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Nowadays, the agricultural sector is undermined by arable land and water availability. Vertical farms represent
an interesting solution offering the possibility to overcome these issues also reducing pesticides use. However,
their high energy demands make it crucial to develop an effective methodology to attribute the specific energy
cost to the kilogram of each product harvested. A multi-level model considering the elements that intervene in
the energy balance characterizing the cultivation phase in vertical farms is introduced below. A parametric
analysis is carried out with it, considering different cities and multiple scenarios in terms of lighting efficiency
and intensity, leaf surface temperature, electricity and natural gas cost. The results unveil a strong dependence of
the total energy consumption and the specific cost of the product on external conditions, such as the climate, the
efficiency of the electric national system and the energy cost. Notably, in Riyadh, the energy consumption (10.1
GWh e year) is up to 86% higher than in Stockholm and 38% higher than in Naples. By means of the internal
conditions’ optimization, the specific cost for energy of the lettuce production in the vertical farm growth

chamber, is 0.85 €e kg ! in Stockholm, 1.35 €e kg~! in Naples and 1.75 €e kg~! in Riyadh.

1. Introduction

In the last decades, the water-energy-food nexus has been strained by
numerous and significant challenges. The global population constant
growth, rapid urbanization, pest use, climate change, resource degra-
dation and scarcity have all placed immense pressure on the agricultural
sector, which is the largest water consumer [1], with a forecasted in-
crease by about 55 % by 2050 [2]. Furthermore, in 2021 it contributed
for 3 % of energy consumption [3] in Europe. Additionally, energy de-
mand is expected to increase worldwide, reaching about 22 Gtoe in 2050
[4].

Moreover, the reduction in cropland per capita [5], the global pop-
ulation growth [6,7] and the rapid urbanization [6], will exacerbate the
scarcity of arable land and water resources. Furthermore, the extensive
use of pesticides and inorganic fertilizers also has detrimental effects on
the quality of agricultural products [8].

In addition, at present, approximately 795 million individuals
worldwide suffer from malnutrition, and over 1.4 billion people lack
access to electricity, and the resulting energy shortage stands as a sig-
nificant barrier to producing sufficient food to meet global demand. All
the aforementioned issues have compelled the United Nations to
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establish various goals to be achieved by 2030 and 2050 [9], such as
eradicating hunger, poverty, and malnutrition worldwide, while
ensuring sustainable and healthy food production. To achieve these aims
it is fundamental to enhance the productivity of traditional farming
method. However, since they rely on external climate conditions, huge
water and land usage, it becomes necessary to develop alternative and
low-environmental impact technologies for the agricultural sector. One
of the most promising and potentially sustainable approaches in this
context is indoor farming, specifically within completely closed and
controlled environments known as plant factories or vertical farms
(VFs). Vertical farms consist of well-insulated structures which create
optimal conditions for plant growth, regulating temperature and relative
humidity. Crops are arranged vertically on multiple layers, and the
system incorporates lighting devices such as LED systems or fluorescent
lamps to replace natural sunlight. Air conditioning systems are
employed for cooling and dehumidification, while CO5 units monitor
and maintain optimal CO levels. Additionally, VFs are equipped with
nutrient solution and water supply systems [10,11]. Thanks to their
advantages, such as water and CO2 savings and healthy food production,
VFs are becoming more and more widespread especially in hostile
climate regions where few lighting hours and/or water scarcity occur
[12] and they can be installed in urban context by reducing cost and
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Nomenclature

A surface area [m?]

AHU air handling unit

c specific heat

CAC cultivation area cover [ —]

cos cosine [ —]

Cel specific cost of electricity

Cgas specific cost of natural gas [€ ¢ Sm™3]

e specific energy consumption [kWh e kg~!]
E primary energy consumption, kWh]

EER energy efficiency ratio [ —]

F yield proportionality factor [ —]

G solar radiation [W e m~2]

GHG greenhouse gas emission

h convective heat transfer coefficient [W e m~2 o K™!]
H low heating value [kWh e m™3]

HFO hydro-fluoro-olefin
HVAC  heating, ventilation and air conditioning

i specific enthalpy [kJ e kg™

I'net,m,wpy thermal power intercepted by the plants [kW]

k thermal conductivity [kW e m~! ¢ K71
mean leaf diameter [m]

LAI leaf area index [ —]

LCA life cycle assessment

LED LED system

m mass [kg]

m mass flow rate [kg e s

M number of the walls [ —]

n number [ —]

N number of elementary geometries [ —]

P pressure [kPa|

electrical power [kW)]
PPFD photosynthetic photon flux density [umol e m~2 e 571
q heat flux [kW e m~2]

Q thermal power kW]

r resistance [s e m™!]

R reflection coefficient [-]

SCE specific cost for energy [€ e kg™!]
SEER seasonal energy efficiency ratio [—]
SHR sensible to total heat ratio [ —]

T temperature [°C]

TCE total cost of energy [€ o year™!]

u velocity [m e s71]

1% volume [m?]

1% volumetric flow rate [m® e h™!]

VCD vapor concentration deficit [kg e m~3]
VF vertical farm

x wall thickness [m]

Y production yield [kg e m~2]

w mechanical power [kW]

Greek symbols

a absorption coefficient [ —]

y angle of incidence of the solar radiation [rad]

§ differential variation [ —|
A variation | —]
n efficiency [ —]

Nedpar ~ conversion factor [umol e J~!]
9 time [s]

p density [kg e m™3]

P relative humidity [%)]

® specific humidity [g,qp ® kgz!]

Subscripts and superscripts
actual actual

air related to air
Bo boiler

cell cell

Ch chiller
comp compressor
cycle cycle

el electric

ev evaporator
evap evaporated
ext external
fan fans

gas natural gas
grow grow

GC growth chamber
i i-th

in inlet

int internal

is isoentropic
J j-th

lat latent

leaf crop’s leaf

LED LED system
LED,PAR photosynthetic active radiation of the LED system
lettuce  Related to lettuce

max maximum

Mix mixing

N number of elements of the wall
opt optimum

out outlet

P product

plant related to plant
PPFD photosynthetic photon flux density
primary primary

ref reference value
refr refrigerant
return  return

s stomatal
sens sensible
target target value
temp temperature
tot total

vap vapor

w water

wall wall

) inhibited

emissions related to the transport of products to the final users [13,14].
In literature, several studies argue the possibility to employ vertical farm
systems by analyzing their techno-economic feasibility from different
points of view. Kozai [10] conducted a comparative analysis between
greenhouse and vertical farm systems, considering water usage, CO5

emissions, electricity consumption, and inorganic fertilizer usage. This
study found that vertical farms exhibit lower water and CO, usage
compared to greenhouses, with reduction by, respectively, 50 and 1.8
times.

However, VFs consume 2.5 times more energy due to their lighting
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systems compared to greenhouses. Similar results were observed in
Harbrick et al.’s study [15] which simulated and compared VFs and
greenhouses founding that VFs reach up to 11 and 13 times higher en-
ergy consumption and CO, emissions. Graamans et al. [12] compared
greenhouse and VF systems for lettuce production in three different
climate zones. Vertical farms exhibited higher and more stable pro-
ductivity throughout the year compared to greenhouses, with a twofold
increase, 95 % lower water usage but, conversely, higher electricity
consumption. Park et al. [16] compared VF and open field methods,
finding that the first allow to achieve higher crop production with lower
levels of fungicides and pesticides. Finally, Avgousaki et al. [17] con-
ducted a comparison between vertical farms and greenhouses for basil
production, founding that VFs offer significantly higher resource savings
compared to greenhouse systems.

The energy consumption aspect remains a significant challenge for
indoor farming methods. Consequently, various studies have explored
possibilities for reducing energy consumption from different perspec-
tives. Molin et al. [18], observed that in VFs the dry matter harvested per
production area is 17.5 % higher than in open field. Moreover, they
found that lighting system is responsible up to 45 % of the total green-
house gas emissions. Martin et al. [19], through the LCA (life cycle
assessment) method quantified the cradle-to-grave environmental
impact for 1 kg of lettuce produced in a vertical farm in Sweden, cor-
responding to 0.98 kg COg,eqokg’1 of GHG emissions.

Graamans et al. [20] conducted a study by considering three
different climate zones and the crop transpiration model developed in
[21] was coupled with the building energy simulation software Ener-
gyPlus. They found that with opaque facades and by optimizing the
timing of the lighting and darkness period, a significant energy con-
sumption reduction can be achieved.

Avgoustaki [22] developed an optimization algorithm in MATLAB to
achieve consumption reduction, resulting in energy savings ranging
from 16 % to 26 %. Yalcin et al. [23] explored a solar illumination design
using fluorescent coatings to enhance crop production, estimating an
increase by up to 35 %.

Additionally, Weidner et al. [24] validated an energy consumption
optimization model for vertical farms, greenhouses, and open fields in
Stockholm, extending its application to different climate zones,
revealing that VF systems are more energy-intensive compared to
greenhouses in all analyzed locations.

To the best of authors’ knowledge, there is a growing scientific in-
terest in analyzing alternative/innovative cultivation systems, like ver-
tical farms, today. These studies focus on specific aspects affecting the
production in VF. Some studies take into account the lighting system
efficiency [25], some others the optimal canopy temperature for plant
growth [26,27], some of the other the indoor and outdoor climatic
conditions to [24]. Hereinafter, instead, the authors introduce a multi-
level model of the entire vegetable production system in VF, that al-
lows to determine the primary energy demands and the energy costs
linked to the product unit. Particularly, the multi-level models encom-
pass the plant sub-model, through which the energy balance on the leaf
surface is evaluated in steady state conditions, then the dynamic energy
balance on the VF structure sub-model, taking into account the plants
contributions (sensible and latent), the unexploited light power in the
process of photosynthesis, all the heat transfers through the building
envelope and the contribution of the air-conditioning system, evaluated
in its sensible and latent shares necessary to continuously hold the target
values of temperature and relative humidity.

Additionally, an economic model is presented to quantify the energy
required to produce one kilogram of lettuce in the vertical farm under
consideration, thereby determining its associated cost. In particular, two
indexes are introduced in the present work, namely the primary energy
consumption associated to the growth phase (Eprimary), and the specific
cost for energy (SCE), which allow to allocate the cost of energy on the
kilogram of each harvested product.

This approach is intended to pave the way for a general procedure to
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evaluate the specific energy cost of any kind of product unit, high-
lighting the different contributions that determine the total energy cost
of a product and so identifying the most energy intensive ones, those to
be optimized.

The case study encompasses the layout of the vertical farm in three
different cities, namely Naples, Riyadh and Stockholm, representative of
three climatic condition, according to Koppen-Geiger climate classifi-
cation: Csa - Hot-summer Mediterranean climate, BWh - Hot desert
climate and Dbf - Warm summer humid continental climate, respec-
tively. Furthermore, a sensitivity analysis is conducted by varying the
optimal plant temperature during the growth phase, the photosynthetic
photon flux density, and the efficiency of the lighting system, to quantify
the influence of each parameter on total and specific energy consump-
tion and costs. Finally, the results concerning the energetic and eco-
nomic aspects are described and discussed.

2. Vertical farm growth chamber model

Vertical farm (VF) systems consist of multiple areas serving different
purposes. However, this work specifically focuses on crop growth
chamber. After that the plant’s early stages of development take place in
the germination chamber, the crops are transferred to the main growth
room where most of the growth occurs. Therefore, this work assesses the
energy consumption of this area of the VF: Fig. 1 provides a schematic
representation of VF growth chamber, illustrating the various energy
loads occurring in a control volume comprising the aforesaid chamber,
with the frontier on internal walls. Specifically, P4 is the electrical
power absorbed by the LED, Qwaum is the heat transfer through the
building envelope, and then, with a focus on the energy balance on the
crop, which is in steady state condition, I'net,amopy is the active radiation
adsorbed by the plant and participating to the photosynthesis process,
Qur plane and Quens plane are latent and sensible heat associated with plants
metabolism, respectively. All the thermal load, both latent and sensible,
are counterbalanced by an HVAC system, consisting of an Air Handling
Unit (AHU) operating mainly with recirculating air (only 5 % fresh air),
that is suitably conditioned through heating and cooling coils equipping
the AHU and fed by a natural gas boiler and an electric chiller,
respectively.

2.1. Plants transpiration and energy balance

The crop is the principal item in the growth chamber, affecting
tremendously the overall energy balance, absorbing radiation,
exchanging heat with the environment and finally transpiring. Particu-
larly, it absorbs a certain amount of radiation which is then released as
sensible and latent heat in steady state conditions. Thus, the thermal
power intercepted by the crops is evaluated with Eq (1):

I.rzet,L’unr)py =Py o Niea ® CAC ® (1 —R) M

Where 7,4, is the electric efficiency of the LEDs, CAC is the cultivation
area cover factor (being the ratio between plant leaf surface and plant
bad surface), that is 0.95, and R is the reflection coefficient, assumed to
be 0.05. The radiation that reaches the plants is not entirely employed to
trigger the photosynthesis process, thus the photosynthetic photon flux
density (PPFD), which is the amount active in the photosynthesis, is
evaluated with Eq. (2):

PPFD = jnel,cant)/))‘ L ﬂled.P/\R (2)

Where n,4paz is a conversion factor, depending on the technology
employed for lighting, indicating the contributing J of the radiation
converted in ymol employed for plant growth.

The latent thermal power, caused by the evapotranspiration process
of the canopy, is evaluated with the model developed by Graamans et al.
[21]:
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Fig. 1. Schematization of the growth chamber and systems serving the plant, highlighting the energy flows over a control volume with the frontier on the growth

chamber internal walls.

Qlat.plam = qlut.p[ant b A&"OW 3

In EqQ. (3) qigepiane is the latent heat flux caused by the crops evapo-
transpiration, while Agyy is the total cultivation area. qjq piqne and the
water mass flow rate transpired are evaluated with Egs. (4-5):

. . VCD
qlal«plant =LAl e AlW i r o (4)
mw.evap = QlaAt,fl.ﬂm (5)

In the previous equations, LAI (leaf area index) is the green leaf area per
unit ground surface area, assumed to be constant in this work being an
averaged value of the different growth stage. Ai, is the latent heat of
vaporization on the leaf surface, and it is the water latent heat at leaf
surface temperature. Moreover, VCD is the vapor concentration deficit
between canopy and air. Finally, r; and rq; are, respectively, the leaf
surface and aerodynamic resistance to vapor transfer. These two terms
are evaluated with Egs. (6-7):

l 0.5
Tair =350 @ (—> o LA™ (6)
1500 + PPFD
=608 T
! ® 200 + PPFD @

Where [ is the mean leaf diameter, considered to be constant for the same
assumption made for the LAI, and u,, is the uninhibited air velocity.

The sensible thermal power exchanged with the surrounding envi-
ronment is evaluated by closing the energy balance on the plant, ac-
cording to Eq. (8):

Qlar,plant (8)

Q.\'em‘.plunt = I net,canopy
Consequently, the sensible heat flux is evaluated with Eq. (9):

Qsen:pla;t!

T ens plant = ————— 9
q.\em,plam Agmw ( )
Since the sensible heat transfer is dominated by a temperature difference
between the leaf surface and the surrounding environment, knowing the
leaf surface temperature, it is possible to calculate the growth cell’s
temperature, which is the proper value to ensure the optimal

temperature on the leaf in order to maximize the yield:

Ysens.plant ® Tair

Pair ® Cpair ® LAI (10

Tz‘ell = T[eaf -
Pqir and cp qir are, respectively, the air density and heat capacity.

2.2. Heat transfer with the environment

Solved the crop energy model and evaluated the cell temperature
necessary to guarantee the desired leaf temperature, the heat exchange
through the building envelope is calculated. The total heat transfer is the
sum of the heat exchange across each j-th wall constituting the building
envelope (neglecting the terms related to the ground heat exchange), as
reported in Eq. (11).

Z Qu vall j

an

uall tot

The heat power for the generic j-th wall, at each time step is given by Eq.
(12):

Q.wall,i,/‘ = i @ A (T1; — Teenss) 12)
Where, h;, is the internal convective heat transfer coefficient, which
value (7.7 Wem 2eK 1) is taken from [28], Aj is the transversal area of
the generic j-th wall, changing according to the facade of the building
envelope considered. Then, T, ; is the temperature of the inner surface of
the j-th wall and T,y ; is the inner temperature in the cell at the i-th time
step.

Thus, to evaluate the heat transfer through the building envelope,
the wall temperature profile has to be solved. For this reason, a one-
dimensional transient heat transfer equation is applied at each time
step dividing the wall into N elementary geometries, having the same
thickness, as shown in Fig. 2, distinguishing between the Quall jand Qoxt s
in order to take into account the internal convective heat transfer, the
conductive one through the wall, the external heat exchange by natural
convection with the environment, the solar radiation on the walls and
the thermal inertia of the building envelope. The one-dimensional hy-
pothesis is valid since the wall thickness is significantly smaller than its
surface.

The discretized form of energy balance on each n-th element
constituting the wall allows to evaluate the temperature variation on
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Fig. 2. Schematization of the generic wall of the building envelope.

each layer at the time step i-th (integration step of 60 s) treated as a node,
employing the forward Eulerian method, allowing to calculate the
temperature derivative (§T) with respect to the time derivative (59), as
reported in the following equations:

6Ty kvan ®A; @ (12+:.,) — hin ®Aj; ® (Tu - T('ell‘i) 13)
8 Puait ® Vi ® Cuatt

6Tn.i _ kwall .Aj L4 (Tn+1,[ - Tn,i) - kwa[[,i .Aj o (Tn,i - Tn—l,i) (14)
o9 a Axe Pyail ® Vn ® Cyall

5Ty, (hm,i eAje (Tm.i - TN,i) — Kyant oAje %) +GieAjeqe C()S(}’)

68

Prair® VN ® Cyall

(15)

For the inner wall, as described in Eq. (13), there are both conductive
and convective heat transfer, respectively with the adjacent layer of the
wall and the air in the cell. kyq, ¢yar and p,,q; are the thermal conduc-
tivity, the specific heat and the density of the insulating material
employed in the wall, which is a polyurethane foam, having a total
thickness equal to x, thus the thickness of each layer, Ax, is equal to x e
N~1 e V, is the volume of each layer. For the intermediate layers, from
the 2nd to N-1 one, only conductive heat exchange with the two adjacent
layers occurs, according to Eq. (14). For the external layer, as shown in
Eq. (15), there is the convective heat exchange with the adjacent layer,

convective one with the external environment and irradiance due to the
solar radiation. In this equation, h is the external heat transfer co-
efficients evaluated with calibrated correlation from the scientific
literature as a function of the external wind velocity [29]. Tey is the
external temperature, G is the solar radiation, « is the absorption coef-
ficient, and y is the incidence angle of the solar radiation.

The analysis was carried out by considering the hourly temperature,
irradiation, wind velocity and relative humidity profile during the whole
year for each climate considered.

2.3. Air conditioning system model

The adequate conditions for the optimal crop growth are achieved by
means an air conditioning system, balancing the sensible and latent
loads, and ensuring the desired temperature and humidity in the room.
Particularly, the HVAC system is made up by an Air Handling Unit
consisting of a mixing section, where recirculated air is mixed with the
external one, a cooling and dehumidification coil fed with cold water
supplied by an electric chiller, a heating coil fed by a gas boiler.

An example of the thermodynamic processes which the air undergoes
in the HVAC system is shown in Fig. 3.

Particularly, the exhaust air from the growth chamber, at condition
GG, is firstly mixed with the external one, at Ext conditions, depending
on external temperature and humidity, in order to guarantee a renewal,
although minimal (5 %), reaching Mix conditions, then the air is cooled
and dehumidified in the chiller, reaching condition Ch and then, enters
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Fig. 3. Schematic of air transformation in the HVAC system on the psycho-
metric chart.

the heating coil, where a gas boiler ensure the desired inlet conditions in
the growth chamber, denominated Bo, that must rely on the Sensible
Heat Ratio (SHR) line (all the points having the same sensible to total
heat ratio), evaluated as:

Aiair

SHR = Ao (16)

Aigr and Aw are the air enthalpy and moisture differences between
supply air and extract air from the cell (conditions GC and Bo, respec-
tively), evaluated solving, simultaneously, the energy and vapor balance
on moist air, Egs. (17-18).

. Oyaitior + Prep
MyirGe = —— 17)
IGc — 1Bo
ALU = w.evap (18)
Myir GC

Where Quauo: is calculated with the model described in section 2.2,
while the thermal load attributable to the lightning system corresponds
exactly to its electrical power, Pygp. igec and ip, are the moist air en-
thalpies at the exit and the inlet of the growth chamber. my, ¢,q, is the
vapor flow rate related to the plants evapotranspiration, as evaluated in
Eq. (5).

Regarding the chiller, it is a standard single-stage vapor compression
cycle using R134a as refrigerant (whose transport and thermodynamic
properties are calculated by using Refprop 9.1 [30] software), with the
assumption that the system always counterbalances the total cooling
and dehumidification load. A steady state lumped parameters approach
has been followed.

The cooling capacity, Qg is hourly evaluated with an energy bal-
ance on the air side:

Qc;, = MgirGe ® (ich — ivix) (19)

Knowing the required power from the chiller, with an energy balance on

the evaporator, the refrigerant mass flow rate in the vapor compression

cycle is calculated with Eq. (20):
Oc

Dirgr @ (1 = Xiner) @0

Myefy =

Where Aty is the refrigerant latent heat at evaporator temperature and
Xinev 1S the vapor quality at evaporator inlet.

Applied Thermal Engineering 239 (2024) 122129

Then, the electric power required by the compressor is computed as
follows:

(ioulromp.i: - iin,mmp) (21)

Wcomp = My @
Neomp

Where iy comp is is the enthalpy of the refrigerant at compressor outlet,
considering an ideal isentropic compression, and i comp is the refrigerant
enthalpy at compressor inlet, while 7, is a function of compression
ratio, using a polynomial correlation obtained from manufacturer data.

For each operating hour, the energy efficiency ratio, evaluated with
Eq. (22) as required by the normative [31]:

_ Oa
W(‘omp

EER (22)

It is noteworthy that for each hour indoor and outdoor temperature
variations are considered in Eq. (22), while the approach temperatures
in the heat exchangers, the water temperature difference and the vapor
quality at the condenser and evaporator outlet are unaffected by the
boundary conditions and the load factor, with the fixed values reported
in Table 1. This hypothesis is reliable due to the low approach temper-
ature chosen, which would correspond to only low changes by varying
the boundary conditions and thus, low EER changes in percentage.
Then, to prepare the heat transfer fluid for the heating coil, a boiler
with an efficiency, 5, of 0.9 is employed. The required power and the
needed gas mass flow rate are given by the following equations:

Op, = tige ® (ig, — icn) (23)
. QB()

Mgy = 20 (24)
¢ Heos @11,

Where Hyg,; is the natural gas low heating value.
Finally, the circulation fans in the room have a power consumption
given by the following:
AP, ® Vuir

Wﬁm = ( 25 )
Nfan

APy is the air’s pressure drop through the heat exchangers, both the one
in the chiller and the one in the re-heating coil, and across the duct-
works, assuming an air velocity of 10 m e s7L, Vg is the air volumetric
flow rate, while 7, is assumed to be 0.65.

2.4. Crop yield

The annual yield achievable is a function of different factors, both
extensive and intensive. Particularly, as indicated in [24], with regard to
lettuce, assuming a production cycle of 29 days, resulting in a number of
producing cycle throughout the year, n.,,, equal to 12, and a reference
yield, Yy, of 6.25 kg e m~2, the annual yield is:

Y = F oY,y Ag . (26)

In Eq. (26) F is a proportionality factor taking into account the de-
pendency of productivity on lighting level and air temperature (while

Table 1

Main assumptions for vapor compression chiller simulation.
Parameter Value
Refrigerant R134a

Approach temperature in the evaporator [K]
Approach temperature in the condenser [K]
AT water [K]

Vapor quality at the evaporator outlet [-]
Vapor quality at the condenser outlet [-]

o = W= W
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H=7.2

L=48

Fig. 4. Layout of the considered vertical farm with its dimensions and orientation.

the incidence of CO; level in the cell is here neglected since its value is
assumed to be kept constant by a dedicated system). Particularly, F is
made up by two terms:

F = Fpprp ® Flemp 27)
Where:
PPFDa(‘tual
F =———-1 0.74 + 1 28
PPFD ( PPFDrgs ) . + (28)

Topt
T — Tlea/'* (Tlmf) Timax~Topt (29)

Flemp =
Tmax - Topr Topt

In Egs. (28-29) the Fpppp and Fierp allows to take into account the yield
modification occurring if PPFD and leaf temperature differ from the
target. Particularly, PPFD qrger, Tinax and Ty, are respectively the PPFD
intensity scheduled for the cultivation, the maximum admissible tem-
perature for the crop growth and the optimal one [24].

2.5. Economic model

With the models previously shown, it is possible to relate energy
consumption to yield and to quantify the energy required in the growth
chamber to produce a specific vegetable in a VF, and consequently the
cost of the energy on the final product.

Particularly, the total primary energy consumption of the growth cell
of the vertical farm is evaluated with Eq. (30):

T(‘I/H(A“ o > 0 o
l QC" @+ Wf”" +%

e A9 (30)
COPeny Ny Ny ®fa Mg,

Eprimary =
i=1

Where Tjece is the total processing time of lettuce, A9 are the time steps,
which is assumed to be one hour. Then, knowing the quantity of lettuce
harvested, m,, the specific primary energy consumption, which is the
amount of energy required to yield 1 kg of product is:

primary
Clettuce = 31

Plettuce

Since the energy cost is related to the source employed, Eq. (31) can be
referred also to specific electricity and gas consumption:

E, Egs
€el = 7Iy €oas = _ (32)

M tertuce My lortce

Consequently, the specific cost for energy, namely SCE, per kilogram
of lettuce, is evaluated knowing the specific energy consumption and the

specific cost for energy (both electric c,; and natural gas cyq):

Tettuce

SCEimce = Y (€ ® Cot + €gas ® Coas) (33)

i=1

It is worth noting that this cost accounts only for energy consumption in
the growing chamber. All the other zones constituting the vertical farm,
whit the relative energy demand, the costs for the workforce, mainte-
nance, machinery and all the other items to run a VF are outside of the
purpose of this study. Moreover, implementing the same methodology
for a VF in which more than one product is grown, the allocation of SCE
for each product can be carried out. Finally, the same methodology
could be applied also for other process inside the VF, accounting for the
amount of product processed and the energy required for those pro-
cesses as done in [32].

2.6. Resolution algorithm

The resolution algorithm, which integrates all the previously
mentioned sub-models, is developed and implemented in Matlab [33]
environment, with the aid of Refprop 9.1 [30] for thermodynamic and
transport properties evaluation. The system is solved on a hourly basis,
with the external conditions (dependent on the specific climate) being
the inputs, including dry bulb temperature, relative humidity and irra-
diance, as well as the dimensions of the VF. For each operating hour, the
electrical power required by the LED is calculated using Eqgs. (1-2). The
plant evapotranspiration model, described by Egs. (3—-10), is then solved
to determine the internal temperature of the growth chamber, as well as
the latent and sensible heat associated with the plants. Subsequently,
Egs. (11-15) are employed to estimate the heat transfer through the
building envelope. Then, all the thermal loads, both sensible and latent
are evaluated with Egs. (16-18), thus the required power and gas con-
sumption for the air conditioning system is determined to counterbal-
ance these loads, with Egs. (19-25). Using the electrical efficiency of the
national grid of the city considered, and a fixed boiler efficiency, equal
to 0.9, the primary energy consumption is evaluated. Finally, the total
and specific costs are determined by considering the calculated yield and
the specific cost of electricity and natural gas consumption, Egs.
(30-33).

3. Case study description and sensitivity analysis
3.1. Vertical farm layout

The developed model is employed to assess energy consumption of a
VF growth chamber, focusing on green lettuce cultivation. The growth
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Table 2

Geometrical and structural features for the employed vertical farm.

Value

Parameter

Value

Parameter

Value

Parameter

6.5
0.1

Cell width W [m]

7.2
2.3

48 Cell height H [m]

Cell length L [m]
Climate zone

Wall thickness Ax [m]

Naples, Stockholm, Riyadh

0.25
16

Radiation converted in mol 1,4 pag [#moleJ 1

0.023
122

Wall thermal conductivity kg [Wem 'eK 1]

29

Growth cycle duration [day]

Absorption coefficient a [-]

Density of the wall insulating material p,,; [kgem ]

Leaf reflection coefficient R [-]

1.5
12

Specific heat of the wall insulating material c,,q; [kJokg leK 1]

Number of cycles during theYear [-]

PPFD argec [umolem™®s ']

Photoperiod duration [h]

0.05
7.7

Number of racks in the growth cell [-]
Reference yield Yy, [kgem 2]
Leaf area index LAI [-]

Internal convective heat transfer coefficient hi,, [Wem 2eK 1]

CACI-]

250

6.25
2.1

0.95
75

51073
29

Vapor concentration deficit VCD [kgem ]

Target relative humidity in the cell ¢;[%]

Maximum leaf surface temperature Tpa[°C]

24

Optimal leaf surface temperature Top, [°C]
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chamber layout remains consistent across all investigated climates, as
does the choice of insulation material and the thickness of the external
wall. Fig. 4 presents a schematic layout of the growth chamber,
including its dimensions, while Table 2 provides the key geometric and
structural characteristics.

3.2. Climate conditions

VFs are a very promising solution in hot and arid climate, where
water availability is poor, as well as in large cities where on-site vege-
table production can reduce transportation costs and environmental
impact, ensuring the food security and the high demand satisfaction.
However, these systems have a significant energy consumption, with the
air conditioning system accounting for a considerable share of the total
energy usage. Therefore, it is important to analyze the impact of external
climate conditions, as they influence the cooling and heating re-
quirements. For this reason, in this study, three distinct climates are
considered: Naples, Stockholm, and Riyadh, which represent a Medi-
terranean climate, a very cold one, and a hot and arid one, respectively.
By examining these different climates, valuable insights can be gained
regarding their specific effects on cooling and heating demands within
VF systems. In detail, for each climate zone, the annual climate condi-
tions in terms of external ambient temperature, relative humidity, solar
radiation and wind velocity are taken from PVGIS database [34].

In Fig. 5 are reported the annual relative humidity and temperature
profiles for the three cities.

3.3. Sensitivity analysis

Since the main objective of the work is to evaluate the total and the
specific energy consumption and costs for a VF, a preliminary sensitivity
analysis is carried out in order to investigate the effect of different in-
dependent variables on the objective parameters. Particularly, the var-
iables considered are reported in Table 3 altogether with their variation
range, selected according to the range found in the scientific literature.
Particularly, Tjqs (leaf surface temperature during the illumination pe-
riods) varies between 22 and 28 °C [12,24,25]; the PPFD is included
between 250 umolem =2 es~! and 700 umol e m~2 e 571, as reported in
[17,26,27] and n.5, (efficiency of the lighting system) varies between
0.35 and 0.6, according to the literature [15,17] and a market analysis.

The first two parameters, Tj.qs and PPFD are directly linked to plant
growth and yield, as demonstrated by equations (26-29). However, they
also have an impact on energy consumption. For these reasons a sensi-
tivity analysis is carried out by means a brute-force search, investigating
all the possible solutions made up by combining the parameters reported
in Table 3. The results of the sensitivity analysis are presented using the
Spearman coefficient, which ranges from —1 (indicating a decrease of
the objective function with the independent variables) to 1. Fig. 6 (a)
illustrates the impact of the independent variables on total primary
energy consumption, total primary energy cost, and productivity. It is
evident that an increase in 7,5, has no effect on productivity but pro-
vides significant advantages in terms of reduced yearly energy con-
sumption and energy costs, with a Spearman coefficient of
approximately —0.71. Conversely, an increase in PPFD, despite leading
to higher productivity, results in a substantial rise in both primary en-
ergy consumption and costs, with a Spearman coefficient of 0.67. The
increase in leaf surface temperature, on one hand, leads to a significant
decrease in productivity after reaching an optimum temperature of
24 °C. On the other hand, it has negligible effects on energy consump-
tion and costs, as it only causes a minor variation in the cell temperature
and, consequently, the HVAC system’s energy consumption.

In Fig. 6 (b) the results of the sensitivity analysis in terms of specific
values are shown. Particularly, the LED efficiency has the same effect as
on the total parameters. The increase of the PPFD, causing both a rise on
productivity and consumption, also causes a slight rise in the primary
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Fig. 5. (a) Annual relative humidity profile and (b) annual temperature profile for the three considered climate zones of Stockholm, Naples and Riyadh.

Table 3
Sensitivity analysis parameters and their variation range.
Parameter Value
Tieas [°C] 22-23-24-25-26-27-28
PPFD [pmolem 2es™] 250-325-400-475-550-625-700
Neep -] 0.35-0.4-0.5-0.55-0.6

energy specific consumption and SCE, due to a higher increase of con-
sumption with respect to productivity. Finally, since the enhancement of
the surface temperature strongly decreases the productivity, but is not
effective on the total consumption, the specific energy consumption and
the SCE dramatically grow, with a Spearman of almost 0.6.

4. Energy analysis
4.1. Effect of operating parameters on primary energy consumption

In this section the effect of the operating parameters on total primary
energy demand and on primary energy distribution among the different
component of the system is presented, considering the national electric
efficiencies reported in [35,36]. Particularly, for Riyadh, Naples and
Stockholm, the national electrical system efficiencies are respectively
0.4, 0.53 and 0.72. For each city the effect of PPFD, leaf surface tem-
perature and LED efficiency is shown, from Figs. 7-10. Particularly, both,
the total energy demand, Fig. 7 (a) to Fig. 10 (a), and the percentage

(@)

Spearman coefficient

..., (KWheyear]
n L -Eprimary cost |€-year'1| o
LED [ IY kg -year'll
PPFD | 1
TLeaf [ |

distribution of energy demand among the different energy carrier (LED,
chiller, boiler and circulating fan), Fig. 7 (b) to Fig. 10 (b) are displayed.

Fig. 7 illustrates the effect of PPFD for a leaf surface temperature of
24 °C and a LED efficiency of 0.6. It is evident, from Fig. 7 (a), that
increasing the PPFD from 250 to 700 umol e m~2 e s~1 the total energy
consumption dramatically rises. Specifically, it increases by 155 % in
Riyadh, from 3.98 to 10.1 GWh e year~', by 139 % in Naples, from 3.06
to 7.32 GWheyear! and by 122 % in Stockholm, from 2.4 to 5.4
GWh e year~!. It is also noticeable that, for a fixed PPFD the energy
consumption is higher in Riyadh than in the other two cities. In com-
parison to Naples, it is between 30 % and 38 % larger, while in relation
to Stockholm, it is between 62 % and 86 % higher. However, it should be
specified that these discrepancies are primarily due to differences in the
efficiency of the national electrical grids. To account for this, the results
are also presented considering the same electrical grid efficiency, equal
to 0.5 (Fig. 8). In this case, as shown in Fig. 8 (a), the system in Riyadh
remains the most energy-consuming, but the greater discrepancy is
approximately 0.7 GWheyear !. Warm climates experience both a
higher cooling demand and lower seasonal energy efficiency ratio
(SEER), as defined in [31], contributing to augmented total primary
energy consumption of them in Riyadh, followed by Naples and Stock-
holm. Fig. 7 (b) and Fig. 8 (b) confirm that in warmer climate the
relative percentage of energy required by the HVAC on the total demand
is heavier with respect to colder climate. Moreover, the increase in the
PPFD leads to a rise in the ratio between energy required by the lighting
system and the total.

(b)

Spearman coefficient

..., (GWhke']
7 I I scE k') |
LED
PPFD .
TLeaf I i

,\'Q‘_b ,Q.b QP‘ ’Q? QQ’.\‘ Q?‘ Q.b Qi% e

7

Fig. 6. Sensitivity analysis results. Effect of LED efficiency, PPFD and leaf surface temperature on: (a) total primary energy consumption, total primary energy cost

(TCE) and annual productivity; (b) specific energy consumption and on the SCE.
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Fig. 7. Effect of the PPFD level on the total energy demand (a) dimensional plot and (b) percentage plot for a leaf surface temperature of 24 °C and a LED efficiency

of 0.6 for the three considered climate zones of Riyadh, Naples and Stockholm.

In Fig. 9 the effect of 5,5, is shown for a leaf surface temperature of
24 °C and a PPFD of 250 ymol e m~2 e s~1. From Fig. 9 (a), it is evident
that lower LED efficiency results in a significant increase in energy
consumption. This efficiency not only directly influences the energy
demand of the LED but also indirectly affects the HVAC load due to
increased heat losses and consequently a higher sensible heat released in
the internal environment, that has to be counterbalanced by the cooling
system, leading to higher chiller energy consumption. Specifically, for
the climate of Riyadh, increasing 7.z, from 0.35 to 0.6 leads to a
decrease in LED energy consumption from 6.3 to 2.8 GWh e year!.
Within the same range of 5,5, primary energy consumption related to

the chiller decreases from 0.98 to 0.46 GWh e year~!. When comparing

Effect of PPFD: T
leaf

(2)

=24°C; 1), ., =0.65 7, =0.5

the different cities, it is important to note that the discrepancies in
consumption are, in this case as well, influenced by the diverse effi-
ciencies of the electrical grids.

Fig. 9 (b) highlights that the increase of the LED efficiency brings to a
reduced percentage of energy required by the lighting system and by the
chiller (since decreases the cooling demand), consequently, despite it
remains unchanged the absolute energy demand for re-heating pur-
poses, it increases the share of energy required by the boiler.

In Fig. 10 it is reported the effect of leaf surface temperature. As
shown in Fig. 10 (a), it does not affect at all the LED consumption, but
given its influence on the cell temperature (described in Eq. (10)) it
impacts on the cooling demand and the chiller energy consumption. In

(b)
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Fig. 8. Effect of the PPFD level on the total energy demand (a) dimensional plot and (b) percentage plot for a leaf surface temperature of 24 °C, LED efficiency of 0.5
and efficiency of the electrical grid of 0.5 for the three considered climate zones of Riyadh, Naples and Stockholm.
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Fig. 9. Effect of the LED efficiency on the total energy demand (a) dimensional plot and (b) percentage plot for a leaf surface temperature of 24 °C and a PPFD value
of 250 ymol e m~2 e 57! for the three considered climate zones of Riyadh, Naples and Stockholm.
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Fig. 10. Effect of the leaf surface temperature on the total energy demand (a) dimensional plot and (b) percentage plot for a LED efficiency of 0.6 and a PPFD level of
550 umol e m~2 e s~ for the three considered climate zones of Riyadh, Naples and Stockholm.
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fact, for a lower leaf temperature an inferior temperature in the cell has
to be guaranteed, and thus a higher cooling demand is required to the
chiller. Similarly to previous findings, the discrepancies among the three
climates are attributed to differences in 7,; and SEER decrease in warmer
climates. From Fig. 10 (b) it is also evident that the leaf surface tem-
perature has a negligible effect also on distribution of the energy de-
mand among different carriers.

As specified in the section 2.3, related to HVAC modelling, the
refrigerant in the chiller is R134a, being traditionally one of the most
employed due to its thermophysical properties. However, for compari-
son purposes, some simulations, not reported in the paper, are carried
out also with its low global warming impact replacement, namely
R1234ze(E), highlighting that the chiller consumption increases be-
tween the 3.9 % and the 25 % with the HFO refrigerant.

4.2. Effect of investigated parameters on the yield

In Fig. 11 the leaf surface temperature and PPFD effect on annual
yield is shown. In detail, it is evident that for a given PPFD the maximum
yield is achieved for a Tj,s of 24 °C. Particularly, at this leaf surface
temperature and with a PPFD of 700 ymolem 2 es™! a yield of 270
Ton e year~! is reached. For Tie higher than 26 °C the annual yield
dramatically decreases, dropping more than the 70 %.

Fig. 12 shows the relation between the yearly yield per m? and pri-
mary energy consumption per m?, for the climate zone of Stockholm and
for a fixed LED efficiency and various leaf surface temperature and PPFD
shown in Table 3. As previously underlined, the higher effect on yield is
attributable to leaf surface temperature, with differences above 300 %
augmenting Tiq from 22 °C to 28 °C (increasing firstly, until the
maximum reached at 24 °C and then dramatically decreasing). The
energy consumption, instead, rises mostly with PPFD, almost with a

-2

linear trend, increasing from 1.78 MWh e m~2 e year™! to approximately

4.10 MWh em2 e year~'.
4.3. Effect of investigated parameters on specific energy consumption

Fig. 13 displays the leaf surface temperature and LED efficiency ef-
fect on specific energy consumption eprimqry for the city of Naples. This
term represents the ratio between total energy demand, Eyrimary, and
total yield, namely the energy consumption per kg per year, as described
by Eq. (34):

Eprimar_v

Yield G4

Cprimary =
It can be seen that eyrimay decreases when Ty increases from 22 °C to
24 °C and then it rises sharply when Tj,os augments from 24 °C to 26 °C.
With a further increase of leaf surface temperature eyrimar, rises
dramatically. This is because despite the influence of Tiqr on energy
consumption is negligible, it strongly affects the yield, which decreases
remarkably for temperatures higher than 26 °C. A remarkable reduction
in eyrimary is attributable also to a LED efficiency increase, due to a drop of
lighting system and HVAC consumption, while the yield results unaf-
fected. The effect of PPFD is, instead, negligible, since its rise causes also
a slightly increase on eymary, because the augment in the energy con-
sumption is counterbalanced by yield increase.

4.4. Effect of operating parameters on energy cost

In this section the SCE is presented for each climate with respect to
the operating parameters investigated and considering different sce-
narios of energy cost. Particularly, the electric energy cost varies be-
tween 0.05 and 0.3 € ekWh' while the natural gas price ranges
between 0.75 and 2 € e Sm~3. Such a wide range of cost for energy is
chosen to take into account the uncertainty of the market, depending on
multiple factors, which make it impossible to crystallize the energy cost,
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and thus to explore a large number of cases.

Fig. 14 shows the specific cost map for the investigated system in the
city of Naples for a specific cost of electricity of 0.1 € ekWh™! and a
specific cost of natural gas of 1 € ¢ Sm~3. Notably, the leaf temperature
has the highest effect on SCE, given its significant contribution to pro-
ductivity, while it has a less pronounced impact on total consumption, as
shown above. The minimum SCE is achieved when Ti.q is set to 24 °C. As
previously mentioned, PPFD has a slightly negative effect on specific
energy consumption. Finally, increasing LED efficiency provides sub-
stantial benefits to the system’s efficiency.

In Fig. 15 the relation between yield per m? and the primary energy
cost per m? is depicted, for a fixed LED efficiency (equal to 0.6), a specific
electricity cost of 0.1 € e kWh™! and a natural gas cost of 1 € e Sm™?!, and
various leaf surface temperature and PPFD for the climate zone of
Riyadh. The trend of yield is the same shown in Fig. 12, as well as the
primary energy cost, having the same trend of the primary energy
consumption described in the aforementioned figure. Consequently, the
leaf surface temperature and the PPFD intensity have to be chosen in
order to maximize the productivity reducing the primary energy con-
sumption and the related cost per m?.

To have a comprehensive evaluation of vegetables production in a
VF, but also in general to assess the production of any kind of product, it
is necessary to consider the effects that operating parameters have both
on yield and energy demands. In some cases, these impacts can be
contrasting and so their mutual influence needs to be considered
simultaneously. The approach proposed in this work, based on the
Specific Cost for Energy, but in general any approach based on the en-
ergy cost for unit of product, can achieve this purpose. As an example,
the following Fig. 16 (a) shows the SCE of lettuce for different value of
the LED efficiency and PPFD in a VF located in Naples. For the leaf
surface temperature, it is assumed 24 °C because, as reported before, it
minimizes specific primary energy consumption and SCE. In all the
combinations considered, lighting expenditure has the greatest influ-
ence on SCE, more than 68 % (Fig. 16 (b)). It can be noted that the SCE
drastically reduces increasing the LED system efficiency, with PPFD =
700 umol e m~2 e 57!, decreasing by three times. More in detail all the
energy costs shares composing the SCE drop. In percentage terms
(Fig. 16 (b)), when the minimum efficiency is assumed for the LED, the
increase of PPFD determines a reduction in the specific expenditure for
electricity required for lighting whereas, the costs to operate boiler and
chiller reduce. On the contrary, with the maximum efficiency of LEDs, as
PPFD increases, the incidence of lighting expenditure on the unitary cost
rises while the contribution due to natural gas decreases significantly.
When ngp is considered equal to 0.45 the greatest contribution to the
unitary cost due to the power supply to the LEDs occurs for PPFD = 475
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Fig. 11. Effect of leaf surface temperature and PPFD levels on the annual yield.



A. Arcasi et al.

Stockholm Yield vs. EP .
200 . . . . rlmary
e T, ~22°C
g PPFD s g ® T, F23°C
S1s50f * 5 e T, 24°C
'“.'E 3 e T, ~25°C
f‘nloo 8 3 o o o TLeaf 26°C
oy 8 d o O T .727°C
3 5 (@) © TLeaf 28°C
-9 @]
= 507 o e ©
] ) Q@
> ® (&)
0 ‘ ! ‘ ‘
1.5 2 2.5 3 3.5 4 4.5

2 -2 -1
Primary per m“ [MWh-m™“-year ']
Fig. 12. Yield per m? with respect to primary energy consumption per ms for a
fixed LED efficiency of 0.6 for the climate zone of Stockholm.

umol e m~2 e 571, correspondingly there is the minimum contribution of
natural gas.

From the comments reported above, it can be deduced that the
modelling approach proposed in this work can help to identify what are
the most energy intensive aspects of the production affecting the SCE
and therefore those to pay attention to. In particular, it is highlighted
that strong benefits can be obtained by intervening on the energy de-
mands of the LEDs or more generally by limiting the demands for elec-
tricity from the network.

It is equally clear from the brief considerations presented before that
the proposed analysis methodology can be replicated in other produc-
tion cases and incorporate further and more detailed models and
information.

5. Conclusions

In this manuscript, an assessment of the energy consumption and
cost related to the energy demands of a vertical farm’s growth chamber,
specifically for lettuce production, has been conducted. The analysis
considers different climate regions, lighting system intensity and effi-
ciency, leaf surface temperature, and economic scenarios. A dynamic
simulation model of the production system (vertical farm + air-

. -1 _ -3
Naples ePrimary fr cel—().l [€-kWh™'] cgas—l [€-Sm™)]

_g2

300
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conditioning equipment) and a novel methodology to evaluate the
specific cost for energy (SCE) are proposed. The main findings are as
follows:

e The system energy consumption is significantly dependent on
climate conditions. As a matter of fact, for a PPFD of 500
umolem~2 e 57!, a leaf surface temperature of 24 °C and a LED ef-
ficiency of 0.5 the energy consumption is 38 % and 86 % higher in
Riyadh (10.1 GWh e year—!) compared to Naples and Stockholm,
respectively.

The lighting system accounts for 65 % to 85 % of the primary energy
consumption, followed by cooling and heating demands in the HVAC
system (15 % to 20 % and 10 % to 15 % respectively), while the
circulating fan requires only a minimal share of energy (lower than 1
%).

The PPFD increase, from 250 to 700 ymol em~2 e s~ leads to a rise
in total energy consumption of 122 % in Stockholm, 139 % in Naples
and 155 % in Riyadh. Simultaneously, it also causes a yield augment.
Also the lighting system efficiency increase, from 0.35 to 0.6, has a
great beneficial effect on both, total and specific energy consump-
tion. The leaf surface temperature variation leads to a small increase
of cooling demand for lower temperatures, thus slightly higher
chiller consumption. Regarding the specific consumption, a mini-
mum is found for a leaf temperature of 24 °C, where the maximum
productivity is achieved (270 Ton e year™!).

The economic analysis is carried out considering an electricity and
natural gas cost ranging between, respectively, 0.05 and 0.3 €e
kWh™! and 0.75 and 2 € e Sm~3. It has been seen that the higher
influence on SCE depends on electricity cost, since most of the energy
request is in terms of electric energy, while only a limited percentage
(between 10 and 15 %) is satisfied by natural gas. The SCE decreases
rising the lighting system efficiency and ensuring a leaf surface
temperature equal to 24 °C. The minimum specific cost associated to
energy consumption in the growth chamber in the analyzed config-
urations is 0.85 € e kg™! in Stockholm, 1.35 € e kg™! in Naples and

1.75 € e kg~ ! in Riyadh.

It is worth nothing that these results only pertain to the energy
consumption and costs allocation related to the growth chamber of the
vertical farm and for a specific product. Further studies should consider

231.38
208.21
185.04
161.87

138.71

[KWh-kg ™|

115.54

Primary

9237 o

69.2
46.04

2 22.87
)
Tleaf [ C]

Fig. 13. Effect of the leaf surface temperature and LED efficiency on the specific energy consumption for the city of Naples.
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Fig. 14. Effect of the leaf surface temperature and LED efficiency on the rate of cost for energy for the city of Naples for a specific electricity cost of 0.1 € e kWh™! and
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Fig. 15. Yield per m? with respect to primary energy cost per m? for a fixed LED efficiency of 0.6, for a specific electricity cost of 0.1 € e kWh™! and a specific natural

gas cost of 1 € e Sm~3 for the climate zone of Riyadh.

all other processes within the vertical farm, both pre- and post-crop
growth, to quantify the total energy consumption and total specific
cost of the harvested product. Additionally, a comprehensive assessment
of vertical farm profitability compared to traditional systems requires an
analysis of the entire supply chain, including the cold chain, trans-
portation costs, product selling price and investment costs to build a VF.
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