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A B S T R A C T

Vertical farms are an emerging industry that can enhance urban food self-sufficiency but must align with 
environmental goals. This study assesses whether circular economy strategies improve the environmental per
formance of two European VFs—VF1 in Spain and VF2 in Sweden—with differing technological maturity and 
geographical contexts. Life cycle assessment shows that energy use is the main contributor to environmental 
impacts, accounting for up to 88% in both cases. Circular strategies such as closed-loop irrigation, waste heat 
reuse, and material recycling reduce impacts by 7–77%. To compare their maturity level, scenario analyses 
(Current, Linear, Improvement) reveal that VF1 offers higher potential for future gains (e.g., 29% reduction in 
global warming impacts), compared to VF2 (34% reduction potential). These findings underscore the relevance of 
broader changes in upstream production systems, technology maturity and site-specific conditions in shaping the 
sustainability of VFs, and emphasize the need for further research into context-dependent factors influencing 
their environmental performance.

1. Introduction

Food security is crucial in a context of increasing population, 
continuous urbanization, and climate change (Li et al., 2020). Generally, 
food is produced beyond urban areas, sometimes even overseas, creating 
long and ineffective supply chains. Urban agriculture (UA), in contrast, 
produces food near the point of consumption in urban or peri-urban 
areas, which reduces food transportation and develops local econo
mies (Kortright and Wakefield, 2011; Specht et al., 2014), while 
potentially reducing the environmental impacts of food systems (Hu 
et al., 2025).

UA encompasses several methods and approaches, one of which is 
vertical farming (Despommier, 2009). Vertical Farms (VFs) are indoor 
food production systems where crops are vertically or horizontally 
stacked in a controlled environment that strictly monitors growth 

conditions, including temperature, humidity, CO2, lighting, water and 
nutrients (Butturini and Marcelis, 2020; van Delden et al., 2021). In 
recent years, the number of VFs has dramatically grown (Weidner et al., 
2022), especially to produce leafy greens and herbs, although they 
currently represent a small percentage of the food supply. VFs have 
attracted significant interest and funding from all over the world as a 
means of securing food supply, extending seasonal availability of 
regional foods, reducing the need for resources, agricultural land and 
transportation, and producing more sustainable foods (Martin et al., 
2023a; van Delden et al., 2021). However, while VFs are helping to 
improve hydroponic technologies, the claims around their environ
mental sustainability can be misleading. Many of these systems actually 
follow a linear approach to resource use consumption, as they mostly 
rely on imported resources and lack recycling or reuse strategies (Martin 
et al., 2022). Coupled with the high energy requirements of artificial 
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lighting and climate control, this raises concerns regarding their overall 
environmental sustainability (Blom et al., 2022; Graamans et al., 2018; 
Li et al., 2020).

However, as an emerging industry, VFs hold great potential to 
experiment with resource efficiency strategies in their closed, controlled 
environment. Being at the early stages of development, there is room for 
rethinking their relationship with natural resources and situating 
themselves as examples of sustainable resource management amongst 
more consolidated food production systems. For this reason, research 
has started to explore the main challenges and opportunities of envi
ronmental improvements in VFs; for instance, through the imple
mentation of circular economy (CE) strategies (Mu~noz-Liesa et al., 2020; 
Specht et al., 2014; van Delden et al., 2021). Some studies have already 
assessed the potential of CE to reduce the environmental impacts of VFs. 
Prominent examples feature the symbiotic relationships between VFs 
and their surroundings to exchange residual energy, water and nutrient 
flows (Blom et al., 2023; Chance et al., 2017; Martin et al., 2019). 
Nevertheless, the application of CE strategies remains highly variable 
due to differences in VF scale, type, available capital, and local envi
ronmental factors that directly affect their feasibility and effectiveness 
within each VF (Kalantari et al., 2018). This leads to considerable het
erogeneity in the CE adoption levels across VFs; that is, the extent to 
which each VF has developed, adapted and improved available CE 
strategies and technologies within its own controlled environment.

Ideally, combining a wide range of CE strategies in every existing VF 
or other UA types is expected to reduce the environmental impacts of the 
production system (Qiu et al., 2024), but every case needs an individual 
assessment (Rufí-Salís et al., 2021). Acknowledging VF heterogeneity 
and CE adoption levels across VFs can prevent potentially misleading 
conclusions around UA (e.g., Hawes et al., 2024). For instance, Martin 
et al. (2023a) illustrate the progressive implementation of improvement 
strategies in a Swedish VF, with a starting point that may be different in 
other contexts. Not only is the trajectory of the VF towards circularity 
important, but also the gap between current efforts and the CE adoption 
potential. We pose that addressing the environmental impact reduction 
potential of the CE adoption gap can reveal the maturity level of a VF. 
This can help to minimize the environmental impacts of the VF industry 
and support the prioritization of CE strategies.

This study aims to analyze the extent to which CE strategies can 
improve the environmental sustainability of two European VFs, 
considering their CE adoption level and geographical context. We 
address the CE adoption gap from a life cycle perspective in two steps. 
We first assess the environmental performance of the VFs at their initial 
linear stage—where no CE strategies are applied—and evaluate envi
ronmental improvements once CE strategies are progressively imple
mented to reach their current CE adoption level. We then estimate the 
potential impact reductions of adopting additional strategies in the 
future, which shall reveal the CE maturity of the VFs. By doing so, our 
study provides practical recommendations for the emerging VF industry, 
enabling it to reassess its current practices and consolidate as a food 
production industry that can transform its relationship with natural and 
urban resources in the future.

2. Methodology

The following sections outline the structure of the analysis: Section 
2.1 introduces the two VFs assessed in this study; Section 2.2 details the 
life cycle assessment (LCA) methodology; and Section 2.3 presents 
various CE strategies to be modelled in the selected VFs.

2.1. Case study description

The VFs under study are located in two different geographical areas: 
Barcelona, Spain (VF1), and Stockholm, Sweden (VF2). This enables the 
evaluation of their environmental impacts considering local factors such 
as access to renewable resources, transportation distances, and climate 

conditions. Doing so offers insights into the adaptability and sustain
ability of VF practices under different environmental conditions. Addi
tionally, the two VFs present different CE adoption levels, which depend 
on the stage of technological development. Heterogeneity is also rep
resented in the different crop types, with basil and lettuce as the target 
crops in VF1 and VF2, respectively. This is deemed compatible with the 
study, as we do not aim to compare the impacts of producing the same 
crop in different contexts, but to trace the CE adoption potential and 
associated impacts in two contrasting VFs.

2.1.1. Vertical Farm 1 (VF1)
VF1 was created in 2018 as a small-scale VF. After reaching full ca

pacity with 20,000 plants by mid-2021, it was relocated to a larger fa
cility in an industrial zone within the Metropolitan Area of Barcelona, 
where it continues to expand. The VF has 3024 m2 of floor space and 
operates year-round, with production evenly distributed (see Table 1). A 
variety of leafy greens and herbs are cultivated, such as lettuce, basil and 
other aromatics. For this study, we assessed the basil crop production, as 
it represents the main marketable products of the farm. As such, VF1 has 
a potential maximum production capacity of 30 tons of basil per year. 
The production process starts in the Germination room and once plants 
are germinated, they are placed in horizontal shelves in the Growth 
room. Finally, they are transferred to the Vertical Tower room, where 
they grow in vertical tower systems. The plants are cultivated using a 
hydroponic drip system with coconut fiber as the substrate and vertical 
LED lights. Climate conditions such as light, temperature and humidity 
are controlled and optimized for basil production in both the Growth 
and the Vertical Tower rooms. Once harvested, basil is marketed in 
various forms, such as fresh and dried herbs, and ready-made products. 
Packaging options range from paper or plastic bags to reusable plastic 
bulk containers, depending on the final consumer.

VF1 implements various circularity and improvement practices 

Table 1 
Overview of the main characteristics of the two VFs under study.

VF1 VF2

Location Metropolitan Area of 
Barcelona, Catalonia, Spain

Between Stockholm and 
Gothenburg, Sweden

Operative since 2018 2017
Total floor area 3024 m2 7000 m2

Cultivation area 668 m2 1700 m2

Main crop 
assessed

Basil Lettuce

Annual 
production 
capacity

~30 tons of basil (~10t 
during 2024)

~520 tons of lettuce

Cultivation 
system

Hydroponic drip system with 
coconut fiber substrate; 
horizontal shelves + vertical 
towers

Hydroponic system with 
coconut fiber and peat plugs; 
vertical cultivation towers

Production 
process

Germination (7 days, no 
light) → Growth room (15–21 
days) → Vertical towers 
(15–21 days)

Germination (high humidity, 
1 day) → Growing room 
(≈14 days) → Vertical 
towers (14–21 days)

Lighting & 
climate control

Vertical LED lighting; 
controlled temperature and 
humidity

Horizontal LED lighting; 
controlled climate 
conditions

Circular 
economy 
strategies 
currently 
applied

Closed-loop irrigation (S3), 
condensed water recovery 
(S4), material recycling (S7), 
solar panels (S8)

Closed-loop irrigation (S3), 
condensed water recovery 
(S4), material recycling (S7),

Packaging Paper or plastic bags; 
reusable plastic bulk 
containers

Bags and reusable plastic 
boxes

Functional unit 
in LCA

1 kg of fresh basil ready for 
commercialization

1 kg of fresh lettuce ready for 
commercialization

Data source Primary data (2023–2024, 
extrapolated to annual 
production figures)

Secondary data from 
previous LCA studies: Martin 
et al. (2023b)
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within its operations, including a closed-loop irrigation system and a 
condensed water recovery mechanism through a dehumidifier to mini
mize water usage, material recycling strategies, and the use of solar 
panels for energy generation.

2.1.2. Vertical Farm 2 (VF2)
VF2, founded in 2017, has since evolved into a large-scale VF located 

between Stockholm and Gothenburg. It has 7000 m2 of floor space, 
dedicated exclusively to lettuce production throughout the year. In this 
system, lettuce is first seeded in plugs of coconut fiber and peat and then 
transferred to a high-humidity Germination room. Then, they are moved 
to a Growing room, where they reach a height of 8 cm. Finally, they are 
transferred to vertical cultivation towers before harvesting. Once har
vested, the lettuce is washed and packaged in bags and reusable plastic 
boxes. All information and inventory data from this farm has been 
retrieved from previous assessments based on Martin et al. (2023b).

VF2 also incorporates CE strategies into its operational framework, 
encompassing a condensed water recovery system, material recycling, 
and closed-loop irrigation. According to Martin et al. (2023b) and per
sonal communications with the farm owners, other improvement stra
tegies are currently being explored in VF2, such as reusing residual heat 
from the system, and implementing circular strategies for the growing 
medium within the VF to reduce their impacts.

2.2. Life cycle assessment

The environmental impacts of the VFs are evaluated using the life 
cycle assessment (LCA) methodology (ISO, 2006). LCA is a widely used, 
standardized method for assessing the environmental performance of 
products, services and systems, enabling comparisons between different 
processes based on their overall environmental impacts throughout their 
life cycle. The use of LCA in VFs offers transparent, science-based met
rics that support a more strategic and informed approach to sustain
ability (Martin et al., 2023b).

2.2.1. Goal and scope definition
The aim of this study is to evaluate the extent to which the envi

ronmental performance of two European VFs can be improved through 

the implementation of CE strategies, considering their CE adoption level 
and geographical context.

Comparing VFs can be challenging, as they often do not produce the 
same outputs. Thus, rather than directly comparing both VFs, we focus 
on assessing their CE maturity level compared to a linear system, which 
depends on the effectiveness of the CE strategies each VF is currently 
implementing, and to explore the potential for additional case-specific 
improvements to reduce their environmental impacts. Both VFs are 
analyzed using a functional unit (FU) of 1 kg of fresh product; for VF1, 
FU1 is the production of 1 kg of basil ready for commercialization, 
whereas for VF2, FU2 is the production of 1 kg of lettuce ready for 
commercialization.

The study follows a cradle-to-gate perspective, including all up
stream processes involved in cultivation, material inputs, energy usage, 
transportation of materials, harvesting, packaging and end of life (EoL) 
of waste produced within the VFs (Fig. 1). Transport of the product to 
consumers, use and post-consumer waste handling are excluded from 
the system boundaries. The evaluation also incorporates all infrastruc
ture and supporting systems of the VFs, such as LEDs, pumps, pipes and 
hoses, tanks, and other necessary electronics. The building envelope is 
not considered, as both VFs are installed within existing buildings.

2.2.2. Life cycle inventory
Data for VF1 consists of primary data sourced directly from the VF 

throughout the year 2023, initially based on theoretical projections for 
that year. Between February and May 2024, the data was reviewed and 
updated to adjust the theoretical estimates to the production recorded 
from November 2023 to February 2024, providing a more accurate 
representation of the VF performance. Data for one full year was un
available due to ongoing improvements and technical difficulties within 
the farm. While yield is a critical parameter that determines the total 
environmental impacts of the VFs, our assumptions do not compromise 
the goal of comparing the CE adoption levels in each VFs.

Data for VF2 consists of secondary data sourced from Martin et al. 
(2023b), which was revised and supplemented with additional infor
mation for this study to ensure data harmonization and equivalent sys
tem boundaries with VF1. Data for both VFs was adjusted to align with 
the same system boundaries and classified into the following categories: 

Fig. 1. System boundaries for the environmental life cycle assessment of VF1 and VF2. Dashed box represents the boundaries of the system.

A. Invern�on-Garrido et al. Resources, Environment and Sustainability 25 (2026) 100335

3 



seeds and substrate, fertilizers, other materials, water, energy, infra
structure, packaging, transport and waste handling. Background life 
cycle inventory (LCI) data to match all materials and processes was 
obtained from ecoinvent v. 3.9.1 (Wernet et al., 2016). More detailed 
information on the LCI can be found in Tables S1 and S2 of the Sup
plementary Materials.

Some assumptions were necessary to fill the gaps in the available 
data. For VF1, data on the quantities of cleaning agents, packaging 
materials, and the required operational machineries within the facility 
were proportionally scaled to the FU using inventory data from Martin 
et al. (2023b). Such gaps were filled to make sure inventory datasets 
were updated and harmonized across VFs, using the same foreground 
categories, system boundaries and system completeness (i.e. level of 
inventory details) is used. EoL considerations for all materials used 
within the VF were assumed to involve recycling processes. Assumptions 
for VF2 are detailed in the Supplementary Materials section of Martin 
et al. (2023).

To model the CE strategies, secondary data was used as described in 
section 2.3. Further detail can be found in the Supplementary Material, 
where for each of the CE strategies, the modelling approach is given 
when adapting secondary data to each of the VFs assessed. The inte
gration of all CE strategies in all scenarios considered (see 2.3.3) was 
developed at the inventory level, considering the synergies between 
strategies (e.g., closed-loop irrigation reduced the water demand and 
this was considered when modelling rainwater flows).

2.2.3. Impact assessment
Life cycle impact assessment (LCIA) was conducted following the 

mandatory classification and characterization steps. For this assessment, 
the LCIA Scores tool was used to perform the LCIA (Mu~noz-Liesa et al., 
2024). LCIA Scores is based on a Microsoft Excel tool with built-in 
macros that calculates the impact assessment results for biosphere and 
technosphere processes using ecoinvent 3.9.1 as background data 
following a cut-off approach and impact assessment methods as imple
mented in Brightway 2.5 (Mutel, 2017). We studied the following 
ReCiPe 2016 Midpoint (H) (Huijbregts et al., 2017) impact categories as 
suggested by similar UA and VF studies to cover VF impacts and the 
influence of CE strategies applied (Rufí-Salís et al., 2020, 2021; Martin 
et al., 2022; Dorr et al., 2021; Van Delden et al., 2021). These included 
Global Warming (GW, kg CO2 eq), Freshwater Eutrophication (FE, kg P 
eq), Marine Eutrophication (ME, kg N eq), freshwater, marine and 
terrestrial ecotoxicity (ET, kg 1,4-DB eq), Terrestrial Acidification (TA, 
mol H+ eq), Mineral Resource Scarcity (MRS, kg Cu-eq) and water 
consumption (WC, m3 water-eq consumed), along with the Cumulative 
Energy Demand (CED, MJ) (Frischknecht et al., 2007).

2.3. Identification and modelling of CE strategies

This section outlines the methodology used to identify and model CE 
strategies aimed at reducing the environmental impact of VFs.

2.3.1. Identification of strategies through literature
There is a wide range of management strategies aiming to reduce the 

resource use and environmental impacts of agricultural systems. As VFs 
are new food production systems, modelling strategies that directly 
apply to them is crucial, but a comprehensive overview is missing. To 
evaluate the potential environmental benefits of CE implementation, a 
non-systematic literature review was first conducted to identify suitable 
strategies for VFs. Initially, key terms such as "urban agriculture," "ver
tical farming," "sustainability," "circularity," "resource efficiency," “case 
study” and "life cycle assessment" were employed in Google Scholar and 
Scopus to identify a wide range of articles discussing sustainable prac
tices published until March 2024. Articles focusing on real-case VF 
studies, LCA and those with an LCI available were prioritized to facilitate 
the environmental assessment of the CE strategies. Other relevant 
sources were found by following a snowball approach, tracing citations 

and references within the initial set of articles (Badampudi et al., 2015). 
Additionally, communication with experts in the field provided further 
insights and strategies.

2.3.2. CE strategies assessed
Fourteen CE strategies were identified and synthesized (see Table S3

of the Supplementary Materials). These strategies were classified into six 
categories: optimization of growing media, minimization of tap water 
input, replacement of conventional fertilizers, reuse of CO2 and waste 
heat, material recycling, and utilization of renewable energy. From 
these, a subset of eight strategies, with at least one representative from 
each category, was selected to create scenarios and evaluate their im
pacts. Overlapping strategies within the same category were excluded (i. 
e., if growing media is replaced by compost, it cannot simultaneously be 
replaced by beer-derived-residue). CO2 reuse was not evaluated due to 
the lack of modelling data and its building specificity. The use of recy
cled materials for the infrastructure and auxiliary systems was not 
considered since the VFs under study were already built following the 
modelling criteria from previous assessments (Martin et al., 2023b).

2.3.3. Scenarios assessed
Several scenarios were built and analyzed through LCA to evaluate 

their environmental performance (Table 2). First, a Current Scenario 
(CS) using the data provided by each VF allowed for an assessment of 

Table 2 
Overview of vertical farming scenarios and improvement strategies.

N. Scenario Description References

CS Current Scenario Scenario with unmodified 
data. The following CE 
strategies are already being 
applied in each VF: (1) VF1: 
S3, S4, S7, S8. 
(2) VF2: S3, S4, S7.

Primary data from VF1 

and Martin et al. (2023)

LS Linear Scenario Scenario with no CE 
strategies (S1-S8).

Modelled in this study.

S1 Compost Replacement of substrate by 
compost produced from 
organic municipal solid 
waste.

Barrett et al. (2016); 
Martin et al. (2019); 
Rufí-Salís et al., 2021.

S2 Rainwater 
harvesting 
system

Collection of rainwater from 
the rooftop of the facility to 
be used as the main water 
source within the VF.

Jurga et al., 2021; 
Rufí-Salís et al., 2020; 
Sucozha~nay et al., 2024.

S3 Closed-loop 
irrigation system

Nutrient recirculation by re- 
introducing the leached 
water and nutrients from 
plants back into the same 
system.

Rufí-Salís et al., 2020, 
2021; Savvas and Gruda 
(2018).

S4 Condensed water 
recovery system

Collection of condensed 
water from the air with a 
dehumidification system and 
reintroduction into the 
system.

De Gelder et al., 2012; 
Opdam et al., 2005; 
Tsafaras et al., 2022; 
Van Kooten et al., 2008.

S5 Struvite Replacement of 
conventional phosphate 
fertilizers with struvite 
recovered from wastewater 
treatment plants.

Arcas-Pilz et al., 2022; 
Rufí-Salís et al., 2021.

S6 Waste heat Reuse of waste heat 
generated in the VFs in 
nearby facilities. Waste heat 
is assumed to be 15% of total 
energy used in the VF.

Blom et al., 2023; 
Gentry (2019); 
Graamans et al., 2018; 
Martin et al., 2019, 
2022.

S7 Recycling of 
materials

Recycling of materials 
generated or disposed of in 
the vertical farm.

Rufí-Salís et al., 2021.

S8 Photovoltaic 
(PV) panels

Installation of photovoltaic 
panels to generate renewable 
energy for the VFs.

Blom et al., 2022; Li 
et al., 2020; Martin 
et al., 2022.

IS Improvement 
Scenario

Scenario incorporating all 
CE strategies (S1-S8)

Modelled in this study.
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their present environmental performance. Next, acknowledging that the 
VFs under study were already implementing some CE strategies, a Linear 
Scenario (LS) was created to compare their environmental performance 
against a fully linear benchmark and to analyze the CE adoption level in 
each VF. This allows for a retrospective assessment of the different CE 
strategies implemented in both VFs without considering when they were 
implemented. To understand the environmental improvement potential 
of each strategy, they were translated into individual scenarios (S1 – S8) 
by modifying the target processes within the LS. Finally, an Improve
ment Scenario (IS) integrating all strategies was created to cover pro
spective improvements in each VF that might be adopted in the future. 
The IS was modelled by accounting for the combined effect of each in
dividual scenario improvement at the inventory level, i.e., considering 
the synergetic effects when applying multiple scenarios at once to ensure 
compatibility. For instance, the PV solar electricity production (S8) was 

considered together with waste heat potentials (S6), both ultimately 
contributing to reduce the use of electricity from the grid. All material 
inputs and outputs and its related processes (e.g. transport) were also 
modified accordingly. Details regarding all strategies and scenarios, 
including a brief description of each CE strategy, the theoretical back
ground supporting them, the assumptions made for their application, 
and a step-by-step guide for estimating their environmental perfor
mance when applied to any VF, can be found in Sections 2 and 3 of the 
Supplementary Materials.

3. Results and discussion

3.1. Environmental performance of the current scenario (CS)

To determine the impact reduction potential of CE strategies, the 

Fig. 2. Contribution analysis of different pro-
cesses to the environmental impacts of (a) 1 kg of 
basil production in VF1 and (b) 1 kg of lettuce 
production in VF2 for Current Scenario. GW: 
Global Warming; FE: Freshwater Eutrophication; ME: 
Marine Eutrophication; ET: Ecotoxicity; CED: Cumu-
lative Energy Demand; TA: Terrestrial Acidification; 
MRS: Mineral Resource Scarcity; WC: Water Con-
sumption. Data labels are included for processes that 
contribute more than 2% to the impacts in each 
impact category.
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current environmental impact profiles of the VFs were assessed by 
means of contribution analysis. Fig. 2 shows the relative environmental 
impact contributions of all materials and processes in VF1 and VF2, 
grouped into nine categories. In VF1 (Fig. 2a), energy is the predominant 
contributor, accounting for more than 50% of the impacts across all 
impact categories except for mineral resource scarcity (MRS), due to the 
mineral extraction associated with fertilizers (resulting in 96% of SO 
impacts). In terms of GW, FE, ME and TA, energy accounts for 60-77% of 
impacts and >50% for the rest of impact categories except for SO. 
Infrastructure is the second most significant factor, contributing to 17- 
35% of impacts, followed by packaging, which accounts for less than 4% 
across all categories. ET presents a different distribution, with energy 
and infrastructure accounting for a similar share of impacts: 51% and 
47%, respectively. CED is dominated by energy consumption, which 
represents 88% of the total impact, with infrastructure and transport 
each contributing less than 2%.

In VF2 (Fig. 2b), the environmental impact contributions are more 
evenly distributed among all categories compared to VF1. Energy re
mains the primary contributor, but it accounts for less than half of the 
total impacts in three impact categories: 39% in GW and TA, and 48% in 
FE. Packaging is the second largest contributor to GW and FE and is 
responsible for 20-30% of the impacts. In ME and ET, energy accounts 
for approximately 60% of impacts, while CED is dominated by energy, 
representing 87% of total impact. Packaging contributes 8-9% in ME, ET 
and CED, being the only category other than energy to contribute more 
than 2% to CED. Infrastructure and fertilizers have similar contributions 
across most impact categories, ranging from 4% to 12%, except for CED 
(where their contributions are minimal) and SO, with 98% of impacts 
due to mineral extraction needs. Waste handling also has a notable 

impact, especially in TA, where it accounts for 17% of the impacts. Seeds 
and substrate contribute 4% to GW impacts, while other items such as 
water and transport have relatively minor contributions across all 
categories.

Our results align with previous studies and can be attributed to the 
LED lighting system, which contributes to more than 80% of energy 
consumption, as well as the HVAC system necessary for maintaining 
controlled climate conditions (Graamans et al., 2018; Martin et al., 
2022; van Delden et al., 2021; Weidner et al., 2022). Our analysis adds 
another layer to this evidence by showing the heterogeneity of envi
ronmental impact profiles in different VFs. In VF1, the share of energy 
contribution in all categories is higher than in VF2. The reasons can be 
twofold. First, VF1 uses a higher amount of electricity per kilogram of 
crop produced (30 kWh/kg) compared to VF2 (10 kWh/kg) because the 
biomass of lettuce crops is about three times the biomass produced for 
basil crops, according to the experimental trials at VF1. This is in line 
with Pennisi et al. (2019), since basil crops in VFs can use 34-50 kWh/kg 
while a lettuce crop uses 14-25 kWh/kg according to the red-blue ratios, 
indicating that VF2 is more efficient than the average VF basil produc
tion in terms of electricity use. Second, the impact assessment results are 
highly sensitive to the source of electricity used, and the environmental 
impacts of electricity generation vary significantly among countries 
(Martin and Molin, 2019). In 2023, Sweden and Spain generated elec
tricity at 41 and 218 g CO2/kWh, respectively, due to differences in their 
energy production mixes, including renewable, nuclear, and gas sources. 
Consequently, even if both VFs used the same amount of energy per FU, 
environmental impacts would be greater for VF1 due to the higher im
pacts of producing Spain's electricity.

Fig. 3. Absolute impact assessment scores for LS for VF1 and VF2 and relative improvement rate for all CE strategies applied, with positive values indicating 
environmental impact reductions. GW: Global Warming; FE: Freshwater Eutrophication; ME: Marine Eutrophication; ET: Ecotoxicity; CED: Cumulative Energy 
Demand; TA: Terrestrial Acidification; MRS: Mineral Resource Scarcity; WC: Water Consumption.
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3.2. Environmental impacts of CE adoption

Both VFs follow similar impact reduction trends when addressing the 
CE adoption gap. Regardless of the heterogeneity of VF configurations in 
terms of geographical context, crop type or current CE adoption level, 
their trajectories from linear (LS) to current CE adoption (CS) and po
tential CE adoption (IS) yield comparable results (Fig. 3).

In VF1, IS outperforms CS across all categories, suggesting that VF1 
still has potential for improvement and further reduction of the envi
ronmental impacts to match those of the IS. The environmental impacts 
of applying the individual CE strategies S1, S2, S4, S5, and S7 show 
minimal differences compared to LS, except for a 36% reduction in ME 
impacts in S7 due to the recycling of all materials (Fig. 3). The use of a 
closed-loop irrigation system (S3) results in a 3% reduction in FE and a 
26% reduction in ME impacts, due to decreased wastewater production 
through leachate recirculation. Moreover, it also reduces 45% of SO 
impacts due to reduction of mineral fertilizers. Reusing waste heat in 
nearby facilities (S6) reduces impacts across all categories by an average 
of 11%, mainly by decreasing the system's overall energy consumption, 
the primary factor influencing environmental performance. The use of 
PV panels (S8) presents a trade-off: while it reduces GW, CED and TA by 
20%, 15% and 11%, respectively, the environmental costs associated 
with PV manufacturing lead to a 13% and 141% increase in FE and ET 
impacts, respectively. When comparing the three main scenarios, LS 
shows the highest impacts across all categories except for ET, due to the 
environmental costs of installing PV panels in the CS and IS. In terms of 
maturity, CS shows improved performance over the LS in four out of six 
impact categories, with reductions ranging from 10% to 61% in GW, ME, 
CED, TA.

In VF2, CS shows the best performance in most categories compared 
to both the LS and IS, influenced by the environmental results of S8 that 
worsen IS results. The environmental impacts derived from CE strategies 
follow a similar pattern to VF1, although some differences can be 
observed due to the diverse distribution of impacts among various cat
egories rather than being predominantly influenced by the electricity 
needs and its respective country grid mixes (see section 4.1). The use of 
compost (S1) to replace coconut husk and peat results in a 4% reduction 
in GW, compared to the 1% observed in VF1, where only coconut husk is 
used as substrate. S6 presents a lower improvement across all impact 
categories, with an average reduction of 7% due to decreased initial 
energy impacts. S8 proves unfavorable, as it increases impacts across all 
categories—ranging from 2 to 110%—except for CED. This is primarily 
driven byb the higher environmental impacts of onsite renewable energy 
production compared to grid-sourced energy. Unlike VF1, LS does not 
present the worst performance across most categories, showing the 
highest impacts only in GW and ME. In contrast, the IS presents the 
highest impacts in FE, ET and TA due to the addition of PV panels.

3.3. Understanding the potential of individual CE strategies

3.3.1. Compost (S1)
The choice of growing media significantly influences the environ

mental impact of a system. Substituting conventional soil, often rich in 
peat, with alternative materials such as recycled paper, compost, and 
brewers’ spent grains has proven to decrease GW impacts by over 60% 
(Barrett et al., 2016; Martin et al., 2019). Here we replaced the growing 
media —coconut husk in VF1, and coconut husk and peat in VF2—with 
municipal solid waste compost, a promising substitute for peat in soilless 
cultivation systems (Hargreaves et al., 2008). Despite the previous 
claims, only small changes—a reduction of 1% and 4% GW impacts in 
VF1 and VF2, respectively—were observed when comparing this strategy 
to LS due to the low contribution of the growing medium to the overall 
impacts. The greater reduction in VF2 is likely due to peat, which studies 
have shown has high environmental impacts, whereas by-products such 
as coir present lower impacts (Martin et al., 2019, 2022; Toboso-Cha
vero et al., 2021; Vinci and Rapa, 2019).

3.3.2. Water targeting strategies (S2, S3, S4)
Direct water savings from applying strategies S2, S3, and S4 are not 

reflected in any impact category as the current contribution of water in 
both VFs is below 1%. Added infrastructure for the RWHS (S2) has no 
noticeable impact on either VF, in contrast to the 36% increase in GW 
impacts reported by Rufí-Salís et al. (2020). However, using a 
closed-loop irrigation system (S3) reduces the amount of fertilizers and 
prevents the discharge nutrients into the environment, thereby almost 
halving the impacts on eutrophication associated with linear systems 
(Christie, 2014; Grewal et al., 2011; Kumar and Cho, 2014). This is also 
in line with other recirculating techniques applied to aquaculture sys
tems using biochar as natural filters (Behjat et al., 2025).

3.3.3. Struvite (S5)
Replacing conventional fertilizers with struvite in VF1 and VF2 

showed no significant changes in environmental impacts compared to 
LS. The use of struvite as a slow-release phosphorus source has proven 
effective in mitigating freshwater eutrophication by reducing phos
phorus leaching into water bodies (Arcas-Pilz et al., 2022; Rufí-Salís 
et al., 2021). However, Li et al. (2020) and Martin et al. (2022) suggest 
that switching to organic fertilizers may result only in minor reductions 
in the overall impacts of VFs. Nonetheless, using residue-derived fertil
izers promotes waste valorization and enhances circular economy, 
contributing to sustainable practices (Li et al., 2020).

3.3.4. Heating (S6)
The excess heat generated by artificial lighting in VFs can be effec

tively utilized as a low-temperature heat source. In both VF1 and VF2, 
reusing 15% of total energy as waste heat decreased environmental 
impacts across all categories by 1% to 14%. These findings align with 
prior research highlighting the benefits of integrating urban farms with 
energy systems (Blom et al., 2023; Gentry, 2019; Sanjuan-Delm�as et al., 
2018; Sany�e-Mengual et al., 2018). Graamans et al. (2018) reported that 
the effectiveness of this strategy is greater in cold and temperate cli
mates due to higher heating demands. However, research by 
Mu~noz-Liesa et al. (2022) demonstrated that heat exchange can still 
result in energy savings in warmer Mediterranean climates. Future 
studies should evaluate the specific heating requirements of VF1 and VF2 
locations to improve the regional application of this strategy.

3.3.5. Recycling (S7)
Numerous studies globally have explored the various benefits of 

recycling solid waste (Ayodele et al., 2018; Jang et al., 2020; Razzaq 
et al., 2021), and research shows that recycling can significantly reduce 
GW impacts (Ferronato et al., 2021; Meys et al., 2020). In this study, 
recycling practices greatly lowered ME impacts − 36% and 77% in VF1 
and VF2, respectively—being the only strategy, alongside S3, to address 
benefits in this impact category. This highlights the importance of 
considering diverse strategies, as each may offer different benefits across 
the analyzed environmental impact categories.

3.3.6. PV panels (S8)
The use of renewable energy technologies, such as PV panels, can 

reduce the environmental impact of VFs (Blom et al., 2022). However, 
this approach involves trade-offs associated with the life cycle of PV 
materials, including extraction, transportation, production, waste 
treatment, and installation (Jungbluth et al.). The findings for VF1 align 
with these observations: while installing PV panels reduces GW impacts 
by 20%, it results in 13% and 141% more impacts than LS in FE and ET 
impact categories. In VF2, the application of this strategy shows no 
environmental improvement due to the higher impacts associated with 
the production of photovoltaic electricity compared to the Swedish 
electricity mix (Martin et al., 2022). Research by Blom et al. (2022) and 
Casey et al. (2022) indicates that renewable energy systems significantly 
benefit VFs in regions with high-carbon electricity grids. In contrast, in 
areas with existing low-carbon electricity sources, such as Sweden, the 
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environmental advantages are less significant and impacts can even be 
higher, as is the case for VF2. Additionally, local irradiation levels affect 
PV efficiency (Blom et al., 2022), with Spain achieving greater energy 
output per unit of PV panel than Sweden.

3.4. Overall environmental VF performance

The overall results of the CE implementations provide insights into 
the circular economy (CE) maturity of the studied VFs. Using global 
warming (GW) impacts as an illustrative example, Fig. 4 summarizes the 
environmental performance associated with past, current, and potential 
future implementations in each farm, as assessed in Fig. 3. However, for 
VF2, the installation of photovoltaic (PV) panels (S8) was not included in 
the Improvement Scenario (IS) from Fig. 4, as it did not lead to envi
ronmental benefits (due to the Swedish electricity grid already relying 
on low-carbon energy sources). This finding highlights the importance 
of jointly improving background systems (such as electricity generation) 
and foreground technologies (such as vertical farming systems) when 
aiming to reduce environmental impacts in LCA modelling (Mendoza 
et al., 2020). In this case study, since improvements have already 
occurred in the background system (the electricity grid), further fore
ground interventions yield counterproductive outcomes, worsen by the 
economies of the scale too (as it could happen with PV installations in 
small rooftops).

Hence, improvements obtained of 20-21% for CS compared to LS 
when strategies S3, S4 and S7 were applied for both case studies. Thus, 
they yield similar environmental results regardless of their specific 
contexts and environmental impact contributions. For the Improvement 
Scenario (IS), GW reductions were up to 34% compared to the LS, 
demonstrating that VFs have already been evolving and will likely 
continue to improve in the future to achieve better environmental per
formances. Such environmental improvements at system-level are in 
line with the resulting impacts in literature. For instance, a greenhouse 
herb production which implemented a set of improvement strategies 
lowered GW impacts between 32 and 38% (Martin et al., 2023a). 
Assessing these improvements is important to consider when conducting 
the LCA of emerging technologies, since environmental reductions over 
90% could be achieved (Gavankar et al., 2015). It is also important to 
detect the main contributors of environmental impacts (as is the case 
when comparing CS with LS for VF2 due to change of waste handling 
impacts), aiding to effectively direct future VF improvements (i.e., en
ergy use and packaging for IS at VF2). Moreover, eco-design approaches 
applied at early stages of product and technology designs can be useful 
to detect and minimize environmental hotspots (Mu~noz-Liesa et al., 
2025), helping to achieve improved levels of environmental and eco
nomic competitiveness (Bey et al., 2013).

3.5. Limitations and outlook

Overall, this study demonstrates the potential of various CE strate
gies to reduce environmental impacts in VFs and underscores the need 
for more case-specific studies that consider the intrinsic characteristics 
of each system. However, assessing the environmental impacts of CE 
adoption relies on data and modelling assumptions that need to be 
further explored in the future: 

• PV panels: Current inventory data from the ecoinvent database 
dates back to 2005, while the PV technology increased the efficiency 
from 14 to 19.8% in 2020, since it is a rapidly evolving industry 
(Müller et al., 2021). This leads to environmental impacts up to 2 
times higher than the current estimated impacts for silicon-based PV 
panels (Besseau et al., 2023). This would potentially decrease envi
ronmental impacts observed in IS for VF2 since PV panels can yield 
impacts as low as 0.05 kg CO2 eq/kWh (for instance, in the GW 
category), which is lower than the electricity impacts of the Swedish 
electricity mix (0.07 kg CO2 eq/kWh). However, this greatly depends 
on the PV type of installation, production potential and PV tech
nology, among other assumptions, calling for additional assessments 
of VFs with different PV configurations.

• Building envelopes: VF1 and VF2 are hosted in existing buildings 
that were excluded from the LCI. Their environmental impacts would 
likely be higher when allocating the impacts of building infrastruc
ture to the VF. Studies indicate that the environmental footprint of 
infrastructure can range from a relatively minor contribution to 10- 
15% of total impacts (Barge, 2020; Martin and Molin, 2019). How
ever, the literature shows that the integration of VFs into existing 
buildings helps to mitigate environmental impacts compared to the 
construction of new facilities (Gentry, 2019; Romeo et al., 2018). 
Guidelines for more harmonized inventories including lifetime as
sumptions and methodological approaches are needed. By doing so, 
we could highlight the importance of using existing urban spaces and 
synergies within urban infrastructure to enhance the sustainability of 
vertical farming practices.

• Machinery and infrastructure: Many LCAs on VFs use simplified or 
generalized LCI data, which affects system completeness. This is 
often the case for capital goods (Font-Vivanco, 2020) as it is the case 
for VFs' machinery and infrastructure. Evidenced through the 
different relative contributions between VF1 and VF2, (and particu
larly due to the high energy environmental impacts of VF1), omitting 
significant details in the LCI phase can potentially lead to un
derestimations or misrepresentations of actual impacts (Guin�ee 
et al., 2011).

Fig. 4. Contribution of different processes to the GW impacts of (a) 1 kg of basil production in VF1 and (b) 1 kg of lettuce production in VF2 within Linear (LS), 
Current (CS) and Improvement Scenario (IS). Note IS* for VF2 does not include strategy S8 (solar panels).
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• Packaging: Many studies have excluded packaging from their 
environmental assessments (Graamans et al., 2018; Romeo et al., 
2018; Weidner et al., 2022). However, the total annual consumption 
of packaging materials can lead to relevant environmental footprints, 
as seen in VF2, accounting for roughly 20% of GHG, FE and TA im
pacts, which aligns with Cellura et al. (2012), Dias et al. (2017) and 
Martin et al. (2023). Reducing material usage, particularly plastics, 
and developing recyclable or compostable alternatives could miti
gate these impacts (Blom et al., 2022). This could be further analyzed 
in the future.

• Case studies: the effects of CE adoption in the VFs was developed at 
a theoretical level using real operational data. Since CE applications 
are highly design-specific, further studies are necessary to evaluate 
the feasibility and actual impacts of these CE strategies through real- 
world pilot projects and close monitoring, as well as to explore 
additional strategies to further enhance the environmental perfor
mance of these emerging urban food production systems. This will 
validate the robustness of our results. A more practical assessment of 
the implementation challenges of a portfolio of CE strategies is also 
needed. This shall address issues such as the availability of financial 
resources, technical feasibility or compatibility of waste resources 
with food safety standards (Zambrano-Prado et al., 2021).

• Future assessments: Beyond environmental impact reduction, 
future scenarios also might shift the environmental contributions of 
the subsystems assessed. This might reveal new environmental hot
spots to tackle from a CE perspective while the global economy de
carbonizes. Nevertheless, some CE strategies in vertical farming may 
still be relevant for broader urban sustainability objectives, such as 
resource recirculation and waste flow management, even when their 
environmental benefits are limited.

4. Conclusions

Vertical Farms (VFs) are still an emerging technology aiming to 
improve resource use efficiency of crop growing needs in a climate 
change context. Moreover, VF integration within cities through circular 
economy (CE) strategies is also in its infancy, and the their environ
mental impacts are still not fully understood. This study conducted an 
LCA of two commercial VFs to evaluate how CE strategies can improve 
environmental performance, considering their distinct characteristics, 
maturity levels and geographical context: Spain and Sweden. Several 
takeaways stand out from this assessment:

First, energy use is the primary contributor to environmental im
pacts, accounting for 70% of all impacts in VF1 (Barcelona) and 57% in 
VF2 (Stockholm) at the current VFs status, with variations attributed to 
energy efficiency and sourcing.

Second, the implementation of CE strategies provided considerable 
potential but context-dependent benefits when enhancing the environ
mental sustainability, with reductions of ~20% from linear to current 
systems and up to ~30% in future scenarios in terms of GW impacts. 
Strategies such as closed-loop irrigation, material recycling, and waste 
heat reuse consistently reduced impacts, particularly in marine eutro
phication (up to 36% in VF1 and up to 77% in VF2). However, not all 
strategies are universally beneficial due to geographical and techno
logical differences: for example, photovoltaic integration improved 
impacts in VF1 but increased them in VF2, highlighting environmental 
trade-offs. Thus, circular strategies and its derived context-specific 
environmental impacts should be jointly assessed to ensure resource 
circularity does not worsen environmental impacts.

Finally, results showed that environmental improvements in the 
foreground reflect the maturity level of the VFs, but their effectiveness 
depends on the state of background systems as well (i.e., the broader 
changes in upstream production systems). VF1 CS showed a lower 
maturity level, with environmental reductions of 10% to 61% in GW, 
ME, CED and TA impacts compared to LS. However, it also showed 
higher potential for improvement through additional CE strategies 

within the IS. In contrast, since VF2 is already operating in a low- 
environmental impact electricity grid, it exhibited limited gains and 
even burden shifting for some interventions. This demonstrates that 
advancing VF sustainability requires aligning foreground technological 
improvements with background system conditions, as improvements in 
one without the other may limit or counteract overall environmental 
benefits.

Overall, this study highlights the importance of combining CE stra
tegies with a system-wide perspective to identify the most effective 
pathways towards the sustainable development of food systems.
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