
been conducted, considering different climate regions, lighting system conditions, and economic
scenarios in terms of specific cost for electricity.

The system’s energy demand increases with higher PPFD levels. Simultaneously, also the productivity
increase (from 1170 ton-year! with a PPFD of 250 pmol-m?s™! to 2060 ton-year! with a PPFD of 500
pumol-m?-s™). When comparing different cities, colder climates exhibit lower total energy demand due
to reduced cooling requirements. Specifically, Dubai's energy demand is 15% higher than Helsinki's.
furthermore, by fixing the PPFD level and thus the system productivity, in warmer climates the yearly
specific energetic consumption, for each m? of cultivation, is significantly higher compared to the colder
ones. The economic analysis has been carried out by assuming different specific cost for electricity in
each considered climate and different PPFD levels. At a fixed price the RCE slightly increases with
PPFD, whereas, by fixing the lighting level, the increase of electricity costs causes a huge rise in RCE
index. Finally, in each considered climate region, scenarios with low electricity costs make the vertical
farms a very interesting solution, with crop production costs lower than 1 €'kg™'.

It is worth noting that the results obtained in this study neglect minor energy consumption sources and
focus only on the growth phase of the crop. Future works should account for all other processes
occurring in vertical farms, before and after crop growth, to quantify the total energy consumption and
cost of the entire crop production process. Moreover, to carry out a careful assessment of the profitability
of VFs, future works should consider also the income increase with higher productivity in order to find
the optimum between the increase in the yield (due to lighting intensity augmentation) and energy costs
one, with the aim to maximize the revenues.
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