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a) Indeterminate crop						b) Determinate crop
Figure S1. Visual representation of the CTN, FMP, TI, and CCT variables in indeterminate fruit crops (a) and determinate fruit crops (b).
Supplementary Tables
Table S1. Definition, units and formulas of the variables in the Plant Balance Model. Input variables are shown in yellow, model calculations in blue and parameters in red. 
	Variable
	Unit
	Definition

	PPFD
	μmol·m⁻²·s⁻¹
	number of photosynthetically active photons that reach a specific surface every second

	Photoperiod
	hours·day-1
	number of hours per day that a plant is exposed to light 

	DLI
	mol·m⁻²·day⁻¹
	total photosynthetically active radiation delivered to the growing area in 24 hours

	LI
	%
	share of photosynthetically active radiation delivered to the growing area that is intercepted by the plant, which in a well-managed vertical farm should always be as close as possible to 100%

	DLA
	gmol·day⁻¹
	total photosynthetically active radiation that is intercepted by the plants per day

	LUE
	g·mol⁻¹
	efficiency at which intercepted light is converted into dry matter, expressed as the dry weight produced per unit of absorbed light (g·mol⁻¹).

	DM
	g·m-2·day⁻¹
	total dry matter produced by a plant per day

	HI
	%
	fraction of total dry matter allocated to the harvestable portion of the plant

	DMharvest
	g·m-2·day⁻¹
	total dry matter produced allocated to the harvestable portion of the plant per day

	DM%
	%
	proportion of the harvestable crop's biomass that is dry matter

	FWharvest
	g·m-2·day⁻¹
	total fresh weight produced allocated to the harvestable portion of the plant per day

	AGD
	days·year⁻¹
	number of days per year during which a crop is actively growing

	GC
	days
	The total number of days from propagation to harvest per crop. Dependent on Temperature. Changes to model calculation for determinate fruit crops.

	Temperature
	C
	The air Temperature (24h average) during the growth of the crop

	PD
	plants·m-2
	The number of plants per square meter

	HW
	kg
	The (targeted) Harvest Weight of a single plant.

	CCT
	days
	The total number of days from propagation to the end of the harvest period

	CTN (FMP; TI)
	truss·stem-1·cycle-1 

	The number of trusses produced per stem during one growth cycle. Dependent on Fruit Maturation Period (FMP) and Truss Interval (TI). Changes to input variable for determinate fruit crops. 

	FMP
	days
	The total number of days from anthesis (the point at which the first flower of the truss becomes reproductively mature) to harvest per growth cycle. Dependent on Temperature.

	TI
	days
	The total number of Annual Growing Days to form a new growth unit (fruits, internodes and leaves). Dependent on Temperature.

	SD
	stems·m-2
	The number of stems per square meter of growing area. If one stem per plant, stem density is equal to Plant Density

	FNT
	fruits·truss-1
	The number of fruits per truss.

	FHW
	grams·fruits-1
	The targeted Fruit Harvest Weight.

	Tref
	C
	The reference air Temperature (24h average), at which the value of reference parameter (CCT, FMP or TI) is known

	CCTref
	days
	The duration of the Crop Cycle Time at the reference Temperature (leafy crops)

	TSFCCT
	days·C-1
	The effect of Temperature on the Crop Cycle Time (leafy crops)

	FMPref
	days
	The duration of the Fruit Maturation Period at the reference Temperature (fruit crops)

	TSFFMP
	days·C-1
	The effect of Temperature on the Fruit Maturation Period (fruit crops)

	TIref
	days
	The duration of the Truss Interval at the reference Temperature (fruit crops)

	TSFTI
	days·C-1
	The effect of Temperature on the Truss Interval (fruit crops)



Table S2. Model Validation of Sink-limited and Source-limited yield calculation in Dwarf Tomato experiment by Karpe et al. 2024. Experiment A is the 75% ground coverage experiment from Karpe et al. (2024), and experiment B is the low-density experiment from Karpe et al. (2024).
	Variable
	Unit
	Experiment A
	Experiment B

	Sink

	PD
	plants·m-2
	41,1
	18,5

	CTN
	truss·stem-1·cycle-1 
	3
	3

	FTN
	fruits·truss-1
	8,02
	7,63

	FHW 
	grams·fruits-1
	7,21
	7,49

	CCT
	days
	100
	100

	Temperature
	C
	21
	21

	Yield (sink) per cycle
	kg·m-2·cycle-1
	7,13
	3,17

	Annual Yield (sink)
	kg·m-2·yr-1
	26,02
	11,58

	Source

	PPFD
	μmol·m⁻²·s⁻¹
	250,0
	250,0

	Photoperiod
	hours·day-1
	16
	16

	DLI
	mol·m⁻²·day⁻¹
	14,4
	14,4

	LI
	%
	63%
	48%

	DLA
	gmol·day⁻¹
	9,1
	6,94

	LUE 
	g·mol⁻¹
	1,49
	0,9

	DM
	g·m-2·day⁻¹
	13,6
	6,2

	HI
	%
	53%
	52%

	DM
	g·m-2·day⁻¹
	7,2
	3,2

	DM%
	%
	10,2%
	10,2%

	FW
	g·m-2·day⁻¹
	70,7
	31,7

	AGD
	days·year⁻¹
	365
	365

	 Annual Yield (source)
	kg· m-2·year⁻¹
	25,81
	11,6

	

	Annual Yield (sink)
	kg· m-2·year⁻¹
	26,0
	11,6

	Annual Yield (source)
	kg· m-2·year⁻¹
	25,8
	11,6

	Annual Yield (measured)
	kg· m-2·year⁻¹
	26,1
	11,6


Table S3. Yearly Yield estimation in experiments based on measured data retrieved from Jin et al. 20231
	Source
	DM%
	Shoot FW
	Cycle Yield 
	Yield

	
	= LUESDW / LUESFW
	= Shoot DW at harvest / DM%
	= Shoot FW / 1000 * Density
	= 365/plant age * Yield per cycle

	(Ahmed et al., 2020)
	4,3%
	85,10
	2,7
	47,3

	(Bhuiyan and van Iersel, 2021)
	3,5%
	48,17
	4,8
	40,9

	(Bian et al., 2016)
	7,9%
	31,50
	3,0
	45,0

	(Cammarisano et al., 2020)
	12,5%
	14,40
	0,7
	8,9

	(Cammarisano et al., 2021)
	5,6%
	23,40
	1,2
	14,5

	(Carotti et al., 2021)
	2,8%
	363,33
	9,1
	106,9

	(Chen et al., 2019a)
	4,4%
	100,10
	2,5
	22,8

	(Chen et al., 2019b)
	5,3%
	43,24
	1,7
	47,3

	(Chen et al., 2021)
	5,1%
	49,38
	2,5
	25,7

	(Cope et al., 2014)
	0,0%
	· 
	-
	-

	(Esmaili et al., 2020)
	4,1%
	194,67
	11,1
	101,3

	(Gómez and Jiménez, 2020)
	4,6%
	145,17
	3,0
	39,7

	(Hytönen et al., 2018)
	4,7%
	100,58
	4,5
	47,2

	(Incrocci et al., 2006)
	4,3%
	2,30
	3,0
	72,8

	(Jayalath and van Iersel, 2021)
	4,0%
	62,50
	0,0
	0,0

	(Jin et al., 2021)
	5,7%
	59,50
	3,0
	39,6

	(Joshi et al., 2017)
	4,1%
	213,88
	7,1
	122,7

	(Kelly et al., 2020)
	3,6%
	46,92
	1,9
	41,5

	(Kim et al., 2004a)
	6,5%
	35,65
	1,9
	32,8

	(Kim et al., 2004b)
	5,0%
	6,00
	0,3
	8,3

	(Kong et al., 2019)
	3,4%
	116,00
	5,0
	79,2

	(Kook et al., 2013)
	4,3%
	4,70
	1,7
	22,1

	(Kuno et al., 2017)
	5,9%
	22,10
	0,6
	10,8

	(Kusuma et al., 2021)
	4,0%
	42,50
	1,2
	20,7

	(Lee and Kim, 2013)
	3,8%
	164,70
	8,1
	105,2

	(Li et al., 2016)
	3,6%
	42,00
	1,3
	19,6

	(Meng et al., 2020)
	9,5%
	30,45
	1,5
	19,4

	(Meng et al., 2019)
	6,9%
	30,45
	1,5
	26,7

	(Meng and Runkle, 2019)
	5,9%
	1,70
	2,3
	94,6

	(Morsi et al., 2022)
	6,9%
	127,60
	3,3
	21,6

	(Nguyen et al., 2021)
	3,7%
	29,43
	1,8
	23,8

	(Ohtake et al., 2018)
	4,5%
	146,03
	3,1
	44,8

	(Ohtake et al., 2021)
	6,4%
	84,00
	2,1
	36,5

	(Pennisi et al., 2020a)
	4,0%
	67,50
	6,8
	117,3

	(Pennisi et al., 2019a)
	6,1%
	46,03
	4,6
	120,0

	(Pennisi et al., 2020b)
	5,4%
	60,60
	6,1
	105,3

	(Pennisi et al., 2019b)
	4,8%
	41,64
	4,2
	108,6

	(Rouphael et al., 2019)
	4,3%
	48,30
	0,8
	14,8

	(Saengtharatip et al., 2021)
	4,0%
	316,35
	10,4
	100,3

	(Spalholz et al., 2020)
	3,2%
	0,00
	0,0
	0,0

	(Tosti et al., 2018)
	4,1%
	4,92
	4,7
	55,1

	(Touliatos et al., 2016)
	3,9%
	272,07
	13,6
	121,1

	(Vaštakaite-Kairien et al., 2021)
	9,4%
	2,13
	0,9
	62,5

	(Voutsinos et al., 2021)
	4,1%
	212,46
	6,4
	80,2

	(Wang et al., 2016)
	10,3%
	49,30
	1,2
	12,9

	(Xu et al., 2020)
	4,6%
	74,23
	2,5
	76,8

	(Yan et al., 2019)
	4,9%
	34,43
	1,3
	24,5

	(Yi et al., 2021)
	4,1%
	38,72
	0,9
	10,8

	(Zhang et al., 2015)
	3,8%
	181,33
	6,7
	79,0

	(Zhang et al., 2018)
	4,1%
	31,85
	0,7
	14,2

	(Zou et al., 2021)
	3,8%
	60,26
	2,4
	57,2

	(Zou et al., 2019)
	6,1%
	52,57
	2,1
	49,9

	(Zou et al., 2020)
	3,4%
	55,10
	1,8
	44,2



Table S4.  PBM overview of input variables for current and NextGen values for lettuce and tomato. *We assume that it takes 5 days/year to accommodate for maintenance and cleaning for tomato crops.
	PBM 
	Input Variable
	Lettuce
	Tomato (indeterminate)

	
	
	Current
	NextGen 
	Current
	NextGen 

	Source-limited
	PPFD
	250 2
	700
	350 3,4
	1000 3

	
	Photoperiod
	16 5
	20
	16 3
	20 6,7

	
	LI
	85
	100
	100
	100

	
	LUE
	1,21
	1,8 1
	1,2
	1,8 1

	
	HI
	95
	95
	65 8
	65 8

	
	DM%
	3,5 9,10
	3,0
	7,5 11
	7,5 11

	
	AGD
	365
	365
	360 *
	360 *

	Sink-limited
	Temperature
	22
	28
	22
	28

	
	HW
	125
	125
	
	

	
	FHW
	
	
	40
	40

	
	PD
	75
	105 12
	
	

	
	SD
	
	
	4
	6

	
	FD
	
	
	10
	12

	
	AGD
	365
	365
	360 *
	360 *

	
	CCT
	
	
	360 *
	360 *



Supplementary Methods
Plant Balance Model: Sink- and Source limited yield.
From a sink-limited perspective, sink-strength is ultimately dependent on the plant’s growth rate, which increases linearly with temperature13. However, this effect is constrained by the optimal temperature ranges for different crops, beyond which physiological disorders occur (e.g. tip burn in lettuce and disrupted fruit production in tomato12, 14). To increase growing speed, crops must be bred with either higher temperature tolerances or higher growing speeds at today’s optimal temperatures. A faster growth rate shortens the Crop Cycle Time (CCT) in leafy crops and reduces the Fruit Maturation Period (FMP) and Truss Interval (TI) in fruit crops. As temperatures are controllable in VF environments, we explore cycle times by projecting the effects of increased temperatures assuming a linear relationship between temperature and growth cycle time15.
Sink-limited yield (Ysink) is primarily determined by the growth rate and Plant Density (PD) of the crop (see Figure 2). We differentiate between fruiting and leafy crop types but in both crops sink capacity can be enhanced by increasing the growing speed of the plant, represented by the CCT in leafy crops and TI in fruit crops. However, in fruit crops, sink strength can also be enhanced by increasing the rate at which a fruit matures, the FMP. We explicitly model differences between a singular Plant Density (PD) for leafy crops, and differentiating between stem density (SD), Cumulative Truss Number (CTN) and Fruit Number per Truss (FNT) in fruit crops (see SI for more details).
Turning to the source-limited component of the PBM, the maximum VF yield is determined by five key factors: light availability, light interception, water, nutrient supply, and CO₂ concentration 16. The PBM also includes light availability (DLI, stemming from PPFD and Photoperiod) and light interception (LI), as they are also fundamental components of the ECM. In contrast, water, nutrient availability, and CO₂ concentration are not included in the model, and assumed to be non-limiting, as vertical farming systems are designed to maintain these factors at optimal levels.
PBM: Determinate and Indeterminate fruiting crops
A tomato crop is transplanted when the first fruit of the plant has reached anthesis. From this point it takes time for the whole fruit to develop and mature until it is harvested, the FMP (in the reference example FMP = 55 days 17). Starting from the first anthesis, the tomato plant grows in units (1 truss + leaves + internodes), each unit takes TI duration to form (in reference example TI = 6.9 days). In turn, each new unit is harvested after the FMP (see Figure 3a and 3b). 
In indeterminate crops, the CCT is known by the grower, as the grower decides after how many days the crop is removed. However, the number of trusses grown in that period, the CTN, is unknown. The CTN is calculated by subtracting the FMP from the CCT and dividing it by the TI. Because we already harvest a truss at first harvest, we need to add it to form (CCT-FMP)/TI +1. 
In contrast to indeterminate crops, the number of trusses produced during each growing cycle is genetically limited for determinate crops. In this case, CTN is already known. However, CCT remains unknown and can be calculate by FMP, CTN and TI.
[bookmark: OLE_LINK3][bookmark: OLE_LINK4]These dynamics also have an influence on the source-limited yield. During the adaptation of the ECM into the PBM, we identified that in indeterminate fruit crops not all assimilated energy contributes to harvestable biomass. Unlike determinate fruiting crops or leafy greens, where uniform light intensities can be applied throughout the cycle, high-wire crops undergo distinct phases of light accumulation and reduction.
At the start of the cultivation cycle, plants are introduced with their first flowering trusses already formed, receiving a lower initial PPFD (e.g., 100 μmol/m²·s). Light intensity is then gradually increased as additional trusses develop during the FMP, reaching full production levels (e.g., 400 μmol/m²·s). Conversely, at the end of the cultivation cycle, once the shoot tip is removed, trusses are harvested sequentially, causing a gradual decrease in productive light use. The duration of this light accumulation and reduction period is equal to the 2 x the FMP.
Since, on average, only half of the full PPFD is utilized during these transitional phases, the net productive duration is effectively reduced by 2 x 1/2 × FMP from the AGD. This correction ensures that the PBM accounts only for the days when the crop is in full production, aligning source capacity calculations with realistic light-use patterns. This adjustment is not required for determinate crops (e.g., dwarf tomatoes) or leafy greens (e.g., lettuce), as these crops can receive full PPFD from the start of production without a buildup or reduction phase.
Parameters (reference values)
Lettuce. CCTref (22.5 days) and Tref (20 C), representing the duration from transplanting to reaching the target harvest weight (125g). A PPFD of 200 µmol m−2s−, was used as because experiments at higher PPFD were affected by tip burn18. TSFCCT is set at 1.0 days·C-1 based on the relative difference in number of days after transplanting before reaching the harvest weight of 125g at 20 C (22.5 days) and 24 C (18.4 days)18.
Tomato. De Koning 17 reports a FMPref of 55 days at a Tref of 21C. We base the TSFFMP on the difference between the FMP values observed at 17 C (67.7 days) and 19 C (57.0 days), resulting in a TSFFMP of 5.4 days·C-1. The TIref is calculated from the inverse of the number of trusses per day17, resulting in a TIref of 6.9 days at a Tref of 21 C.  The TSFTI is based on the difference in the inversed flowering rate at 17 C (8.4 days) and 19 C (7.3 days), resulting in a TSFTI of 0.6. 
Model Validation
We validated the PBM using experimental data from Karpe et al. (2024)19, specifically the ‘75% ground coverage’ and ‘low-density’ experiments. Data points from the study’s supplementary information were used as input variables in the PBM, and the resulting yield estimates were compared with the reported experimental yields (see SI Table 2).
It is important to note that some input variables—such as FTN, FHW, LI, LUE, and HI—were calculated after the experiment and thus depend on the observed yield. As a result, this validation primarily assesses the internal model dynamics rather than its predictive accuracy. Future validation efforts should focus on independent yield predictions using fully empirical input data.
Software
The development and implementation of the PBM were performed using Python. In addition, WebPlotDigitizer was employed for data extraction from figures, charts, and plots when values were not explicitly reported in the literature. The model is open-source and available at:  https://github.com/daanheeling/PlantBalanceModel. 
Supplementary Discussion
Light Use Efficiency
Mineral Content. The theoretical maximum represents carbohydrate fixation through photosynthesis, whereas experimentally measured LUE reflects total plant dry weight of the plant at harvest per mol incident light. This distinction matters as plant dry weight includes 10-20% mineral content20, which is not accounted for in the theoretical estimate. The theoretical maximum must be critically evaluated, especially since meta-analysis studies 21have excluded data points exceeding this threshold. To ensure a valid comparison, either the theoretical maximum LUE should include mineral content (raising it to 1.99–2.17 g mol⁻¹) or experimental LUE should be adjusted to reflect only the organic fraction (lowering the highest recorded LUE from 1.63 g mol⁻¹ to 1.30-1.47 g mol⁻¹).  When adjusting the LUE to 2.17 g·mol⁻¹ to include mineral content, the PPFD levels required to achieve the highest projected yields under future scenarios would be 183 µmol·m⁻²·s⁻¹ for lettuce (yielding 330 kg·m⁻²·year⁻¹) and 794 µmol·m⁻²·s⁻¹ for tomato (yielding 369 kg·m⁻²·year⁻¹). 
Harvest Index. Additionally, Jin et al. (2023) 1 incorporate the harvest index (HI) into their LUE calculations. While this accounts for the proportion of biomass allocated to harvestable organs, it can confuse differences in HI with differences in photosynthetic efficiency. In the PBM, these should be treated separately. A lower HI does not imply lower LUE but instead reflects biomass partitioning between harvestable and non-harvestable organs. The theoretical LUE estimate of 1.81 g·mol⁻¹ assumes an HI of 1, meaning all biomass is harvestable. However, more realistic estimates indicate that lettuce allocates ~5% of its biomass to roots, reducing HI to 0.95 1. Since experimentally observed LUE excludes root biomass, directly comparing it to a theoretical maximum that includes roots introduces inconsistencies. Using our LUE definition based on total DW, the recorded 1.63 g·mol⁻¹ would effectively increase by ~5%, making comparisons more accurate.
Model Assumption and Limitations 
The PBM’s source-limited yield does not account for the light compensation point, a simplification made for modelling efficiency. As such, the relationship between PPFD and yield passes through the origin, implying that even minimal PPFD levels result in a nonzero yield, which is unrealistic. The light compensation point—the PPFD level where photosynthetic carbon assimilation equals respiratory carbon loss22 —sets a threshold below which net photosynthesis is negative, preventing biomass accumulation. The specific PPFD level at which this occurs depends on the LUE. Despite this simplification, we expect minimal impact on our results, as yields in our study are primarily determined under sink-limited conditions, making the source-limited yield threshold less consequential. 
Furthermore, some PBM components rely on assumptions and parameters derived from existing literature, particularly older studies. A comprehensive re-evaluation of the parameters used in the PBM to establish the relation between Temperature and plant growth is essential. This effort should focus on incorporating data from modern VF to ensure the model reflects current practices and conditions.
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