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Introduction: urban agriculture

Emerged as an alternative way to 
produce food near cities 
Gained attention and popularity after 
COVID, with large capital investments 

Aims to improve food security, 
resilience and sustainability 
Uses technologies & management 
practices that are still at their infancy, 
where increased maturity levels are 
expected in the future



Introduction: urban agriculture
But why UA? 

Close to people = potential to provide more 
ecosystem services 

Close availability (< 30km) of 
unconstrained waste stream resources 
from cities 

Closed controlled environments = facilitates 
resource recirculation & revaloritzation

they have more potential to 
improve in the future!
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REVIEW ARTICLE NATURE FOOD

VFS energy use is strongly determined by the need to deliver 
photosynthetically active radiation (PAR) to the plants (see section 
‘Environmental sustainability’), which is very costly, both economi-
cally and environmentally. Maximizing light use efficiency (LUE) is 
therefore crucial. Below, we discuss four strategies to maximize LUE.

Increasing the fraction of light intercepted by the crop. In VFS, 
much light is lost to walls, aisles or the floor between plants. 
Reducing light losses between plants may be achieved by continu-
ous canopy closure achieved by, for example, variable plant density, 
intercropping or optimized lighting strategies. A dynamically man-
aged plant density allows for continuous canopy closure through-
out the growth cycle by gradually decreasing density as plants grow. 
Laser diodes that shoot photons onto specific leaves could be used 
for more precise illumination, reducing light losses between plants12. 
Maximum light interception is typically reached when the leaf area 
index (m2 leaf area per m2 floor) is 3–4, with little gain at higher leaf 
area index values. Environmental cues such as far-red light trigger 
fast leaf outgrowth and stem elongation, increasing whole-canopy 
light capture in early growth phases13,14. However, far-red light 
tends to reduce leaf thickness, which might be undesirable from a  

quality standpoint. Simultaneous growing of multiple crops (inter-
cropping) is underexplored in VFS but may improve whole-canopy 
light interception15.

Improving light distribution within the crop. Plant architecture is 
critical in achieving uniform (vertical and horizontal) light distribu-
tion across the canopy. An open canopy with long internodes and 
narrow leaves is beneficial for uniform light distribution16. However, 
in VFS, compact plants are desired17. The challenge is therefore to 
combine breeding efforts and growth recipes that result in a compact 
VFS plant ideotype with uniform light distribution over all leaves. 
Functional–structural plant models can simulate three-dimensional 
plant architecture and identify plant ideotypes for VFS18 while 
accounting for light positioning and reflection by walls and floors. 
Lighting applied from underneath lettuce leaves has been shown 
to preserve the photosynthetic capacity of lower leaves by delaying 
their senescence, thereby increasing yield19, but whether this strat-
egy increases LUE and the quality of fresh products is unknown.

Optimizing leaf photosynthesis. Light intercepted by leaves 
can be used to drive photosynthetic reactions. Maximizing  

Open-field farming Vertical farming

Uncontrolled sunlight (day length, spectrum and 
intensity), temperature, [CO2], water and relative 

humidity

Low and unpredictable productivity per unit area

Unguaranteed and non-uniform quality of produce

High water use

High pesticide use

Low energy use

Substantial food miles

Controlled light (day length, spectrum and intensity), 
temperature, [CO2], water and relative humidity

High and predictable productivity per unit area
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Fig. 1 | Key differences between open-field farming and vertical farming. Note that the many forms of greenhouse horticulture could be regarded as 
intermediate cultivation systems. At one end of the spectrum are multi-layer high-tech glasshouses, with high control over temperature, light, photoperiod, 
fertigation and CO2 concentration, regarded as vertical farming by some3 (Box 1), and at the other end are low-tech plastic tunnels, which are closer to 
open-field farming. Created with BioRender.com.
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The ecofarm—city project

CITIESFARMS

Shift the product-oriented focus of 

VFs to include the benefits that VFs 

can provide to cities when integrated!

Objective ➔  To assess the potential of future developments in vertical 

farms (VFs) to mitigate future environmental impacts of agricultural 

production in comparison to conventional (CA) systems.  
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To understand current life-cycle 

environmental impacts of vertical farms + 

conventional agricultural systems

3
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REVIEW ARTICLE NATURE FOOD

VFS energy use is strongly determined by the need to deliver 
photosynthetically active radiation (PAR) to the plants (see section 
‘Environmental sustainability’), which is very costly, both economi-
cally and environmentally. Maximizing light use efficiency (LUE) is 
therefore crucial. Below, we discuss four strategies to maximize LUE.

Increasing the fraction of light intercepted by the crop. In VFS, 
much light is lost to walls, aisles or the floor between plants. 
Reducing light losses between plants may be achieved by continu-
ous canopy closure achieved by, for example, variable plant density, 
intercropping or optimized lighting strategies. A dynamically man-
aged plant density allows for continuous canopy closure through-
out the growth cycle by gradually decreasing density as plants grow. 
Laser diodes that shoot photons onto specific leaves could be used 
for more precise illumination, reducing light losses between plants12. 
Maximum light interception is typically reached when the leaf area 
index (m2 leaf area per m2 floor) is 3–4, with little gain at higher leaf 
area index values. Environmental cues such as far-red light trigger 
fast leaf outgrowth and stem elongation, increasing whole-canopy 
light capture in early growth phases13,14. However, far-red light 
tends to reduce leaf thickness, which might be undesirable from a  

quality standpoint. Simultaneous growing of multiple crops (inter-
cropping) is underexplored in VFS but may improve whole-canopy 
light interception15.

Improving light distribution within the crop. Plant architecture is 
critical in achieving uniform (vertical and horizontal) light distribu-
tion across the canopy. An open canopy with long internodes and 
narrow leaves is beneficial for uniform light distribution16. However, 
in VFS, compact plants are desired17. The challenge is therefore to 
combine breeding efforts and growth recipes that result in a compact 
VFS plant ideotype with uniform light distribution over all leaves. 
Functional–structural plant models can simulate three-dimensional 
plant architecture and identify plant ideotypes for VFS18 while 
accounting for light positioning and reflection by walls and floors. 
Lighting applied from underneath lettuce leaves has been shown 
to preserve the photosynthetic capacity of lower leaves by delaying 
their senescence, thereby increasing yield19, but whether this strat-
egy increases LUE and the quality of fresh products is unknown.

Optimizing leaf photosynthesis. Light intercepted by leaves 
can be used to drive photosynthetic reactions. Maximizing  

Open-field farming Vertical farming

Uncontrolled sunlight (day length, spectrum and 
intensity), temperature, [CO2], water and relative 

humidity

Low and unpredictable productivity per unit area

Unguaranteed and non-uniform quality of produce

High water use

High pesticide use

Low energy use

Substantial food miles

Controlled light (day length, spectrum and intensity), 
temperature, [CO2], water and relative humidity

High and predictable productivity per unit area

Guaranteed and uniform quality of produce

Low water use

No or low pesticide use

High energy use

Potential for minimal food miles

Fig. 1 | Key differences between open-field farming and vertical farming. Note that the many forms of greenhouse horticulture could be regarded as 
intermediate cultivation systems. At one end of the spectrum are multi-layer high-tech glasshouses, with high control over temperature, light, photoperiod, 
fertigation and CO2 concentration, regarded as vertical farming by some3 (Box 1), and at the other end are low-tech plastic tunnels, which are closer to 
open-field farming. Created with BioRender.com.
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The ecofarm—city project

To identify and model common circular 

strategies and future improvement 

technologies within vertical farms

To compare current and future 

environmental impacts of vertical farms 

with conventional agricultural systems

Steps to reach project objectives:



LCA impacts of VFs vs CA: challenges1

LCI data consistency from current agri-food databases#1
• LCI data formats, background versions



1 Increasing the consistency of agrifood databases: 
a python library using Brightway2 framework

Cedric Furrer



life cycle inventories from 

conventional agricultural systems+64

REVIEW ARTICLE NATURE FOOD

VFS energy use is strongly determined by the need to deliver 
photosynthetically active radiation (PAR) to the plants (see section 
‘Environmental sustainability’), which is very costly, both economi-
cally and environmentally. Maximizing light use efficiency (LUE) is 
therefore crucial. Below, we discuss four strategies to maximize LUE.

Increasing the fraction of light intercepted by the crop. In VFS, 
much light is lost to walls, aisles or the floor between plants. 
Reducing light losses between plants may be achieved by continu-
ous canopy closure achieved by, for example, variable plant density, 
intercropping or optimized lighting strategies. A dynamically man-
aged plant density allows for continuous canopy closure through-
out the growth cycle by gradually decreasing density as plants grow. 
Laser diodes that shoot photons onto specific leaves could be used 
for more precise illumination, reducing light losses between plants12. 
Maximum light interception is typically reached when the leaf area 
index (m2 leaf area per m2 floor) is 3–4, with little gain at higher leaf 
area index values. Environmental cues such as far-red light trigger 
fast leaf outgrowth and stem elongation, increasing whole-canopy 
light capture in early growth phases13,14. However, far-red light 
tends to reduce leaf thickness, which might be undesirable from a  

quality standpoint. Simultaneous growing of multiple crops (inter-
cropping) is underexplored in VFS but may improve whole-canopy 
light interception15.
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critical in achieving uniform (vertical and horizontal) light distribu-
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Fig. 1 | Key differences between open-field farming and vertical farming. Note that the many forms of greenhouse horticulture could be regarded as 
intermediate cultivation systems. At one end of the spectrum are multi-layer high-tech glasshouses, with high control over temperature, light, photoperiod, 
fertigation and CO2 concentration, regarded as vertical farming by some3 (Box 1), and at the other end are low-tech plastic tunnels, which are closer to 
open-field farming. Created with BioRender.com.
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original life cycle inventories 

from vertical farms3

+10 life cycle inventories from 

other studies in vertical farms

Current and future objectives for LCI data:

LCA impacts of VFs vs CA1



global warming impacts
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LCA impacts of VFs vs CA: challenges1

LCI data consistency from current agri-food databases#1
• LCI data formats, background versions

System completeness#2
• Different system boundaries 
• Different assumptions: building envelopes of VFs 
• LCA practitioner modelling decisions



LCA impacts of VFs vs CA: challenges1

LCI data consistency from current agri-food databases#1
• LCI data formats, background versions

System completeness#2
• Different system boundaries 
• Different assumptions: building envelopes of VFs 
• LCA practitioner modelling decisions

Data representativeness#3
• Lack of data to increase representativeness 
• Temporal gaps in VFs operation 
• Different products, different regions, different maturity levels



CC CED FD TA

FE ME ET OD

LCA contribution analysis of 4 vertical farming systems 
(ReCiPe method, Ecoinvent 3.9.1)
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Energy consumption
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Fertilizers
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To assess the extent to which a set of circular strategies can 
improve the environmental sustainability of two European VFs, 
considering their different maturity level and regional contexts

Objective

: how to compare herbs & other leafy crops? 

: how to compare different technology maturity levels? 

: how to compare different farming setups / dimensions?

Challenge

Alicia 
Invernón, 
MSc

Assessing LCA impacts of 2 VFs 
applying different improvements2



CS

IS

LS Linear Scenario

Improvement Scenario

Current Scenario

➔ compare system 
environmental efficiency

To assess the extent to which a set of circular strategies can 
improve the environmental sustainability of two European VFs, 
considering their different maturity level and regional contexts

Objective

Assessing LCA impacts of 2 VFs 
applying different improvements2



No circular strategies.

All circular strategies.

LS Linear Scenario

IS Improvement Scenario

CS Current Scenario

VF1 Strategies 3, 4, 7, 8

VF2 Strategies 3, 4, 7

S1 Compost

S2 Rainwater harvesting system

S3 Closed-loop irrigation system

S4 Condensed water recovery

S5 Struvite

S6 Reuse waste heat

S7 Recycling of materials

S8 PV panels

Scenarios considered
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VF1 Current Scenario
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Contribution analysis
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Comparative analysis of 2 VFs

2 1   %

3  4   % 2  0   %
2  9   %

VF1  Barcelona VF2  Stockholm
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LS Linear Scenario

Improvement Scenario

Current Scenario

FS
Future Scenario > LEDs efficiency 

> IA improvements

Assessing LCA impacts of VFs in the future3



Assessing the environmental impacts of 
different circular strategies in 2 VFs
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LS Linear Scenario

Improvement Scenario

Current Scenario

FS
Future Scenario

Nature Food

nature food

https://doi.org/10.1038/s43016-024-01045-3

Analysis

Artificial intelligence can regulate light  

and climate systems to reduce energy  

use in plant factories and support 

sustainable food production

Benjamin Decardi-Nelson1 & Fengqi You    1,2,3 

Plant factories with arti!cial lighting (PFALs) can boost food production 

per unit area but require resources such as carbon dioxide and energy to 

maintain optimal plant growth conditions. Here we use computational 

modelling and arti!cial intelligence (AI) to examine plant–environment 

interactions across ten diverse global locations with distinct climates. AI 

reduces energy use by optimizing lighting and climate regulation systems, 

with energy use in PFALs ranging from 6.42 kWh kg−1 in cooler climates 

to 7.26 kWh kg−1 in warmer climates, compared to 9.5–10.5 kWh kg−1 in 

PFALs using existing, non-AI-based technology. Outdoor temperatures 

between 0 °C and 25 °C favour ventilation-related energy use reduction, 

with outdoor humidity showing no clear pattern or e$ect on energy use. 

Ventilation-related energy savings negatively impact other resource 

utilization such as carbon dioxide use. AI can substantially enhance energy 

savings in PFALs and support sustainable food production.

Population growth and rapid urbanization have exposed the vulner-

abilities of our food production systems1,2, highlighting the need to 

build more resilient food systems worldwide3. Failing to address these 

vulnerabilities could impede progress towards achieving several United 

Nations Sustainable Development Goals (SDGs) such as hunger reduc-

tion and environmental sustainability by 20304. One way to strengthen 

the agriculture food system is by adopting plant factories with artificial 

lighting (PFALs)5–7. PFALs are an intensive farming approach whereby 

plants are grown in multiple layers within a controlled environment8. 

This farming approach enables year-round production of high-quality 

crops, regardless of external climate conditions5. However, this level 

of control comes at the cost of increased resource consumption9,  

underscoring the importance of optimizing these systems for  

maximum impact.

Effective regulation of the growing environment is key for the 

efficiency and health of an indoor farm10. In PFALs, key activities 

include optimal temperature regulation, consistent air circulation 

and ventilation, proper moisture control, optimal carbon dioxide 

(CO2) supplementation, sufficient nutrient and water supply, and 

appropriate light intensity and schedule. These activities modulate 

environmental factors such as temperature, humidity and CO2 levels 

within the facility, directly impacting plant physiological processes 

such as photosynthesis, transpiration and respiration. Maintaining 

consistent and ideal levels of these environmental factors within the 

PFAL is important to prevent plant stress and wilting11. Furthermore, 

PFALs depend on artificial light, which is absorbed by the chlorophyll 

in the leaves to facilitate photosynthesis, a crucial process for pro-

moting plant growth. Nevertheless, regulating these environmental 

factors necessitates the use of finite resources such as energy, water 

and CO2. As a result, PFAL operation typically involves high energy con-

sumption, rendering these facilities more energy intensive than other 

farming types, such as greenhouses or open-field farming9,12–15. It is 

therefore important to ensure an adequate supply of CO2 and maintain 

the appropriate light intensity because these factors dictate the rate 
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Assessing the environmental impacts of 
different circular strategies in 2 VFs
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Electricity consumption dominates the environmental impacts of vertical 
farms ranging from 39-87% (Stockholm) to 51-88% (Barcelona). 

Following, infrastructure, fertilizers and packaging sum up 
 > 80-90% of all impact categories analyzed. 

VF have been evolving during the last years to reduce their environmental 
impacts around 20% compared to the first linear vertical farming systems. 

By implementing circular strategies, VFs’ environmental impacts 
could be further decreased by up to 29-34%. 

Vertical farming systems should be assessed from a prospective LCA 
perspective since they have the potential to improve resource-use 
efficiency of plant growth in the future compared to open farming.

2
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3

Conclusions
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