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Abstract: This study pioneers a combined Life Cycle Assessment (LCA) and Life Cycle
Costing (LCC) evaluation of an industrial symbiosis (IS) case involving waste heat recovery
from a pulp and paper mill to a tomato greenhouse in Sweden. Unlike previous studies
that assess environmental or economic aspects separately, this research provides a holistic
assessment quantifying both environmental burdens and economic feasibility. A compara-
tive analysis framework is applied, evaluating a symbiotic real case of waste heat recovery
versus conventional greenhouse tomato production in the Netherlands and subsequent
import to Sweden. LCA examines greenhouse gas emissions, eutrophication, toxicity, land
use, and resource depletion, while LCC assesses total ownership costs, including Capital
and Operational Expenditures. The findings demonstrate that the IS scenario significantly
reduces greenhouse gas emissions and operational costs while enhancing energy efficiency.
This work fills a gap in IS literature, offering a replicable framework for sustainable green-
house operations. The results highlight the potential of IS to improve resource efficiency,
promote circular economy strategies, and foster sustainable practices in the agri-food sector.

Keywords: greenhouse; industrial symbiosis; life cycle assessment; life cycle costing; waste
heat recovery

1. Introduction

The agroindustry is a major consumer of energy, with greenhouse production being
particularly energy-intensive due to the need for controlled environments to optimize crop
yields, primarily for heating [1]. Greenhouse farming enhances environmental conditions
for crop growth by utilizing controlled microclimates to boost production [2,3]. The inte-
gration of intelligent decision systems and real-time monitoring can complement energy
efficiency strategies in agricultural practices [4] and reduce operational costs in controlled
environments [5].

In the context of tomato production, greenhouses are predominantly located in regions
with favorable climatic conditions and access to energy resources. However, greenhouse
tomato production in Europe exhibits significant regional disparities, particularly between
northern and southern regions. Northern European greenhouses rely heavily on high-
energy systems for heating and cooling, resulting in greater energy consumption compared
to their southern counterparts, which benefit from greater natural sunlight. The primary
energy sources used in greenhouse tomato production include natural gas, electricity,
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and, increasingly, renewable energy sources such as biomass and solar energy [5]. The
dependence on fossil fuels for heating during winter months leads to elevated greenhouse
gas emissions, as evidenced by studies illustrating that countries like Austria experience
higher emissions due to intensive heating systems [6,7], which are crucial for greenhouse
operations. This discrepancy in energy use highlights the need for efficient energy man-
agement in greenhouses to enhance productivity and reduce operational costs [1]. There
is a growing trend toward integrating renewable energy sources to reduce reliance on
fossil fuels and lower emissions. In this sense, the Netherlands exemplifies the adoption of
advanced greenhouse technologies, emphasizing energy efficiency and renewable sources
to reduce its dependence on fossil fuel resources [8,9]. Additionally, research indicates a
substantial reduction in climate impact due to the transition to renewable energy, with a
61% decrease in the climate footprint of Finnish greenhouse vegetables from 2004 to 2017 [7].
An extensive review developed by Cuce et al. (2016) on the renewable and sustainable
energy-saving strategies of greenhouse systems analyzes different technologies applied in
greenhouses, going from photovoltaic modules to phase change materials, passing through
heat pumps, and others; it concludes that renewable and sustainable energy technologies
are required to reach energy and greenhouse emission savings in the greenhouse sector; the
investment can obtain 4 to 8 years of payback, depending on the technology chosen, climate
zone, and crop type [10]. Despite these promising developments, achieving consistent
energy efficiency across diverse greenhouse systems remains a challenge, particularly for
maintaining optimal growing conditions without excessive energy consumption [8].

In recent years, industrial symbiosis (IS) has gained momentum in Europe as a strategy
to improve resource efficiency and sustainability. IS involves the exchange of materials,
energy, water, or other by-products between industries, fostering mutually beneficial rela-
tionships. This approach plays a crucial role in enhancing emission reductions in industrial
settings, by promoting resource efficiency and sustainability in industrial processes [11,12].

Life Cycle Assessment (LCA) and Life Cycle Costing (LCC) are well-established
methods advocated by the EU Commission to assess the environmental footprint and
economic performance of products and organizations throughout their life span to promote
sustainable and cost-effective choices [13,14]. Interestingly, while LCA is widely used in
the IS literature to assess the environmental performance of existent or future symbiotic
developments [11,15,16], economic performance is seldom studied in-depth in combination
with LCA.

Through IS, industries can exchange materials, energy, and by-products, thereby
contributing to a circular economy. The integration of IS within LCA and LCC frameworks
enables a comprehensive evaluation of environmental impacts and economic benefits
throughout the product life cycle. By utilizing waste streams as feedstock, industries can
significantly reduce their environmental footprint [17]. LCA and LCC incorporate both
economic and environmental metrics, allowing for a holistic assessment of IS impacts
[18,19]. Examples from biopolymer production illustrate how IS can enhance sustainability
through effective waste valorization [19], while LCC analyses show that initial investments
in symbiotic relationships can yield significant long-term savings and environmental
benefits [20]. However, challenges such as limited collaboration and resource availability
can hinder the effectiveness of IS [21]. Overcoming these barriers may require significant
changes in organizational practices and stakeholder engagement [22]. IS not only reduces
waste but also lowers operational costs and mitigates environmental impacts [18].

Although industrial symbiosis (IS) has been widely studied in various industrial
contexts [21], few studies integrate both environmental and economic assessments within a
real case of waste heat recovery applied to greenhouse farming [18,23]. Previous works have
primarily focused on energy recovery in heavy industries [12,24-26]. Waste heat recycling
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is highlighted as an important measure to achieve GHG emission reduction targets in
industrial processes, for instance, by reutilizing waste heat in the iron and steel industry
for municipal heating [24], recovering low-grade waste heat from the flue gases in a coking
plant for preheating coal in adjacent processes [25], reusing waste heat generated from an
iron and steel plant and ironmaking to supply a thermal power plant with heat [12], or
replacing district heating with waste heat from a hypothetical urban vertical farm integrated
with a host building and other local companies [27], neglecting the agricultural sector as a
potential beneficiary of symbiotic heat recovery solutions [27]. Nevertheless, these studies
do not elaborate on estimations of several environmental impact reduction potentials from
waste heat recovery measures, nor do these studies provide any economic assessments of
the proposed symbiotic developments.

In the case of the greenhouse under study, waste heat from a nearby pulp and paper
mill is utilized to heat the greenhouse, exemplifying a successful IS application. The
pulp and paper industry is known for its high energy consumption and waste generation,
producing waste streams such as waste heat, solid waste, wastewater containing organic
matter and chemicals, and air emissions. By redirecting waste heat to the greenhouse, the
environmental footprint of both the pulp and paper mill and the greenhouse is significantly
reduced [1].

While improving energy efficiency and sustainability in greenhouse production is
essential, it is also crucial to consider potential challenges, such as the initial investment
costs required for renewable technologies and the necessary infrastructure to support IS.

This study aims to assess the environmental and economic benefits of using waste
heat recovery for greenhouse heating in Sweden, optimizing resource use and reducing
costs [23]. The study aims to answer the following research questions:

1. Is the use of low-grade waste heat for greenhouse heating in Sweden economi-
cally comparable with a BAU greenhouse using fossil fuels or biomass as a heat
energy source?

2. What financial and environmental benefits arise from utilizing low-grade waste heat
for greenhouse heating in Sweden?

3. How does the real case of waste heat reuse in Frovi for a tomato greenhouse compare
to various business-as-usual (BAU) scenarios where greenhouses and systems operate
under standard conditions, in terms of environmental and economic performance?

The innovative aspect of this research lies in comparing the environmental and eco-
nomic analysis of the symbiotic scenario of local tomato production in Sweden using waste
heat, generated in a pulp and paper mill from the CHP process, with the BAU scenario
of importing tomatoes produced in a regular greenhouse located in the Netherlands. The
novelty of this study lies in applying LCA and LCC methodologies in tandem, to assess the
environmental and economic effects of waste heat recycling, exploring a real IS case, and
providing insights into estimations on the environmental burden reduction and environ-
mental benefits, which have been identified as a gap in the current IS literature addressing
waste heat recovery. The findings are expected to contribute to the scientific community by
providing a model for enabling competitive greenhouse operations in Sweden, potentially
reducing dependence on imported tomatoes from the Netherlands. This, in turn, would
enhance local food production and sustainability by leveraging low-grade waste heat
recovery while lowering greenhouse gas emissions associated with food transportation,
among other environmental benefits.
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2. Methodologies

This section outlines the process followed to obtain the LCA and LCC results for the IS
demonstration case in Sweden, specifically located in Frovi. It also describes the scenarios
against which it is compared.

2.1. Demo Case Demonstrator Description

The Frovi demonstration case, part of the CORALIS project initiative, funded by
the European Commission, features a 10-hectare tomato greenhouse in Frovi, Sweden.
This greenhouse utilizes industrial waste heat from a nearby pulp and paper facility.
Construction began in 2022 and was completed by mid-2024, with planning having started
much earlier. The greenhouse is notable for its innovative energy and resource optimization
strategies, including waste heat reuse, rainwater and snowmelt collection, thermal and
light screens, water filtration and reuse, and efficient LED lighting. It is the first large-scale
vegetable greenhouse in Sweden to repurpose low-grade industrial waste heat [28].

The data used in this study were collected from key project partners; they included
business and production information from the tomato producer, data from materials
and quantities, and costs from the project developer, the grower, the greenhouse provider,
commercial databases, scientific and technical literature, and detailed engineering drawings
and specifications. The data were reviewed by WA3RM and CIRCE to ensure high-quality,
site-specific information following a data quality approach connecting the SimaPro, the
LCA, and the LCC [29,30].

Key partners included the greenhouse and materials supplier, the tomato producer,
the special purpose vehicle entity, the project developer (WA3RM), the on-site management
team, and the construction contractor.

LCC assessment followed the same system as for the LCA assessment processes,
considering Capital Expenditure (CapEx) and Operational Expenditure (OpEx).

e CapEx data covered building materials, heat and water systems, lighting, land prepa-
ration, construction, transport, and fuel.

e  OpEx data included heat, electricity, water, fertilizers, substrate, packaging, and
waste consumption.

2.2. Life Cycle Inventory (LCI)

The LClI is essential for evaluating the environmental impact and sustainability of the
system, providing insights to enhance resource efficiency. This analysis encompasses all
inputs, outputs, energy, materials, and expenses within the system boundaries, as defined
in the processes.

The LCI involves reviewing previous inventories, collecting primary and secondary
data, normalizing inputs and outputs, and modeling the inventory using Ecoinvent v3.8.
The aggregated LCI data used for LCA assessment are provided in Appendix A.

2.3. Life Cycle Assessment

LCA is a standardized, comprehensive tool for systematically evaluating the environ-
mental impacts of different sectors, processes, and products throughout their entire life
cycle, from resource extraction to disposal. It assesses value chain flows to identify strategic
routes for environmental improvement. The LCA framework follows the standardized
methodology outlined in ISO 14040:2006 and 14044:2006 [31,32], ensuring systematic as-
sessment of environmental impacts, and consistency and quality [33]. LCA studies consist
of four stages: goal and scope definition, inventory analysis, impact assessment, and in-
terpretation (Figure 1) [34]. The methodology allows for the identification of hotspots in
product life cycles, facilitating targeted improvements [35].
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to provide conclusions and recomendations

Figure 1. Four phases of a life cycle assessment (own preparation).

2.3.1. Goal and Scope Definition

This stage establishes the scope, system boundary, and functional unit (FU) of the
study. The main objective is to assess the environmental performance of CORALIS scenarios
by comparing the baseline scenario with the IS scenarios.

A cradle-to-gate approach is applied, evaluating environmental impacts from raw
material extraction to the production facility’s gate, excluding use and disposal phases. The
FU is calculated based on the expected lifetime of the greenhouses (30 years), in line with
previous studies [36,37] and the total tomato production during that period. Consequently,
the assessment considers 1 kg of tomatoes produced as the FU.

2.3.2. System Description and Boundaries

The study evaluates multiple scenarios, summarized in Table 1.

Table 1. Scenarios considered for the study of Frovi’s demo case demonstrator.

Scenario Assumptions Data Included and Data Sources

. All production data (water, heat,

Scenario 1.1—Symbiotic scenario in Frovi's

greenhouse

e All electricity comes from local

hydropower.

All heat is supplied by waste heat from
the pulp and paper mill.

CO;, (liquified) is supplied by an external
provider.

Fertilizers and chemicals used follow
expected values provided by the tomato
producer.

electricity, waste, substrate, plants,
tomatoes, plant protection products,
fertilizers, packaging) according to their
expertise, based on assumptions.

All building data from different suppliers
(steel, glass, aluminum, machinery,
lighting, land preparation, heat recovery
system) were collected in 2023 and 2024.
Land use change (from forest to
industrial land).

Scenario 1.2—Frovi’s greenhouse,

non-symbiotic solution, heat from biomass

All electricity is average Swedish grid.
All heat is from biomass heat.

All water from municipal supply, lake,
and rain.

CO; from external supplier.

Fertilizers and chemicals use is the
average use, information taken from the
tomato producer.

All production data from tomato
production (water, heat, electricity, waste,
substrate, plants, tomatoes, plant
protection products, fertilizers,
packaging), according to their expertise,
based on assumptions.

All building data from different
suppliers (steel, glass, aluminum,
machinery, lighting, land preparation),
collected in 2023 and 2024.

Land use change (from forest to
industrial land).
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Table 1. Cont.

Scenario

Assumptions

Data Included and Data Sources

Scenario 1.3—Frovi’s greenhouse,

non-symbiotic solution, heat from natural gas

All electricity is average Swedish grid.
All heat is from natural gas heat.

All water from municipal supply, lake,
and rain.

CO, from external supplier.

Fertilizer and chemical use is the average
use; information taken from the tomato
producer.

All production data from tomato
producers (water, heat, electricity, waste,
substrate, plants, tomatoes, plant
protection products, fertilizers,
packaging).

All building data from different suppliers
(steel, glass, aluminum, machinery,
lighting, land preparation), according to
their expertise, based on assumptions.
Land use change (from forest to
industrial land).

Scenario 2—Generic greenhouse in Sweden

All electricity is average Swedish grid.
All heat is from biomass combustion.
All water consumption is from generic
irrigation as in Scenario 3.

CO, from external supplier.

Fertilizer and chemical use is the average
use; information taken from the tomato
producer, according to their expertise,
based on assumptions.

Generic greenhouse in the Netherlands,
included in the Ecoinvent dataset
(greenhouse, glass walls, and roof {GLO
market for greenhouse, glass walls, and
roof, Cut-off, U}).

Scenario 3—Generic greenhouse in the
Netherlands

Electricity is from the average
Netherlands grid system.

All heat is from natural gas.

All water consumption is from generic
irrigation (drip (6%), sprinkler (24%),
surface (70%)).

It includes tomato transport from the
Netherlands to Sweden (average of 1580
km).

CO, is from emissions of the CHP
system onsite.

Fertilizer and chemical use is the average
use; information taken from the tomato
producer, according to their expertise,
based on assumptions.

Generic greenhouse in the Netherlands,
included in the Ecoinvent dataset
(greenhouse, glass walls, and roof {GLO
market for greenhouse, glass walls, and
roof, Cut-off, U}).

Scenario 1—The real Frovi greenhouse in different conditions:

Scenario 1.1: The symbiotic scenario demonstrated in the Frovi demo case, using
100% hydropower electricity from Linde Energi and heat recovered from a pulp and
paper mill.

Scenario 1.2: The Frovi greenhouse operates with biomass heating and the Swedish
electricity mix but without the symbiotic heat connection.

Scenario 1.3: Similar to Scenario 1.2, but with natural gas as the primary heat source.

Scenario 2—A generic Swedish greenhouse:

A BAU greenhouse in Sweden, using the Swedish electricity mix, biomass for heating,
and generic irrigation methods.

Scenario 3—A generic Dutch greenhouse:

A BAU greenhouse in the Netherlands, producing tomatoes for export to Sweden.
Uses the Netherlands electricity mix and natural gas for heating, along with generic
irrigation methods.

Tomatoes are transported to Sweden by road and sea, covering an average distance of
1580 km.

The study follows Product Category Rule (PCR) guidelines for arable vegetables [38]

to define the scope, boundaries, and data requirements for the LCI and LCA of the different
scenarios. Both LCA and LCC assessments consider the same system boundaries, including
material, water, energy, and waste flows, as detailed in Table 2.
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Table 2. Boundaries considered for the scenarios.

Type of Process

Processes Included Temporality

Tomato production

Upstream processes

Chemical and fertilizer production and transport
Tomato starter plant production and transport
Substrate production and transport

Plant support equipment production and transport
Electricity production and transport

Heat source production and transport (waste heat, biomass
heat, or natural gas heat, depending on the scenario
analyzed)

Water pumping

CO;, liquefying and transport

Packaging production and transport

Waste generation and treatment

O O O 0O O ©o

Yearly

o O O O

Downstream processes

) Emissions due to fertilizing (fertilizer application)
o Emissions due to the combustion of fuels (mainly diesel)

Greenhouse production and
operation

Upstream processes

° Structure materials production and transport for the
greenhouse

Auxiliary building materials production and transport
Grow / cultivation system materials production and transport
Shading system materials production and transport

Heating system materials production and transport

Heat recovery system materials (for the IS scenario) 30 years
(including heat exchangers, heat pumps, heat pipes
production and transport)

Lighting system materials production and transport
Irrigation system materials production and transport

Land transformation and preparation

Land use change

Waste generation, transport, and treatment

o O O O O

o O O O O

Core processes

o Maintenance: pump replacement 15 years (reference from
o Maintenance: heat exchanger ymanu facturers)
° Maintenance: boilers
o Maintenance: LEDs
Downstream processes Yearl
early

o Emissions due to the combustion of fuels (diesel mainly)

2.3.3. Cut-Off Criteria

The cut-off criteria applied in this study focus on the relative contribution of mass
and energy to the FU, as well as generated waste (air emissions, water waste, and solid
waste). The following criteria are applied: (i) Materials: flows contributing less than
1% of the cumulative mass were excluded, provided their environmental relevance was
negligible. However, the sum of neglected material flows did not exceed 5% of the mass or
environmental relevance. (ii) Energy: flows contributing less than 1% of cumulative energy
were excluded from the analysis.

2.3.4. Impact Assessment

Impact assessment evaluates the environmental impact of value chains using SimaPro
Analyst 9.3.0.3., complemented by in-house databases and Ecoinvent 3.8. The ReCiPe 2016
v1.1 midpoint method [39] was used for data analysis.

Midpoint analysis identifies the most impactful categories, while characterization
determines the contribution of different processes. Table 3 lists the selected environmental
impact indicators.
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Table 3. Environmental impact indicators were selected for this study and respective units.

ReCiPe 2016 Midpoint Abbr. Unit
Global warming GWP kg COzeq
Stratospheric ozone depletion obr kg CFCl1eq
Ionizing radiation IRP kBq Co-60eq
Ozone formation, human health HOFP kg NOx eq
Fine particulate matter formation PMFP kg PM2.5¢4
Ozone formation, terrestrial ecosystems EOFP kg NOx eq
Terrestrial acidification TAP kg SOz eq
Freshwater eutrophication FEP kg Peq
Marine eutrophication MEP kg Neg
Terrestrial ecotoxicity TETP kg 1,4-DCB
Freshwater ecotoxicity FETP kg 1,4-DCB
Marine ecotoxicity METP kg 1,4-DCB
Human carcinogenic toxicity HTP, kg 1,4-DCB
Human non-carcinogenic toxicity HTPyc kg 1,4-DCB
Land use Lor m2a Cropeq
Mineral resource scarcity sor kg Cueq
Fossil resource scarcity FFP kg oil ¢q
Water consumption WCP m?

2.3.5. Interpretation

This stage analyzes impact assessment results and suggests improvements. It com-
pares life cycle stages, and between baseline and the IS scenario.

2.4. Life Cycle Costing

LCC [14] evaluates the costs incurred throughout a product’s life cycle, following the
same principles as LCA. It includes both direct costs (CapEx) and indirect costs (OpEx).

Due to limitations in gathering baseline cost information, the LCC analysis focuses on
direct and indirect costs rather than predicting long-term economic trends. When specific
cost data are unavailable, estimated cost factors based on Peters (2011) [40] are used.

The lifespan of the Frovi greenhouse is assumed to be 30 years, with CapEx calculations
incorporating data from 2022, 2023, and 2024, while OpEx inputs are exclusively from 2024.
Some inputs are estimates rather than actual data, particularly for future years.

The total LCC is calculated as follows:

LCC = Ccapix + Y Copx, t ™)

where

e Ccapex represents initial capital costs, including land acquisition, civil works, engineer-
ing, greenhouse construction materials, investment in irrigation systems, electricity
and heat generation/distribution, and waste operations.

e Copex, t represents annual operational costs, including insurance, harvesting, person-
nel costs, water and energy use, fertilizers, CO, supply, and greenhouse maintenance.

e tisthe number of years considered in the analysis (30 years).

Certain costs are excluded from the calculation, such as the cost of the cultivation
system, as cultivation is performed manually. The estimated annual crop sale value is
based on average figures provided by the tomato producer.

Additionally, the Levelized production cost (€/kg of tomatoes) is estimated as follows:

Ctotal
Qtomato

, ()

Cprod =

where

o  Cipral = LCC represents the total life cycle cost.
®  Qomato is the total number of tomatoes produced over 30 years.
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This analysis focuses on comparing different heating scenarios rather than making

long-term financial predictions.

3. Results
3.1. LCA Evaluation

The LCA evaluation assesses the environmental impacts associated with all stages of

the greenhouse system, from resource extraction to operation and waste management.

Considering the 30-year life expectancy of the greenhouse (in alignment with previous

studies) and using a BAU greenhouse from the Ecoinvent database as a reference (minimum

lifespan of 25 years), the most and least impactful scenarios per kg of tomatoes analyzed

were identified (see Figure 2):

Scenario 3—The generic Dutch greenhouse exhibits the highest environmental impact
in 14 out of 18 impact categories.

Scenario 1.1—The symbiotic scenario being demonstrated in the Frovi greenhouse
has the lowest environmental impact in 17 out of 18 impact categories. However,
for water consumption, Scenario 1.1 ranks second highest due to the environmental
burden associated with Linde Energi hydropower plant construction and materials
production (notably gravel and steel).

The remaining scenarios fall between these two extremes.

A comparative analysis was conducted between Scenario 1.1 and the remaining

scenarios (Table 4). The key findings are as follows:

Significant environmental burden reductions were observed across multiple impact
categories.

Total avoided GHG emissions in the symbiotic scenario (Scenario 1.1) compared to
the BAU scenario amount to 3.382 kg CO; equivalent per kg of tomatoes produced,
translating to a yearly reduction of 29,270 tons of CO, equivalent. While GHG reduc-
tions are lower when compared with other scenarios, Scenario 1.1 remains the least
impactful in terms of Global Warming Potential (GWP).

Water consumption per kg of tomatoes is 9% higher (0.003 m3/kg) in Scenario 1.1
compared to the reference scenario.

Fossil resource consumption per kg of tomatoes is reduced by 1.07 kg of oil equivalent
(87%) compared to the reference scenario.

W Scenario 1.1

 Scenario 1.2

W Scenario 1.3

M Scenario 2

W Scenario 3

Figure 2. Life cycle assessment for the different scenarios.
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Table 4. Life cycle assessment results for comparison of the different scenarios, total impact per FU.

Impact Category Unit Scenario 1.1 Scenario 1.2 Scenario 1.3 Scenario 2 Scenario 3
GWP kg COz¢q 0.6749 0.8085 1.6699 0.7948 4.0565
OoDP kg CFC11 g 0.0000 0.0000 0.0000 0.0000 0.0000

IRP kBq Co-60 ¢q 0.0396 1.4506 1.4600 1.4482 0.2447
HOFP kg NOy eq 0.0018 0.0030 0.0028 0.0030 0.0056
PMFP kg PM2.5 oq 0.0012 0.0016 0.0016 0.0015 0.0026
EOFP kg NOx eq 0.0021 0.0033 0.0031 0.0033 0.0060

TAP kg SOz ¢q 0.0060 0.0071 0.0072 0.0068 0.0099

FEP kg Peq 0.0003 0.0004 0.0004 0.0003 0.0016

MEP kg N oq 0.0012 0.0012 0.0012 0.0012 0.0013
TETP kg 1,4-DCB 10.5769 12.2007 11.7099 11.0542 15.4524
FETP kg 1,4-DCB 0.1757 0.1869 0.1911 0.1820 0.2400
METP kg 1,4-DCB 0.2197 0.2350 0.2400 0.2278 0.3088
HTP. kg 1,4-DCB 0.1184 0.1241 0.1309 0.1115 0.1938
HTP; kg 1,4-DCB 1.3790 1.8810 1.7844 1.7166 3.2148

Lor m2a Crop eq 0.0454 0.3172 0.1066 0.3156 0.0967

sOopP kg Cu¢q 0.0079 0.0091 0.0094 0.0082 0.0087

FFP kg oil eq 0.1583 0.1932 0.5066 0.1900 1.2266
WCP m3 0.0402 0.0351 0.0355 0.0433 0.0369

An environmental impact analysis was conducted for each scenario. The findings for

Scenario 1.1 (symbiotic waste heat scenario in Frovi’s greenhouse) are presented in Figure 3
and Table 5:

Greenhouse construction and building processes contribute significantly to environ-
mental impact and warrant further examination, being the highest contributor in
human non-carcinogenic and mineral resource scarcity impact categories. This process
will be analyzed in more detail.

Fertilizer and chemical production are among the most impactful processes across
all impact categories, particularly in the stratospheric ozone depletion, terrestrial
acidification, marine eutrophication, and land use categories due to the application of
macronutrients. Emissions from the application of fertilizers appear as an important
contributor in the terrestrial acidification and marine eutrophication. These processes
are analyzed further in the next section.

Carbon dioxide represents the first impacting process in the global warming and
ionizing radiation impact categories due to its nature, which mainly impacts in those
impact categories.

Substrate use in the hydroponic base is the first impacting process in the ozone
formation (human and terrestrial), terrestrial ecotoxicity, and fossil resource scarcity
impacting categories.

Electricity consumption from Linde Energi purchased for tomato cultivation is also
identified as a key contributor.

When analyzing the total IS greenhouse’s structure and materials—excluding tomato

production processes, inputs, and outputs, and land preparation and construction and

land use and occupation—the greatest environmental impact comes from the materials

used in the greenhouse’s construction. The most significant contributors to the global

warming impact category (measured in kg CO; ¢q) are electrical components, glass panels

and aluminum structures. This is illustrated in Figures 4 and 5.
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m Greenhouse Frovi with waste heat recovery
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m Other supportive equipment
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Figure 3. Life cycle assessment for Scenario 1.1, showing the contribution of different processes and

activities to the different impact assessment categories.

Table 5. Life cycle assessment results (main impacting processes) for Scenario 1.1 per FU.

Emissions Greenhouse
Impact Unit Electricity Use Substrate Use Carbon from Fertilizer and Frovi with
Category n RES Supplier Dioxide Fertilizi Chemical Use Waste Heat
ertilizing R
ecovery
GWP kg COzeq 0.1065 0.1672 0.1856 0.0013 0.0826 0.0699
obpr kg CFCl11 ¢q 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
IRP kBq Co-60 g 0.0025 0.0028 0.0219 0.0000 0.0038 0.0056
HOFP kg NOx eq 0.0002 0.0008 0.0002 0.0001 0.0002 0.0002
PMFP kg PM2.5 g 0.0002 0.0002 0.0001 0.0001 0.0003 0.0002
EOFP kg NOx eq 0.0002 0.0009 0.0002 0.0002 0.0003 0.0002
TAP kg SOz eq 0.0005 0.0005 0.0003 0.0018 0.0022 0.0005
FEP kg P g 0.0001 0.0000 0.0001 0.0000 0.0000 0.0000
MEP kg N eq 0.0000 0.0000 0.0000 0.0006 0.0006 0.0000
TETP kg 1,4-DCB 3.1535 3.1671 1.6177 0.0000 0.7357 1.5972
FETP kg 1,4-DCB 0.1286 0.0033 0.0096 0.0000 0.0080 0.0180
METP kg 1,4-DCB 0.1564 0.0060 0.0124 0.0000 0.0105 0.0235
HTP, kg 1,4-DCB 0.0288 0.0070 0.0091 0.0000 0.0088 0.0488
HTPpc kg 1,4-DCB 0.5287 0.1200 0.1748 0.0000 0.1371 0.2671
LOP m?a crop eq 0.0028 0.0105 0.0033 0.0000 0.0128 0.0023
SOP kg Cueq 0.0021 0.0003 0.0007 0.0000 0.0015 0.0025
FFP kg oil ¢q 0.0079 0.0576 0.0330 0.0000 0.0206 0.0180
WCP m? 0.0314 0.0003 0.0014 0.0000 0.0016 0.0011
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Figure 4. Life cycle assessment for the total amount of materials and inputs for Scenario 1.1: Frovi

greenhouse with symbiotic waste heat recovery per FU.

Structure

materials_Scenario 1.1
2.47 kg CO2 eq

Aluminium_barextruded
0.882 kg CO2 eq

Iron-nickel-chromium alloy
{GLO} | market for | Cut-off
0.162 kg CO2 eq

Electronic component, passive,
unspecified {GLO}
0.37 kg CO2 eq

Flat glass, uncoated {RER} |
production | Cut-off
0.351 kg CO2 eq

Aluminium alloy AIMg3 {RER} |
production | Cut-off
0.792 kg CO2 eq

Iron-nickel-chromium alloy
{RoW} | market for | Cut-off
0.109 kg CO2 eq

Electronic component, passive,
unspecified {GLO} |
0.37 kg CO2 eq

Figure 5. Life cycle assessment for the total quantity of structure materials in kg CO; ¢q produced

(global warming impact category for Scenario 1.1) per FU.

The environmental impact per FU was also analyzed across different greenhouse

scenarios (Figure 6, Table 6) including the BAU greenhouses (Scenario 2 and Scenario 3),

Frovi’s greenhouse without symbiotic heat recovery (Scenario 1.2 and Scenario 1.3), and

Frovi’s greenhouse with symbiotic waste heat recovery system (Scenario 1.1, developed
within the CORALIS project).
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Figure 6. LCA comparison between greenhouses per FU.

Among these results, Scenario 1.1 has the highest environmental impact per FU,
mainly because the waste heat recovery system is included within its system boundaries.
In contrast, in other scenarios, the heating sources (natural gas or biomass) are outside
their boundaries, as they are not part of the greenhouse infrastructure, and are part of the
operational processes.

For BAU greenhouse, the most environmentally impactful materials and processes are
the production and transport of the aluminum, the flat glass panels, and the steel used in
structure components. These materials contribute significantly to Global Warming Potential
(kg CO; ¢q) (see Figure 7).

Table 6. Life cycle assessment results for the comparison between the different greenhouses contem-
plated in the 5 scenarios per FU.

BAU Froévi Greenhouse
Impact Category Unit G h Frovi Greenhouse with Waste Heat
reenhouse
Recovery
GWP kg COzeq 0.0528 0.0639 0.0701
OoDP kg CFC11 ¢q 0.0000 0.0000 0.0000
IRP kBq Co-60 g 0.0030 0.0052 0.0057
HOFP kg NOx eq 0.0001 0.0002 0.0002
PMFP kg PM2.5 ¢q 0.0001 0.0002 0.0002
EOFP kg NOx eq 0.0001 0.0002 0.0002
TAP kg SOz eq 0.0003 0.0005 0.0005
FEP kg Peq 0.0000 0.0000 0.0000
MEP kg N eq 0.0000 0.0000 0.0000
TETP kg 1,4-DCB 0.2827 1.4358 1.6020
FETP kg 1,4-DCB 0.0119 0.0171 0.0180
METP kg 1,4-DCB 0.0149 0.0223 0.0236
HTP, kg 1,4-DCB 0.0284 0.0394 0.0490
HTPy kg 1,4-DCB 0.0881 0.2524 0.2680
LOP m2a Crop g 0.0014 0.0022 0.0023
sOor kg Cu eq 0.0012 0.0020 0.0025
FFP kg Oisl eq 0.0136 0.0163 0.0181

WCP m 0.0006 0.0010 0.0011
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Greenhouse BAU
0.0528 kg CO2 eq

Aluminium alloy, AIMg3
{GLO} | market for | Cut-off
0.0206 kg CO2 eq

Flat glass, uncoated {RER}|
market for flat glass, uncoated
0.0055 kg CO2 eq

Steel, low-alloyed {GLO} I
market for | Cut-off

0.0123 kg CO2 eq

Figure 7. Tree analysis of the greenhouse BAU, for the impact category global warming, per FU, in
kg CO3 ¢q, for Scenario 2 and 3.

The analysis of the fertilizer production and application shows that the main contribu-
tor to environmental impact is the production of ammonia, which is utilized to synthesize
nitric acid that is later used in the manufacturing of calcium nitrate. This applies to all
scenarios (see Figures 8 and 9 for marine eutrophication impact category).

For the case of the emissions due to the process of fertilizing, the main contributor
for the marine eutrophication impact category is the emissions coming from the calcium
nitrate application due to its content of Nitrogen (0.0153 kg N ¢q per kg of this emission
and 0.000529 kg N ¢q per kg of tomato production (Figure 10)).
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90 -+ o . - SEN BN N . ...
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concentrate, sulfide ore | Cut-off, U
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® 50 + — —— SEE m man mem s
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40 -
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Figure 8. Life cycle assessment for the fertilizer production and application, per FU, for all the
scenarios.
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Fertilizer and
chemical use per year
5.82E-04 kg N eq

Potassium nitrate, agricultural
grade {CL}| potassium
5.06E-05 kg N eq

Calcium nitrate {RER} | market
for calcium nitrate
5.29E-04 kg N eq

Figure 9. Tree analysis of the fertilizer and chemical use production (for marine eutrophication impact
category per FU, in kg N ¢q, for all the scenarios studied).

Emissions from
fertilizing per year
5.76E-04 kg N eq

Fertilizing (emissions)
potassium nitrate
4.69E-05 kg N eq

Fertilizing (emissions) calcium
nitrate

5.29E-04 kg N eq

Figure 10. Tree analysis of the emissions from the fertilizing process (for marine eutrophication
impact category per FU, in kg N ¢q, for all the scenarios studied).

The main environmental impact in substrate use (Figure 11) comes from transportation,
as the substrate is sourced from India and transported mainly by road to its final destination.

Sustrate use per year
0.167 kg CO2 eq

Coconut husk {GLO} | market for
coconut husk
0.167 kg CO2 eq

Transport, freightlorry,
unspecified {GLO} | market group
0.167 kg CO2 eq

Figure 11. Tree analysis of the substrate use per FU (for the impact category of global warming in kg
CO, eq), for Scenario 1.1, 1.2, and 1.3.

For the electricity input, the energy supplier mix is 100% hydropower, 12.71 kWh
is consumed per kg of tomatoes, and 0.0921 m? of water is consumed in the electricity
high voltage, due to the gravel extraction and steel production for the hydropower plant
construction (Figure 12).
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Electricity, high voltage {SE}|
market for
0.0921 m3

Electricity, high voltage {SE}
electricity production
0.0915 m3

IRl eTpIoN T LA, ety Hydropower plant, run-of river

non-alphine 0.000563 m3
0.000247 m3

Figure 12. Tree analysis of the electricity high-voltage production used in Scenario 1.1, per FU (for
the impact category of water consumption in m3).

When analyzing Scenario 1.2 (Figure 13, Table 7. Life cycle assessment results (energy
processes) for Scenario 1.2 per FU) and Scenario 1.3 (Figure 14, Table 8. Life cycle assessment
results for Scenario 1.3 (heat natural gas process) per FU), in addition to the main impact
contributors already identified in Scenario 1.1, the heat produced by biomass (Scenario 1.2)
and by natural gas (Scenario 1.3) emerges as a major factor in the Global Warming Potential
impact category. However, using biomass as a heat source results in lower environmental
impact than using natural gas in this category.

Occupation land SE
Land use change_Greenhouse
Land preparation & construction
Greenhouse Frovi

¥ Solide waste

B Tomato seedling

H Fertilizer and chemicals use

m Waste water

W Emissions from fertilizing

B Other supportive equipment

B Carbon dioxide

® Heat MJ_biomass

B Substrate use

B Electricity use

m Water consumption

Figure 13. Life cycle assessment for Scenario 1.2 of Frovi’s greenhouse with heat from biomass
per FU.
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Table 7. Life cycle assessment results (energy processes) for Scenario 1.2 per FU.
. SE Electricity Mix Heat Biomass
Impact Category Unit (Same as Scerzlario 2) (Same as Scenario 2)
GWP kg COz ¢q 0.2178 0.0284
obDr kg CFC11 ¢q 0.0000 0.0000
IRP kBq Co-60 g 1.4120 0.0020
HOFP kg NOx eq 0.0006 0.0008
PMEFP kg PM2.5 ¢q 0.0004 0.0002
EOFP kg NOy g 0.0006 0.0008
TAP kg SOz eq 0.0009 0.0006
FEP kg P oq 0.0001 0.0000
MEP kg N oq 0.0000 0.0000
TETP kg 1,4-DCB 4.1312 0.8119
FETP kg 1,4-DCB 0.1391 0.0017
METP kg 1,4-DCB 0.1702 0.0028
HTP. kg 1,4-DCB 0.0405 0.0036
HTPn kg 1,4-DCB 0.8535 0.1927
LOP m2a CTOP eq 0.0594 0.2154
SOP kg Cueq 0.0036 0.0002
FFP kg oil eq 0.0376 0.0070
WCP m? 0.0262 0.0002

Occupation land SE
Land use change_Greenhouse
Land preparation & construction
Greenhouse Frovi

B Waste water

B Solide waste

M Emissions from fertilizing

m Tomato seedling

W Fertilizer and chemicals use

m Other supportive equipment

H Carbon dioxide

m Heat MJ natural gas

M Substrate use

M Electricity use

m Water consumption

Figure 14. Life cycle assessment for Scenario 1.3 for Frovi’s greenhouse with heat from natural gas
per FU.

Scenario 2 (Figure 15) indicates that the Swedish electricity mix (Table 7) has a lower
environmental impact compared to the Dutch electricity mix. Meanwhile, the transport of
tomatoes from the Netherlands to Sweden in Scenario 3 (Figure 16 and Table 9) represents
a considerable impact, which is avoided in all other scenarios. However, in Scenario
1.1, the waste heat recovery system increases the impact associated with the greenhouse
infrastructure. Despite this, its overall impact is offset by the avoided heat production from
biomass (Scenario 1.2) and natural gas (Scenario 1.3).
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Table 8. Life cycle assessment results for Scenario 1.3 (heat natural gas process) per FU.

Heat Natural Gas (Same as

Impact Category Unit Scenario 3)
GWP kg COzeq 0.8898
oDP kg CFC11 oq 0.0000

IRP kBq Co-60 g 0.0114
HOFP kg NOxeq 0.0005
PMFP kg PM2.5 oq 0.0002
EOFP kg NOx eq 0.0006

TAP kg SOz ¢q 0.0007

FEP kg P eq 0.0000

MEP kg N eq 0.0000
TETP kg 1,4-DCB 0.3209
FETP kg 1,4-DCB 0.0058
METP kg 1,4-DCB 0.0078
HTP. kg 1,4-DCB 0.0104
HTPp kg 1,4-DCB 0.0960

LOP m2a Crop eq 0.0047

sOopP kg Cueq 0.0005

FFP kg oil eq 0.3204
WCP m? 0.0005

Occupation land SE

© Land use change_Greenhouse

Land preparation & construction

1 Greenhouse BAU

o Waste water

B Solide waste

® Emissions from fertilizing

m Tomato seedling

W Fertilizer and chemicals use
B Other supportive equipment
m Carbon dioxide

m Heat MJ_biomass

B Substrate use

B Electricity use

o |rrigation BAU

Figure 15. Life cycle assessment for Scenario 2 for BAU greenhouse in Sweden, per FU.
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Occupation land NL
Land use change_Greenhouse
Transport from NLto SE
Land preparation & construction
Greenhouse BAU
B Waste water
B Solide waste
B Emissions from fertilizing
® Tomato seedling
W Fertilizer and chemicals use
W Other supportive equipment
M Carbon dioxide
M Heat M) natural gas

M Substrate use

W Electricity use

u Irrigation BAU

Figure 16. Life cycle assessment for Scenario 3 for BAU greenhouse in the Netherlands, per FU.

Table 9. Life cycle assessment results for Scenario 3 (NL electricity mix and transport from NL to SE)

per FU.
Impact Category Unit NL Electricity Mix Transportsféom NL to
GWP kg COz¢q 2.5470 0.2568
ODP kg CFC11 oq 0.0000 0.0000
IRP kBq Co-60 oq 0.2149 0.0061
HOFP kg NOx eq 0.0032 0.0004
PMFP kg PM2.5 oq 0.0013 0.0002
EOFP kg NOx ¢q 0.0032 0.0004
TAP kg SOz ¢q 0.0038 0.0005
FEP kg Peq 0.0013 0.0001
MEP kg N oq 0.0001 0.0000
TETP kg 1,4-DCB 5.9513 4.6868
FETP kg 1,4-DCB 0.1976 0.0051
METP kg 1,4-DCB 0.2493 0.0093
HTP, kg 1,4-DCB 0.1146 0.0105
HTPy kg 1,4-DCB 2.4440 0.1792
Lor m?a crop eq 0.0406 0.0138
SOP kg Cueq 0.0039 0.0005
FFP kg oil eq 0.7051 0.0886
WCP m3 0.0204 0.0004

3.2. LCC Evaluation

The most significant Capital Expenditures (CapEx) are related to infrastructure and
functionality, while the main Operational Expenditures (OpEx) are associated with person-
nel and energy costs.

Figures 17 and 18 present the financial structure of the project, detailing the distribution
of Capital Expenditures (CapEx) and Operational Expenditures (OpEx).
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9.94% 059 0.1%
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B Financial cost O Investment for CO2 recycling
B Groundworks O Investment for heat generation and distribution
B Preparation of land O Personnel costs
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O Investment for irrigation system O Other costs
B Machinery investment cost

Figure 17. Capital Expenditures—CapEx for Frovi Greenhouse.
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Figure 18. Annual Operating Expenditures—OpEx for Frévi Greenhouse.

Production Cost for 1 kg of Tomatoes

Figure 19 illustrates the differences in production costs per kg of tomatoes across the
analyzed scenarios. The results indicate that production costs range from €1.149/kg (Sce-
nario 2) to €1.584/kg (Scenario 3), highlighting the economic trade-offs between sustainable
and conventional greenhouse practices.
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Production cost of 1kg tomato (€/kg)

1.584
1021 1.322
22 I 1.212 1.149
Scenario 1.1 Scenario 1.2 Scenario 1.3 Scenario 2 Scenario 3

Figure 19. Production cost of 1 kg of tomatoes (€/kg) in different scenarios.

Scenario 1.1 (€1.221/kg) has a relatively low production cost, benefiting from 100%
hydropower electricity supplied locally and waste heat from the pulp and paper mill.
However, it is slightly more expensive than Scenario 1.3 (€1.212/kg), due to Capital Expen-
ditures, and Scenario 2 (€1.149/kg), which achieve lower costs due to their specific energy
configurations. Scenario 1.2 (€1.322/kg) shows a moderate cost increase due to its depen-
dence on the Swedish energy mix (SE mix), which combines renewable and non-renewable
sources. Scenario 1.3, which relies on natural gas for heating, is more cost-efficient than
Scenario 1.1.

Scenario 2 (€1.149/kg), representing a typical Swedish greenhouse, closely aligns with
Scenario 1.3, reflecting similar energy dependencies and efficiencies. Scenario 3 (€1.584/kg),
the most expensive scenario, represents the Dutch greenhouse model, which relies on
energy-intensive operations, mainly using natural gas, leading to higher economic costs
and environmental impacts.

These findings highlight that while Scenario 1.1 benefits from renewable and waste-
based energy sources, Scenario 1.3 and Scenario 2 offer lower costs for greenhouse tomato
production in Sweden.

4. Discussion

The present work has been dedicated to analyzing the environmental and economic
impact of the CORALIS project through the study of a demo case where different industrial
symbiotic solutions have been tested, with a focus on the demonstration of recycling of
low-grade waste heat for ambient heating in a tomato greenhouse.

The innovative tomato greenhouse demo case constructed in Frévi, Sweden shows
that there are both environmental and economic benefits when comparing the industrial
symbiotic scenario with the rest of the scenarios included in the study. The main findings
from this study are the following;:

e  The LCA results demonstrate significant reductions in environmental burdens across
key impact categories (in fact, 17 out of 18 environmental impact categories are in-
cluded in the LCA, when the symbiotic scenario (1.1) is compared with the Netherlands
BAU scenario (3)).

e  The total avoided GHG emissions of the symbiotic scenario (Scenario 1.1), compared
with the Netherlands BAU scenario (Scenario 3) are 3.382 kg CO, equivalents per kg
of tomatoes produced, or 29,270 tons of CO, equivalents yearly when considering the
30-year estimated lifespan of the greenhouse. When compared with the rest of the
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scenarios the GHG emissions avoided are less, but still the symbiotic scenario is the
least impacting with respect to the Global Warming Potential impact.

e The total water consumption per kg of tomatoes is 9% higher (0.003 m3/kg tomatoes)
when the symbiotic scenario (Scenario 1.1) is compared to the Netherlands BAU
scenario (Scenario 3).

e  The total fossil resources used per kg of tomatoes is 87% lower (1.07 kg of oil equiv-
alent/kg tomatoes) when the symbiotic scenario (Scenario 1.1) is compared to the
Netherlands BAU scenario (Scenario 3), when the greenhouse is heated mainly by
waste heat from the pulp and paper as expected.

e The LCC indicated that when comparing all the scenarios, the average Swedish green-
house scenario (Scenario 2) had the lowest production costs.

e  The LCC also highlighted that the greenhouse building materials, machinery invest-
ment, and investment for heat generation and distribution costs accounted for the
largest portions of the Frovi project CapEx (combined 57.8%). The LCC also indicated
that the personnel and energy costs accounted for the largest portions of OpEx (com-
bined 57%) for the Frovi project. Therefore, these can be understood as key leverage
points for further reducing the CapEx and OpEXx in similar future symbiosis projects,
conceptualized in the literature.

LCA has been proven to be an effective methodology/tool to evaluate and compare
the environmental impacts/benefits of IS scenarios versus BAU scenarios, aligned with
previous works where it is used to evaluate the benefit of applying IS in an energy-intensive
industrial park in China [17,41]. LCA and LCC are instruments proposed to overcome
economic uncertainty in future investments within an IS context in the work of Mainar-
Toledo et al. (2022) [17].

Examples of future explorations could be to look into how organic fertilizers” impact
would decrease if waste heat from other facilities in the proximity could be used to replace
heat from fossil fuels [42]. The Frovi LCA and LCC example also highlights that it is a
viable option to utilize waste heat other than for replacing fossil fuels from local heating
systems [26], while assessing the emission reduction potential of biofuels in Sweden.

Other interesting analyses to pursue for the case of Frovi are applications to use the
low-grade waste heat for drying purposes when the waste heat from the pulp and paper is
not needed, such as is the case during the summer period. Previous studies have pointed
to the potential of waste heat for decreasing the environmental impacts from different
production processes, where the recovery of low-grade heat could potentially improve
the environmental performance of the coking industry, mainly through heat recovery for
preheating coal [25]; others have suggested that using waste heat from other industrial
processes for drying and wet extraction processes would improve the energy demands of
the algal biofuel production facility [43].

5. Conclusions

This LCA and LCC assessment applied to a real IS demonstrator intended to assess
the environmental and economic impacts of low-grade waste recycling, thus filling the gap
in the literature for real case analysis of symbiosis developments. The results obtained at
Frovi demonstrate the following:

1. The IS model is economically and environmentally viable, when speaking about
recovering waste heat from a near industrial facility and when the greenhouse and its
systems perform as expected.

2. The LCA indicated that greenhouse building materials were a key contributor to
environmental impact, which highlights the importance of material choices in early
project design stages.
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3. The LCA also indicated that the waste heat symbiotic scenario had a significant
environmental impact related to the waste heat pipe infrastructure and water pipe
infrastructure when compared with the generic Sweden scenario (Scenario 2) and the
generic Netherlands scenario (Scenario 3).

4. While the symbiotic scenario (Scenario 1.1) performed better than the generic Nether-
lands scenario (Scenario 3) in 17 out of 18 impact categories, the other scenarios
(Scenarios 1.2, 1.3, and 2) indicated that there are some areas of potential improvement
for future similar projects.

5. The solution established for the present study shows that the waste recovery system
helps to reduce both the environmental impacts and the economic impacts of the
tomatoes produced in Frovi’s greenhouse.

6. Additionally, the Frovi tomato greenhouse avoids environmental and economic im-
pacts related to the use of natural gas for heating and related to the transport from the
Netherlands to Sweden required in the BAU Netherlands scenario (Scenario 3).

This research presents a novel application of LCA and LCC to an industrial symbiosis
case in greenhouse agriculture, demonstrating the dual benefits of waste heat recovery
in terms of both environmental and economic performance. The findings provide robust
evidence that IS can be a viable strategy for decarbonizing agricultural heating systems,
reducing operational costs, and improving energy efficiency. This approach serves as a
replicable model for future implementations of IS in different sectors, particularly in regions
aiming to optimize resource use and transition towards more circular economies.

Nevertheless, further research is needed to explore IS projects on a larger scale. Future
studies should analyze and compare additional waste heat reuse scenarios, considering
different heat source temperatures, geographical contexts, and agricultural applications be-
yond greenhouse tomato production, such as protein, shrimp, or fish farming. Additionally,
validating these findings with real operational data, rather than estimated values, would
strengthen the robustness of the conclusions and enhance their applicability in real-world
industrial symbiosis strategies.

Despite these promising results, several barriers could limit the large-scale adoption
of waste heat recovery in greenhouse agriculture. The high initial investment (CapEx)
required for infrastructure, such as heat transport pipelines and greenhouse adaptation,
poses a significant challenge, particularly in the absence of financial incentives. Addi-
tionally, the geographical proximity between heat suppliers and greenhouse operations is
crucial, as long-distance heat transport can reduce efficiency and increase costs. Regulatory
constraints also play a key role, as policies governing energy use, waste heat valorization,
and agricultural production may not fully accommodate industrial symbiosis solutions.

Moreover, energy price volatility could affect the long-term economic viability of these
systems, requiring further research into mechanisms that could mitigate financial risks,
such as subsidies, carbon pricing incentive, or long-term energy purchase agreements.
Future research should explore these aspects to better understand how policy support,
business model innovation, and stakeholder collaboration can enable broader adoption of
industrial symbiosis strategies for sustainable greenhouse production.
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The following abbreviations are used in this manuscript:

BAU Business-As-Usual

CapEx  Capital Expenditures

CHP Combined Heat and Power Plant

EOFP  Ozone formation, terrestrial ecosystems

FEP Freshwater eutrophication
FETP Freshwater ecotoxicity
FFP Fossil resource scarcity
FU Functional unit

GLO Global

GWP Global warming

HOFP  Ozone formation, human health
HTPc Human carcinogenic toxicity
HTPnc Human non-carcinogenic toxicity
IRP Ionizing radiation

IS IS

LCA Life Cycle Assessment

LCC Life Cycle Cost

LCI Life Cycle Inventory

LOP Land use

MEP Marine eutrophication

oDpP Stratospheric ozone depletion
OpEx  Operational Expenditure

PMFP  Fine particulate matter formation

SE Swedish
SOP Mineral resource scarcity
TAP Terrestrial acidification

TETP Terrestrial ecotoxicity
RER Rest of Europe and other regions
WCP Water consumption
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Appendix A

Table Al. Inventory related to structural materials, heating system, lighting system, irrigation system,
electricity generators, and construction waste (input).

Type of Material Amount Unit
Structural materials 6,886,735.90 kkg
Heating system 453,727 .46 kg
Lighting system 130,297.00 kkg
Irrigation system 18,113.10 kg
Electricity generators 3580.00 kg
Construction waste 141,040.00 kg
Land preparation and construction energy 570,262.00 L
consumption 281,875.00 kWh
Transportation of building materials 3,741,284.00 ton-km
Tomato yield data 85.00 kg/ m2/ year

Table A2. Inventory related to tomato production data (input).

Type of Material Amount Unit
Fertilizers and chemicals 534,815.00 kg/year
Water use 220,000,000.00 L/year
Energy use 37,200,000.00 kWh/year
Tomato plants 175,000.00 number of plants
Substrate use 7,000,000.00 m3/ year
Other supportive equipment 17,000.00 kg/year
Other main inputs 100,000,000.00 M]/year
CO; for plant growth 1,700,000.00 kg/year

Collection process and packaging

process 82,600.00 kg/year

Table A3. Inventory related to waste generation and treatment, estimations (input).

Type of Material Amount Unit
Liquid waste 121,000.00 L/year
Solid waste 509,875.00 kg/year
Volumetric waste 450.00 m3/ year

References

1. Ghanem, L.; Giirdil, G.A K,; Demirel, B.; Eissa, M.O.S. Estimating Energy Needs for Climate-Controlled Greenhouses in Syria
with a Software Tool. Black Sea J. Eng. Sci. 2024, 7, 1187-1193. [CrossRef]

2. Patel, VK;; Singh, L.P; Sharma, D.; Singh, K.; Sudan, S.; Koul, V.K. Trends in Greenhouse Production Technology with Special
Reference to Protected Cultivation of Horticultural Crops. Int. |. Multidiscip. Res. 2024, 6. [CrossRef]

3. Nikoli¢, D.; Jovanovig, S.; JuriSevi¢, N.; Nikoli¢, N.; Radulovié, J.; Radovi¢, M.V.; Gruji¢, I. Sustainable Design in Agriculture—
Energy Optimization of Solar Greenhouses with Renewable Energy Technologies. Energies 2025, 18, 416. [CrossRef]

4.  Syrotiuk, V,; Syrotiuk, S.; Ptashnyk, V. Energy supply for the processes of greenhouse business with application of renewable
sources of energy. Bull. Lviv Natl. Agrar. Univ. Agroeng. Res. 2019, 56-60. [CrossRef]

5. Mahmood, F; Al-Ansari, T. Renewable Energy Driven Sustainable Greenhouse: An Overview. In Encyclopedia of Sustainable
Technologies; Elsevier: Amsterdam, The Netherlands, 2023; pp. 652-665. [CrossRef]

6.  Paris, B.; Vandorou, E; Balafoutis, A.T.; Vaiopoulos, K.; Kyriakarakos, G.; Manolakos, D.; Papadakis, G. Energy Use in Greenhouses
in the EU: A Review Recommending Energy Efficiency Measures and Renewable Energy Sources Adoption. Appl. Sci. 2022,
12, 5150. [CrossRef]

7.  Frans, S.; Juha-Matti, K. Reduction of the Climate Impact of Finnish Greenhouse Vegetables Achieved by Energy Acquisitions
between 2004 and 2017. J. Hortic. Sci. Res. 2021, 4, 018. [CrossRef]

8. Iddio, E.; Wang, L.; Thomas, Y.; McMorrow, G.; Denzer, A. Energy efficient operation and modeling for greenhouses: A literature
review. Renew. Sustain. Energy Rev. 2020, 117, 109480. [CrossRef]

9. Zhou, D.; Meinke, H.; Wilson, M.; Marcelis, L.EM.; Heuvelink, E. Towards delivering on the sustainable development goals in
greenhouse production systems. Resour. Conserv. Recycl. 2021, 169, 105379. [CrossRef]

10. Cuce, E.; Harjunowibowo, D.; Cuce, PM. Renewable and sustainable energy saving strategies for greenhouse systems: A

comprehensive review. Renew. Sustain. Energy Rev. 2016, 64, 34-59. [CrossRef]


https://doi.org/10.34248/BSENGINEERING.1480016
https://doi.org/10.36948/IJFMR.2024.V06I04.26549
https://doi.org/10.3390/en18020416
https://doi.org/10.31734/AGROENGINEERING2019.23.056
https://doi.org/10.1016/B978-0-323-90386-8.00073-5
https://doi.org/10.3390/app12105150
https://doi.org/10.36959/745/408
https://doi.org/10.1016/j.rser.2019.109480
https://doi.org/10.1016/j.resconrec.2020.105379
https://doi.org/10.1016/j.rser.2016.05.077

Energies 2025, 18, 1636 26 of 27

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Ammenberg, J.; Baas, L.; Eklund, M.; Feiz, R.; Helgstrand, A.; Marshall, R. Improving the CO;, performance of ce-
ment, part III: The relevance of industrial symbiosis and how to measure its impact. J. Clean. Prod. 2014. Avail-
able online: https:/ /www.academia.edu/12877589 /Improving_the_CO2_performance_of_cement_part_III_the_relevance_of_
industrial_symbiosis_and_how_to_measure_its_impact (accessed on 17 March 2025).

Xue, X.; Wang, S.; Chun, T.; Xin, H.; Xue, R.; Tian, X.; Zhang, R. An integrated framework for industrial symbiosis performance
evaluation in an energy-intensive industrial park in China. Environ. Sci. Pollut. Res. 2023, 30, 42056—42074. [CrossRef]
European Commission. European Platform on LCA | EPLCA. Available online: https://eplca.jrc.ec.europa.eu/ (accessed on
17 March 2025).

European Commission. Life-Cycle Costing. Available online: https://green-business.ec.europa.eu/green-public-procurement/
life-cycle-costing_en (accessed on 17 March 2025).

Duflou, J.R.; Sutherland, ].W.; Dornfeld, D.; Herrmann, C.; Jeswiet, J.; Kara, S.; Hauschild, M.Z.; Kellens, K. Towards energy and
resource efficient manufacturing: A processes and systems approach. CIRP Ann. 2012, 61, 587-609. [CrossRef]

Yan, X.; Wang, L.; Fang, M.; Hu, J. How Can Industrial Parks Achieve Carbon Neutrality? Literature Review and Research
Prospect Based on the CiteSpace Knowledge Map. Sustainability 2023, 15, 372. [CrossRef]

Toledo, M.; Castan, M.; Millan, G.; Rodin, V.; Kollmann, A.; Peccianti, F; Annunziata, E.; Rizzi, F,; Frey, M.; Iannone, E; et al.
Accelerating sustainable and economic development via industrial energy cooperation and shared services—A case study for
three European countries. Renew. Sustain. Energy Rev. 2022, 153, 111737. [CrossRef]

Park, H.-S.; Behera, S.K. Methodological aspects of applying eco-efficiency indicators to industrial symbiosis networks. J. Clearn.
Prod. 2014, 64, 478-485. [CrossRef]

Briassoulis, D.; Pikasi, A.; Hiskakis, M.; Arias, A.; Moreira, M.T.; Ioannidou, S.M.; Ladakis, D.; Koutinas, A. Life-cycle sustainability
assessment for the production of bio-based polymers and their post-consumer materials recirculation through industrial symbiosis.
Curr. Opin. Green Sustain. Chem. 2023, 41, 100818. [CrossRef]

Subramanian, K.; Chopra, S.S.; Ashton, W.S. Capital-based life cycle sustainability assessment: Evaluation of potential industrial
symbiosis synergies. J. Ind. Ecol. 2021, 25, 1161-1176. [CrossRef]

Park, J.; Duque-Hernandez, J.; Diaz-Posada, N. Facilitating Business Collaborations for Industrial Symbiosis: The Pilot Experience
of the Sustainable Industrial Network Program in Colombia. Sustainability 2018, 10, 3637. [CrossRef]

Fric, U.; Levnaji¢, Z.; Modic, D.; Ronéevi¢, B. Industrial symbiosis networks supporting circularity: Understanding complexity,
cyclicality and resilience. Environ. Technol. Innov. 2025, 37, 104026. [CrossRef]

Rezaei, F; Burg, V.; Solgi, H.; Hellweg, S.; Roshandel, R. Spatiotemporal assessment of the cumulative exergy demand of
agricultural greenhouse production with industrial symbiosis. Ecol. Indic. 2024, 169, 112904. [CrossRef]

Xue, R.; Wang, S.; Gao, G.; Liu, D.; Long, W.; Zhang, R. Evaluation of symbiotic technology-based energy conservation and
emission reduction benefits in iron and steel industry: Case study of Henan, China. J. Clean. Prod. 2022, 338, 130616. [CrossRef]
Wu, J; Pu, G.; Guo, Y.; Lv, J.; Shang, J. Retrospective and prospective assessment of exergy, life cycle carbon emissions, and water
footprint for coking network evolution in China. Appl. Energy 2018, 218, 479-493. [CrossRef]

Martin, M.; Wetterlund, E.; Hackl, R.; Holmgren, K.M.; Peck, P. Assessing the aggregated environmental benefits from by-product
and utility synergies in the Swedish biofuel industry. Biofuels 2020, 11, 683—698. [CrossRef]

Martin, M.; Weidner, T.; Gullstrom, C. Estimating the Potential of Building Integration and Regional Synergies to Improve the
Environmental Performance of Urban Vertical Farming. Front. Sustain. Food Syst. 2022, 6, 849304. [CrossRef]

Parker, T.; Kiessling, A. Low-grade heat recycling for system synergies between waste heat and food production, a case study at
the European Spallation Source. Energy Sci. Eng. 2016, 4, 153-165. [CrossRef]

Teng, Y.; Pan, W. Estimating and minimizing embodied carbon of prefabricated high-rise residential buildings considering
parameter, scenario and model uncertainties. Build. Environ. 2020, 180, 106951. [CrossRef]

Murioz, E.; Curaqueo, G.; Cea, M.; Vera, L.; Navia, R. Environmental hotspots in the life cycle of a biochar-soil system. ]. Clean.
Prod. 2017, 158, 1-7. [CrossRef]

ISO-ISO 14040:2006; Environmental Management—Life Cycle Assessment—Principles and Framework. ISO: Geneva, Switzer-
land, 2006. Available online: https://www.iso.org/standard /37456.html (accessed on 15 January 2023).

ISO-ISO 14044:2006; Environmental Management—Life Cycle Assessment—Requirements and Guidelines. ISO: Geneva,
Switzerland, 2006. Available online: https://www.iso.org/standard /38498 html (accessed on 15 January 2023).

Song, X.; Montelius, M.; Carlsson, C. Life Cycle Assessment of Per- and Polyfluoroalkyl Substances (PFAS) Remediation
Technologies: A Literature Review. Environments 2024, 11, 203. [CrossRef]

Khankahdani, Z.H.; Ghazimoradi, M.M.; Abdollahi, M. Life Cycle Assessment. In Encyclopedia of Toxicology, 4th ed.; Academic
Press: Cambridge, MA, USA, 2023; Volume 5, pp. 829-836. [CrossRef]

Nubi, O.; Murphy, R.; Morse, S. Life Cycle Sustainability Assessment of Waste to Energy Systems in the Developing World: A
Review. Environments 2014, 11, 123. [CrossRef]


https://www.academia.edu/12877589/Improving_the_CO2_performance_of_cement_part_III_the_relevance_of_industrial_symbiosis_and_how_to_measure_its_impact
https://www.academia.edu/12877589/Improving_the_CO2_performance_of_cement_part_III_the_relevance_of_industrial_symbiosis_and_how_to_measure_its_impact
https://doi.org/10.1007/S11356-023-25232-0
https://eplca.jrc.ec.europa.eu/
https://green-business.ec.europa.eu/green-public-procurement/life-cycle-costing_en
https://green-business.ec.europa.eu/green-public-procurement/life-cycle-costing_en
https://doi.org/10.1016/j.cirp.2012.05.002
https://doi.org/10.3390/su15010372
https://doi.org/10.1016/j.rser.2021.111737
https://doi.org/10.1016/j.jclepro.2013.08.032
https://doi.org/10.1016/j.cogsc.2023.100818
https://doi.org/10.1111/jiec.13135
https://doi.org/10.3390/su10103637
https://doi.org/10.1016/j.eti.2025.104026
https://doi.org/10.1016/j.ecolind.2024.112904
https://doi.org/10.1016/j.jclepro.2022.130616
https://doi.org/10.1016/J.APENERGY.2018.03.003
https://doi.org/10.1080/17597269.2017.1387752
https://doi.org/10.3389/FSUFS.2022.849304
https://doi.org/10.1002/ESE3.113
https://doi.org/10.1016/J.BUILDENV.2020.106951
https://doi.org/10.1016/J.JCLEPRO.2017.04.163
https://www.iso.org/standard/37456.html
https://www.iso.org/standard/38498.html
https://doi.org/10.3390/environments11090203
https://doi.org/10.1016/B978-0-12-824315-2.00735-1
https://doi.org/10.3390/environments11060123

Energies 2025, 18, 1636 27 of 27

36.

37.

38.

39.

40.

41.

42.

43.

Bartzas, G.; Zaharaki, D.; Komnitsas, K. Life cycle assessment of open field and greenhouse cultivation of lettuce and barley. Inf.
Process. Agric. 2015, 2, 191-207. [CrossRef]

Tsoy, N.; Prado, V.; Wypkema, A.; Quist, J.; Mourad, M. Anticipatory Life Cycle Assessment of sol-gel derived anti-reflective
coating for greenhouse glass. J. Clean. Prod. 2019, 221, 365-376. [CrossRef]

EPD. Arable Crops. Product Category Rules According to ISO 14025. 2020-11-16. Available online: www.environdec.com
(accessed on 27 February 2025).

Huijbregts, M.A ].; Steinmann, Z.].N.; Elshout, PM.E,; Stam, G.; Verones, F,; Vieira, M.; Zijp, M.; Hollander, A.; van Zelm, R.
ReCiPe2016: A harmonised life cycle impact assessment method at midpoint and endpoint level. Int. . Life Cycle Assess. 2017,
22,138-147. [CrossRef]

Peters, M.S. Plant Design and Economics for Chemical Engineers. McGraw-Hill (New York) 1920-2011: Free Download,
Borrow, and Streaming: Internet Archive. Available online: https://archive.org/details/plantdesignecono0000pete (accessed on
27 February 2025).

Wang, S.; Lu, C.; Gao, Y.; Wang, K.; Zhang, R. Zhang, Life cycle assessment of reduction of environmental impacts via industrial
symbiosis in an energy-intensive industrial park in China. J. Clean. Prod. 2019, 241, 118358. [CrossRef]

Santolin, J.; Vlaeminck, S.E.; Appiah-Twum, H.; Van Winckel, T.; Spiller, M. Consequential LCA of NPK fertilizers from microbial,
animal, plant, and mineral origin highlights resource constraints and environmental impacts. J. Clean. Prod. 2024, 457, 142312.
[CrossRef]

Chowdhury, R.; Caetano, N.; Franchetti, M.J.; Hariprasad, K. Life Cycle Based GHG Emissions from Algae Based Bioenergy
with a Special Emphasis on Climate Change Indicators and Their Uses in Dynamic LCA: A Review. Sustainability 2023, 15, 1767.
[CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1016/j.inpa.2015.10.001
https://doi.org/10.1016/j.jclepro.2019.02.246
www.environdec.com
https://doi.org/10.1007/S11367-016-1246-Y
https://archive.org/details/plantdesignecono0000pete
https://doi.org/10.1016/J.JCLEPRO.2019.118358
https://doi.org/10.1016/J.JCLEPRO.2024.142312
https://doi.org/10.3390/su15031767

	Introduction 
	Methodologies 
	Demo Case Demonstrator Description 
	Life Cycle Inventory (LCI) 
	Life Cycle Assessment 
	Goal and Scope Definition 
	System Description and Boundaries 
	Cut-Off Criteria 
	Impact Assessment 
	Interpretation 

	Life Cycle Costing 

	Results 
	LCA Evaluation 
	LCC Evaluation 

	Discussion 
	Conclusions 
	Appendix A
	References

