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1 Energy-efficient design heuristics
1.1 General description of the systems

It was assumed that the plant factory (PF) is housed in a concrete building with no material transfer and little heat loss
to the environment, which means that it requires continuous dehumidification due to plant transpiration. For the
greenhouses (GH), a concrete wall on the side facing away from the sun reduces the heat loss [1] and serves as a
structure for the air handling unit (AHU) which is part of the heating, ventilation and air conditioning system (HVAC, SI
1.3)). To balance lighting with cooling requirements, the cover material was based on the annual solar radiation, with
ethylene tetrafluoroethylene (ETFE) being chosen for cold climates (Sl 1.2), otherwise Polycarbonate (PC) [2,3]. For very
sunny locations, the installation of a removable refraction lens cover (RLC) [4] was assumed when it would be
favourable more than three months in a year (Sl 1.2), drastically reducing solar heat influx. To mitigate seasonal
extremes, mild or strong seasonal whitewash (SI 1.4) was optionally applied if it would not reduce the required daily
light integral (DLI) and a thermal screen (SI 1.5) would be applied at night if required [5]. Additional cooling was
optional through fogging [6] and venting in the open GH (S| 1.6). Light-emitting diodes (LED) would supply the required
moles of light (daily light integral, DLI) light in the PF and supplement the natural light in the GHs (SI 1.7). All three
systems benefit from a LED water-cooling system [7], which enable a longer lifetime and more efficient cooling (due to
the heat being transferred to water rather than air). For the GHs this was optional as the additional heat may be useful
in colder months to reduce heating requirements. To increase this effect and achieve a more consistent light intensity,
the LED intensity was adjusted to be highest in the early morning and late evening and progressively dimmed to match
the sunlight (SI 1.7). The ratio of photosynthetically active radiation (PAR) received at the canopy compared with the
LED output was considered to be slightly higher for plant factories [8].

1.2 Greenhouse cover material selection and orientation

The choice of greenhouse cover material affects both the heat balance and the required supplemental lighting. In
colder regions (Taverage is either < 7.5 C for at least four months or < 0 for at least one month), a high U-value (indicating
lower heat transfer to the outside environment) is favourable, and ETFE film (U-value = 2 W/(m?*C), solar
transmissitivity 83%) is chosen as a cover. In warmer regions, reduced solar transmissivity is favoured to reduce the
mid-day cooling requirements; hence polycarbonate (U-value = 2.27, solar transmissitivity 70%) is chosen as a cover.
For arid or desert-like regions with very high average solar radiation and temperatures, a system with aluminium cover

panels and refraction lenses (refraction lens cover or RLC) is chosen according to the concept by Pakari and Ghani
PllnawratGh , 1 js given, Both the PC and
Imver‘fshading

RLC cover are more resistant to dust and sand particles prevalent in warmer regions. It was assumed that the cover
contain an anti-drop layer to stop condensation on the cover material due to temperatures below the dew point of the
cover [1]. Besides the cover material, the orientation and geometry play a role in the energy-efficiency of greenhouses,
with East-West facing greenhouses showing better utilisation of solar energy [1]. Further, a sturdy wall on the side not
facing the sun (North for above the equator and South for below) does not diminish natural light use efficiency while
providing heat retention benefits [1]. The HVAC system in this study is considered to be located along the side facing

away from the sun.

(2019). The latter is chosen when for more than three months

Llrequired

1.3 Dimensions

The dimensions of the facility and the air conditioning equipment need to be harmonised to ensure adequate
performance [9]. The growing area directly determines how much water the plants evaporate and the outside walls
determine the heat exchange with the environment. Plant factories have a higher total evaporation per unit floor area
due to the stacked growing beds, while GHs have a more pronounced exchange with the environment. The dimensions
in this work were thus set to reflect similar duties of the air conditioning units by fixing the volume and having a
somewhat larger growing area in the plant factory.



1.4 Seasonal whitewash

Besides the appropriate choice of cover material for given climatic conditions, seasonal whitewash has the potential to
reduce energy requirements by reducing the cooling requirements in summer months [10]. It is considered applied in a
particular month for ETFE and PC covers if DLIngturar > 1/ fwnitewash,strong » if not then DLLgprqr >

l/fwhitewash,light-
1.5 Thermal screen

A thermal screen within the greenhouse reduced the heat lost to the environment in colder regions and months. The
heuristics are inspired by Vanthoor et al. [5] and assume that at night and very low solar irradiation levels (<15 W m™),
the thermal screens are up as soon as Tcenter — Toutside > 2.5. During the day, the West (morning until noon) and East
(afternoon) facing wall have screens up when Tcenter — Toutside > 10.

1.6  Natural ventilation

Greenhouse ventilation with outside air is a cost-effective way of climate regulation [5,12-14]. The potential to rely on
natural ventilation depends on local wind speeds, buoyancy effects and the design of the vent openings [15,16]. To be
able to compare the performance of climate control systems between locations, a uniform wind speed of 2 m/s was
assumed which results with typical vent openings in roughly four air exchanges per hour [17]. Further venting flow
needs to be supplied with fans. Venting was also possible in the open greenhouse.

1.7  LED lighting schedule, efficiency and direct cooling

Plant growth strongly depends on adequate light supply; increasing the average amount of light received leads to
greater photosynthesis (up to a certain point) and thus the synthesis of sugars and other non-structural components
which in the end increase the structural biomass generated [18]. In this study, it was considered that greenhouse
growers prefer to obtain high yield values per unit area and thus employ artificial lighting. Reference yield values,
together with the daily light integral (in mol of photons per day) at which they were obtained, are used to determine
the overall lighting requirement (DLIpiant). A comparison with the naturally available sunlight on a specific day (DLlnaturar)
determines the amount of additional light or moles of light required. It seems that the total amount supplied per day
matters more than at which hour they are supplied [2]. At the same time, low solar radiation in the morning and early
evening might hamper growth and shorten the effective photoperiod for a specific crop [19]. Thus, the LEDs in
greenhouses are considered to supply light in precisely those times at varying intensities to smooth the incoming light
profile of the sun, which itself follows a positive sin curve. The following method was devised to obtain the I, ¢, or LED
light output in W/m2 from the required DLI, ;;, or daily total light (i.e. photosynthetically active radiation, PAR) output.
This will approximate the inverse of the solar radiation, dimming the intensity towards solar noon and increasing it
again in the afternoon.

Step 1: From the daily solar radiation curves (see Sl in Weidner and Yang (2019) , calculate the total (in Wh/(m?*day))
and maximum (in Wh/h) solar radiation (only PAR component).

Step 2: Calculate the total Wh to be supplied by the LED (from mol/(m?*day) to Wh/(m?*day), Eq.51).

23 /

222000

Eq. S1

E Iygp = DLI gp * 715”(7! q
s 36OOE

Step 3: Add the PAR component of the solar radiation and the total LED output (PAR) and divide it by the photoperiod
to obtain an assumed target intensity Iiqyger, 15 (in W).

Step 4: The resulting target intensity value I;4rget,15¢ is then used to plot the first approximation of the intensity with
equation S2. If the maximum of the solar radiation is lower than this target value, the first approximation will be the
actual intensity.

mol PAR Eq. S2

P - *#0.45———
LEDAst = ltargetst — Isolareff mol solar



Step 5: If this is not the case, then all negative I, p 15 values are added, their hour count defined as N and subtracted
from Iiarget,15¢ @s shown in equation S3.

I =1 Iexcess Eq. S3
target,2nd — ltarget,ist — t _N
photo

Step 6: The second target intensity then determines the LED output by equation S4.

mol PAR Eq. S4

I =1 - * 0,45 ————
LED,2nd target,2nd solar.ef f mol solar

The below figures illustrate this concept for the first and second case (Figure S1 and S2).
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Figure S1: lllustrative hourly radiation composed of LED light and sunlight if the average radiation was above the
maximum solar radiation
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Figure S2: lllustrative hourly radiation composed of LED light and sunlight if the average radiation was below the
maximum solar radiation

The standard efficiency, i.e. their ability to convert electrons into photons rather than heat, used in this study is 59% or
2.7 umol/J which is the average of current models from the largest producers https://www.heliospectra.com/mitra-
commercial-led-grow-lights, https://fluence.science/products/spydr-series/ ,
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https://www.heliospectra.com/mitra-commercial-led-grow-lights
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https://www.assets.signify.com/is/content/PhilipsLi
ps_production_module 3.0 en final-4.pdf ). The efficiency is derived from the conversion factor 4.57
(https://www.controlledenvironments.org/wp-content/uploads/sites/6/2017/06/Ch01.pdf ) for light with a wavelength
of 400 to 700 nm. LEDs which emit light on a specific wavelength have a different conversion factor, ranging from 3.9 to
5.5 micromol per Joule (https://edepot.wur.nl/156931). In this study it was assumed that plants receive the full
spectrum of photosynthetically active radiation.

Beneficial for climate control, this also means the highest amount of waste heat is produced when the greatest (or
lowest) requirements for heating (or cooling) occur. In situations where additional waste heat would be an additional
burden on the HVAC system (e.g. always in plant factories and in hot months in greenhouses), direct water cooling with
an efficiency of up to 85% would be applied and its extent is determined by the optimisation. In plant factories, the DLI
was distributed equally between the photoperiod as no synergy with solar energy is required.

2 Mass and energy balances and general equations
2.1 Primary mass and energy balances

The physical behaviour of matter and energy flows in greenhouses and plant factories is not as straightforward as in
idealised volumes, such as perfectly mixed spaces or spaces with a uniform gradient along the direction of flow (i.e.
plug flow). Many greenhouse climate models assume a perfectly mixed space ([1,21-23] but this is not confirmed by
studies applying computational fluid dynamics (CFD) [14,15,24-26] or multi-location measurements [27,28]. We are not
aware of studies assuming plug flow reactor (PFR) behaviour for the interior climate, although gradients of temperature
and humidity were shown to exist in the previously mentioned CFD studies. The aim of our model is to reflect observed
behaviour as closely as possible, while utilising simplifications which enable the optimisation varying internal setpoints
and dependent on varying outside climate conditions.

Thus, our methodology approximates the physical behaviour as:

e A well-mixed space (equivalent to a continuously stirred tank reactor or CSTR) at very low venting and AHU
flowrates

e Atemperature and humidity gradient, i.e. PFR behaviour, for high venting flowrates

e A combination of CSTR and PFR behaviour for medium flowrates, with a more pronounced PFR behaviour for
venting (which is typically uni-directional) and a weaker PFR behaviour for the HVAC flow (which is typically
introduced at distributed locations within the facility)

This makes it possible to account for different temperature and humiditiy zones within a greenhouse, which have an
effect on plant growth and thus need to be kept within a certain range. Thus inlet, centre and outlet conditions are
separately evaluated; the inlet zone is representative for growing space close to the fresh (venting) or conditioned
(HVAC) air outlet and the outlet zone is representative for growing space close to the vent outlets or the HVAC inlet.
Additionally, the conditions at the previous timestep (i.e. thermal and mass inertia) were considered as well and play a
more pronounced role for lower venting and HVAC flows, effectively emulating a dynamic system.

The energy balance considers the enthalpy of the CEA facility at the inlet and outlet of the HVAC system and vent
openings and can be written as a first order differential equation S5.

dH g, Eq. S5
dtl = Fyent * (hair,outside - hair,out) + Fhvac * (hair,hvac,out - hair,out) + Qtotal
where dZ‘Z" is the change of enthalpy of the air (including both the dry air and the water vapour) in the space for

growing, Rair putsiae is the outside air enthalpy, hgiy npac,oue is the enthalpy of the HVAC outlet air. hgy. oy is the
enthalpy of air at both the inlet of the HVAC system and the outlet of the vents. In practice, those would not necessarily
be at exactly the same locations but for simplicity an average outlet condition is adopted for this zone. Q4 is the net
enthalpy change introduced to the space for growing due to energy or mass flows other than the HVAC and venting air
flow. For the PF, CGH and the OGH if venting was off, this would simplify to equation S6.
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Mo Eq. S6
d‘tur = Fhyac * (hair,hvac,out - hair,out) + Qtatal

In our model implementation, the differential term was approximated by the finite difference method (equation S7)

dH i Eq.S7
7 = (hair,center,t * Vol x Pary,centert — hair,center,tfl * Vol * pdry,center,tfl)/At

where At is the interval from time t-1 to time t, which was set to 1 hour or 3600 s. The density used here is the dry air
density. The calculation of centre and inlet conditions are based on achieving the above stated aims of the model. The
enthalpy at the centre zone of the growing space is defined as shown in equation S8.

1) Fyent

1
hair centre ~ (hair outside * 5t h-air out ¥ 5 | *
. . 2 ’ 2 Vol = Pdry,centre

1 3
+ (hair,hvac,out o+ hair,out * _)

4 4
Fhvac + Fvent + 3600

Eq. S8
F Vol * pdry,centre a
hvac 3600
* + hg; *
Vol * air,out Vol *
Fryac + Fpent + W Froac + Foene + TOOP

The same relationship is used for the other air properties (density, specific humidity and temperature) by replacing the
enthalpy term with the respective property. Akin to the centre zone, the inlet zone is defined as shown in equation S9.

Fyent

Vol Parycont
Fhvac"‘E/ent"’W

1 1
+ (hair,hvac,nut * E + hair,out * E)

hair,inlet ~ hair,outside *

Eq. 59
Vol * pd"ry,centre a

Fryac 3600

+ Rairout *
Vol Pary.cent air,out Vol Pary.cent
Fhvac"’ﬂ;ent"’% Fryac + Fpent +$

*

The first terms in equation S8 and S9 describe the influence of venting on the zone (with a more pronounced PFR
behaviour), the second term describe the influence of the HVAC outlet into the growing space (with a combined PFR
and well-mixed space behaviour) and the third term accounts for the well-mixed space behaviour at low venting and
HVAC flowrates. The inlet zone relation was used in the optimisation to derive the temperature dependent yield factor
(see SI4.2) and the adherence to climate setpoints (e.g. keeping the vapour pressure deficit between 0.4 and 1.2 kPa)
in this zone.

Equation S8 was then combined with equation S6 and equation S7 to derive the energy balance valid for all systems,
equation S10 (p was used here to describe pgry, centre):

Eq. S10
Fvent * (hair,outside - hair,aut) + Fhvac * (hair,hvac,aut - hair,aut) + Qtotal = a
1 1 Foent 1 3
(hnir,nutside * 2 F Nairoue * 5) * r +r L Volep + (hm,mc,m * 3 T hairout * Z)
hvac vent 3600
F Pol:p Vol
) ol *
N hvac Vol s N — 3600 Tolvp N 3600P
Fhvuc + Fvent + 3600 Fhvac + Fvent + 3600
_ huir,center,tfl * Vol « Pt-1
3600
Which can be simplified to Eq S11 if there is no venting.
Eq. S11

Fhvac * (hair,hvac,out - hair,out) + Qtotal =



Vol * p

1 3 Fp, Volxp
<hair,hvac,out * Z + hair,aut * Z) * F +v‘t;;l *p + hair,out * F Sf?/(())l *p ’ At
hvac 3600 hvac 3600
hair,center,t—l * Vol * p¢,1

At

Rearranging for hgiy oue

0.5 * hair,outside * Fven[ * +0.25 * hair,hvuc,out * Fhvac

Rair,center,t—1 * Vol x pr_y — Vol xp

Vol * p
Fhvac + Fvent + 3600
hairour = Vol p
0.5 % Fone + 0.75 % Frpoe + 577 Vol
3600 * | Fyent + Fryac + Vol * p3600 * 3600P Eq. 512
Fryac + Fent + 73600
+ Fuent * hair,nutside + Fhvac * hair,hvac,out + Qcotal
Vol * p
O.S*Fvem+0.75*Fhvac+m Vol *p
Fyent + Frvac + Vol*p *3600
Fhvuc + Fvent + 3600
Equation S12 can be simplified for the case of F,.,; = 0 (equation S13).
Vol x p,_ 0.25 * Ryip pwacout * Fn Vol p
hair,center,t—l * 360p0t 1 o v?;;;[* ) e 3600 + Fhvac * hair,huac,out + Qtol:al
Frwac + 3600

Eq. 13

hair.out =
’ Vol x p

075 * Fiuac + 3600_| , Vol + p

Vol * p * 73600

3600

Fhvac +
Fhyae +

Similar to the energy balance, the mass balance for water incorporates the specific humidity w in g water vapour per kg
air at the centre zone, as well as the infiltration balance and the added water vapour from evapotranspiration and
fogging (equations S14 and S15).

dm, Eq. S14
7 = (woutside - wout) * Fyene + (whvac,out - wout) * Fhvac + My evap + [mw,fog + mw,infiLtratian]

dm,, Eq. S15

7 ~ (wcenter,t * Vol « Pcenter,t — Wcenter,t-1 * Vol « pcenter,tfl)/At

The specific humidity in the centre zone is defined analogous to the enthalpy (equation S16).
1 1 Foent 1 3
Weentre = (woutside * 2 + Woye * E) * Vol * Daryeentre + (whvac,out * 2 + Woye * Z)
Fhuac"'ﬂ:ent"'w Eq. S16
F Vol xp :
hvac 3600
* + Wgi *
Vol = air,out Vol =
Fhvac"'Fvent"'M Fhuac"'Fvent"'M
3600 3600
The specific humidity at the inlet is consequently defined as shown in equation S17.
w: ~w© - Fvent +(0) *1+w *}>* Fhvac
inlet ~ Youtside Vol * pdry,centre hvac,out 2 out 2 Vol pdry.centre

vac veni vac veni

Fryac + Fyent + 3600 Fryac + Fyent + 3600 Eq.S17
Vol x p g-
3600

+ w *
out F, +F + Vol * pdry.centre

hvac vent 3600
Which means that Equations $14 to S16 combine to Equation S18 below, similarly to the enthalpy (again p was used here
to describe pary,centre)-



0.5 * Woutside * Fvent * +0.25 « Whvac,out * Fhvac

Wcentert—1 * Vol x pe_y —Volxp Vol * p
Fhvac + Fuent + 3600
Woyt = Vol+p
3600 # | Fyone + Fupge + | oomvere ¥ 075 Fivec * 5659 ) Vol +p
vent hvac Vol = * 3600
Fhvuc+Fvent+T00p Eq.518
Fvent * Woutside + Fhvac * (‘)hvac,out + mw,evap + [mw,fog + mw,infiltration]
Vol * p

0.5 % Fyene + 0.75 % Fryae + 36557\ Vol % p
Foent + Fhvac + Vol * p * 73600
Fhvac + Fvent + 3600

The temperature at the HVAC inlet can now be calculated with equation $19 derived from equation S20 (accurate in the
temperature region of interest).

T. _ hair,out —2.5% Woyt Eq. S19
AmOUt T 1,01 + 0.00189 * W,y
hair = Taiy * (1.01 % 0.00189 * @) + 2.5 * @ Eq. 520
The total amount of energy into the room is described by equation S21, Q,14r and Qinfiitration are specific to GHs.
Qtotal = (Qstructure + QLED,PAR + QLED,heat + QSH + Qfans,hvac + [Qsalar+Qinflitratiun]) + hW,TcgnLer Eq. 521
* My, fog + hsat,Tleaf * My evap
The total energy to be added or removed in the HVAC is calculated by equations S22 and S23.
Qcool,req =
Fryac * (haiT,GH,out - hair,equiv) — My out * hWrTequiv lf My out > 0and hair.GH,uut > huir,hvac,aut Eq. S22
Fhuac * (hair,GH,out - hair,hvac,aut) if mw,out =0and hair.GH,out > hair,huac,aut
0 else
Qheat,req =
Fhvac * (hair,hvac,out - hair,equiv) Lf mw,out >0 Eq. 523
Fhuar * (hair,hvac,out - hair,GH,out) if mw,out =0and hair,hvac,aut > hair,GH,out
0 else
In the PF with continuous dehumidification, these simplify to equations S24 and S25.
Eq. 524
Qcool,req = Fhvac * (hair,hvac,in - hair,equiv) — My out * hw,Teqm-,, 9
Eq. $25

Qheat,req = Fhvac * (hai"r,hvac,uut - hair,equiv)

2.2 Exchanges with the environment

To calculate Q;y¢q;, the following equations are employed (Eq. S26 to S33).

Ucaver * (ARouf * fscreen + Awall,s * fscreen + Awalls,E,W * (1 + fscreen,EW) * 0-5) + Uwall * Awall,N Eqg. S26
ARonf + Afacade

Usy =

Eq. 527
QGH = Qstructure = UGH * (Tautside - Tcenter) * (Aroof + Afacade) * (1 + fradiation) q



Eq.
QPF = Qstructure = Uwau * (Tair,autside - Tair,center) * (Araof + Afacade) a
Qsalar = solar.eff * (1 - fpruductian) * Arouf + (Isular,eff + ILED - Inet) * Agrawing Eq'
Source: [7,17]

Eq.
Agrowing = Aroof * fproductiun * Nyacks q
Ko PARPlant Eqg.
Qreppar = lLep * <(1 — CAC) + e7s*1Al 4 (1 - W) * Agrowing q

LED

Source: [29-31]

Note: The above equations ensure that solar radiation and PAR not absorbed by plants are not double-counted in the
energy balance.

Eq.
QLeD heat = (Powerygp — I gp) * Agrowing * (- fiep cooling) a
Eq.
Qcoot,LED = (Power;gp — I1gp) * Agrowing * (fLep cooling) 9
The energy and mass balance of infiltration and fogging are shown in equation S34 to S36.
Wouytside hair,outside - hair,cenl:er Eq.
Qinfiltration = AERinfiltration * Vol * Poutside * (1 - 1000 + woutside) 3600 q
Note: Q_infiltration already includes the balance enthalpy of in- and outgoing water vapour, hence it is excluded in
Q_total. The specific enthalpy of air adopted here is per unit mass of dry air, hence p,,¢siqe Of Wet air needs to be
converted to the density of dry air (kg dry air per unit volume of air flow) using the specific humidity.
Eq.
mw,balance,infiltration = AERinfiltration * Volume * Pcentre * (“’centre - woutside) a
_ Efogres Eq.
Efog = My rog * 3600 ¥ ————
77fog
The resource loss is shown by equations S37 to S39.
m . ) _ Patm * Vol * AERinfiltration « Ccaz,centre - CCOZ,ambient % MWCOZ Eq
CO2,loss,infiltration R * (Tcentre + 273) 1000000 1 10001
mol kg

Note: There is no COz2 loss at night as the interior air is only conditioned during the photo period. In the OGH, CO; centre
becomes CO; centre—1 to avoid a circular reference without significant impact on the results.

mw,balance,DGH = mw,balance,infiltratiun + Fvent,dry * (wGH,out - wuutside)

Due to the dehumidification device, more water vapour from the outside might be condensed than what is being lost
(e.g. if the outside air is very humid). To account for potentially negative and positive My, ,aiance,infirtration Values, the
balance values over the 24 hours are added up to obtain the loss.

24

N

My, loss = Z My, patance * 3600 h
1

Eq.

Eq.
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529

530

531

532

533
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The irrigation water that is used by the plant for biomass growth is not considered in this study as it will be the same for
the three systems. For the CGH, the ventilation represents additional exchange with the environment; the air velocity
was calculated by equation S40 [9] and pressure drop and fan electricity by equations S41 and S42.

WGH,out
Fvent * 1 + ~

TN g Eq. S40

100047 7

U =
vent.out PGH,out * Asect * fuent size

PGH,out Eq. 541

APvent = u%ent,out * o +3.4 = u%ent,aut +4.9 = uvent,out 9

Fuent AERvent —4 Apvent
_ * * if AER >4 Eq. 542
Efans,vent = Y Poutside AERvent T]fans vent
0 else

Note: For AER_vent <= 4/h natural ventilation was assumed (according to calculations with wind speeds of 2 m/s.
2.3 Carbon dioxide level in the open greenhouse

The COz2 level at the centre was calculated using equations S43 to S46 for the OGH.

1000g
dncoz (mCOZ,supply - mCOZ,luss,infiltratian) * T Eq. S43
dt = CCOZ,autside * Nair,vent + MWCO - CCOZ,centre * Nair,vent a:
2
Fyent * 10007
Nair,vent = — 9 Eq. 5%
MWair
Vol * P,
C —C ) k= catm ____
dncoz o ( CO2,centre CO2,centre 1) R * (Tcentre + 273) Eq‘ S45
dt At
CCOZ,centre =
1000g
(mCUZ,supply - mCOZ,loss,infiltratiun) * kg Vol * Patm Eq S46
CCOZ,outside * nair,vent + MWCOZ + CCOZ,Centre—l * m * § :
Vol * Py 1
R+ (Toonre + 273) * 3600 T Mairwent
The CO2 supply during the photoperiod with venting in the OGH was regulated in order to balance CO2 purchase cost
and environmental impact with the increase in yield, while ensuring that it would not be lower than in the closed
greenhouse if there was no venting (equation S47).
Eq. 547
mCDZ,supply = Yhourly@1600ppm@Topt *0.3 + mCDZ,loss,infiltration a
6007
mL’OZ,supply < (Ccoz,target - CCOZ,outside) * nair,vent * MWCOZ * —g + CCDZ,target - Ccoz,center—l)
kg Eq. 548

Vol * Py MWe¢o, +
R« (Tcentre T 273) 1000159 CO2,loss,infiltration

Equation S48 ensures that at no time more COz is supplied than needed to maintain the target CO2 concentration. The
0.3 kg CO2/kg edible crop produced is derived from Hemming et al. [32] to reflect current best practice.

For the CGH, we found that the loss of CO2 through the low infiltration rate could be compensated by typical CO2 dosing
rates even at 1600 ppm while staying in the range of kg CO2/kg crop values reported by Hemming et al. [32]. The COz
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level during the photo period was thus fixed in the CGH and supply would cease in the dark period to prevent wasting

CO2 when it does not increase plant growth. Equation S49 thus simplifies in the dark period to

1000g

(mcoz,loss,infiltration) * kg ic * M * L
. _ MWoog co2centre=1 * py (Teentre +273) 3600
R = (Tcentre + 273) 3600

Eq.

The required supply to boost the CO2 concentration at the beginning of the photoperiod is described by equation S50

for both GHs.

CCOZ,mrget - Ccoz,centre—l@t(ph‘)to) -1 * Vol Patm % MWCOZ

1000000 2P R * (Teentre +273)  1000-L
mol kg

mCOZ,supply@t(phOCO) =

Eq.

In the case of the OGH, any ventilation flowrate determined by the optimisation higher than zero at 7 AM will lead to

an initial CO: level below the target CO: level.

For the CGH, the total CO2 supplied (and lost to the air) can be calculated for the day (except the first hour) with
equation S51:

Mco2,supply = Mco2,loss,infiltration

Eq.

The mass of CO2 that needs to be supplied for plant growth was not considered in this study as it will be the same for
all three systems (in terms of kg CO2/kg produce) and typically discounted as biogenic in life cycle assessments of food

system impacts.
2.4 Thermodynamic relations

Equations S52 to S66 describe the behaviour of water vapour in air

Py

w=622*%———
Patm_Pw

T
Py = 6.116 % 107°°V"T424073

X = 216,68 s —
= . *———
T + 273
P
RH = =~
Psat
Source: https://www.hatchability.com/Vaisala.pdf
P %100 1+ w *1000

p: *
Rq (T +273) 1+(u*1000*§—‘”
a

Source: https://www.engineeringtoolbox.com/density-air-d 680.html

Rege = (2676 — (100 — T) * 1.7266)

A=2501—-2361%T

Eq.

Eq.

Eq.

Eq.

Eq.

Eq.

Eq.
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Eq.
Xair = Wair * Pair q
Eq.
hw = CW * Tair q
Xiar = P £ 100 « L’:"Zlo ke
leaf sat,Tieaf R (Tleaf I 273)
VPDleaf = Psut,Tleuf - Pw,center Eq.
Eq.
VPDyyr = Psqe — By a
Eq.
VCD = Xleaf — Xcenter q
Pw,hvac,out
log oo
7.591 Eq.
Tair,equiv = - P *240.7 a
log w,hvac,out
_ 6.116
7.591
Note: Rearranged saturated vapour pressure equation
Xnvaci Eq.
Pw,hvuc,in = 2]_12.661; * (273 + Tair,hvac,in) q

Additionally, equation S67 to S72 describe the remaining mass and energy balances, equation S73 the pressure drop in
the duct and equation S74 the electricity consumption of the fans.

w,
1+ center E
1000 a.
Uaqir,center = (Fhuac + Fuent) * m
_ Fhuac * (1 + whvac,out) Eq.
Vwae =————
phvac,out
Vivae * 3600
AERpyqc = WT Eq.
A .
My evap = ET * —ggrgg(l)ng Eq.
1kg
My out = Froac * (whvac,in - whuar,aut) * m Eq.
Vi
Uqir,hvac = A e Eq
duct
(Viwae * 2118.9)1° * 0.109136 U241 e £q

APpyac = *8.162 * Layce + $ * Prvacout *

(Daue * 39.37)502 2

Note: Equation from https://www.engineeringtoolbox.com/sizing-ducts-d_207.html, ducts sized for air flows of AER =
10 and 10,000 m3 volume, with a maximum air speed of 12 m/s.

Eq.
Efans,hvac = Qfans.hvac = Viwac * BPpyac * a
fans

Source: [9]

2.5 Physical relations

Equations S75 to S83 describe the variables related to solar radiation and LEDs.
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— Eq. S75
Isolar,eff - Isolar,sky * Teover * fshading * fwhitewash

Source: [10]

0.45 moll - Eq. 576

DLI - mol solar I q.

natural,GH ] oh solar.ef f
222000557 pAR

Eq. 577

DLILED,ca'nopy = DLIplant - DLInatural a

DL[LED canopy

DLI =—p Eq. 578

LED PARcanopy q

PAR;gp

PAR canopy Eq. 79

ILED Cano; =1 *
) Dy LED PAR
LED

Note: The PAR from the LED is not the same as the PAR reaching the plants. Some of the radiation does not reach the
canopy (represented by the ratio in this equation), which can be reduced by reflective surfaces within the facility.
Further, radiation is lost when the plant cover of the canopy is below 100%, represented by the CAC value in equation
S80.

The calculation steps to get from DLI; zpto I, p are described in SI 1.6.

Equations S80 and S81 are then used for the evapotranspiration balance and the calculation of the canopy resistance,
respectively.

—kg Eq. S80
Inet = (ILED,canopy + Isolar,eff) * CAC * (1 —-e ks LAI) 9
Source: [7]
—kg* Eq. S81
Inet,PAR = (ILED,canopy + Isolar,eff * 0'45) * CAC * (1 —e ks LAI) a
Source: [31]
Iep Eq. 582

Powerygp =
NLED
For the case of constant LED output, equations S83 determined the required photoperiod within one day, split between
the morning and late afternoon hours in the greenhouses. The determination of the LED efficiency is explained in
section S1.7.
umol
DLI; gp canopy * 1000000 mol £q. 583

t =
photo PAR
PPFD; 5 * 36005 * —p 722"
LED

Finally, the dimensions of the facilities were calculated using equations S84 to S88.

Vol=W+LxH Eq. 584
Argoy = L*W Eq. 585
£q. 86

Awans = Awaun =L *H

13



Eq. 587
Awall,E,W =Agect =W +H a

Afqcade = 2% H+ (W + L) Eq. 588

3 Space conditioning
3.1 Design and concepts of the air handling unit

Ventilation is sometimes either not an option (PF and CGH) or has limited potential to keep climate parameters such as
humidity in check, e.g. when the outside air is hotter or more humid than the inside air [7]. This study, therefore,
considers a comprehensive air handling unit (AHU) to condition the circulating GH or PF air (see figure S3). It is
equipped with an air-to-air heat exchanger (“free” cooling), a refrigeration cycle (RC) for condensing (dehumidification)
and cooling of the internal air and an air-source heat pump (ASHP) to either increase air temperature after the
condensation step or to simply heat the circulating air. Although ground-source heat pumps can be more efficient,
ASHPs were chosen due to their lower upfront investment costs and their global applicability since they are not
dependent on shallow, accessible and abundant groundwater. Such integrated AHUs are readily available on the
market and can be customised for specific purposes

(https://www.aaon.com/Documents/Sales/M2 ONLINE 160419.pdf ).

In the PF, the sealed building combined with the evapotranspiration from plants results in permanent dehumidification
requirements. Hence, the air in the AHU is cooled below the dew point and subsequently heated up again to the target
temperature. In the CGH, the infiltrating air causes the AHU to vary in its operation depending on the circulating
flowrate; the air is either dehumidified and heated up again, is simply cooled or heated without any change in the
absolute humidity of the air stream (if the moisture removal through infiltration is equal or greater than the
evapotranspiration). In the OGH, the AHU works together with the ventilation and fogging system to control the
climate. The operation is similar to the CGH, but the AHU is combined with venting operations to reduce the overall
energy consumption. Thus, the AHU either dehumidifies (cooling below the dew point with subsequent heating) or
simply cools or heats the air, depending on the desired inlet zone conditions.

Air heat source HEX
for refrigerant

Air cooling HEX of
refrigerant

Air to air plate heat
exchanger (a2a)

Heat pump I__,_I

HEX !
'

Refrigeration
cycle HEX
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Figure S3: Schematic of the air handlung unit (AHU), including the air-to-air heat exchanger. Blue arrows describe the
refrigeration cycle, red arrow the heating circuit. Dotted arrows are the bypass lines.

The electricity consumers of the AHU consist of two compressors (in the RC and ASHP) and several fans to overcome
the pressure drop created by the smaller channels in the heat exchangers (see image on the left). There are in total 5
HEXs, i.e. air-to-air, refrigerant evaporator (between internal air and refrigerant) and condenser (between the
refrigerant and outside air), ASHP evaporator (between the refrigerant and outside air) and condenser (between
internal air and refrigerant). The air-to-air HEX requires two fans (outside and internal air), all other HEXs one internal
air and one external air fan (the liquid within the tubes is propelled through the pressure difference created by the
compressor). The air-to-air HEX is considered to be a counter-flow plate HEX while all other HEXs are cross-flow finned
tube HEX in which the refrigerant circulates within the tubes.

To fully capture the influence of the outside climate and the requirements on the internal air conditioning in the
optimisation, the electricity consumption of the six fans and two compressors were made wholly dependent on the
cooling and heating load as well as the temperatures and absolute humidity of the AHU inlet, outlet and outside air.
Previous studies either optimised the cooling and heating duty without further investigation how this would be realised
in an HVAC system [33,34] or indicated the electricity consumption through constant heating and cooling COPs for a
specific location [7]. To satisfy the requirements for detail and flexibility, this work builds on the methodology
developed by Graamans et al. [9] and incorporates concepts such as a) the NTU method [35] combined with b) a
distinction between cooling and cooling with condensation of the internal air in the air-to-air HEX, c) state variable
plotting to obtain empirical polynomial equations (e.g. temperature, enthalpy and entropy of the refrigerant in the RC)
and d) heat integration between the ASHP and RC condensers.

T 'y
llustrative
Tair‘hva:,in

=

<

ATA, S

<

¥._Cooling (1) Tair,im,pns[—:nnl §
Tair,extput Tainim‘oul g |

+ ATB = ATA,; > - E

" ]

Cooling & 532

T Condensation (23) 88

air,ext,post-cond ATB,,

T

air,outside
>

Length of heat exchanger plate

Figure S4: lllustrative T-L diagram of the air-to-air heat exchanger, containing a cooling only zone and a zone in which
water vapour is continuously condensed as air is fully saturated. The image on the right illustrates how this would look
like in a schematic of a plate heat exchanger (from https://whatispiping.com/plate-heat-exchanger-with-steam-1/)

The air-to-air HEX is added to the system to make use of cold outside air in winter or cold regions. The HEX will need to
be able to both cool the internal air to the target temperature and dehumidify it (see figure S4). The latter occurs when
the temperature reaches its saturation point for a given absolute humidity and continues until the target absolute
humidity is reached (defined as step 23). This process is different from a cooling-only process (defined as step 1) since
the heat capacity ratio between the streams differs for the two steps (see figure on the left). An iterative process using
the NTU-method was developed to account for this.

1. Based on the value of the decision variables 1, . (external air velocity) and f;24 snare(@mount of internal air
sent through air-to-air HEX), the model assessed whether the potential duty is higher than the duty required
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for step 1 (equations S104 to S114). If so, the area of the HEX was divided by the share of step 1 duty to the
potential duty to obtain a cooling ratio splitting the available HEX area (equation S115).

2. The remaining area was used to determine the potential duty for step 23 and the resulting external air
temperature after the condensation step (equations $S116 to S124).

3. The external air temperature and available HEX area for step 1 were then used to recalculate the step 1 duty
(equations S125 and S126).

4. The error between the required duty and the recalculated duty (equation S127) was used to refine the cooling
ratio (equation $128).

5. Steps 2 to 4 were repeated 4 times which appeared sufficient to reach a convergence

6. The final cooling ratio was used to determine the actual step 23 duty and thus the remaining cooling duty to
be realised by the RC (equations $129 to S134)

7. The value of the decision variables determined the fan power consumption requirements (equations $135 to
$138) and the optimisation routine compared those with the energy savings in the RC achieved by the air-to-
air HEX, finding the optimum balance between the two options.

The RC was modelled in three steps. First, the outside air and target temperature after the RC, either Teqy, (if
condensation is required) or Tpyqc 0ue, Were used to determine the operating conditions of the refrigeration cycle, i.e.
the evaporator and condenser temperature (equations S139 to S143). Saturated refrigerant properties and a P-t
diagram (see below) were used to derive polynomial equations for enthalpy and entropy (depending on temperature
values, equations S144 to S151).

Qcond
Pcond AEPRE
ot
P(Mpa) "
/ -
Peval
P T Qevap

Enthalpy h (kJ/kg)
Figure S5: lllustrative P-h diagram of the refrigeration cycle. The red lines describe the subcooling and superheating.

These would then indicate the refrigerant enthalpy at the relevant locations within the RC, allowing to calculate the
COP and electricity consumption of the compressor (equations S152 to S155).

Second, the required refrigerant flow (equation S156) determines the cooling requirements in the condenser section
(equation S160), which was realised by a) reheating the internal air stream if it was required and desired (equations
S161 to 165) and b) by an air-cooled HEX for the remaining part (equations S166 to 168). Reheating the internal stream
means a reduced or nullified requirement for the ASHP to reheat the internal air stream (see Figure S3). The
optimisation ensured that the most energy-efficient pathway is chosen, balancing “free” air2air cooling (which, if used
for the complete cooling requirements, would necessitate the ASHP to deliver all reheating requirements) with
refrigerant cycle cooling.

Third, the required outside air flows and thus fan power consumptions were assessed and combined with the power
consumption of the internal air fans and the compressor (equations S169 and S170).

The remaining heating duty was to be covered by the ASHP, for which an empirical relation related outside air
temperature to the power consumption (equations S171 and S172). This relation was also used when the HVAC was
only used for heating. The COP for LED cooling was assessed with fixed inlet and outlet water temperatures as shown in
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equation S173. The developed methodology results in similar COP values as indicated by other studies for cooling [8,36]
and heating [37,38]. An illustration of the COP of the whole system for a given space conditioning duty for a PF is shown
in the figure below.

Examplary change of COP with outside temperature for a
plant factory, 600 kW cooling and 150 kw reheating
required
14.00
12.00
10.00
8.00

cop

6.00
4.00

2.00

-30 -20 -10 0 10 20 30 40 50

Outside temperature (C)

Figure S6: Exemplary coefficient of performance vs. temperature diagram of the refrigeration cycle at full load

All HEXs were designed to cope with the maximum expected heating and cooling duties (around 750 kW) while
occupying only a stretch of 2 m along the North wall. This led to relatively large HEX areas which might result in high
investment costs. A full economic analysis would be needed to strike a balance between capital investment and energy
savings, which is out of the scope of this work. The dimensions of the three types of HEX (counter-flow plate, air to air;
cross-flow finned tube, internal air to refrigerant; cross-flow finned tube, refrigerant to external air) are listed below in
Table S1.

Table S1: Dimension of the heat exchangers in the air conditioning system

Design air-to- Dimensions Dimen-
Design air- Dimen- Design finned tubes of Dimen- . 8 . . sions
. . . . . refrigerant HEX internal air .
to-air HEX sions air-to-refrigerant HEX sions external air
(other parameter) HEX
HEX
Number of 200 Tube outer diameter linch Number of tube 15 12
plates rows
External area of bundle 26.8 Total external area 321.6
Plate length 12 402 m?/m?
atelens m face area m?/m? (APSF) m’/m m?/m?
2 . o
Platewidth  4m APF m/m Height (y-axis to 45m 2m
tube flow)
Plate 8cm Fin height 159cm | Width (eaxisto 2m 10m
distance flow)
Plate ) 2 2
. 2cm Fins per meter 394 Face area 9m 20m
thickness
T"t:‘r'ef;m” 32m? Wall thickness 15mm | Finnedtubearea 3,618 m? 6,432
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Total HEX
ota 9'690 Flow area per tube 3.94cm? | Number of tubes 1,064 378
area m
Width of 2m Tube inner radius 1.12cm Length (z-axis to 1.28m 1.03m
HEX flow)

3.2 Calculations for the heating, ventilation and air conditioning system (HVAC)

General heat exchanger (HEX) equations:

Equations S89 to S98 are general equations used in heat exchanger calculations.

Eq. S89
Afch = Wplate * Dplate a
Vairn

Ugir,aza,int = N‘”& * faZa,share Eq. 590

plate A

—7  *4fcn
Dhya = 4 Aren Eq. 591
2% (Wplate + Dplate)
N,
plate Eq. 592
Fair,aza,ext = Ugir,aza,ext * Pair,outside * Afch * 2
Eq. 593
Ahex,aza = plate * Lplate * Wplate a
Note: Equations from http://www.heattransferconsult.nl/Tradi_Plate_Calc.html

Re = D" Yair * Pair Eq. 594

Hair

Vair
Pr = Eq. S95

QAqir

— 0.8 0.33
Nu = 0.023 x Re®® x Pr Eq. 596
@ = N Aair Eq. 597
D

1

Uhex = T 1 L Eq. 598

Aine Aext Atube
Note: From [9], D is either Dp,ex equiv OF Dhyq-
The dynamic and kinematic viscosity, thermal diffusivity and conductivity, as well as the density of the air were found to

differ significantly across the temperature range considered in this work (-20 °C to plus 40 °C). Therefore, temperature
(in Celcius) dependent terms were derived for this work to increase accuracy (equations S99 to S103).

Ugir =5%1078 % T +2%1075 Eq. 599
Pair = —0.0046 * T + 1.2978 Eg. 5100
Vop = 9% 1078 % T+ 11075 Eq. 5101

Eq. 5102

Agir =1%1077 421075
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Aair = 8% 1075+ T + 0.0241

Source: https://www.me.psu.edu/cimbala/me433/Links/Table A 9 CC Properties of Air.pdf

NTU method for counter flow plate HEX:

Source for NTU method: [35]

Fair,aza,int = Fhvac * faza,share
Cair,ext = Fair,aza,ext * Cp,air
Cair,inc,l = Fair,aza,int * C ,air
Cmin,l = MIN(Cair,ext' Cair,int,l)
Cmin

¢, =-mn

Cm ax

Note: Cr and € were calculated for both the cooling-only case (1) and the cooling and condensation case (23).

Uhex,aza * Ahex,aza * fcaoling ratio

NTU, =

Cmin,l
Note: Here, the cooling ratio fooiing ratio is introduced, taking initially the value 1.
1 — e~ NTU(1-Cy)

€=1_ C, * e-NTU-(—Cr)

Ql,max = (Tair,hvac,in - Tair,outside) * min,1

Ql,pot =€x* Ql,max

Ql,req =

_ {(Tair.hvac,in - air,hvac,out) * air,int,1 lf mw,out =0

(Tair.hvac,in condens) * Lairint,1 else

Ql,actual = MIN(Ql,req; Ql,pot)

Eq.

Eq.

Eq.

Eq.

Eq.

Eq.

Eq.

Eq.

Eq.

Eq.

Eq.

Eq.

Note: Qureq is the share of cooling required to decrease the temperature until T = Tsat, i.€. Tcondens at which condensation

occurs

Ql,req

fcaoling ratio —

Ql,pot
Ah

C. i : =F. ok —
air,int,23 air,a2a,int
AT

Note: This is now the NTU method applied to the section of the HEX which cools and condenses simultaneously

(indicated by the suffix 23), requiring an approximation of the C value.

AR (0.0626 * T2, 4ens + 0.9943 * Toonaens + 12.771) — (0.0626 * TZ,,5,, + 0.9943  Toqus + 12.771)

AT Tcondens - Tequiv

Eq.

Eq.

Eq.
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Eq. 5118
Cmin,23 = MIN(Cair,ext- Cair,int,23) a

Note: The polynomial equation was obtained from plotting the enthalpy of saturated air vs its saturation temperature

Uhex,aza * Ahex,aza * (1 - fcooling ratio) Eq. S119
NTU,; =
Cmin,23

Eq. 5120

QZS,req = Qcoul,req - Ql,req q
Eq. 5121

QZ3,max = (Tair,ext,in - Tcondens) * min,23 a
Eq. 5122

Qz3,pat = MIN (€ * Q23 maxs Q23,Teq) a

Note: Epsilon in this equation is recalculated from C, with Cgjy int,cona and NTU, 3

Q23,p0t Eq. 5123

Tair,ext,post—cond = Tair,ext,in + C— q

air,ext

Note: This calculates the estimated temperature of the outside air at the end of the air-to-air heat exchanger section
which is cooling and condensing, i.e. just before the cooling-only section. This is relevant in a counter-flow heat
exchanger and the estimated temperature value is then used again to reassess the duty of the cooling-only duty Qu.

Q23,p0t Eq. $124
Tuir,int,pastfcond = Tcondens - C— q
air,int,23
Eq. 5125
Qmax,l,check = (Tint,hvac,in - Tair,ext,post—cond) * min,1 q
Eq. 5126
Ql,est =€* Qmax,l,check a
Note: € was recalculated here from C,. with Cyir int,coor and NTU; With feo01ing rationew
MAX(Ql,actuul’ Ql,est) - MIN(Ql,actualt Ql,est) Eq. 5127
Error =
Ql,actual
fcnoling ratio,old
ooy T ere i >
_ 1+ Error f Ql,est Ql,actual Eq, 5128
fcooling rationew — 1— . .
1— fcoulmg ratio,old else
1+ Error 2

Note: The 2 was added in the denominator as it was found that when the initial ratio results in a low Q; ¢, , 4 iterations
were not enough to get it close to Q1 qctuar- After this step, NTU,s, €,3, Q23 pots Tair,ext,post—conds Tairint,post—conds
NTUy, €1, Qmax,1,checkr @uestand Error are calculated again to obtain a new cooling ratio. Four Iterations of this have
been carried out to reach fooiing ratio,finai-

Eq. 5129
QZS,final = MIN(Q23,pot + (Ql,est - Ql,actual)v QZS,req' Q23,max)

Note: Based on Q3 finai, the final Tyir ext post—condr Tair,int,post—cona are calculated and used to calculate the LMTD for
a feasibility check
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(Tair,int,pustfcond - Tai?‘,outside) - (Tcandens_ air,ext,postfcond)
LMTD23,check =

LN (Tair,int,pust—cond - Tair,outside)

Tcondens - Tair,ext,post—cond

Q23,Check = Uhex,aza * Aaza * (1 - fconling 'ratio,final) * LMTD23,check

QZ3,actual = MIN(QZB,finaln Q23,check)

Qcoul,remain,aZu = Qcool,req - Ql,uctual - QZS,actuul
Tair,int,pastfrond lf Q23,actual >0
Ql,actuul .
Tair,int,aza,out = Tair,hvac,in - C lf QZ3,actual =0
air,int,cool
Tair,hvac,in I-f Fair,int =0
2
Pair  Uair,a2a
APplate =fp* 2 * D— * Lplate
plate
2

fD = 2
Esurface 5.74
(o810 G5 + fo00))

Eq.

Eq.

Eq.

Eq.

Eq.

Eq.

Eq.

Note: Darcy Weisbach equation, Darcy friction factor according to [39]. Pressure drop was calculated for both internal

and external air flow.

Efans,aza,int = thac * faza,share * APplate,int *
nfans

Efans,aza,ext = Fair,ext * Pair,outside * APplate,ext *
fans

Refrigeration cycle and compressor

Eq.

Eq.

The methodology to calculate the electricity consumption of the refrigeration cycle and the air-source heat pump (both

including compressor, process side air fan and exterior air fan) is based on [9] and expanded with variable condenser

and evaporator temperatures, polynomial equations for the state variables, and potential heat recovery to the process

air. The P-h diagram of R134A and the saturated property table have been used to determine the COP of the

compressor, the refrigerant flow and the cooling requirements of the refrigerant (Qy¢f,co0:) depending on Tequiv, Thvac,out

and Toutside- Those have been combined with Fyyq¢, Qcootremain,aza @3d Qpeatreq to determine the electricity
consumption of compressor and fans. Heat recovery was incorporated by allowing the refrigerant in the refrigeration
cycle to cover a part of its cooling requirement by flowing through the HEX of the condenser within the heat pump

cycle (when the heat pump was off, assuming the same refrigerant).

T = {Tair,equiv - ATevap mw,nut >0

1s —
T)wac,out - ATevap else

T3s
Toutside + ATcond,outside if Tuutside + ATcond,nutside > Thvac,nut + ATcond,inside

= Thvac,out + ATcond,inside Lf Thvac,out + ATcand,inside > Tl,s + ATcand,inside » My, out >0
Tl,s + ATcnnd,inside else

Note: This equation ensures that the condenser temperature is always above the evaporator temperature, while also
ensuring that reheating (heat transfer from the compressed refrigerant to the internal air post-condensation) is feasible

Eq.

Eq.
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without unnecessarily increasing the required compressor input. The equation changes slightly for the cooling-only case
(no reheating required):

T35
- {Toutside + ATcond,outside if Toutside + ATcnnd,outside > Tl,s + ATcund,inside vmw,out >0 Eq' S18l
Tl,s + ATcand,inside else
The other conditions at the respective stages in the refrigeration cycle are described by equations $142 to S153.

T, = Ty + ATy Eq. 5142
Ty = Tsy — AT,y Eq. S143
Bais = Rrep sat vap@Tys = —0.0014 % Ty 2 + 0.5722 Ty, + 250.53 Eq. S1eg
Rsatcond = href.sat vap@Tss = —0.0014 * Ty % + 0.5722 * Ty + 250.53 £q. 5145
Eq. S146

hl = hls + Cp,vapaur * (Tl - Tls) q
hss = hy = Rropsariig @Tss = 0.0016 = Ty,? + 13504 = Ty, + 51.816 Eq. 5147
Eq. 5148

hs = hgs + Cpiquia * (Ts — T3s) a
S1s = Sref.sat vap@Tis = —0.00000009  T;* + 0.000007 * Ty, — 0.0005 * Ty, + 0.9313 Eq. 5143
S =5+ (hy — hyg) Eq. S150

LT T dhyds

Ssatcond = Sref.satvap @Tzs = —0.00000009 * T3> + 0.000007 * Ts,® — 0.0005 * Ty + 0.9313 Eq. 5151
h Eq. $152

h’ZS = hsat,cond + E * (31 - Ssat,cond) q
hps — hy Eq. 5153

h, = 50.8 =+ hys

Note: The 2" order polynomial equations for enthalpy (3™ order for entropy) were derived from the saturated property
table of refrigerant R134A.

coP _ hy —hy Eq.
comp hy — hy 5154

_ chol,remain,aza Eq.
Ecomprer =—cop 5155

Note: This is the electricity consumption of the compressor required to perform the cooling duty remaining after the
air-to-air HEX.

m _ Qcoal,remain,aza Eq,
R134A,ref hl — h4 515
LMTD _ (Tair,int,aza,out - Tls) - ATevap Eq.
ref LN (Tair,int,aza,out - Tls) S15
AT,
evap
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_ Vhvac Eq.
uair,int,ref -

Aface,ref,int S15

The process air side variables (Re, Nu, @, U-value) were calculated as shown earlier (using Dpex equiv) @and used in the
below equation.

Qref,put = Uhex,ref * Ahex,ref,inr * LMTDref Eq. S159

Note: This equation was used to size the heat exchanger to ensure the required cooling loads can be realised

The process side air pressure drop and fan power consumption (Efgy ref,inte) Was calculated as described in
https://cheguide.com/air cooled exch.html using the finned tube and HEX geometry (face area and face mass velocity)
to obtain static and kinetic pressure drop [40-43]. The dimensions are indicated in the parameter table for both the
process air to refrigerant HEX and the outside air to refrigerant HEX. If the complete cooling duty was realised in the air-
to-air HEX, fan power consumption of the refrigeration cycle was assumed to be zero as it would be bypassed.

Heat recovery, air cooling of refrigerant and air-source heat pump reheating

The refrigerant has absorbed heat in the evaporator and through the compressor input. This now needs to be rejected,
either back to the internal air stream for reheating after condensation (recovery), or to outside air. If reheating does
not take place or only partially covers the heating requirement, additional heat needs to be supplied by the ASHP.

Eq. 5160

Qr1344,c00l = Mr13aaref * (hy — h3) q

(Tequiv = Tsat,cona) = (Tsat.cona — Thvacout)
LMTDrecouery _ \equiv sa, co; — ’;a Con. vac,ou Eq. 5161
LN ( equiv sat,cond )
Tsat,cond - Thvac,out

Eq. S162

Qrecouery,pot = Uhex,ref * Ahex,ref,int * LMTDrecoueTy a
Eq. 5163

Qrecovery,artual = MIN(Qrecovery,pot» Qheat,reqr QR134A,5001) a
Eq. 5164

Qheat,ASHP = Qheat,req - Qrecovery,actual q
Eq. 5165

QR134A,remain = QR134A,mol - Qrecovery,actual a
Eq. 5166

Tautside,out,max = Isatcond — A’I‘min,R134a,air a
QR134A,remain Eq. S167

Fair,cand,req = T T C
( outside,out,max — air,outside) * Cpair

Fair,cond,req Eq. 5168

U, =
air,cond
Poutside * Aface,ref,ext

The outside air pressure drop and fan power consumption (Efan ref,ext) Was calculated as shown in
https://cheguide.com/air_cooled_exch.html with the dimensions indicated in the fixed parameter table for the
refrigerant to outside air HEX and Uy cona-

Eq. S169
Efans,aza = Efan,aza,int + Efun,aza,ext q

Eq. 5170
ERC = Ecomp,ref + Efan,ref,int + Efan,ref,ext a

The electricity consumption of the compressor and the fan for the refrigerant to outside air HEX was based on an
equation generated from empirical data [44].
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COPygyp = 6.7 * e~0922*(Tairhvac,out+15=Tair outside) Eq. 5171

E _ Qheat,asup Eq. 5172
ASHP = “rop Pasup

COPeporisp = 25.067 % 005 Toutside £q. 5173

Source: From plotted data relating the outside temperature to the compressor and air cooling fan power with fixed
refrigerant temperatures (20 C inlet and 45 C outlet), assuming the same condenser and evaporator settings as
describes for the process air heat exchangers in this section, independent of duty. The maximum feasible COP was
limited to 20.

Eq.
S17

E _ Qcool,LED
cool,LED —
COPcaol,LED

4 Model parameter
4.1 Evapotranspiration

Several physical and empirical models have been proposed which aim to correlate the transpiration rate of plants to
measurable parameters in the greenhouse [29]. It seems that all of those models result in some over- or
underestimation compared with experimental data, in particular when considering early plant stages, different crops or
parameters close to zero [13,45]. In this study, the model by Graamans et al. [17] was selected due to its ease of
application with climate and crop variables obtainable or determinable from commonly available data (equations S175
to S 179). A topic of debate is the calculation of the rs value, the stomatal resistance [13]. We found that all of the
proposed relations showed significant over- or underestimation for conditions at which the model was not validated,
such as high VPD, very low radiation or low air velocities typically found in PF. We thus defined the terms in the rs
equation (equation $180) empirically by minimising the error for two sets of experimentally obtained ET values with
known conditions [30,46]. The CO2 term was taken from Stanghellini (1987), the temperature term was dropped as it is
both very plant-specific and excluded in most models due to its interrelation with other parameters, e.g. VPD [29]. The
VPD term was the most sensitive one, and a linear relation resulted in the smallest deviation from measurements and
reflected the ET vs VPD curves from experimental studies [45,46]. The hyperbolic VPD term leads to very large rs values
at higher VPD values (above 1 kPa, outside the applicability range reported in [47]), which would lead to a drop in
evapotranspiration rates at higher VPD values, something not observed in the previously mentioned studies for plant
factories or for plants in general [48]. The small values of the radiation terms C1 and C2 suggested by other works result
in a sharp drop of the overall radiation term of 1 at very low light levels [47] and could thus not represent
measurements taken at those conditions. The terms used in Graamans et al. [17] make it less sensitive but were also
empirically determined for a specific set of measurements not covering all ranges. Since we used watts instead of
photosynthetic photon flux density in this work, we adjusted rsmin, C1 and C2 values from curve fitting and least
deviation from measurements. Finally, ET was equated to ETO, as suggested by crop coefficients close to 1 [46].

et —LH —SH =0 Eq. S175
36005
LT £q. 176
ET = *
Aieas 1000}{—]
veD
LH = LAI * Qjpqp * —— Eq.S177
s+
Tiear ~ Tair,center Eq.5178

SH = peenter * Cp,air * LAI *

a

0.5

D 1

r, =350*<ﬂ> . Eq.5179
Uair,center LAI
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I +C VPD 1
(rs,min netPAR T 1, (1 +Cy —’e“f) # (14 Cy#(COy —20002) %= if Iy >0
r = { Lnet,par + C2 10 2 Eq. S180
c c VPDpap\ 1
l rs,min*C_* 1+C3*T *E else
2
Eq. S181

Qsy = SH * Agrawing

Sources: [29,30,47]

4.2  Crop growth and yield

The yield-light dependency was chosen from Graamans et al. [7] and Van Henten [18]; doubling the DLI output
increases the crop growth by a factor of 1.74 for all crops, similar to findings from other experiments [49,50]. The target
DLI determined the whitewash (light, 25% reduction or strong, 50% reduction) for the GHs as described in S1.3. This
more rigid control of solar radiation in GHs (as opposed to flexible shading screens for example) meant that for months
which did not require additional lighting in GHs, slightly more PAR than the target DLI was received by the plants. This
was accounted for by adjusting the yield according to equation S182.

DLI
YF orrection = (ﬁm - 1) *0.74+1 Eq. 5182
target

The yield-CO2 dependency (equation $S183) was chosen from [34] as it is in line with results from other works [2,51]. The
yield-temperature dependency equation (S184) was chosen from Li et al. [34] and maximum temperatures were
adjusted (between indicated value and 40 C) to reflect the possibility to obtain adequate yields for certain crops above
the indicated temperatures [7].

YF — 1-e70003 (Cozcentre - 56) Eq. 5183
02T 1~ 70003 4 (€02,,; — 56)
Topt
YE. = Tmax — Tair . (TaiT)Tmax_Tapt Eq. 5184
T Tmax - Topt Topt
YFrcenter ¥4 + YFrguy, + YFrcu,,
YFotar = YFcoz * ( % o L % YFraq * YFeorrection Eq. 5185

Since a temperature gradient exists within the structure with the more optimum temperature in the centre, an
approximation of the integral was carried out to account for this (equation $185).

Note: in the PF and CGH, the suffix GH,in becomes hvac,out and GH,out becomes hvac,in. The temperature yield factor
differs between the locations in the greenhouse and is represented by a sin-curve, hence an approximation of the
integral is used in this equation.

4.3 Duration and timing of photoperiod

The length of the photoperiod in GH was assumed to be at least 12 hours, from 7 AM to 7 PM, and longer for summer
days when the solar radiation in a given hour before 7 AM or after 7 PM was above 50 W/m?2. This ensured minimum
energy requirements for cooling when the sunhours are longer. The length of the PF was adjusted to the recommended
photoperiod for each crop [52] and and thus the vegetable basket proxy. The daily yield was divided by the length of
the photoperiod in hours to obtain the hourly yield. Moreover, the photoperiod in PF is considered to be at night to
reduce cooling costs associated with waste heat from artificial lighting [7]. The slightly higher duration of the
photoperiod in the PF is assumed to not negatively affect the yield but helps to distribute the cooling load for the PF.

4.4  Crop properties and parameter table

The theoretical optimum and maximum temperature range values in table S2 for tomatoes, bell peppers, broccoli and
zucchini were obtained from [34] and growers’ recommendations. The minimum and maximum temperatures to be
realised during the different periods by growers as described in SI 4.2 are also shown in table S2 below.
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The photoperiod, reference yield at 800 ppm CO: (using the harvest index) and default DLI values were selected for bell

pepper [52,53], lettuce, spinach, broccoli [34,52], zucchini (www.greenhousegrower.com/production/zucchini-in-the- ‘ Field Code Changed

greenhouse/) and tomato [54,55] with slight adjustments based on LED suppliers’ recommendations (www.horti- ‘ Field Code Changed

growlight.com/typical-ppfd-dli-values-per-crop).

To the authors' knowledge, there has so far been no attempt to produce statistically significant information on
achievable yields at certain DLI levels and fixed conditions (e.g. temperature, VPD). Hence, these values reflect the
authors best attempt to consolidate multiple sources and sometimes incongruent information (e.g. the tomato yield at
a given DLI ranged from 30 kg/m2 at 25.9 mol/day [8] to 74 kg/m2 at 20 mol/day [54]). They serve here as a basis for
the modelling effort and might differ in practice and between cultivars. The LAl was assumed to be constant for each

crop given the different growth stages present in typical GH and PF; 2.1 for lettuce [7], 2.8 for tomato [54] and 2.5 for { Formatted: English (United Kingdom)
the basket. { Formatted: English (United Kingdom)
Table S2: Composition of the vegetable basket and properties of the crops considered in it ‘ Field Code Changed
crop Sharein Photoperiod :;flzrfklcz‘_ gf:?::;l Tooty Trmax T Tmax Ty Tonax
basket PF (h) 2 year?) day?) (C) (photo, C) (night, C)
Lettuce 12% 16 52.6 11.5 18, 33.5 11.6,24.1 6,14
Tomato 40% 12 56.0 16 27,40 20.6,32.5 15,23
Broccoli 12% 16 18.1 12.4 16, 29 10.5,21.2 4,12
Bell
12% 12 16.6 15 24,385 17.3, 30 12,20
pepper
Spinach 12% 16 27.8 10.7 18, 36 11, 25 6,14
Zucchini 12% 16 8.5 10.8 18, 35 11.3,24.6 6,14
Vegetable 14 38.0 13.7 22.1,36.6 156,280 10.1,18.1
basket

5 Exterior climate
5.1 Latitude and sun-hours

The latitude is an indicator of the daily hours of sunshine, depending on the day of the year. Third order polynomial
equations were developed which relate the latitude to the average daily sun hours for a given month. Data was
obtained from https://www.engr.scu.edu/~emaurer/tools/calc_solar_cgi.pl. The coefficients are listed in table S3
below, equations were of the form sun hours = a * x> + b * x? + ¢ * x * d, with x being the latitude.

Table S3: Coefficients of the third order polynomial equation used to relate latitude to the sunhours at the 15th day of
the respective month.

Month First coefficient (a) Second coefficient Third coefficient (c) Fourth coefficient
(b) (d)

January -2.00E-05 -4.00E-05 -0.0381 12.043

February -8.00E-06 -3.00E-05 -0.0262 12.023

March -2.00E-06 -8.00E-06 -0.0054 12.006

April 5.00E-06 1.00E-05 0.0173 11.988

May 1.00E-05 6.00E-05 0.0348 11.955
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June 2.00E-05

July 2.00E-05
August 9.00E-06
September 1.00E-06
October -6.00E-06
November -1.00E-05
December -2.00E-05

5.2  Extraction of climate data for the metropolitan regions

0.0001
9.00E-05
3.00E-05
1.00E-06
-2.00E-05
-5.00E-05
-1.00E-04

0.0361
0.0377
0.0261
0.0056
-0.0167
-0.0338
-0.0361

11.924
11.953
11.973
11.998
12.018
12.043
12.076

The local values were aggregated to an average for each region and an attempt was made to ensure the regions are

roughly similar in size. The administrative boundaries were either country (level 1), state (level 2) or county (level 3).
Each country defines their administrative boundaries differently (e.g. in some cases the county level is the municipal

level while in other cases states are called regions or prefectures), so for easier comparison the definition by GADM was
used here (https://gadm.org/download world.html). The monthly temperature (min, max), water vapour pressure and

solar radiation (daily average total) values were extracted from https://www.worldclim.org/.

The climate data was obtained as a raster file and extracted for the centre point of the regions indicated in the table
below. The steps in ArcGIS were:

1. Merge selected administrative polygons

2. Feature to Point

3. Extract Multi values to points (5*12 values for each region)

5.3 Selection of regions

Table S4: List of regions and their climatic properties used in this study

Name of the region Administr  Average DLI Mean annual Climate zone Latitude
ative type  natural temperature (C) (K6ppen climate zone
(level) (PAR, classification)
mol/(m2*
day))
Reykjavik region (Iceland) Counties 15.40 4.7 Cfc/ET 64.15 N
(3)
Stockholm region (Sweden) States (2) 19.69 7.0 Cfb 59.46 N
Tokyo region (Japan) States (2) 26.17 15.6 Cfa 35.51 N
Massachusetts (US) State (2) 26.46 9.8 Cfa / Dfb 42.26 N
Tasmania (Australia) State (2) 27.96 12.4 Cfb 41.97S
Singapore Country 32.49 26.8 Af 135N
(1)
Santiago region (Chile) States (2) 33.71 14.6 Csb 33.59S
Maricopa county (Arizona, County (3) 39.73 21.94 Bwh 33N
us)
Gauteng (South Africa) State (2) 40.35 16.0 Cwb 26.11S
United Arab Emirates Country 42.83 26.7 Bwh 2391N

(1)
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Figure S7: Location of the regions on the globe considered in this study. Note: Singapore is hardly visible

6 Optimisation routine

The optimisation was carried out with a Solver macro in Excel to facilitate the selection of different locations, crops and
settings. This made it necessary to split the optimisation in two steps (specific energy and evapotranspiration balance),
using multiple loops with convergence to update the conditions at the centre of the facility. The optimisation was
finished when venting and HVAC flowrate, temperature and VPD would not change more than 2.5%, usually achieved
within four iterations (10-30 seconds per hourly optimisation). The GRG non-linear engine was used with a convergence
of 0.001.
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Set starting values
{F_hvac, T/RH
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—
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Optimise for min

Calculate
Q_building
Q_infiltration
m_infiltration
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M_W,evap specific energy

0_SH

F_hvac, F_vent, m_fog
Count +1

v

Updated u_center
Inner loop with fixed T_center
and RH_center
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Update center
conditions

Check if count »
3 and count > 12

F_hvac_out = F_hvac_out_new
T_GH_out =T_GH_out_new
VPD_GH_out = VPD_GH_out_new

or error < 0.025

Solve ET balance
@center conditions

u_center,
T_center,
RH_center

Figure S8: Schematic of the optimisation routine as constructed in Excel VBA

Error =

7 Scenario

(Fhvac,new - Fhvac) + (Thvac,out,new - Thvac,out) + (VPthac,out,new - VPthac,out)

hvac

hvac,out

thac,out

analysis

3

Besides the choice of crop, a range of other parameters also has a considerable influence on the results. Table S5 shows
these scenarios, listed by assumptions, design variables and control variables. Some of those parameters and the

decisions taken are explained below.

Table S5: Overview of the 18 scenarios used in the parametric sensitivity analysis

Category

assumptions

Physical behaviour

# Aspect Standard value Scenario analysis
1 | Minimum stomatal resistance 60 82
2 | Permissible VPD range 4tp 12 kPa 6 to 10 kPa
3 LED efficiency 59% 75%
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GH: 2 (ETFE) and 2.27

hourly specific energy

4 U-value of the cover (PC), PF: 0.3 Twice as much
P'erm|55|ble.temperatl.1re ! ATcond =15 ATcond =8
5 | differences in the refrigeration
ATevap =8 ATevap =5
cycle
6 Building size Volume fixed Half the floor area
Rectangular _
7 | Geometry (W/L=0.5) Square (W/L=1)
8 | Size of heat exchangers See table S1 Half as much area
Design variables 9 | TargetDLI 13.7 mol/(m?*day) Twice as much
10 | CO2 supply intensity 0.3 kg CO2/kg yield No limit (PF only)
11 | Crop Basket Lettuce
12, . .
13 Climate preference Mild Warm, Cold
14 | LED water cooling Variable (GHs only) off
To compensate low
R sunshine in the Fixed power (250
15 | LED dimming (GHs only) morning and umol/m?/s)
afternoon (GHs only)
Control variables 16 | Optimised parameter Specific energy E::eyrgv consumption
17 | Air-to-air cooling Variable bypass Off
18 | Variable LED cooling Variable (GHs only) Fixed on
19 | Yield optimisation Minimisation of Maximisation of

hourly yield

Geometry

Since the greenhouse is East-West oriented, the geometry determines the length of the sturdy wall not facing the sun
(North for above the equator and South for below) and thus indirectly the overall U-value and the design of the AHU.
The standard value is width / length = 0.5. Results are also obtained for W/L = 1, essentially a square. Further, the size
of the building is doubled in one of the scenarios.

LED efficiency

The efficiency of LEDs has increased over the last year and further technological advancement cause this trend likely to
continue [56]. The sensitivity of the results due to LED efficiency and the comparative benefit to GH and PF is assessed
with an efficiency value of 75% or 3.5 umol/J (https://www.horti-growlight.com/coolpack-horti-led-top-light).

U-value of walls

The overall heat transfer coefficient describes the possible heat exchange driven by a difference in temperature
between inside and outside air. In continental and colder climate zones, winter heating is a significant contributor to
the annual heating requirements [57]. The choice of ethylene tetrafluoroethylene film is thus justified from an energy
perspective. However, it might not be realisable in every circumstance, e.g. due to the availability of equipment
required to install it. Moreover, some plant factories might be situated in very well-insulated buildings. To assess the
effect of the U-value and thus the wall material on the total energy consumption, results are also obtained for a U-value
of 0.05 W/(m?*C) for PF and twice the U-value for PC (2*2.27 W(m?*C)) and ETFE (2*2 W(m?*C)).
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Light intensity

Increasing the moles of PAR received per day comes with diminishing returns for higher light levels [2]. Considering that
artificial lighting is the primary electricity consumer in PF [7] and GH in less sunny climates [20], balancing the light
supplied with the power consumption is a way to increase profits by reducing the cost per kg of crop produced [33].
The reference yield values were obtained at the indicated Default DLI which for lettuce can be equated with 16 hours of
250 umol/(m?*s). This was assumed to be common practice and thus chosen for the default case while a doubling of
the light intensity (for lettuce 500 umol/(m?*s) and thus the DLI required was also assessed. Increasing the DLI much
further than that was found to increase yield only marginally while almost linearly increasing the electricity
consumption and was thus not selected.

CO: concentration in the air

The positive influence of CO2 on crop growth is well known. However, some discrepancies exist for the effect on the
photosynthesis rate of a higher CO2 concentration between 1200 and 1600 ppm. Some models suggest that increasing
the COz concentration at higher light intensities has a more substantial effect on the yield compared with the same
increase at lower light intensities [7,18], or similarly, that the photosynthesis rate reaches its maximum at lower CO2
concentrations when the light intensity is lower [58]. Others suggest that the effect of increased COz levels in the air is
less dependent on the light intensity [2,34]. The photosynthesis rate increase calculated in one study [7] for switching
the CO; concentration from 400 to 1600 ppm at 250 umol m? s™* (more than 3 times increased photosynthesis rate)
could not be confirmed by reports from growers considering the actual yield of crops [59]. Hence, the simplified model
from Li et al. [34] is employed for this work. Since CO: is contained with PF and CGH, a target CO2 concentration of 1600
ppm is considered as the default and 400 ppm as an assessment of the influence on the comparative results between
the growing practices.

Optimisation of specific energy and variable cooling

The operations of a climate-optimised greenhouse require a high level of sensors and automation in practice which not
every grower desires or can afford. To test the influence on the specific energy obtained without such measures, the
optimisation is carried out for a hypothetical “non-optimised” case in which a) LEDs are constantly fully water-cooled or
have a constant light intensity during their active hours (GH-only), b) an air-to-air heat exchanger which can’t be flexibly
bypassed (either on or off) and c) the objective function during the day or photoperiod is the total electricity
consumption (which would reduce controlling complexity). The latter means that the temperature limits are set to 85%
of the maximum vyield during the day and that the potential productivity loss due to venting (lower CO: levels) is
ignored in the optimisation. Regarding the constant or non-dimmable light intensity of the LEDs, an output of 250
umol/m?/s was assumed and the required hours of operation calculated as described in SI 2.5. To compare this with the
optimised versions, the effects on yield of the resulting climate are still considered and the specific energy is
nevertheless chosen as the target indicator.

8 Assumptions and limitations
Growing facilities and space conditioning

e The airflow within the structure behaves similar to a plug flow reactor (PFR), with a uniform air velocity and
changing its properties and composition along the length of the structure (gradient between inlet and outlet) while
being the same along the width and height of the structure at a given length (perfect lateral mixing). Perfect lateral
mixing might not be achieved with a typical ventilation system while increased flow above the canopy might lead
to a lower gradient on the top compared with the bottom of the structure.

e Pressure drop within the structure on internal airflow (except on venting flow) is negligible

e The thermal storage effect of air is included but not that of walls, soil, and equipment. It was assumed that
radiative and convective heat exchange between those and the air would balance itself out across the day and are
thus negligible [1].

e Allsolar radiation entering the greenhouse (after cover reflection has been accounted for) stays at heat energy in
the greenhouse, either a) absorbed by the plants and considered in the ET balance (ultimately transferred to the air
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as latent and sensible heat), b) reflected from the plants into the air, c) reflected from the non-covered share of the
growing beds, and d) radiation heating up the air when it falls on non-productive space [60]

There was no consideration of heat exchange with the ground or the structure. It was assumed that all heat gained
by the floor and the structure would eventually be transferred to the interior air.

There was no material exchange with the environment (i.e. infiltration or venting) for the plant factory, it was
assumed to be sufficiently sealed.

Climate regulation is assumed to be consistent throughout a given hour. A potential dynamic or transient approach
to temperature regulation (turning equipment on to regulate to a certain minimum (maximum) set point and then
waiting until conditions reach the maximum (minimum) set point) may lead to a slight reduction in energy
requirements [59]. In general, this study investigates how elements and settings of the climate system can
minimise energy consumption, the actual implementation of the climate control is out of the scope of this study
(e.g. short burst of fogging instead of continuous operations).

Wall condensation is assumed to be negligible due to a hydrophobic layer on ETFE and insufficient temperature
difference for warmer regions with a polycarbonate cover or in plant factories.

Condensed water in the dehumidification device is considered to be reused as irrigation or fogging water.

The nutrient solution was assumed to be at internal air temperature; thus heating or cooling of irrigation water
was excluded. Any difference in temperature and thus heat transfer would change the energy balance of the
climate control system; however, the same amount of energy would have to be added or removed from the water.
It was thus assumed to be negligible.

The condensation of water vapour for saturated air which experiences a decrease in temperature (in the air to air
HEX and refrigeration cycle) was assumed to be instantaneous. The kinetics of this process were excluded.

Higher solar radiation than the plants require (in summer months or in sunnier regions) was mitigated by
whitewash to reduce cooling requirements. Flexible shading screens as an option were not incorporated in the
model since the optimisation was done on an hourly basis, which if they had been included would potentially lead
to a lower DLI than required. This would cause issues with the comparison of the growing techniques but might be
a more energy-efficient way of balancing light with cooling requirements [54].

Plants

Plants are sufficiently watered and do not experience water or osmotic stress

Optimum conditions and plant responses to sub-optimal conditions were assumed to be fixed for a specific crop.
Any variations caused by different cultivars were out of the scope of this study, the inclusion of a range of crops
with different growth and climate characteristics still provide an indication of the effect on energy consumption.
The increase in plant growth corresponding to a certain increase in daily light integral was fixed as described in 4.2.
This response would in reality be slightly different for each crop and depends on how close to saturation the light
level already is.

It was assumed that heat transfer only occurs between the leaves and the air. The growing medium and roots were
assumed to be at the same temperature as the surrounding air and thus indirectly included in the energy balance
for evapotranspiration.

The share of absorbed light energy by the plants used for photosynthesis is with <5% low [8] and was hence
neglected in the energy balance.

Variations in leaf area index are not considered as it was assumed that all growth stages of plants are presentin a
facility to ensure continuous supply [33]

The mass of water and CO2 incorporated in the plant biomass is excluded from the comparison as it would be the
same for the three systems, can be derived from the plant composition
(http://www.fao.org/forestry/17111/en/#:~:text=The%20carbon%20content%200f%20vegetation,by%20oven%2D
dry%20mass).

Other:

The temperature and solar radiation curves reflect a typical day at the middle of a selected month. The average
values to derive the typical days already include fluctuating weather such as cloud cover and rainy days. They are
therefore an approximation which facilitate the simulation; since they are averages, the validity of the results is
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given but greenhouse climate control may be more challening on days in which the weather deviates substantially
from average values.

e The wind speed has indirect influence on infiltration rate and the maximum possible ventilation rate without
mechanical support. In this work, it was assumed to be constant (2 m/s). The infiltration rate depends on wind
speed and exposure of the greenhouse and was assumed to be constant. This is naturally not always the case but
has little effect on the results as infiltration rates are already reported as averages and fluctuations would be
flattened out in annual considerations. Similarly, the fan electricity required for ventilation in the OGH might
sometimes be higher or lower but the average considered over the year likely results in sufficient accuracy.

e The optimisation did not consider the price changes of electricity throughout the day. It might be that electricity
sourced in the morning and late afternoon is most expensive, likely changing the setting for the LEDs slightly if
optimised for cost. Further, it could be considered that large CEA facilities produce their own electricity through
nearby PV solar fields or wind farms. Short-term storage would then be required, or PV panels could be vertical and
double-sided to reflect the increased electricity requirements in the morning and afternoon
(https://www.next2sun.de/en/homepage/).

e Further excluded are detailed calculations of the short- and longwave radiation. The considerations for radiative
heat gain and reflection are nevertheless incorporated in the equations used by Graamans et al. [30].

e The potential to exchange heat with a host building, if the facility is located on top or below an office or residential
building, was not considered in this work. Excess heat from the dehumidification system could be locally utilised as
low-grade heat in space heating or warm water preparation.

9 Additional results

Qutside climate conditions, February Stockholm
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Figure S9: Hourly profile of outside climate conditions in Stockholm during a typical day in February (top) and July
(bottom)
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Resource loss due to venting and infiltration for the closed and open GH, February in Stockholm
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Figure $S10: Water and CO: /ass for the three CEA systems and 18 scenarios for February in Stockholm
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Water and CO2 loss of each system in ten different locations

System1 Locationl =
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Figure S12:Water and resource loss for the three systems (PF, CGH, OGH) at different locations. Plant uptake of water
and CO2was not considered in this comparison.
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Figure S13: Monthly facility load curves for all regions.The units on the two y-axis are different, the primary (left) y-axis describes the
energy consumption of plant factories, the secondary y-axis (right) describes the energy consumption of greenhouses.
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Less sunny regions (Reykjavik, Stockholm, Massachusetts, Santiago) rely on supplemental lighting in winter and have thus a high load
in the morning and evening hours. Very hot regions required substantial mechanical cooling in the summer months when ventilation
was insufficient for climate control. The spikes for plant factories in the afternoon hours are due to less efficient cooling (air-to-air
cooling was not feasible anymore) when the daytime temperature was at its highest. The early morning and early evening spikes for
greenhouses (especially pronounced in Tokyo and Johannesburg) are due to a change in permissible temperature and humidity
ranges between day- and night-time periods. It is important to note that those spikes are only moderate, as indicated by the different
scaling of the y-axis on each graph (lowest for Tokyo and Gauteng).

10 Further comparison with other studies

The simulation and optimisation of indoor climate control has been carried out by other studies as well. Similar results
were obtained in this for ventilation rates [6], the difference between inside and outside winter temperatures [61],
between day and night setpoints [33], and the curves or development of temperature, VPD and evapotranspiration flux
during the day [13]. Different results for inside vs outside summer temperatures were obtained by Van Beveren et al.
[12], which stems from the influence of temperature on yield considered in this study, as the objective of other control
studies was to minimising energy consumption by keeping the temperature within a wide temperature range, rather
than optimising for specific energy. Further, relative humidity and temperature during a summer day were different in
Katsoulas et al. [17], with lower relative humidity at high temperatures. Although this makes climate control easier,
these settings would have violated the maximum VPD of 1.2 in this work. A growers guideline by a leading software
provider for vertical farms assumes around 90 W for LEDs and 51.2 W combined for climate control, resulting in 22.1
kWh/kg for the yield and photoperiod assumed in this study [62]. The small discrepancy can partly be explained by the
gains through yield-energy optimisation in the present work.

The values from Li et al. [34] used to derive the cooling and specific energy consumption mentioned in the main text in
3.4 included the cooling enerqy requirements (~1040 kW for the GEG or greenhouse case, ~60 kW for the BC or plant
factory case, their figure S1), lighting enerqy requirements (~40 kW for GEG, ~500 kW for BC), the area (484 m2),
photoperiod (11 hours), total annual production (76 tons in the BC and 80.4 tons in the GEG) and supplied DLI levels
(24.5 and 34 mol/(m?*day)for Cai Xin and Xian Cai with the latter constituting 67% of the produce). No information
about a COP value could be derived from the documents.

The values for lighting reported in Benis et al. [57] were 47 W/m? electricity consumption for 13 hours to achieve 20
mol/(m?*day). This would equate to a molar efficacy of 9.1 umol/J which is far above the current range of 2.1 - 3.5
umol/J for LEDs as described in section S1.7. For the comparison, their reported specific energy consumption in Figure 5
the yield indicated in their Figure 3 was used. The locations had comparable climates the ones used in this study; Lisbon
as Gauteng, Paris as Tasmania and New York as Boston. The shipping container was compared with plant factories in
this work and rooftop greenhouses with OGHs.

The values used for the comparison with Graamans et al. [7] included the ratio of wet to dry weight (0.07), the dry-
weight based specific energy consumption for the GH (115 kWh/kg for UAE, 180 kWh/kg for SWE+ and 70 kWh/kg for
NLD), the target DLI of PFs (28.8 mol/(m?*day)) and obtained yield (71.4 kg/m?). The share of space conditioning was
calculated from the share of cooling compared with the total (e.g. for the PF in UAE, 40 kWh/kg vs. 255 kWh/kg). For
the comparison, the cold location in their study (SWE+) was similar to Reykjavik in this work, their temperate location
(NLD) was similar to the average between Tasmania and Stockholm in this work.

The values used for the comparison with Harbick and Albright [63] were the energy consumption shown in their Figure
1. The energy for heating (natural gas) was converted to electricity using Equation S171 of this work (which relates
target air temperature and outside temperature to the COP of heating), assuming 28 °C as target air temperature and
using an average daytime temperature found on www.wikipedia.org. To convert total energy values to weight based
values, the area of 1712 m2 was used and as no yield was reported, we assumed equal output. Their DLI was 17
mol/(m?*day).

The specific energy values derived from the three studies above were adjusted for comparability. This was done by first
assuming a 74% proportionality between an increase in DLI and the resulting increase in yield (see Equation S182 in
sub-section 4.2 of the Sl). Second, a yield adjustment factor was then applied comparing the yields achieved by
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adjusting the DLI to the ones reported in this work. For example, Graamans et al. [7] assumed a DLI of 28.8
mol/(m?*day) to achieve a lettuce yield of 71.4 kg/m?2. This work employed a DLI of 13.7 for the vegetable basket, hence
the yield increase factor due to the difference in DLl is 1.81. Multiplying the 40.8 kg/m? obtained in this work for plant

factory production with 1.81 results in a comparable yield of 74.1 kg/m?. Hence, their specific energy values were

multiplied by 0.96 (71.4 divided by 74.1) .

Nomenclature
Variables
Symbol Description Value (unit)
Ah Change of saturated air enthalpy between for a given K/ (kg*C)
AT temperature range g
hy Enthalpy of superheated refrigerant before the Ki/ke
compressor
hy Enthalpy of saturated refrigerant vapour in the K/ke
evaporator
h Enthalpy of the refrigerant after the compressor K/
2 (assuming non-isentropic expansion) g
Enthalpy of the refrigerant after the compressor
hys L . . ki/kg
(assuming isentropic expansion)
h Enthalpy of subcooled refrigerant before the expansion K/ke
valve
h3s Enthalpy of saturated refrigerant liquid in the condenser | ki/kg
hy Enthalpy of refrigerant before the evaporator ki/kg
Rairsurix Enthalpy of moist air, dry mass basis ki/kg
A Enthalpy of the saturated refrigerant vapour in the K/
sat,cond condenser g
L% Enthalpy of condensed water ki/kg
Respective area of the roof (roof), cardinal direction
facing walls (walls,E/S/W/N), all walls (fagade), sum of all )
Asuffix m

plant beds (growing), intersectional area or width *
times (sect)

CC 02,centre

CO; concentration in the air in the centre of the facility

Mol CO,/mol of air

Ccoztarget

Target CO, concentration in the air

Mol CO,/mol of air

Cairext Heat capacity rate external air J/K
Heat capacity rate internal air for cooling only (decrease
Cair,int1 : . J/K
i in temperature, no condensation)
Co Heat capacity rate internal air cooling and condensation K
air,int,23 (decrease in temperature and w)
Smaller heat capacity rate of respective air flows (1 for
Cin : . . J/K
cooling only, 23 for cooling and condensation)
C, Heat capacity rate ratio of respective air flows -
Cy Heat capacity of water 4.19 kJ/(kg*C)
Eneat Electricity consumption of the air-source heat pump w
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Electricity consumption of HVAC heating coil (heat

E, W
ASHP pump)
Erc Electricity consumption of HVAC refrigeration system w
E Electricity consumption of the compressor in the w
comp,ref refrigeration cycle
EcooLLED Electricity consumption of LED cooling system w
E Electricity consumption of the fan in the air-cooled W
fanref.ext condenser of the refrigeration cycle
Electricity consumption of the internal air fan to
Efanref,int overcome the pressure drop in the finned tube heat w
exchanger of the refrigeration cycle
Efans hvac Electricity consumption fans in HVAC system w
E Electricity consumption of the external air fans for the W
fans,azaext air to air HEX
E Electricity consumption of the internal air fans for the air
‘fans,a2a,int to air HEX W
Efansvent Electricity consumption venting fans w
Efog Electricity consumption of fogging system (OGH only) w
Eiotal Total electricity consumption W
Epent Electricity consumption of venting fans W
Epent Electricity consumption of ventilation system (OGH only) | W
Fryac Dry mass flow of hvac system Keg/s
Fenin Dry air mass flow rate entering the GH Kg/s
Fairaza,ext Outside air flow in the plate HEX Kg/s
Fair aza,int Internal air flow in the plate HEX Ke/s
P Required outside air flow in the air-cooled condenser of Ke/s
air,cond,req the refrigeration cycle &
Fpent Dry mass flow of ventilation system (OGH only) Kg/s
Foent Dry air mass flow rate of venting air Kg/s
ILED canopy Radiation of the LEDs received by the plany bed Wear/m?
Iigp Radiation of the LEDs at the light fixture Wear/m
Inet.par Net radiation, solar and LED combined (PAR) Wear/m
Liet Net radiation, solar and LED combined (full spectrum) W/m?2
Isotar,sky Irradiation Wh/(m?*h)
Lsotareff Irradiation reaching into the greenhouse Wh/(m?*h)
I The intensity of combined solar and LED radiation which Wone/m?2
target approximates a uniform light supply PAR
PPFD;gp Photosynthetic photon flux density umol/(m?*s)
Powerygp Power consumption per unit area of LED We/m?
Psat,suffix Water vapour pressure of saturated air hPa
PW_Suffix Water vapour pressure hPa
Q1actual The cooling duty realised for the cooling-only step (1) w
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The estimated cooling duty for the cooling-only step (1)

Q1est used to calculate the error and thus adjustment of W
fcooling ratio
The theoretical maximum cooling duty based on the
Q1,max initial temperature difference (between outside airand | W
hvac inlet air) and the lower heat capacity rate
The theoretical cooling duty for the cooling-only step (1)
Qupor according to the NTU method w
0 The required cooling duty to bring the temperature of W
Lreq the internal air to T,ondens
The cooling duty realised for the cooling and
Q23 actual condensation step (23) w
The maximum cooling duty that can be realised based
Qa3,check on the HEX area share and the temperature driving force w
The cooling duty obtained for step 23 after the
Q23 finat successive iterations w
The theoretical maximum cooling duty based on the
Q23,max initial temperature difference (between the outside air w
and Tgongens) and the lower heat capacity rate
The theoretical cooling duty for the cooling and
Q3pot condensation step (23) according to the NTU method w
The required cooling duty to bring the temperature of
Q23req the internal air from Teongens 10 Tair hvac.out w
Remaining heating duty to be realised by the air-source
Qheat,ASHP heat pump w
QLED heat Heat gain from the waste heat of the LEDs w
Heat gain from the light of the LEDs not absorbed by
QLED,PAR plants W
Heat transfer between the plant factory and the
Qrr environment w
Qr1344,c00l Cooling requirements of the hot refrigerant w
Qr1344remain Remaining cooling duty of the hot refrigerant w
Qcoot,LED Water cooling of LED cooling load w
The remaining cooling load to be realised by the
Qcoot.remain.aza refrigeration cycle w
Qfanshvac Heat gain from fans in hvac system w
Qfog Sensible heat removed through fogging W
Qunritration Energy gain or loss due to infiltrating air w
The theoretical maximum cooling duty based on the
initial temperature difference (between the outside air
Qmax 1 .check after step 23 and the internal air at the hvac inlet) and w
the lower heat capacity rate
Qrecovery,actual Heat recovery duty realised by the hot refrigerant w
Potential heat recovery between the internal air and the
Qrecovery pot hot refrigerant w
Theoretical maximum cooling load dependent on the
Qref pot temperature driving force w
Qsotar Heat gain from solar radiation not absorbed by plants W
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Heat transfer between the building structure and the

. W
Qstructure environment
Qtotal Total heat balance kw
R, Individual gas constant air J/(kg*K)
R, Individual gas constant water vapour J/(kg*K)
T Superheated refrigerant temperature before the c
1 compressor
Tis Evaporator temperature in the refrigeration cycle C
T Subcooled refrigerant temperature before the c
3 expansion valve
T3 Condenser temperature in the refrigeration cycle C
T ] Target temperature for required condensation ( c
atr.equiv Ps@T_equiv = Pw,hvac,out)
T The temperature of the outside air after the cooling and c
airextpost=cond | .ondensation step (23)
Tair,int,aza,0out The internal air temperature after the air to air HEX c
The temperature of the internal air exiting the air to air
Tair,int,post—cond HEX C
Tair suffix Air temperature at given location c
T Saturation temperature of the internal air at its water c
condens vapour pressure at the inlet of the hvac
Tiear Temperature of leaf surface
Tnax Maximum growing temperature of specific crop
Tope Optimum growing temperature of specific crop
T Maximum outlet temperature of the outside air in the c
outside,outmax | 4ir_cooled condenser of the refrigeration cycle
Heat transfer coefficient for heat exchanger, either air to
. X . X ! W/(m2*C
Unex air (a2a) or refrigeration cycle finned tube (ref) / )
Overall heat transfer coefficient for the greenhouse
Ugn & W/(m2*C)
structure
Overall heat transfer coefficient for the greenhouse
Ugn & W/(m2*C)
structure
Vhvac,out Volumetric flowrate at exit of HVAC system m3/s
Vol Volume of CEA facility m3
Xousrix Absolute humidity g/m?
Yhourty Attributed hourly yield Kg/(m**h)
Yref annuat Annl.JaTI reported yield for year—rgund growing for Kg/(m*year)
specific crop at reference conditions
o Darcy friction factor -
JLED cooling Share of LED waste heat water cooled, 1 in PF %
f Share of total hvac flow sent through plate HEX %
aza,share (optimisation variable) ?
Frooti ) Ratio of the area considered to be used for the cooling- %
cooling ratio only (1) step versus the total HEX area ?
Mco2,l0ss Mass of CO, lost Kg/s
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MR1344,ref Refrigerant flowrate Kg/s
My balance Water lost or collected to environmental exchange g/s
My evap Mass of water evaporated from plants Kg H,0/s
My fog Mass of water flow through fogging device kg/s
My infileration Mass of water introduced through venting Kg/s
m Water lost to the environment due to infiltration and /da
wiloss venting during a 24 hour period g/day
My out Flowrate of condensed water kg/s
Neo2 Moles of CO2 in the growing facility mol
Ngirvent Molar flowrate air venting Mol/s
Ty Aerodynamic resistance to transpiration s/m
A Canopy resistance to transpiration, r_s /2 s/m
Entropy of the superheated refrigerant before the
S1 Py P g kJ/(kg*C)
compressor
Entropy of the saturated refrigerant vapour in the
S1s b & P ki/(kg*Q)
evaporator
Entropy of the saturated refrigerant liquid in the
Sz Py g q kJ/(kg*C)
condenser
Entropy of the saturated refrigerant vapour in the "
Ssat,cond condenser kJ/(kg*C)
tonoto Daily photoduration h/day
Outside air velocity in the plate HEX (optimisation
Ugir,a2a,ext variable) m/s
Ugir,aza,int Internal air velocity in the plate HEX m/s
" Velocity of outside air in the air-cooled condenser of the m/s
air,cond refrigeration cycle
U Internal air velocity in the finned tube HEX (evaporator) m/s
air,intref of the refrigeration cycle
Upent,out Velocity of air through vent openings m/s
APhvac Pressure drop in the HVAC duct Pa
AP The pressure drop of internal and external air within the Pa
plate plate HEX
APyent Static and dynamic pressure drop delivered by the Pa
venting fans
AERp ac Air exchange rate of HVAC system AE/h
Air exchange rate of ventilation system (only OGH, 0 for
AE/h
AERyent PF and CGH) /
Carbon dioxide lost to the environment due to
K
02055 infiltration and venting gfs
Coefficient of Performance for heating of HVAC cooling
COPheat s -
ystem
COPysyp Coefficient of performance of the air-source heat pump | -
Coefficient of performance of the compressor in the
COPomp . .
refrigeration cycle
COPcoo1LED Coefficient of Performance of LED cooling system
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COPcool

Coefficient of Performance for cooling of HVAC cooling
system

DLILED,canapy

Total moles of light received by the plant canopy

Mol PAR/(m2*day)

DLI;gp Total moles of light produced by the LEDs Mol PAR/(m2*day)
DLL,atural Daily light integral solar radiation Mol PAR/(m2*day)
DLIpiane Daily light integral required Mol PAR/(m2*day)
ET Evapotranspiration Kg/(h*m?) or mm/h
The error between the estimated and actual cooling
Error -
duty for step 1
LH Latent.hea.at transfer from plants to environment due to W/m?
transpiration
LMTD The log-mean temperature difference for the heat c
23,check exchange in in the cooling and condensation step
Log mean temperature difference in the condenser of
LMT Dyecovery the refrigeration cycle, assuming reheating of internal c
air
LMTD, Log mea.m temperature difference in the evaporator of c
the refrigeration cycle
NTU Number of transfer units -
Nu Nusselt number -
PAR,gp PAR mol/(m2*h)
Pr Prandtl number -
Re Renold’s number -
Specific energy consumption (for given hour of
SE, Wh/k
hourly photoperiod) /ke
Specific energy consumption as average during one
SE, Wh/k
product month (or year) /ke
SH Sensible heat tr.ans.fer from plants to environment due W/m?
to evapotranspiration balance
VCD Vapour concentration difference at the leaf surface g/m?
Vapour pressure difference between air and saturated
VPDjoqs : hPa
air at the leaf surface temperature
VPDgyffix Vapour pressure difference of air hPa
Vol Volume of greenhouse or plant factory m3
YFco2 Yield factor due to varying CO, concentration in the air -
YF; Yield factor due to varying air temperature -
YFiotal Product of all yield factors for a given hour -
a Surface heat transfer coefficient W/(m?*C)
€ Heat exchanger effectiveness -
1 ) Latent heat of vapourisation at the temperature of the K/
suffix location indicated by the suffix g
Pair,suf fix Density of dry air Kg/m?
Psuffix Density of wet air Kg/m?3
Wsuffix specific humidity Mixirgratie-of water in air g/kg
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Suffixes

Location Description

center Air condition at the center zone (half-way between East and West wall) of the
GH or PF

equiv Air condition after the condensation step in the HVAC system

hvac,in Air condition at the inlet of the HVAC system

hvac,out Air condition at the outlet of the HVAC system

n Air condition at the inlet zone of the facility, influenced by the hvac_out flow
and venting (OGH)

leaf Air and water conditions at the leaf surface of the plants

out Air condition at the exit zone of the facility, which is also hvac_in and the
venting outlet

outside Air condition at the outside of the facility
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Fixed variables

Name

Description

Value
(unit)

Source

mCOZ,supply,m

Maximum
CO; dosing
capacity
per unit
area

0.015
kg/(m?*hr)

Based on 150 kg/ha/h [64]

My, fog,max

Maximum
fogging
capacity
per unit
area

0.5
kg/(m?*hr)

(5]

ATsub

Extent of
refrigerant
subcooling

[0l

ATy

Extent of
refrigerant
superheati
ng

5C

[9]

Ahex,aza

Heat
transfer
area of
plate HEX

9,600 m?

Based on design for feasible dimensions and potential to
cover cooling load with reasonable COP when outside
temperatures are below 0 C

Ahex,ref,ext

Finned Hex
area
(condenser
) of the
refrigeratio
n cycle

6,432 m?

Based on design for feasible dimensions and ability to cool
down the refrigerant with outside air for the maximum hvac
cooling load (~750 kW)

Ahex,ref,in[

Finned Hex
area
(evaporator
) of the
refrigeratio
n cycle

3,618 m?

Based on design for feasible dimensions and ability to cool
down the refrigerant with outside air for the maximum hvac
cooling load (~750 kW)

Aduct

Duct
intersectio
nal area of
HVAC
system

232m?

Designed for 12 m/s, 10 AE/h and 10,000 m3

Aface,ref,int

Face area
of the
finned tube
HEX
(evaporator
) of the
refrigeratio
n cycle

Based on design for feasible dimensions and ability to cool
down the refrigerant with outside air for the maximum hvac
cooling load (~750 kW)
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Afch

Area of
each
channel
between
two plates
in the plate
HEX

0.032 m?

http://www.heattransferconsult.nl/Tradi Plate Calc.html

(&1

First
radiation
term for rs

90.1

Based on empirical model constructed from experimental
measurements from Graamans et al. [7] and Pamungkas et al.
[46]

G

2nd
radiation
term forrs

11.3

Based on empirical model constructed from experimental
measurements from Graamans et al. [7] and Pamungkas et al.
[46]

Cs

VPD term
forrs

4.3

Based on empirical model constructed from experimental
measurements from Graamans et al. [7] and Pamungkas et al.
[46]

Cs

CO, term
forrs

6.1E-07

[47]

CCOZ,amb

Ambient
CcO;
concentrati
onin the
air

415 ppm

CC 02,ref

Reference
CO,
concentrati
onin the
air for yield
figures

800 ppm

[52]

p,air

Heat
capacity of
air

1.005
kl/(kg*K)

Cp,liquid

Refrigerant
liquid heat
capacity

1.44
ki/(keg*K)

https://www.gas-servei.com/images/Technical-data-sheet-
R134a-ENGLISH.pdf

Cp,vapaur

Refrigerant
vapour
heat
capacity

0.85
kl/(kg*K)

https://www.gas-servei.com/images/Technical-data-sheet-
R134a-ENGLISH.pdf

Heat
capacity of
liquid
water

4.19
kl/(kg*K)

D hex,equiv

Equivalent
diameter
for air flow
across the
finned
tubes

0.0254 m

Outer tube diameter used as pitch between tube

Dnya

Hydraulic
diameter

0.016 m

http://www.heattransferconsult.nl/Tradi Plate Calc.html
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for the

plates in
the plate
HEX
Duct
Dauet ‘:I'\a//r:gter °of | 172m Designed for 12 m/s, 10 AE/h and 10,000 m?
system
Average
Dieaves leaf 0.08m [29,30]
diameter
E:;Z:i Based on design for feasible dimensions and potential to
Dpiate plates in 0.008 m cover cooling load with reasonable COP when outside
plate HEX temperatures are below 0 C
Calculated assuming 70 bar pressure
Reference (http://www.fogsis.com/haber-fogging-system-and-efficient-
electricity greenhouse-79.html) using pump head
Efogref consumptio | 2.41 Wh/I | (https://www.engineeringtoolbox.com/pump-head-pressure-
n of fogging d _663.html ) and power consumption relations
system (https://www.engineeringtoolbox.com/water-pumping-costs-
d 1527.html)
Length of . . . . .
. Based on design for feasible dimensions and potential to
the plate in R . .
Lpiate the plate 12m cover cooling load with reasonable COP when outside
HEX temperatures are below 0 C
Number of Based on design for feasible dimensions and potential to
Npiate plates in 200 cover cooling load with reasonable COP when outside
plate HEX temperatures are below 0 C
Numl':>er of 4 (PF), 1 Assumption for PF based on building height 8m and stack
Nracks | growing (GH) height 1.5m
racks
89% for
plant
factories
Share of (due to
PAR canopy LED Iight reflective
—————= | reaching surfaces [31]
PARgp the plant within the
bed racks),
79% for
greenhous
es
Pair.atm /;:;Ssli: 101325 Pa
Temperatu
rein the
Tevap,LED Fr\ffz(;r;;z 10C 15 C as difference assumed, LEDs kept at 25 C
) for LED
cooling
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UCUU@T

Overall
heat
transfer
coefficient
for the
cover

2 ETFE,
2.27PC,
0.5 RLC
W/(m?2*C)

[2.4]

Uwall

Overall
heat
transfer
coefficient
for the wall
or building

0.3
W/(m?*C)

[65]

Wplate

Width of
plate in
plate HEX

4m

Based on design for feasible dimensions and potential to
cover cooling load with reasonable COP when outside
temperatures are below 0 C

QAqir

Thermal
diffusivity
air

1E-
07*T+2E-
05 m?/s

https://www.me.psu.edu/cimbala/me433/Links/
Table A 9 CC Properties of Air.pdf

fLED,cooling

Share of
waste heat
absorbed
by water
cooling

0-0.85

Decision variable in optimisation, maximum of 85% from
Mechatronix (Personal communication)

fpruductiun

Share of
the ground
area used
for plant
beds

82% (GH),
60% (PF)

GH: (Villarreal-Guerrero et al., [13], PF: assumption based on
higher requirements for machinery, automation and higher
growing racks

f radiation

Factor
accounting
for
radiative
heat loss

20%

[65]

f shading

Effect on
solar
transmissivi
ty through
structural
shading

95 %

Assumption based on typical greenhouse design

fscreen,EW

Thermal
day screen
covering
East
(afternoon)
and West
(morning)
facing walls

100% (off),
57% (on)

https://fyi.extension.wisc.edu/energy/files/2016/09/Thermal

Curtains.pdf

fscreen

Thermal
night
screen
covering

100% (off),
57% (on)

https://fyi.extension.wisc.edu/energy/files/2016/
09/ThermalCurtains.pdf
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f vent size

Typical
share of
vent
opening
compared
with GH
height

19%

[10]

f whitewash

Whitewash
for reduced
solar light
transmissio
n

75% for
light and
50% for
strong

(11]

Reflection
coefficient

0.7

[29]

rs,min

Minimum
stomatal
resistance
to
transpiratio
n

29s/m

Based on empirical model constructed from experimental

measurements from Graamans et al. [7] and Pamungkas et al.

[46]

ATcond,outside'

Temperatu
re
difference
between
air and
refrigerant
in the
condenser

15C

[9]

ATcond,uutside

Minimum
temperatur
e
difference
between
the
evaporator
and
condenser
operating
temperatur
e and the
evaporator
and inlet
air stream

5C

Assumption based on conversation with HVAC professional

ATevap

Temperatu
re
difference
between
air and
refrigerant
in the
evaporator

8C

[9]

50



ATmin,RlMAA,ai

Minimum
approach
temperatur
e between
outside air
and
refrigerant
in the
condenser

3C

Chosen to ensure sufficient heat transfer with given design of
the air-cooled condenser in the refrigeration cycle

AE thac,max

Maximum
air
exchange
rate in the
HVAC
system

100 AE/h

Assumption

AERinfiltratiu

Equivalent
air
exchange
rate from
air
infiltration

0.25 AE/h

[66]

AE Rvent,max

Maximum
ventilation
rate

40 AE/h

Assumption

AERyin

Minimum
air
exchange
rate in the
factility

0.75 AE/h

Assumption to ensure sufficient air flow to distribute CO,,
moisture and heat

CAC

Cumulative
area cover,
share of
plant leaf
cover in
plant bed

90%

(7]

LAI

Leaf area
index

2.1
(lettuce),
2.8
(tomato)

[30,54]

MWhZa

Molecular
weight
water

18 g/mol

MWCOZ

Molecular
weight CO;

44.01
g/mol

M Wair

Molecular
weight air

28.96
g/mol

Specific gas
constant

8.314
J/(mol*K)

Ra

Individual
gas
constant air

286.9
1/(kg*K)
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Rw

Individual
gas
constant
water
vapour

461.5
1/(kg*K)

VPDoax

Maximum
permissible
vapour
pressure
deficit

12 hPa

[67]

VPDpin

Minimum
permissible
vapour
pressure
deficit

4 hPa

[67]

YFraa

Yield factor
influenced
by the
radiation

1 for
default
(reference
), 1.74 for
“high
lighting”

[7,52]

dh/ds

Entropy
dependenc
yon
temperatur
e for
refrigerant
vapour

3251/C

https://www.ohio.edu/mechanical/thermo/
property tables/r134a/ph ri34a.html

Minor
Dynamic
Loss
Coefficient

4.15

4*0.7 (90° bend with vanes) + 1 (flow from duct) + 0.35 (flow
away from duct)
https://www.engineeringtoolbox.com/minor-loss-air-ducts-
fittings-d 208.html

NLED

Conversion
efficiency
LED

0.52 Wopar
/ We

(7]

r]fans

Fan
efficiency

65%

[9]

Nfog

Fogging
system
efficiency
(share of
water
droplets
evaporated
before
falling to
the ground)

68%

(6]

)lair

Thermal
conductivit
y air

8E-
05*T+0.02
41
W/(m*C)

https://www.me.psu.edu/cimbala/me433/Links/
Table A 9 CC Properties of Air.pdf
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Thermal

conductivit
y of tube or
plate 380
Atuve (copper W/(m*C) ]
core with
aluminium
fins)
. 5E- . .
e D'ynarT\lc | 0g*T42¢- https://www.me.psu.e(.iu/C|mba'|a/me433/L|nks/
air viscosity air Table A 9 CC Properties of Air.pdf
05Pas
Kinematic 9E-08*T + | https://www.me.psu.edu/cimbala/me433/Links/
Vair viscosity air | 1E-05 m?/s | Table A 9 CC Properties of Air.pdf
Solar 83%
T transmissivi (ETFE), [2]
cover ty 70% (PC),
28% (RLC)
c Surface 0.0000015 | https://www.pumpfundamentals.com/
surface roughness | m PIPE%20ROUGHNESS%20VALUES.pdf
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