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Abstract

The trend to localise food production promises reduced reliance on increasingly uncertain global
supply chains. Controlled-environment agriculture, in particular indoor vertical farming, is developing
as part of this trend, to ensure a year-round supply of healthy food and protection from extreme
weather events. However, high energy consumption is a major concern that could greatly impact the
environmental sustainability of high-tech farms. Addressing the lack of comprehensive comparisons
between different controlled-environment agriculture systems on a consistent basis, this work
investigates the favourability of indoor vertical farms (i.e. plant factories) over modern ventilated
open and closed greenhouses from an energy intensity perspective. This was based on a flexible
yield-energy model incorporating detailed air conditioning system dynamics, which was developed to
evaluate the influence of outside climate conditions on energy consumption and vegetable yield. The
model was used to optimise the climate control strategy and to minimise hourly specific energy
consumption for multiple systems, parameter settings, and locations. The hourly model performance
is demonstrated for Stockholm, which indicates that advanced climate control allows for very low-
energy operations in summer compared to winter. The results show a strong parametric sensitivity
for the U-value of the cover, the target light intensity and the crop climate preference in all three
systems, as well as the efficiency of lighting and water cooling for plant factories. Considering the
yearly average for multiple locations, open greenhouses were substantially more energy-efficient
than plant factories in all ten locations (from -45% in Reykjavik to -94% in Gauteng). The option to
ventilate a greenhouse (open vs closed) had the greatest positive effect on specific energy
consumption in less extreme climates (from -36% in Massachusetts to -83% in Gauteng) but
increased water consumption considerably (from an average of ~2 I/kg to 26 I/kg). Although local
availability of land and water plays a significant role in the choice between growing systems, the
results imply that high-tech ventilated greenhouses perform significantly better than vertical farms
from an energy perspective in most inhabited regions of the planet.

Keywords:
Controlled-environment-agriculture
Vegetable supply

Vertical farming

Climate control

Multivariate optimisation

Specific energy
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1. Introduction

The consumption of both a good quantity and variety of fruits and vegetables is paramount for a
healthy diet [1] and their steady supply is thus of critical importance to regional food systems.
Increasing stress on supply chains from crises such as extreme weather events, geopolitical
uncertainties and epidemics [2] leads to calls for more resilient food systems [3]. One way of
achieving this is to focus on more regionalised food systems that simultaneously help achieve the UN
Sustainable Development Goals [4]. This includes the scaling up of localised high-yield controlled-
environment agriculture (CEA) systems, such as greenhouses (GH) and indoor vertical farms or plant
factories (PF) [5]. Although these enable vegetable production in any climate or location, the space
conditioning and additional lighting require high energy inputs [6]. The demand for energy, and in
particular electricity, is projected to grow and it is often still sourced from fossil fuel due to the slow
transition to renewable sources [7]. Therefore, a high carbon footprint penalty might be incurred for
any potential gain in resilience [8] or self-sufficiency [15]. It is thus recommended to operate as
energy-efficiently as possible [9], consider electrification opportunities [10] such as heat pumps [11],
use renewable energy [12] and choose the CEA system that is more favourable in the local climate
[13]. The favourability of specific CEA systems over others rests on multiple trade-offs, such as a
closed CO;-enriched environment versus an open ventilated system or the use of natural sunlight
versus a more opaque structure with reduced heating and cooling needs, which is especially relevant
in very hot or cold climates [14]. These complex trade-offs all affect the comparative energy intensity
or specific energy use (i.e. kWh per kg produce), and policymakers and practitioners can benefit from
knowing the expected energy use depending on local climate conditions and how it can be reduced

through facility design and climate control.

A range of studies have been performed to address this complex challenge for the GH
environment[16]. Most relevant for this work, Van Beveren et al. [17] created a dynamic model
which optimises ventilation and heating control based on adjustable setpoints to achieve substantial

energy savings of up to 75% during colder days. Cooling via fogging and ventilation was assessed by
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Villarreal-Guerrero et al. [19], deriving combinational strategies to reduce energy consumption.
Vanthoor et al. [18] developed an economic model incorporating yield and energy use for
operational and GH design heuristics, revealing that adapting to local climate conditions through
seasonal whitewash, appropriate cover materials, thermal screens and variable cooling systems can
reduce energy intensity. A comprehensive model including interactions between yield and energy
demand was developed by Golzar et al. [20] and applied to different temperature, light and CO;
setpoint scenarios, reporting specific energy benefits from optimised lighting and deviations from
typical temperature setpoints in climate control. They also applied their model for different locations

and found that heating and cooling requirements and thus CO, emissions varied greatly.

A simulation-based tool by Benis et al. [21] including vertical indoor farming revealed considerable
climate-dependency of the CEA systems for tomato production; substantially lower energy
consumption for the GH compared with vertical indoor farming in Lisbon but similar operational
energy consumption in Paris, where it is colder [14]. A comprehensive comparison of CEA practices
for lettuce in three different locations was carried out by Graamans et al. [14], based on PF specific
models for evapotranspiration [22]. They confirmed the climate-dependency and revealed the
potential benefits of PFs over GHs in cold (Sweden) and hot (United Arab Emirates, UAE) climates
from an energy perspective. However, for GHs, they did not consider the impact of providing the
same light and temperature conditions assumed for PFs through the year. A slightly different
approach, by Li et al. [13], compared the resource intensity and profitability of open-field farming
with CEA practices for several crops. They optimised the net present value based on operating
parameters, including their effect on crop yield, and found that PFs with solar PV might be favourable

for climate conditions in Singapore.

Previous efforts have highlighted certain aspects of comparing and improving CEA systems. However,
it remains unclear how best-practice CEA systems would perform against each other in a given
region. Simple heating and cooling needs derived from energy balances are usually considered,

rather than the actual performance of electrified heating and dehumidification systems. Further, in
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the comparative studies, more rigid climate setpoints instead of optimisation are employed
[13,20,21,23], potentially favouring one system over the other. Thus, a comprehensive assessment is
still missing which a) considers daily and annual fluctuations of outside climate conditions, b)
incorporates energy-efficiency heuristics in facility design, c) models the air conditioning system and
the spatial climate profile within a facility, d) optimises climate control and parameters affecting the
yield of staple vegetables, while e) applying the same methodology for greenhouses and plant

factories.

Addressing the above limitations of existing work, this study develops a new functional model which
can optimise hourly space conditioning and specific energy consumption based on outside climate
conditions for three types of CEA systems, namely plant factories and closed (non-ventilated) and
open (ventilated) greenhouses. With the aid of the use of a reference vegetable basket, this has for
the first time allowed these CEA systems to be compared, in their optimised performance, for a
common set of diverse regions. The impact of the most relevant parameters and operational
strategies has also been assessed to reveal how these factors may affect the comparative

performance of these systems.

2. Methods

This work focuses on electricity consumption for lighting and climate control as they make up most of
the energy consumed [6,14]. The specific energy consumption (i.e. energy consumption per unit
output of produce), was optimised for three CEA systems, taking into account outside climate
conditions at different locations. The energy consumption is equivalent to electricity consumption in
this work. The optimisation models consist of mass and energy balances within the growing facilities

and the air conditioning system and consider crop responses to internal climate conditions.

2.1 System overview
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This sub-section explains the characteristics of the three systems, the mass and energy balances to
simulate the interior conditions, technical aspects of the air conditioning system and the choice of

crops.

2.1.1 Controlled-environment agriculture system design

The design of the CEA systems was derived from reported energy-efficiency measures with the aim
of enabling a fair comparison between the systems based on the best technology available. Table 1
shows the main differences between the systems. The PF is an opaque, well-insulated and sealed
structure. GHs are transparent structures that experience more pronounced heat exchange with the
environment as well as some air infiltration and air exchange through ventilation (only for open
ventilated greenhouses, OGH). Thus, GHs lose some of the irrigation and fogging water to the
environment while PFs were considered to have a closed water circuit with continuous
dehumidification. The PF benefits from multiple growing layers, increasing the ratio of growing to
floor area [24]. The volume was chosen to be equal between the CAE systems to enable a fair
comparison of space conditioning requirements. As current best practice to increase the productivity
in GHs, sunlight is considered in this work to be supplemented with artificial light from light emitting
diodes (LEDs) [25], to match the target daily light integral (DLI) of the plant. The standard efficacy of
the LEDs was assumed to be 2.7 umol/J (equivalent to an efficiency of 59%). LEDs were the only
source of light in PFs and, contrary to the GHs, the photoperiod was at night. A detailed description

of the design and heuristics can be found in section 1 of the supplementary information (Sl).

Table 1: The most relevant design parameters for the three CEA systems.

Closed greenhouse Open ventilated

Category Aspect Plant factory (PF) (CGH) greenhouse (OGH)
Dimensions Floor area (m?) 1,250 2,500 2,500

Productive space 60% 82% 82%

Growing layers 4 1 1



Exterior

Space
conditioning

1 For locations in the Southern hemisphere, this would be South facing.

Growing area
(m?)

Height (m)

Volume

Walls

Cover type

U-Value
(W/(m?*°C))

Solar
transmissivity

Infiltration rate
(vol/h)

Radiation at
canopy vs. at
light source

LED cooling ratio

CO; level (ppm)

Water loss

Heating,
ventilation and
air conditioning
(HVAC) system

Other cooling
options

Lighting

2.1.2 Mass and energy balances

3,000

10,000

Opaque structure

Insulated
concrete

0.3

89% (reflective
surfaces)

85% of waste
heat

1600 ppm

None, fully
recirculating

Always
dehumidification

LED at night

2,050

10,000

North-facing® wall
solid, other walls
and roof
translucent
Ethylene
tetrafluoroethylene
(ETFE) or
Polycarbonate (PC)
2 (ETFE), 2.27 (PC)
or 0.5 (Reflective
lens cover, RLC)

83% (ETFE), 70%
(PC) or 28% (RLC)

0.25

79%

Flexible, up to 85%
of waste heat

1600 ppm

Loss only through
infiltration

Dehumidification
or cooling only
Fogging

Sunshine & LED
during the day

2,050

10,000

North-facing! wall
solid, other walls
and roof
translucent

ETFE or (PC)

2 (ETFE), 2.27 (PC)
or 0.5 (RLC)

83% (ETFE), 70%
(PC) or 28% (RLC)

0.25

79%

Flexible, up to 85%
of waste heat

Variable supply
(see SI2.3)
Loss through
infiltration and
venting

Dehumidification
or cooling only or
none

Venting and
fogging

Sunshine & LED
during the day

Simulating the interior of a CEA facility can be done in multiple ways, e.g. by using simplified

assumptions such as considering the space as well-mixed [26,27], or by a more complex calculation
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of the spatial profile using computational fluid dynamics [28—30], which, however, makes
optimisation very challenging. For this work, it is crucial to capture the interactions in the facility
between the plants, the exterior climate and space conditioning efforts, which requires to model
some degree of spatial heterogeneity [31,32]. Thus, a pragmatic approach was developed which
differentiates three zones; inlet, centre, and outlet. The space was more well-mixed at lower venting
(Fyent) and HVAC flowrates (Fy,,,qc) and with a directional temperature and humidity gradient for
higher venting and HVAC flowrates. The HVAC outlets were considered to be more distributed than
venting inlets, hence venting elicited a more pronounced gradient than space conditioning through
an HVAC. The main mass and energy flows used in the three systems are visualised in Figure 1. Heat
exchange occurred between the outside and inside (Qstryctures @sotars Qinfiittration) Of the facility
and between the inside air and LEDs (Q1gp par and Qpgp hear influenced by f1gp cooting.), Plants
(Qsn), cooling through fogging (Qf,g4) and fans (Qfans hvac)- Water was introduced into the air
through infiltration (my, in ritration), Plant evaporation (my, ¢yqp), fogging (m,, fo4) and ventilation
(due to the difference in water vapour content), and was extracted as condensate (m,, o,,¢). The airin
the three different zones inside the facility and the HVAC inlet and outlet was described through the
main properties including temperature (T, frix), Water vapour content (wgy, rrix ), relative humidity

(RHgyfrix) and enthalpy (hg,frix) Where “suffix” refers to the specific locations in the system.

The HVAC operated either in dehumidification mode (including a reheating step), in cooling-only
mode or in heating-only mode (only applicable to GHs). The conditions at the inlet and outlet of the
HVAC were used to determine the air conditioning requirements. The centre conditions of the CEA
facility were used to determine evapotranspiration and the effect of infiltration. Lower and upper
climate parameter bounds were applicable at all three locations. In the OGH, the flow into the GH
was made up of outside and conditioned air. The total electricity consumption (Equation 1) was
determined by adding the electricity consumption of the air-to-air cooling, (Efqns q24), refrigeration
cycle (Egc), the air-source heat pump (E4syp), the LED (Power,gp)and the LED cooling (E¢po1 LED),

the fans inside the growing facility (Efqns hvac), the fogging system (Ef,4, GH only), and the



ventilation fans (Efqnsvent, OGH). The loss of water and CO; due to infiltration and venting was also

considered (Sl 2.2 and 2.3).

Etotal = ERC + Efans,aZa + EASHP + POW€TLED + Ecool,LED + Efans,hvac + [Efog + Efans,vent] Eq- 1

All equations used can be found in the Sl; the primary mass and energy balances in Sl 2.1, exchanges

with the environment in SI 2.2, CO; level in the OGH in Sl 2.3, thermodynamic relations in Sl 2.4 and

physical relations in SI 2.5.
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Figure 1: Schematic of the mass and energy balances of the three CEA systems. The large arrows

depict energy fluxes and the small arrows material flows.

2.1.3 Air conditioning system

Besides heating and cooling requirements, indoor growing facilities need to remove moisture
generated by the plants. To adequately assess and optimise the energy use of CEA facilities, the
behaviour of the HVAC system has to be explicitly modelled [33] and this work does so by
incorporating variable interior and exterior climate conditions. Although currently most GHs are
heated with fossil-fuels [34], this work considers air-source heat pumps (ASHP) for the heating
requirements. First, significant carbon abatement potential exists by electrifying the equipment
[11,34,35], in particular with electricity from renewable sources. ASHPs were chosen over slightly
more efficient ground-source heat pumps due to significantly lower upfront costs and lower
dependency on shallow aquifers [36]. A schematic of the HVAC is shown in Figure 2, which together

with the ducts and fans makes up the HVAC system.

10
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Air cooled evaporator of

Air cooled condenser of
heat pump

refrigeration cycle

Air-to-air plate heat

1
' exchanger From facility

(hvac,in)

To facility |_ i
(hvac,out) ’ E
! i

'

&

Process side |__'_| Process side

heat pump ! refrigeration
HEX | ~ -~~~ ~~=777~ - cycle HEX

Figure 2: Schematic of the HVAC unit, including a counter-flow plate air-to-air heat exchanger, a
refrigeration cycle with a cross-flow finned tube heat exchanger for cooling and dehumidification and
an air-source heat pump with a cross-flow finned tube heat exchanger for heating. After
condensation, the process side heat exchanger of the heat pump can also operate as the condenser of

the refrigeration cycle.

The HVAC features a typical refrigeration cycle (RC) in which the heat gained by the refrigerant in the
cooling process may either be rejected back to the stream (for reheating after dehumidification) or,
for cooling-only processes, to an air-cooled condenser. The concept of the (upstream) air-to-air heat
exchanger was inspired by Graamans et al. [33] and expanded with the option for partial bypassing to
reduce the use of this heat exchanger (HEX) at warmer ambient conditions (where this HEX would
become inefficient due to a lower heat exchange temperature difference). This was mathematically
realised by combining the NTU method [37] and a cooling ratio term to iteratively calculate the heat
exchange area used for cooling-only and the cooling plus condensation section of the HEX. The
relevant state variables of the RC were related to operating conditions via polynomials to allow for a
flexible optimisation of these conditions, including particularly a detailed calculation of the
coefficient of performance (COP), which also depends on the outside climate. The COP of the LED
water cooling was approximated using the same concept. Considered for the electricity consumption

were the two compressors, the outside and inside air fans of the RC and ASHP and the two fans of

11
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the air-to-air HEX (inside and outside air flows). Further details about the concepts, functionality and

dimensions are listed in SI 3.1 and all equations are listed in Sl 3.2.

2.1.4 Vegetable selection

Crops differ in their characteristics; hence optimum settings of the climate system are crop
dependent. Since this study intends to assess the production of staple vegetables in GHs and PFs, a
vegetable basket, i.e. a proxy, has been defined reflecting the properties of the six most consumed
vegetables (www.fao.org/faostat/en/) that can be produced in soilless growing systems (tomato, bell
pepper, lettuce, broccoli, spinach, summer squash). A vegetable basket proxy ensures that a global
comparison of electricity use is not favouring a particular cultivar (e.g. high yield vs. low yield [24]) or
climate (e.g. hardy vs tender vegetables) while also approximating the actual demand that would
need to be satisfied. The vegetable basket is composed of lettuce, broccoli, bell pepper, spinach,
zucchini (12.5% each) and tomato (40%). The vegetable basket requires a DLI of 13.7 mol/day with a
photoperiod of 14 hours (in the PF), resulting in a reference yield of 38 kg/m2/year. The properties of

the crops making up the basket are detailed in Sl 4.4.

2.2 Plant growth and climate settings

This sub-section explains how evapotranspiration, productivity, the interior climate boundaries and

exterior climate conditions were determined.

2.2.1 Evapotranspiration

To calculate the amount of water transpired by the plants (i.e. evapotranspiration), this work uses
the method employed by Graamans et al. [22], which balances the latent and sensible heat with the
radiation received by the plant. Equation 2 [22] computes the latent heat equation, depending on
the vapour concentration difference (VCD), the leaf area index (LAI), the heat of vaporization at the

leaf surface (4,¢4f), and the aerodynamic (r;) and canopy resistance (r,).

12
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VeD Eq. 2

LH = LAI = A
* leaf*rc+ra

The canopy resistance is derived from the stomatal resistance and is calculated differently to
Graamans et al. [22] as includes a radiation term, a vapour pressure deficit (VPD) term and a CO,
term [38-40]. A detailed explanation and rationale for the method and values chosen, including the
equations employed, is described in Sl 4.1 and a description of all terms is provided in the

nomenclature.

2.2.2 Yield and specific energy consumption

The optimisation aims to determine the minimum energy requirements per kg crops produced. This
specific energy as electricity (kWh/kg crop) requires an approximation of the daily or hourly crop
growth, influenced by temperature, PAR received and CO; levels of the inside air. Crop or yield
modelling has been carried out by many studies [41,42] and applied explicitly to indoor farms in
similar assessments combining energy consumption and crop yield [12,20]. In general, the yield
models differ in their estimated yield and accuracy due to a limited understanding of the physical and
biological processes for each crop [42]. Adapted models were therefore selected for this work that
were both (1) straightforward to apply and (2) featured parametric sensitivities that reflect results
from experimental studies and reports from growers. Although structural (e.g. cells) plant growth
also occurs at night, the main driver for it is the existence of photosynthesis products generated
during the photoperiod [43]. In this work it is thus assumed that reference yields in kg m? year for
year-round production (Y, annua) With artificial light supplementation can be converted to daily
growth values which are distributed over the photoperiod (t,;.¢,, See Sl 4.3) as shown in Equation 3
to obtain hourly growth or yield (Y4441 )- Deviations from the reference conditions are reflected in
a change of the yield factor (Y F;,;4;) Which is determined for each of the spatial zones within a CAE
by relations between yield and PAR, yield and temperature, and yield CO; levels (see Sl 4.2). The
specific hourly energy (SEp.r1y, Equation 4) to be optimised for the photo or day period was then

assessed by using this hourly yield (SI 4.3), the growing area (A owing) and the total electricity

13
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consumption (from Equation 1). Finally, the average specific energy for the given day (SE,,oquct,
Equation 5) was assessed by aggregating the hourly yield during the photoperiod (from t1 to t2) and

dividing it by the total energy use during the day.

Yref,annual

Yhourly (t) = days * YFtotal (t) Eq' 3
365 }/'67 * tphoto
Erotar(t) Eq. 4
SE t) =
hourty Yhourly (t) * Agrowing
2%4 Etotar(t) Eq. 5
SEproduct =

i1 Yaourty ()

2.2.3 Interior climate

For the day or the photoperiod, the minimum and maximum permissible temperatures at the inlet
and the outlet of a GH or PF was such that the hourly yield is at least 85% of its optimum value. This
was done to ensure that the specific energy consumption is not maximised by sacrificing yield
through shutting off the climate system since this would be contradictory to the business model of
high-tech farming operations. For the night or dark period, the permissible temperature range which
was assumed to not negatively affect the yield was obtained by reducing the optimum day
temperature by 8 °C [21] and allowing a temperature of +/- 4 °C around the optimum night
temperature [44]. To capture the different preferred temperature ranges of certain cultivars and
crops in the vegetable basket, the sensitivity to the temperature ranges (shown in Table 2) has been

assessed in the scenario analysis.

Table 2: Permissible day- and night-time temperature ranges and optimum temperature used in the
optimisation model for three different crop climate preferences.

Preferred Towt () Timiny Tmax Timiny Tmax
climate opt (photo, °C)  (night, °C)
Mild (basket) 22.1 15.6, 28.0 10.1, 18.1
Warm 27 20.6,32.5 15, 23
Cold 16 10.5, 21.2 4,12

Evapotranspiration is directly dependent on the VPD, rather than through the water pressure or the

relative humidity. It is thus a more relevant factor for determining a range of climate conditions

14
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conducive to optimum plant growth [45]. Several studies have reported different VPD ranges that
have not negatively affected crop growth in their experiments, sometimes with an optimum range
and an acceptable range [46,47]. For this work, a permissible range of 4 hPa to 12 hPa was chosen to

constrain VPD inside the CEA facility for all locations.

2.2.4 Exterior climate

Hourly optimisation of the climate control system requires knowledge about outside temperature,
vapour pressure and incoming solar radiation (global horizontal irradiation, GHI) for every hour of the
day. Since the optimisation was carried out for each hour within a typical day for a given month,
available data on the average minimum and maximum daily temperatures within a particular month
were used to construct temperature curves while average daily solar radiation and sun-hours were
used to construct the solar radiation profile. For the sun-hours, second-order polynomials were
developed which relate the latitude to the average daily hours of sunshine set according to the 15%"
day of the respective month (see Sl 5.1). The GHI values used (daily average) already accounted for
the effect of cloud cover. The vapour pressure was assumed to be constant throughout the
respective day but never exceeding the saturation level. The data was obtained from

https://www.worldclim.org/ and is described in Fick and Hijmans [48]; the methodology to construct

temperature and solar radiation curves is described in Weidner and Yang [15] the solar noon was set
to 12:30 PM. Eighteen metropolitan regions were selected for this analysis, covering most of the
habitable climate zones on Earth. They were chosen to ensure a sufficiently different combination of
latitude (seasonality), temperature, humidity and solar radiation. Further information on
geoprocessing steps can be found in SI 5.2, and a table with information on climate parameters can

be found in SI 5.3.

2.3 Optimisation

The optimisation of the specific energy was carried out for each CEA system on an hourly basis in

order to obtain sufficiently accurate prediction [17]. This results in a 24-hour operational profile

15


https://www.worldclim.org/

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

which describes the performance of the CEA system for the given location on a typical day within the
given month. This calculation was then repeated for every month in multiple locations to obtain the
average annual specific energy consumption. The inside air flowrate through the HVAC (F,4c) and
the share of it send through the air-to-air HEX (f324 snare), together with the temperature
(Thyac,out) and relative humidity (RHhvaC,out) of the HVAC outlets and the external air speed
through the air-to-air HEX (Ugr q24.ext) Were adjusted by the optimisation to achieve minimum
specific energy consumption. Further variable elements of control were the fogging flowrate

(Mmy, rog) in both GHs and the venting flowrate (Fyen¢) in the OGH. The system was constrained by a
minimum air exchange rate (AER,;,;,,), a suitable VPD and temperature range at the inlet

(VPDin, Tin,) and outlet (VPD gy, Toue) zONes, a minimum temperature (T,qy,) after the
condensation step to prevent ice formation in the HVAC system, and by ensuring conservation of
energy around the crop (I — LH — SH = 0). Further, a maximum fogging flow (1, rog max) and
LED waste heat absorption by the water cooling (fLED cooling) should not be exceeded. At the night
or dark period, the total (as opposed to specific) energy consumption was minimised (with different
temperature setpoints) as the high sensitivity of yield to lighting and temperature was assumed only

for the photoperiod. Mathematically the optimisation can be expressed as:

Etotar if Inet =0
SEhourly if Inet >0

Minimise
By setting hourly values for
Fhvac' Thvac,out' RHhvaC,out' faZa,share' uair,aZa,ext for PF
Fhvac' Thvac,out: RHhvac,out: Fair,aZa,ext: uair,aZa,extr mw,fog for CGH

Fhvac' Thvac,out: RHhvac,out: Fair,aZa,ext: uair,aZa,extr mw,fog: Fvent for OGH

Subject to AERyent + AERpyac > AERpin
VPDyin < VPDi,VPDyyy < VPDpax
Tmin < Tin, Tout < Tmax
My fog < My fogmax * Agrowing for GHs
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0< fLED cooling < 0.85
Lyet —LH —SH =0
Tequiv >3

A description of the terms can be found in the nomenclature (SlI) and details of how the optimisation

was carried in a computational algorithm can be found in SI 6.

2.4 Scenario and sensitivity analysis

There is a host of parameters that will influence the outcome of the optimisation. Some of these are
assumptions related to physical behaviour which may vary within a certain range, and others can be
directly influenced by the grower, either through facility design or the level of climate control
automation. For practical relevance, a comprehensive range of scenarios or settings of these
parameters is assessed for a winter month (short daytime) and a summer month (long daytime) in
Stockholm, further described in SI 7 and shown in Figure 5 and 6 in the results section. The standard
settings are as described in the previous sections and as listed in the parameter table (table 1); the
assessed crop is the vegetable basket proxy. Further assumptions adopted in this work, as well as

some limitations, are listed in SI 8.

3. Results and discussion

First, the functionality of the model and the climate control operations in the three CEA systems are
visualised on an hourly basis. Figure 3 shows the optimised hourly climate profiles and the specific
energy consumption, while Figure 4 shows the water and CO; loss of the three systems for a winter
month and a summer month, respectively, in Stockholm. The location and the months have been
chosen to demonstrate how the climate control regulates the conditions in the OGH differently. The

hourly external climate conditions are shown in Figure S9 (Sl).

Second, the results of the scenario analysis are presented to assess the parametric sensitivity of the
model by way of the difference to the base case for space conditioning energy (i.e. climate control)

and specific energy consumption. Figure 5 shows the results for winter and Figure 6 for summer
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conditions. The difference in resource consumption (water and CO;) for each scenario is shown in SI

9 for winter (Figure S10) and summer (Figure S11).

Third, the optimisation results for the different locations are shown, broken down into the

contributions by equipment to the specific energy consumption and the water and CO; loss.

3.1 Hourly optimisation and seasonal behaviour

Figure 3 reveals how the climate control affects inside climate conditions and Figure 4 how it affects
the energy and resource consumption. For GHs in winter, night-time heating is alternated with low
space conditioning requirements during the day, while ventilation was not chosen by the
optimisation in the OGH to achieve high CO; levels and reduce heating requirements. The higher CO;
levels from the start in the CGH result in a slightly higher yield and more favourable specific energy
consumption but also higher CO; loss from infiltration (green dotted line). The PF in turn benefits
from colder outside temperature during the night-time photoperiod, resulting in increased air-to-air
cooling and refrigeration cycle efficiency. This benefit is lost in July as temperatures are higher than
in winter. However, the year-round electricity consumption of LEDs was in great excess compared to
the low energy consumption for air conditioning. The warmer summer puts the OGH at a
considerable advantage over the CGH, in which ventilation, paired with fogging at the highest
daytime temperatures, was chosen by the optimisation to regulate the climate. However, this comes
at the cost of considerable water loss. In summer, the yield in the CGH is higher than in the PF due to
the slightly higher radiation despite light seasonal whitewash, which was chosen by the optimisation
to reduce cooling requirements. Despite the slightly lower yield in the OGH due to near-ambient CO,
levels, specific energy consumption is lower compared with the CGH, which only relies on mechanical
dehumidification and cooling. It is worth noting that in the modelling for regions with hot summers in
which the outside temperature is higher than the permissible maximum temperature, venting was
not an option, and the OGH behaved like the CGH, with dehumidification and fogging used to control

the climate.
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Figure 3: Optimised hourly climate control profile of the three CEA systems for a typical day in
February (winter, left) and July (summer, right). The temperature is shown as a bandwidth between
inlet and outlet zone, the air exchange rate displayed as a bar is in volumes/h (first y-axis), the solar

radiation, LED intensity, relative humidity (inlet and outlet zone), CO2 level and fogging are displayed
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Figure 4: Specific energy consumption and resource intensity of the three CEA systems for a typical
day in February (winter, left) and July (summer, right). All values are given per kg of edible produce
and the obtained yield for the respective month is indicated in the second y-axis. Fan electricity
consumption is displayed for HVAC duct and venting fans (Fans) and the process and air side fans of
the (re)heating system (ASHP) and cooling cycle (RC). Plant uptake of water and CO, was equal and

comparatively small and is thus excluded in this comparison.

3.2 Influence of physical, design and control variables

The variables describing the physical behaviour of plants and equipment show some sensitivity

affecting the comparative results between the CEA system (Figures 5 & 6):

e The sensitivity of specific energy consumption to stomatal resistance (scenario 1) is generally
very little and was highest when it would affect the venting performance in the OGH.

e A narrower VPD range (scenario 2), which some crops and growers might prefer, would
greatly reduce the benefit of open venting compared to closed GHs.

e Increased LED efficiency (scenario 3) is more beneficial to plant factories than to open or
closed GHs.

e A higher U-value (scenario 4, e.g. from cheaper cover material), significantly increases

climate control energy consumption for GHs but slightly reduces it for PFs (similar to
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Graamans et al. [33]). Due to increased heat loss, cool morning air in the Scandinavian
summer could not be used for ventilation in the OGHs anymore without violating the
permissible minimum temperature (thus reducing the ventilation benefits in OGHs). The
lower U-value helps with daytime cooling in the CGH.

All systems benefited slightly from a lower (heat exchange) temperature difference in the
condenser and evaporator of the refrigeration cycle (scenario 5); however, this would
require more heat exchange area than specified in the assumed design, when operating at

the highest loads.

Scenarios 6 to 14 describe facility design and operation choices that the grower can influence:

If the growing space is smaller (while keeping the dimensions of the HVAC system
unchanged, scenario 6), the cooling efficiency becomes higher in summer for CGH and PF and
also in winter for PF.

Incorporating a square geometry (scenario 7) reduces the temperature and humidity
gradient slightly and thus favours summer venting in the OGH.

Halving the size of the heat exchangers (scenario 8) increases velocity and pressure drop at
the same duty, hence leads to reduced air conditioning efficiencies, especially for cooling as
the air-to-air cooling duty is reduced as well. The appropriate sizing of the HVAC units is thus
of paramount importance.

Aiming to boost production by doubling the DLI received by the plants (scenario 9) increases
the specific energy consumption in the CGH and PF as the yield increase is less than the
increases in the electricity consumption for LEDs and their cooling. In some cases, this might
still lead to higher profits; hence this trade-off needs to be carefully considered. The OGH
differs as the increased cooling load in summer can be realised through ventilation.

The OGH also benefits in summer from an unconstrained CO, supply (scenario 10) but this
comes at high resource costs (increase from 0.3 to 10.1 kg CO,/kg crop, see SI S11). The

influence on specific energy consumption of the preferred temperature of grown crops
21
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(scenarios 12 and 13) is significant and the results are somewhat counterintuitive. A colder
climate preference leads in all cases to greatly increased cooling and dehumidification
requirements, in particular in the OGH when venting alone was no longer sufficient,
suggesting that some cold temperature crops might best be grown outside in some locations.
It needs to be noted, however, that the specific energy consumption of the OGH is ~7 times
less than that of the CGH in the base scenario to which those percentage values refer.
Studies comparing GHs and PFs could unintentionally favour one system over the other by
using disadvantageous colder climate setpoints in GHs (e.g. Graamans et al. [14]). If plants
prefer warmer temperatures, electricity consumption goes up in winter for all three systems
but the response differs in summer; the CGH benefits from reduced daily average cooling
requirements while the OGH needed to resort to mechanical dehumidification in the early
evening (contrary to the purely positive response to higher temperatures from Golzar et al.
[49]). This means that despite achieving artificial climate conditions in GHs, the choice of
crop should still be tailored to the local climate for maximum resource efficiency [12].
Switching to mild temperature cultivars or climate setpoints in PFs in winter could reduce
electricity consumption for the HVAC by over 50%. The lettuce crop (scenario 11) is closest to
the cold climate preference but has a significantly higher yield than the vegetable basket
proxy. Small increases in air conditioning requirements were counterbalanced by higher
yields in winter, while this yield increase was not sufficient in GHs in summer to balance the

much higher air conditioning requirements.
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Figure 5: Percentage change of climate control and specific energy consumption for the three CEA

system and 19 scenarios compared with the base scenario for February (winter) in Stockholm

The remaining scenarios considered cases with less sophisticated climate control capacities:

Opting to not have water-cooled LEDs (scenario 14) had significant negative consequences
the PF, however, for GHs the cost of such systems needs to be weighed against modest
improvements in specific energy consumption.

Scenario 15 investigated the effect of employing fixed-intensity LEDs. In the PF, this led to

in

longer but less intense photoperiods (18 instead of 15 hours) which showed to be beneficial

for climate control. However, some plants might require longer dark periods for healthy

growth. Contrary to initial expectations, the constant supply of light and heat in GHs in

winter had only a small effect on specific energy consumption. Growers need to evaluate the

trade-off between higher control complexity and small total energy savings.

If a control system aims to merely consider minimised energy consumption (scenario 16), the

specific energy consumption would increase due to lower yields. Although this effect was
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relatively small, higher productivity has the most impact on profit which would justify a
combined yield-energy approach.

e Scenario 17 describes facilities that do not employ air-to-air cooling. In winter, this led to a
considerable increase in energy consumption, in particular for the PF which benefits from
colder night-time temperatures during the photoperiod. The effect in summer was negligible.
The other cooling device, the fogging system, was of paramount importance. Cooling through
“ventilation and mechanical cooling only” lead to dramatic increases in specific energy (data
not shown) for March in Singapore (+279% and +158%% for the CGH and OGH, respectively)
and considerable increases for July in Stockholm (49% and 0.4% for the CGH and OGH,
respectively).

e LED cooling might be detrimental for GHs if it is always on and takes away otherwise useful
heat, as shown by scenario 18 (the base scenario considers flexible cooling).

e Optimising solely for hourly yield resulted in very high energy consumption for climate
control in all cases. The increase in specific energy was particularly significant for
greenhouses in summer (6.6 and 18.2 times as much for the CGH and OGH), when intensive
mechanical cooling was used to closely control the climate, rather than venting. The increase
in yield, however, was comparably insignificant in PFs (2-2.4%) and small for GHs in summer
(10.8% for the CGH and 38.9% for the OGH), not enough to justify controlling the facility in

this way.

The sensitivity of the scenarios on water and CO; loss through venting and infiltration is small (Figure
$10 and S11); the biggest effect on water loss is observed for increasing the DLI and for lettuce
(scenario 9 and 11, specific consumption drops as yield increases), for warm climate preferences
(scenario 13, increased loss due to higher water vapour storage capacity of air), in the OGH due to
increased venting for no air-to-air cooling during winter (scenario 17), in summer for cold climates
(scenario 12) and in summer when maximising the yield (scenario 19). The response to the
parameters can be divided into positive or negative proportional (scenarios 3,5,6,8,10,12,14,16,18)

24



1

2

3

10

11

12

13

14

15

16

and non-proportional or non-linear (scenarios 1,2,4,7,9,11,13,15,17,19), with the latter responses
fully depending on the CEA system and the outside climate. This means that results obtained in the

study may be proportionally adjusted to other cases only for the proportional parameters.

Change in climate control and specific energy consumption for 19 scenarios compared with the base scenario, July (summer) in Stockholm
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Figure 6: Percentage change of climate control and specific energy consumption for the three CEA

system and 19 scenarios compared with the base scenario for July (summer) in Stockholm

3.3 Location-dependent comparative performance

Figure 7 shows great differences between the three systems and between the locations, in particular
for the OGH. The PF has increased specific energy consumption in hot regions where mechanical
cooling is more challenging and higher specific energy requirements in all locations. Interestingly,
despite a higher average temperature in UAE compared with Singapore, a lower night-time
temperature during peak cooling demand led to lower specific energy consumption in PFs in UAE.
The effect of seasonal temperature extremes becomes apparent in the GHs; while Tokyo’s average
annual solar radiation is lower than in Tasmania or Santiago (listed from lowest to highest solar
radiation in Figure 7), it does not require additional lighting. On the other hand, constantly high

temperatures are detrimental for Singapore and Maricopa in a GH without venting but with the
25
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Figure 7: Average annual specific energy consumption of the three systems (PF, CGH, OGH) at

different locations. The locations are sorted by their average annual temperature in ascending order.

Process side fan electricity consumption was allocated to (re)heating and mechanical cooling.

option to vent, the specific energy can be lower than in the colder regions of Stockholm and

Reykjavik. In UAE, temperatures are too high for venting most of the time, leading to only a slight

reduction in specific energy consumption for the OGH. In very cold regions such as around Reykjavik,

ventilation was not chosen by the optimisation as it would significantly increase heating

requirements, which means OGH and CGH have similar results. The reason for the higher specific

energy in OGHs in Reykjavik is due to a restriction of hourly CO, supply in OGHs imposed in the

model to avoid unacceptable CO; loss in ventilation, which lead to lower yields in the morning hours

(see green dashed line Figure 3). In general, the reduction of specific energy in OGHs compared with
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CGHs is highest when ventilation could be used as a major contributor to climate control. Figure S12
(SI) shows the water and CO; loss incurred from the exchange with the environment in GHs for all
locations. The CO; loss per kg crops is relatively constant with ~0.35 kg for the CGH and ~0.31 kg for
the OGH. Venting in the OGH significantly increases water loss and represents thus a trade-off with
energy consumption in water-scarce regions. The hourly load curves for each month and location are

displayed in figure S13.

None of the locations had sufficient solar radiation to justify installing a refraction lens cover as
described by Pakari and Ghani [50]. This was due to a lower target DLI considered optimum for plant
growth in their work (8.1 mol/m?/day compared with 13.7 mol/m?/day in the current study). A
calculation of the effect of the cover for the hottest months in UAE by adjusting the yield akin to
scenario 9 resulted in a reduction of both cooling requirement and specific energy consumption of
around 40% for both GHs. If the solar transmission of the lenses can be increased (e.g. by reducing
the spacing between them), it constitutes an attractive option for energy-efficient high-yield GH

production in the desert.

3.4 Comparison with other studies

Comparison of the results from this work and those from previous studies is far from straightforward
due to differences in both the adopted problem settings (e.g. temperature preference, DLI
requirements and growing intensities of individual crops) and the slightly different choice of
locations. Nevertheless, an attempt has been made to make the results of several relevant studies as
comparable as possible; the details of the needed conversions and adjustments can be found in SI 10.
Here, key contrasts to the specific energy consumption of GHs and PFs are presented in Figure 8 —
which needs to be interpreted with caution due to the aforementioned discrepancies between
different studies. Those differences that can be sensibly linked to the variation in the modelling

approaches are discussed below.
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Figure 8: Specific energy comparison of this work with previous studies, adjusted for yield according
to light levels (see SI 10). The adjusted specific energy for Li et al. is 113.9 kWh/kg for GHs and 59.1
kWh/kg for PFs.

Comparing the results from this study with those from Li et al. [13] who conducted an optimisation
for glass-covered (similar to OGH) and opaque (similar to PF) shipping containers for Singapore, it
was found that cooling electricity requirements were significantly different. Cooling was a magnitude
more energy-intensive in GHs (explained by their equal electricity consumption and cooling needs in
kW terms implying a COP of 1, compared with an average COP of around 6.5 for Singapore in this

work) and multiple times more for PFs in their work (due to a higher U-value of the walls).

Benis et al. [14] reported a similar water consumption per kg produce and a slightly higher specific
energy consumption for the OGH. The difference can partly be explained by the optimised interplay
of mechanical cooling, fogging and ventilation in the present study. The opaque shipping containers
had a similar share between the energy consumption for cooling and lighting. However, their specific
energy consumption was significantly lower compared with the present study. This can be explained
by the reported ~3.2 kWh lighting per kg crops (or 47 W/m? for 13 hours), which is significantly below
what the current study considers necessary to achieve the reported yield with current LED

technology.

28



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

An indicative comparison with Graamans et al. [14] showed similar energy intensities except in a few
cases. In the cold climate, the lower specific energy consumption is due to the modelling of
consistent production using supplemental lighting during winter months in this work, making them
more favourable in such climates. In UAE, this work had a higher specific energy consumption, mainly
due to higher energy use for climate control, which likely stems from the fixed COP assumed in their
study compared with a detailed variable model for the COP in this work. Their work did not report
data for locations which particularly benefitted from a more sophisticated GH climate control, where

it would be possible to greatly reduce energy demand for OGHs.

The difference for the PF in Harbick and Albright [23] is primarily due to their high heating
requirements from a poorly insulated building, with lower light efficacy playing a minor role. The
lower specific energy consumption in Phoenix for the GH in their work is due to their model relying
on evaporative cooling, which would have caused excessive moisture levels in this work. The higher

specific energy consumption in the milder location is likely due to sub-optimal climate control.

3.5 Recommendations for practitioners

From the parametric sensitivity analysis reported in section 3.2, recommendations can be derived to
reduce the energy required for growing. CEA systems benefit from tailoring crops and cultivars to the
ideal climate conditions (e.g. tolerating higher temperatures) and adequate sizing of the HVAC
system. GHs benefit from covers with low U-values and advanced control systems which can regulate
ventilation, fogging and mechanical cooling according to outside conditions. In water-stressed
regions, the degree of ventilation can be assessed on a temporal basis (e.g. the extent of seasonal
rainfall). Fully closed GHs make sense only if the pest risk is constantly high and significant
productivity increases can be realised through high CO; levels. There is less justification from an
energy perspective for greenhouse operators to invest in LED water cooling (unless symbiotic effects
with a host building can be realised), air-to-air cooling in combination with electricity-driven heating

and cooling (as process side heat recovery is preferred) and complicated LED dimming schedules.
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However, those technologies, together with efficient LEDs, are highly recommended for PFs. Indoor
growers need to be aware that maximising yield may come at higher specific energy requirements

and thus environmental footprints.

The choice of CEA system and design in a given location depends on many factors. The source of
electricity (i.e. fossil vs renewable) combined with the specific energy consumption will dramatically
influence the carbon footprint of the produce. Although the specific energy consumption is a main
aspect for the sustainability of controlled-environment vegetable production, other factors, such as
profitability or land availability, might be more important for growers. Thus, if land is scarce and
expensive, PFs might still be favourable as growing layers and rooms can be stacked as desired.
Additionally, existing (urban) space such as empty parking lots and abandoned buildings reduce the
upfront cost and environmental impact from the structure. Nevertheless, rooftop and peri-urban
GHs, compared to other CEA options, present the most favourable alternative to open-field farming

in most cases.

4. Conclusions

This work investigates and compares the best-practice energy intensity of CEA systems (plant
factories and open and closed greenhouses) for several climate zones. A novel optimisation approach
was developed that combines a detailed modelling of electrified climate control systems in relation
to the outside climate conditions (temperature, humidity, solar radiation) with spatially and
temporally varying vegetable yields dependent on the interior climate conditions realised in these
systems. It provides a consistent and improved basis for comparison between not just the three CEA
systems but also different climate conditions and technical or operational choices and their effect on

specific energy and resource consumption.

The approach has been used for hourly optimisation of CEA systems for a whole year in ten different
human habitat locations representing a diverse range of climatic conditions. The results indicate that

plant factories (i.e. vertical indoor farming systems) are more energy-intensive than greenhouses in
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all climates. The specific energy consumption of ventilated OGHs is significantly lower than the other
two systems, even in more extreme climate, although at a higher level of water consumption. While
the lower energy intensity of OGHs is not always contrary to previous studies, the extent of the
difference between OGHs and other options identified in this work is stronger than generally
reported. This increased favourability of GHs, and especially OGHs, in this work is mainly due to the

possibility of optimising greenhouse control.

In addition to the assessment of different locations using the representative parameter settings, the
optimisation approach has also been applied to one location for a comprehensive range of
parametric sensitivities to understand the impact of assumptions and technical and operational
variations. These changes do not significantly change the overall favourability of OGHs but do offer
some recommendations for practitioners. The most relevant ones for energy-efficiency are
harmonising crop choice (and their preferred temperature range) with local climate conditions in

GHs, considering operating at modest DLI levels and installing LED water cooling in PFs.

A range of open research questions for energy-efficient CEA remains. From a plant science
perspective, the breeding of high-yield cultivars thriving in controlled environments is yet in its
infancy, and an open-access compendium relating yield values of multiple crops and cultivars to light
intensity (and respective climate conditions during experiments) would bring substantial benefits to
the CEA community. From an energy perspective, the quantitative benefits of geothermal and waste
heat for GHs (for direct heating but also enabling vapour absorption refrigeration), the influence of
seasonal and daily solar heat storage and transparent PV panels in GHs, and industrial and building
symbiosis for GHs and PFs require further assessment. From a life-cycle-assessment perspective, the
trade-off between building PFs in existing structures close to the consumer and GHs with higher
transport (crop and workers) requirements need to be assessed, in particular in locations where the
difference in specific energy consumption was less pronounced. Future studies should consider the
influence of climate setpoints and crop selections when comparing PF and GH in different locations,

and consider choosing different crops for different seasons in modelling studies.
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Finally, it is important to note that obtaining the performance indicated in this study requires
advanced climate control devices which might not always be available to growers. The modelling
methodology employed in this study may be used to determine the optimum (hourly) set points for
energy-efficient operations, while the actual sensing and actuator control needs to be programmed
via control loop mechanisms (not addressed in this work). Results derived in this work for the
vegetable basket can be adapted to specific crops by figuring out the respective yield at light levels of
13.5 mol/m?/day and adjusting the specific energy consumption proportionally. The influence of

different climate setpoints is akin to the changes described in section 3.2.
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CGH Closed, non-ventilated greenhouse

COP  Coefficient of performance

ET Evapotranspiration

GH Greenhouse

GHI Global horizonal irradiation

HEX Heat exchanger

HVAC Heating, ventilation and air conditioning system
LED Light-emitting diode

OGH Open, ventilated greenhouse

PAR  Photosynthetically active radiation

PF Plant factory or indoor vertical farming facility
PFR Plug flow reactor

PPM  Parts per million

RC Refrigeration cycle

RLC  Refraction lens cover

VPD  Vapour pressure deficit
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