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Abstract
Purpose  Our aim in this study was to examine lettuce production in vertical farming or in conventional greenhouse pro-
duction in Northern European conditions from the perspective of climate change impact and environmental sustainability. 
Further, the goal was to identify practices and choices that could mitigate adverse effects and increase resource-use efficiency, 
allowing the development of more sustainable production systems.
Methods  This article provides new information of the environmental impacts of lettuce production in greenhouses and 
vertical farming in Finland, compared using the life cycle assessment (LCA) methodology. The impact categories used were 
climate change impact, cumulative energy demand, resource use of fossil energy sources, resource use of minerals and met-
als, land use, and water scarcity. The system boundaries covered the production chains from cradle to farmgate, including 
inputs in production, as well as direct emissions caused by fertiliser use and the onsite composting of organic waste. The 
environmental impacts of the two production systems with different energy scenarios were assessed: (1) a greenhouse either 
with average or renewable energy; and (2) vertical farming either with average or renewable energy and with or without waste 
heat recovery. The data for vertical farming were based on one Finnish production site and supplementary data for the con-
struction materials. The greenhouse data were based on a previous LCA investigation of average Finnish lettuce production.
Results  The climate change and all other impact categories were lowest for lettuce produced in vertical farming with renew-
able energy and waste heat recovery. The climate change impact was largest for lettuce produced in greenhouse with average 
energy use. For energy use and energy resource use, the impacts of vertical farming were lower than greenhouse production, 
but for mineral and metal use and water scarcity, the impact of vertical farming was higher for average energy use without 
heat recovery. Direct land and irrigation water use on the production sites in Finnish circumstances represented only a small 
share of total land-use and water-use impacts on both production methods.
Conclusion  Paying attention to the energy source and heat recovery, the environmental sustainability can be advanced in 
both vertical and greenhouse production systems.

Keywords  Greenhouse production · Vertical farming · Controlled environment agriculture · Life cycle assessment · LCA · 
Renewable energy

1  Introduction

In Finland, lettuce and fresh herbs are produced in open fields, 
greenhouses, and today also in vertical farming. The greenhouse 
area used for the production of lettuces and herbs in Finland 
increased by 38% between 2011 and 2022 (Natural Resources 
Institute Finland Statistics 2021). During the last 3 years 
(2019–2021), lettuce and fresh herbs were produced on 70 ha 
in greenhouses and 380 ha in open fields. The total yield was 
ca. 16 million kg in greenhouses and 4 million kg in open fields. 
There are still no official statistics on the production areas or 
yields of lettuce and fresh herbs produced in vertical farming.
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Vertical farming is an evolving technology. As a concept, 
vertical farming (VF) is protected from adverse weather 
conditions and can offer a way to cultivate plants unsuitable 
for outdoor or even greenhouse production. Using vertical 
space and reducing the need for additional land for food 
production contribute to the interest in VF in large cities. 
Per land area, VF can produce more yield—according to 
some scenarios, up to 600 times more than in traditional 
farming (Asseng et al. 2020). VF offers numerous possibili-
ties to grow plants with desired attributes and guaranteed 
quality (SharathKumar et al. 2020). VF can be considered a 
sustainable concept regarding water, nutrient, and pesticide 
use. However, improvements in energy efficiency and profit-
ability are needed (van Delden et al. 2021). Currently, com-
mercial VF production consists mainly of lettuce and herbs.

The greenhouse horticulture market is expected to grow 
globally from around 32.3 billion USD in 2021 to 65 billion 
USD by 2030. In Europe, the market is expected to reach 
28 billion USD in 2030, with an annual growth rate of 7% 
(Neha and Vitika 2022). The market value of the global VF 
market is expected to increase from 5.5 billion USD in 2020 
to 20 billion USD by 2026 (Statista 2022).

Although the differences with more traditional produc-
tion methods are recognised, it is not well known how they 
affect the environmental impacts of production. Climate 
change impact has been the main focus in previous studies 
because the production of vegetables, especially in heated 
greenhouses, is known to cause greater GHG emissions than 
production in open fields (Hospido et al. 2009; Boulard et al. 
2011), and improvements in management practices can sig-
nificantly help in decreasing the climate change impact. The 
efficient use of resources (water and land) has also been of 
interest in controlled production systems.

Previous LCA studies concerning greenhouse production 
of lettuce in Finland have included the environmental impact 
categories climate change (Yrjänäinen 2011; Yrjänäinen 
et al. 2013; Räsänen et al. 2014; Silvenius et al. 2019; Silve-
nius and Katajajuuri 2021), eutrophication (Räsänen et al. 
2014), and water-use impact (Silvenius et al. 2019).

Environmental impacts such as eutrophication and acidifica-
tion have received less attention because unlike in open fields, 
only minimal direct leaching or volatilisation of nutrients is 
expected to occur in controlled production systems, as irriga-
tion water and nutrients are recycled. According to one Finn-
ish study (Räsänen et al. 2014), the eutrophicating emissions 
were small in lettuce production in greenhouses, and these were 
derived mainly from transport and energy production.

Avgoustaki and Xydis (2020) and Graamans et al. (2018) 
have previously directly compared the environmental sustain-
ability of greenhouse with the vertical farming production 
of lettuce. According to Avgoustaki and Xydis (2020), the 
climate change impact, land area, and water use were smaller, 

but direct energy use was greater in vertical farming produc-
tion, whereas Graamans et al. (2018) found that both water 
and energy use were smaller. However, both studies included 
only the direct resource use in the primary production phase, 
excluding the production of input materials. A large part of 
the previous studies of vertical farming are based on litera-
ture data or modelling (Graamans et al. 2018; Hallikainen 
2019; Avgoustaki and Xydis 2020; Wildeman 2020), and 
only a few included data from operative production units 
(Shiina et al. 2011; Kikuchi et al. 2018; Blom et al. 2022). A 
literature review of sustainability issues of vertical farming 
and greenhouses concludes that if renewable energy is used, 
climate change impact can be lower for vertical farming than 
in open field cultivation and greenhouse (Vatistas et al. 2022).

In relation to the system boundary of the studies, the 
production of infrastructure (greenhouse or vertical farm 
structures and materials) has been included in many of the 
studies (Hospido et al. 2009; Bartzas et al. 2015; Kikuchi 
et al. 2018; Romero-Gámez and Suárez-Rey 2020; Wilde-
man 2020). However, none of the previous studies regarding 
Finnish production has included greenhouse structures in 
their system boundaries.

Our aim in this study was to examine how lettuce produc-
tion in vertical farming or in conventional greenhouse systems 
in Northern European conditions differs from the perspective 
of environmental sustainability, impact on climate change, and 
resource-use efficiency. Greenhouse production was selected 
to comparison, since the amount of open field cultivation of 
lettuce is less relevant in Northern conditions. In addition, our 
aim was to identify practices and choices that could increase 
resource-use efficiency and mitigate climate change to guide the 
development and planning of future vertical farming systems. 
The climate change and the resource-use-related impact cat-
egories this study considered were climate change, cumulative 
energy demand, resource use of fossil energy sources, resource 
use of minerals and metals, land use, and water scarcity.

2 � Materials and methods

2.1 � Goal and scope

The assessment included the inputs used in the production 
of lettuce (seeds, fertiliser, pesticides, substrate, energy, irri-
gation water, CO2 enrichment, pots), and packing and tem-
porary refrigerated storage of lettuce on the production site 
(packaging materials, refrigerant, energy) (Fig. 1), as well as 
construction materials and equipment used in both vertical 
farming and greenhouse structures. The direct and indirect 
N2O emissions from the soil due to nitrogen input and CO2 
emissions from lime application were also included, as well 
as emissions caused by peat and plant residue decomposition 
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during onsite composting of substrate and plant waste. The 
transport of inputs and construction materials to the pro-
duction site, as well as of waste to recycling plants, was 
included in the system boundary, but the management and 
recycling of waste materials were excluded, except for the 
management of hazardous waste, which was assumed not to 
be recycled into new products.

Because lettuce production in greenhouses and in vertical 
farming is energy and resource intensive compared to for 
example open field vegetable production, impact categories 
related to climate change, resources use (water, land, miner-
als, metals), and cumulative energy demand were selected 
as impact categories to be studied. Climate change, resource 
use (fossils and minerals and metals), and water scarcity 
were assessed according to the EF method (EU environmen-
tal footprint 3.0) (European Commission 2021), cumulative 
energy demand, and land use based on Cumulative Energy 
Demand 1.11 method and Selected LCI results—method in 
SimaPro (Hischier et al. 2010). The functional unit was 1 kg 
of fresh lettuce (edible part of the plant).

To analyse the effects of different choices on environ-
mental impacts, six scenarios were formulated and com-
pared (Table 1). The energy choices included the average 
and renewable electricity production. The selection between 
renewable and average electricity is a realistic choice for 
a producer in Finland. In addition to electricity, heating is 
needed in both vertical farming and greenhouses. The fix-
tures used for lighting and other electric devices produce 
waste heat, and can be utilised, but if not, additional heating 
is applied. Scenarios including the option to utilise or not 
utilise waste heat were assessed for vertical farming. Unfor-
tunately, no data was available to make a corresponding 
assessment for greenhouse production. Scenarios for vertical 
farming (VF) were (1) baseline with renewable energy pro-
file and waste heat utilisation (BAE), (2) renewable energy 
with no utilisation of waste heat (NAE), (3) average energy 
with utilisation of waste heat (BRE), and (4) average energy 
with no utilisation of waste heat (NRE). Scenarios for green-
house (GH) were (1) average energy production profile (AE) 
and (2) renewable energy (RE).

Fig. 1   System boundaries of let-
tuce production in greenhouses 
and vertical farms

Table 1   The different scenarios used in analysing the effect of different management choices on the environmental impacts

VF vertical farming, BAE baseline utilisation of waste heat and with average energy production profile, NAE no utilisation of waste heat and 
with renewable energy, BRE baseline utilisation of waste heat and with renewable energy, NRE no utilisation of waste heat and with renewable 
energy, GH greenhouse, AE average energy production profile, RE renewable energy

Lettuce production system Average energy production profile used in 
average Finnish lettuce production

Only renewable 
energy used

Vertical farming Baseline: utilisation of waste heat VF BAE VF BRE
No utilisation of waste heat VF NAE VF NRE

Greenhouse GH AE GH RE
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The potential to additionally reduce environmental 
impacts by increasing the life expectancy of production site 
structures and equipment by 10% and increasing the yield 
by 10% was studied for VF lettuce produced with renewable 
electricity utilising waste heat (scenario VF BRE+). The 
utilization of waste heat from electric devices was assumed 
to reduce heat produced by electricity with ratio 1:1.

2.2 � Inventory analysis

Production data for the lettuce produced in VF were col-
lected from a commercial vertical farming unit in Southern 
Finland producing lettuce and fresh herbs, considering the 
years 2018–2020. For the greenhouse production of lettuce, 
we used data from a previous project studying the environ-
mental impacts of the production of greenhouse vegetables 
in 2017 in Finland (Silvenius et al. 2019; Silvenius and 

Katajajuuri 2021). The data on yield and inputs used are 
presented in Table 2. The impacts of the production of the 
inputs and the treatment of plant residues and hazardous 
waste were assessed using the data from the Ecoinvent 3.7 
database (Wernet et al. 2016). APOS processes were used 
in the calculations and a comprehensive list of Ecoinvent 
3.7 processes and other data sources used in the calculation 
is presented in the Supplementary Material (Table S1). The 
carbon in the peat-based growing media was assumed to 
decompose completely after use. The resulting CO2 emis-
sions were calculated based on the data on peat chemical 
characteristics presented in Pohjala (2014).

Data on the construction materials and equipment used in 
the vertical farming production unit and greenhouses were 
collected from the site, another vertical farming facility else-
where in Finland, literature sources, and the Ecoinvent 3.7 
database (Table 3). The vertical farming units were both 

Table 2   Input use in lettuce production in vertical farming and greenhouse production in the studied scenarios

a Data from Silvenius et al. (2019)
b Assumed to be similar to vertical production, not included in the assessment in Silvenius et al. (2019)
c Paper pots in vertical and plastic pots in greenhouse production
d Including light fuel oil, wood chips, heavy fuel oil, natural gas, and peat

Vertical farm Greenhousea

Yield, number of plants/m2/year 550 333
Weight of one product, g, edible part of the crop 120 150
Number of seeds, pcs/pot 1 1b

Nitrogen fertiliser kg/m2/year 0.05 0.06
Phosphorus fertiliser kg/m2/year 0.01 0.03
Type of substrate Peat moss Peat 30% and stone wool 70%
Substrate use kg/m2/year 7 3
Irrigation water l/m2/year 1584 367
Source of irrigation water Own well 30%, tap water 70% Tap water
CO2 enrichment kg/m2/year 6.5 0.04
Pots kg/m2/yearc 0.09 1.0
Package plastic bag kg/m2/year 1.1 0.7
Package corrugated board box kg/m2/year 11 7
Refrigerant g/m2/year 3 2
Biowaste own composting kg/m2/year 0.3 -
Hazardous waste g/m2/year 0.6 -
Energy use for heating kWh/m2/year 636 310
Source of heating energy Wood chips 100% wood chips OR

67% wood chips, fossil 
energy sources 33%d

Total electricity consumption kWh/m2/year
Source of electricity:
Renewable sources and nuclear 100% OR
Renewable sources and nuclear 31%, Finnish average 69%

656 551

Waste heat utilisation No waste heat 
utilisation

Utilisation of waste heat in other production kWh/m2/year 478 - -
Net electricity consumption kWh/m2/year 178 656 551
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new, purpose-built buildings. The installation power for 
lighting was assumed to be 100 W/m2 in greenhouse produc-
tion with high-pressure sodium (HPS) luminaires (Ander-
son 2010) and 65 W/m2 in vertical production with LED 
luminaires (production site data). The weight of the steel 
frame structures, greenhouse glass cover, and luminaires 
was checked against those used in Finland by a wholesaler 
of greenhouse structures and accessories (Helle Oy, Jesse 
Helle, 13.9.2021). The assumed amount of greenhouse struc-
tures and materials corresponds with data from the literature 
(Zabeltitz 2010; Antón et al. 2012). The direct and indirect 
N2O emissions from fertilisation due to nitrogen input and 
CO2 emissions from lime application were assessed accord-
ing to the IPCC (2019) guidelines.

The data on the transport distances of inputs to the pro-
duction sites were calculated using Google Maps, based on 
the assumed location of the input production. The produc-
tion location was assumed to be in Central Europe for the 
construction materials of greenhouse and vertical structures, 
the Netherlands for seeds, Denmark for the paper pots, and 
Finland for the other inputs. The direct emissions during 
transport, as well as fuel consumption, were calculated using 
the Lipasto database maintained by the Technical Research 
Centre of Finland (VTT) (2017). The transport vehicles were 
assumed to be a full trailer in road transport and a container 
ship in marine transport. The transport distances of the waste 

materials were assumed to be 20 km with a lorry and 50 km 
with a full trailer. The impacts caused by the production of 
the fuel used in transport were assessed based on data from 
the Ecoinvent 3.7 database.

The sources of electricity in vertical farming were wind 
and hydroelectricity, and their modelling was made accord-
ing to the Ecoinvent 3.7 database. The inventory data of 
different electricity energy sources was based on Ecoinvent 
3.7 processes and the distribution of the energy sources pro-
duced in Finland between 2016 and 2020 was based on the 
statistics of Finnish Energy (2023), and imported energy was 
added to the models.

Using LED luminaires instead of HPS luminaires in 
greenhouses can decrease electricity consumption but con-
comitantly increase energy consumption for heating (Katzin 
et al. 2021). In areas comparable with Southern Finland in 
terms of latitude (Anchorage, Alaska, and St Petersburg, 
Russia, in the study of Katzin et al. (2021)), the decrease 
in electricity use for lighting was 40%, and the increase in 
heating energy use was ca. 22%, resulting in a decrease of 
16% of total energy use. In this study, considering this tran-
sition in greenhouses from traditional HPS luminaires to 
LED luminaires, we made an additional calculation example 
assuming a similar decrease in energy use when only LEDs 
were used for lighting (Table 4).

Table 3   Background information on the construction materials and equipment used in the vertical and greenhouse production units

a Manufacturer Kingspan, material tin plate PU (Polyisocyanurate) tin plate sandwich
b https://​www.​finnp​arttia.​fi/​MMJ-​3x15-S

Structure/material Amount used Life 
expectancy, 
years

Data source

Frame and foundation, greenhouse and 
vertical farm (steel and concrete)

Vertical farm 45 kg/m2

Greenhouse 55 kg/m2
25 Ecoinvent 3.7 database, based on Boulard 

et al. (2011)
11 kg/m2 25 Ecoinvent 3.7 database, based on Boulard 

et al. (2011)
Insulated roof and wall panels, vertical 

farm
Total wall and roof area 6.3 m2/m2, 

weight 12 kg/m2
25 Total area: production site data, weight: 

manufacturera, life expectancy assumed 
to be same as for other structures

Steel frame support structure for lumi-
naires, etc., greenhouse and vertical 
farm

Vertical farm 7.5 kg/m2

Greenhouse 2.5 kg/m2
25 Weight: vertical farming facility, life 

expectancy assumed to be same as for 
other structures, LCA process data from 
Ecoinvent 3.7 database

Cables, greenhouse and vertical farm Length, vertical 0.8 m/m2, greenhouse 
0.3 m/m2

Weight 0.12 kg/m

20 Length: vertical farming facility, weight: 
electricity equipment wholesalerb, life 
expectancy: expert opinion, LCA pro-
cess data from Ecoinvent 3.7 database

Lettuce gutters, PVC, greenhouse and 
vertical farm

Length, vertical 6.7 m/m2, greenhouse 
2.2 m/m2

0.6 kg/m

20 Length: vertical farming facility, weight: 
Helle Oy, life expectancy: expert opin-
ion, LCA process data from Ecoinvent 
3.7 database

Luminaires, greenhouse and vertical 
farm

HPS, 13 kg/piece, LED 10 kg/piece 15 Zhang et al. (2017)

https://www.finnparttia.fi/MMJ-3x15-S
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Waste heat utilisation in greenhouses has not been a com-
monly used practise in Finland. Hence, we had no data on 
waste heat utilisation in greenhouses, like we did for the 
vertical farming case. However, the situation with waste heat 
utilisation will change in the future, as the rising energy 
prices are forcing greenhouse growers to adapt new meth-
ods and practises. Anticipating these future changes, we 
included additional calculations assuming that the same part 
of the energy inputs goes to waste heat utilisation for GH as 
for VF (Table 4).

3 � Results

Considering the climate change impact, the optimal scenario 
was vertical farming production, assuming the utilisation 
of waste heat and using electricity from renewable sources. 
This resulted in a climate change impact of 1.0 kg CO2-eq/
kg (Fig. 2A). When waste heat was not utilised, and average 
electricity was used, the climate change impact was 150% 
higher. When using conventional energy sources, green-
house production had a greater climate change impact than 
VF production, 3.3 kg CO2-eq/kg, but the impact decreased 
by 40% to 2.0 kg CO2-eq/kg when renewable energy was 
used. VF production using average electricity and not utilis-
ing waste heat had a greater impact than greenhouse produc-
tion using renewable energy.

VF with waste heat utilisation accompanied by electric-
ity from renewable sources was also the optimal scenario 
considering the resource-use impact categories (Fig. 2B–F). 
The majority of the cumulative energy demand and the use 
of fossil energy sources resulted from the direct energy use 
onsite (Fig. 2B–C). The use of minerals and metals was 
mainly due to direct energy use and the production of struc-
tures (Fig. 2D). The use was smallest in vertical farming 
when waste heat was utilised, but the source of energy only 
had a minor impact.

The direct use of electricity and heat was the main rea-
son for land use, except for VF production using renewable 

energy (Fig.  2E). In heat production, the impact was 
caused mainly by heat produced from wood chips. Green-
house production using only renewable energy sources 
had even greater land-use impacts than greenhouse pro-
duction using average energy, because heat was produced 
only from wood-based resources, which require more land 
area than heat production in the average energy scenario, 
in which 3% of heat was produced using fossil energy 
resources. In vertical farming, the renewable energy 
sources were wind and hydro power, which require less 
land area. The water scarcity impact was caused mainly 
by energy production (Fig. 2F).

The share of direct land use on the production site of the 
total cumulative land use impact of the whole production chain 
was only 0.5–2.8% in vertical and 0.3–0.4% in greenhouse 
production. The share of direct water use as irrigation water 
of the total water scarcity impact was only 1.4–3.0% in vertical 
production and 1.0–1.4% in greenhouse production.

All the studied impacts apart from the use of minerals 
and metals were mainly due to direct energy consumption. 
The climate change impact was reduced by using renewable 
energy sources, but the energy source was less important for 
the other impact categories.

The impact of changing from HPS to LED luminaires 
in greenhouse lighting would decrease the climate change 
impact by up to 27%, and resource-use efficiency would 
affect the category results by 11 to 36%, depending on the 
energy use scenario (Table 4). In addition, the potential to 
further reduce the environmental impacts by increasing the 
life expectancy of production site structures and equipment 
and yield by 10% was studied for the VF lettuce produced 
with renewably sourced electricity and with the utilisation of 
waste heat (VF BRE+). However, the impact reduction was 
only 4% for the climate change impact and between 0.5 and 
5% for the resource-use-efficiency impact categories (data 
not shown).

Based on our additional calculation related to waste 
heat utilisation in GH, the impact of utilisation of waste 
heat in greenhouses would decrease the climate change 
impact by up to 66%, and resource-use efficiency would 

Table 4   The decrease in LCA 
results for lettuce production 
in greenhouses when changing 
from HPS to LED luminaires 
in greenhouse lighting, or if 
waste heat could be utilised 
in greenhouses, with either 
average energy or renewable 
energy scenarios

Average energy Renewable energy only

HPS-LED 
scenario %

GH waste heat uti-
lisation scenario %

HPS-LED 
scenario %

GH waste heat 
utilisation sce-
nario %

Climate impact change  − 19  − 59  − 27  − 66
Cumulative energy demand  − 27  − 54  − 28  − 67
Resource use, fossil energy sources  − 31  − 60  − 36  − 67
Resource use, minerals and metals  − 25  − 57  − 25  − 53
Land use  − 15  − 52  − 11  − 63
Water scarcity  − 32  − 56  − 34  − 45
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Fig. 2   A–F LCA results of the lettuce production in vertical farming 
and greenhouse scenarios. VF vertical farming, BAE baseline utilisa-
tion of waste heat and with average energy production profile, NAE 
no utilisation of waste heat and with renewable energy, BRE baseline 
utilisation of waste heat and with renewable energy, NRE no utilisa-

tion of waste heat and with renewable energy, GH greenhouse, AE 
average energy production profile, RE renewable energy. Note that 
the “Transport and waste treatment” and “Direct impacts onsite” cat-
egories have a smaller effect than other categories, so they are poorly 
visible in the graphs
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affect the category results by 53 to 67%, depending on the 
energy use scenario (Table 4). There would be no clear 
differences between VF and GH in climate impact and for 
cumulative energy use (data not shown). This additional 
calculation concerning the waste heat utilisation in GH is 
highly speculative and computational, since we did not 
have any kind of data of waste heat utilisation in green-
houses in Finland.

4 � Discussion

For all the studied impact categories, VF production using 
renewable electricity and utilising waste heat was the opti-
mal scenario. Considering climate change, using renewable 
energy was beneficial, but for the resource-use impact cate-
gories, improving energy-use efficiency seemed more impor-
tant. Direct land and irrigation water use onsite in Finnish 
circumstances only represented a small share of the total 
land use and water scarcity impact in both production chains. 
Most of these impacts were derived from input production. 
On the other hand, cumulative energy use, as well as the use 
of fossil energy sources, was mainly due to direct energy use 
on the production site.

Our results are in line with the climate change impact 
results obtained in previous studies (Table 5). Typically, 
lettuce production in unheated greenhouses has had a 
smaller climate change impact than production in heated 
greenhouses. For VF, a few studies (Kikuchi et al. 2018; 
Hallikainen 2019; Avgoustaki and Xydis 2020; Li et al. 
2020; Martin et al. 2023a) have reported a smaller climate 
change impact for certain production systems compared 
to our results, from 0.1 to 1.0 kg CO2-eq./kg, but also a 
much greater climate change impact has been reported for 
other systems, from 6 to up to 32 kg CO2-eq./kg (Shiina 
et al. 2011; Hallikainen 2019; Wildeman 2020; Blom 
et al. 2022).

In greenhouse lettuce production, the most important 
cause of GHG emissions was the direct use of energy, as 
in previous studies focusing on lettuce production in heated 
greenhouses (Table 5). However, for VF, the share of direct 
energy use was smaller in our study than in some previ-
ous studies, where it has been reported to be close to 100% 
(Shiina et al. 2011; Kikuchi et al. 2018; Li et al. 2020; Wil-
deman 2020). However, Martin et al. (2023a) in their study 
regarding lettuce production in VF in Sweden, reported that 
electricity contributed less than half (46%) of the climate 
impact. Of the studies of VF, only Kikuchi et al. (2018), Wil-
deman (2020), Blom et al. (2022), and Martin et al. (2023a) 
included the production of structures. Kikuchi et al. (2018), 
Wildeman (2020), and Blom et al. (2022) reported the share 
of the structures of the total climate change impact to be less 
than 1%, much smaller than in our results (16–39%) while 

Martin et al. (2023a) reported the share of the structures 
to be 7%. As also discussed by Martin et al. (2023a), this 
could partly be explained by the longer life expectancy of 
the vertical farm structures (60 vs 25 years) in the study of 
Wildeman (2020). In the study of Kikuchi et al. (2018), the 
life expectancy of the structures was lower, only 15 years, 
but the yield level was three times higher than in our study, 
which also explains their lower climate change result. In 
the study of Blom et al. (2022), the life expectancy of the 
VF components was estimated to be only 8–10 years, but 
in their study, VF was assumed to be integrated within an 
existing building, thus excluding the construction of a large 
part of the structures. These differences also indicate that 
long-lasting structures in greenhouse production may have 
a potential to decrease products’ environmental impacts. In 
all, structures should be taken into account in environmental 
impact calculations, because their contribution to the climate 
change impact of production can be large, as shown in our 
research.

In many of the previous studies, energy use has been 
reported as direct energy use during lettuce production, exclud-
ing life cycle impacts (Table 5). According to Avgoustaki and 
Xydis (2020), the direct energy use was greater in VF than in 
greenhouse production, but Graamans et al. (2018) presented 
opposite results. The direct energy-use levels calculated in 
this study were relatively small (lettuce produced in a green-
house 120–133 MJ/kg and lettuce produced in vertical farming 
10–95 MJ/kg). On the other hand, Bartzas et al. (2015) and 
Romero-Gámez and Suárez-Rey (2020) reported considerably 
lower life cycle cumulative energy use for lettuce production 
in unheated greenhouses (3 and 4 MJ/kg) than our results was 
for lettuce produced in heated greenhouse (140–144 MJ/kg). 
The difference is explained by the fact that in unheated green-
houses supplemental light is not used either, so the total energy 
consumption is lower.

In addition, land and water use were reported in many 
of the previous studies as direct land use or direct irrigation 
water use during production, excluding life cycle impacts 
(Table 5). The highest values for direct land use in lettuce 
production were reported for greenhouse production (0.02 
m2/kg, Avgoustaki and Xydis 2020), and the lowest values 
for lettuce in VF (0.002 m2/kg, Hallikainen 2019). The direct 
water use was reported to be from 1 to 20 l/kg lettuce, and 
there seems to be no clear difference between greenhouse 
and vertical farming production. Two of the previous studies 
(Hallikainen 2019; Wildeman 2020) reported water footprint 
results according to the method by Hoekstra et al. (2011), 
but reported somewhat contradictory results, 1 l/kg lettuce 
(Hallikainen 2019) and 22 l/kg lettuce (Wildeman 2020). 
These results are not comparable with the results in this study 
because of the different methods used. In our study, direct land 
use at the production site represented only a small part of the 
total impacts of land use on the production chain (0.3–2.8%).
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Silvenius et al. (2019) assessed the water-use impact of 
greenhouse lettuce production using the AWARE method 
(Boulay et al. 2018) but reported a lower value than was 
obtained in this study (36 l–eq. vs 1 m3 eq/kg lettuce). The 
difference in results is due to differences in the system bound-
ary. In the study of Silvenius et al. (2019), the water-use 
impact included only direct water consumption for onsite 
irrigation, as well as the production of plastic packaging 
materials, but as Usva et al. (2023) conclude, indirect water 
consumption in food products may have a significant impact. 
It is notable that in lettuce production, the direct use of water, 
i.e. irrigation, has only a small effect on the final result. The 
proportion of irrigation out of the total water scarcity impact 
was 1.0–1.4% in greenhouse lettuce, and 1.4–3.0% in verti-
cal lettuce. In Finland, the water situation is good and the 
characterization factor of the water scarcity effect used in the 
AWARE method is small (Boulay et al. 2018).

It should be noted that this study’s results represent the 
current situation of vertical farming systems in Finland. 
Vertical farming systems are still in an early developmental 
stage, and production efficiency can probably be remark-
ably improved in the future. There is potential for decreas-
ing electricity consumption in optimising different growth 
environment parameters, lighting in particular, and future 
improvements can make VF operated with renewable energy 
in relation to land feasible (Kobayashi et al. 2022). Integra-
tion of VF to city power and heating sectors can enable lower 
costs associated with energy usage and maximise the share 
of renewable energy sources (Arabzadeh et al. 2023). Part 
of these future development scenarios (waste heat utilisa-
tion, changing luminaires) are applicable also to greenhouse 
production systems and reinforcing this, results from Martin 
et al. (2023b) and the current study show that changing from 
HPS to LED luminaires both decreased the climate change 
impact and improved resource-use efficiency. Especially ver-
tical farming would benefit from further ex-ante LCA study 
(Cucurachi et al. 2018) studying emerging technologies and 
could provide understanding on the impacts of the future 
options mentioned above, and therefore could support the 
development of vertical farming.

5 � Conclusions

This study provides new information about environmental 
impacts of vertical farming in Northern conditions. Produc-
ing lettuce in VF using renewable electricity and utilising 
waste heat was the optimal scenario from the perspective of 
climate change, cumulative energy demand, resource use of 
fossil energy sources, resource use of minerals and metals, 
land use, and water scarcity. Using renewable energy sources 
and improving energy-use efficiency were both important 

measures for ensuring a lower impact for both VF and the 
greenhouse production of lettuce. In terms of resource-use 
impacts, increasing energy-use efficiency was more important 
than using renewable energy sources. However, if VF uses 
other than renewable electricity, and no special attention is 
paid to energy-use efficiency, the climate change impact and 
resource-use efficiency are not inevitably better than in more 
traditional greenhouse production. Increasing the yield level 
seems to have a potential to further decrease GHG emissions 
and improve production system energy efficiency. Effective 
use of the production area in both VF and greenhouses there-
fore contributes to resource-use efficiency, mainly by improv-
ing overall energy efficiency. As vertical farming systems are 
still in an early developmental stage, it is likely that produc-
tion efficiency can be remarkably improved in the future. Pay-
ing attention to the energy sources and its use, it enables a 
decrease in environmental impacts of lettuce production.
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