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Abstract
Intensive agriculture is increasingly adopted due to its high productivity. However, it generates significant amounts of waste 
that are potentially harmful to the environment. For example, greenhouse horticulture is commonly practised in several 
Mediterranean countries and generates waste that is difficult to manage, especially plastics. Unfortunately, current waste 
management practices, such as incineration, landfilling or dumping, are often not sustainable. However, there are possible 
alternative solutions for sustainable waste management. Therefore, the objective of this article is to present alternative systems 
based on different models of cooperative management of waste generated in the horticultural greenhouse sector. Five alterna‑
tives were analysed in terms of their economic, social and environmental sustainability using expert knowledge processed 
with the Analytic Hierarchy Process (AHP) method. The results show that there are alternative solutions to manage waste in 
a more sustainable way in the horticultural greenhouse sector, such as establishing collaboration between cooperative and 
managers, and the cooperative becoming the waste manager. None of the cooperatives in the region studied have currently 
implemented these two options. By adopting these alternative solutions, cooperatives can play a key role in promoting sus‑
tainable waste management practices in the horticultural greenhouse sector.
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Introduction

Agriculture is a key economic sector in Spain, contributing 
2.2% to the country’s Gross Domestic Product (GDP), sig‑
nificantly more than the EU average (1.3%) [1]. In particular, 
Spain is the largest producer of horticultural products within 
the EU, with 17.5% of total EU production [2]. Southern 
Spain, and especially the province of Almeria, leads the 
country’s horticultural production. In fact, the highest con‑
centration of greenhouses in Europe is in Almeria, which 
had 32,554 ha of greenhouses in 2020 [3–5]. This large area 

of greenhouses in Almeria is sometimes referred to as the 
“plastic sea”. Almeria produces tomatoes, peppers, onions, 
watermelons, lettuce and other horticultural products that 
are mainly exported to other European countries. These 
agricultural products are often produced under intensive 
greenhouse practices.

One of the problems associated with horticultural produc‑
tion in greenhouses is the large amount of waste generated, 
e.g. greenhouse structures and plastic films [6, 7]. Plastic 
used as protective material accounts for about 6% of the 
waste produced in greenhouses, while 94% is vegetal waste, 
which is mostly plant remains. It has been estimated that 
around 90,738 tonnes of non‑vegetal waste, with a volume 
of 187,050  m3, are produced each year in horticultural green‑
houses in Almeria [8, 9]. Covering structure and disinfection 
plastic represent the largest amount of non‑vegetal waste by 
weight (43% and 23%, respectively), and by volume (27% 
and 22%, respectively) [8], followed by steel for the green‑
house structures and small amounts of textiles, wood and 
cardboard [10]. The large amount of plastic waste generated 
in agriculture also occurs in other geographical areas, such 
as the coastal regions of southern Italy [7, 11], Greece [12] 
and Cyprus [13]. This agricultural plastic waste may break 
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up into macroplastics, microplastics and nanoplastics, poten‑
tially polluting the environment and even entering the food 
chain [14]. To collect data more efficiently on this issue, 
Geographic Information Systems (GIS) are increasingly 
used for the mapping and quantification of agricultural plas‑
tic waste [15–17]. A recent study with GIS in Italy, Spain, 
Greece and Portugal found that Andalusia is the highest con‑
tributor to agricultural plastic waste, due to the extensive use 
of agricultural plastic in Almeria and Jaén [12].

The management of this non‑vegetal waste, especially 
plastic waste, is problematic, as these materials are often not 
recyclable and often end up in incineration, landfill or even 
dumped in the immediate vicinity of greenhouses, with con‑
sequent damage to the environment. Farmers are now more 
aware of the negative consequences of these practices. In 
addition, increasingly stringent EU and national regulations 
are pushing farmers to look for more sustainable solutions 
to manage this waste. An example of recent developments 
in waste management policies can be seen in Spanish leg‑
islation, which has introduced stricter regulations for the 
practice of landfilling, a common method of disposing of 
waste materials [18]. In addition, the EU has established 
landfilling as the least preferred method of waste manage‑
ment [19]. Garcia‑Garcia et al. [10] identified the following 
factors as having the greatest impact on non‑biodegradable 
waste management in horticultural cooperatives: inconsist‑
ent regulatory frameworks, lack of (individual or collective) 
systems for waste management, deficient documentation and 
poor traceability. Consequently, research is currently under‑
way to identify alternative solutions for the management of 
plastic waste generated in greenhouses, such as the use of 
these materials for other applications [20] and the substitu‑
tion of plastic materials in greenhouses with biodegradable 
and compostable alternatives [21].

In the particular case of Almeria, Duque‑Acevedo et al. 
[22] studied waste management strategies followed in green‑
houses, focusing on biomass, which is also generated in large 
amounts in greenhouses. The most common strategy is to 
send the waste to external waste management companies and 
authorised recycling plants. Secondly, the waste is used for 
animal feed. A small proportion of the waste is used as green 
fertiliser by farmers. Finally, a very small percentage is com‑
posted in greenhouses. Currently, there is no integrated sys‑
tem for the management of greenhouse plant waste in Almeria 
[22]. Each farmer manages their waste independently with the 
main objective of reducing management costs. This reduces 
the traceability of the waste management system and increases 
the likelihood of inadequate waste management. Furthermore, 
greenhouse farms in Almeria are generally small and family‑
run, with an average area of 1.9–2.6 ha and an average of 5 
workers per farm [8]. This is an additional obstacle for the 
adequate management of waste, together with its seasonal 
nature and, above all, its high cost. However, alternative 

solutions to manage waste in a more cooperative way exist 
and are expected to offer several advantages over current indi‑
vidualistic approaches.

Indeed, in Almeria, horticultural farmers are mainly 
grouped in cooperatives, which could allow for a more 
efficient and cost‑effective waste management. Cooperatives 
could bring their expertise in waste management, which 
would allow them to develop waste reduction, reuse and 
recycling strategies. In addition, cooperatives can help 
farmers access waste collection services, as well as provide 
technical and financial assistance for the implementation of 
waste management practices. Cooperatives can also facilitate 
the implementation of integrated waste management systems, 
which are necessary to ensure that waste is handled and 
disposed of in an environmentally responsible manner. In 
addition, cooperatives can help reduce the costs associated 
with waste management, allowing farmers to allocate 
resources to other areas of their business.

In this context, the objective of this article is to explore 
alternative management systems of non‑vegetal waste for hor‑
ticultural greenhouse cooperatives and to evaluate their eco‑
nomic, social and environmental sustainability. The Analytic 
Hierarchy Process (AHP) methodology, widely recognised 
as an effective method for evaluating complex multi‑criteria 
decision‑making (MCDM) problems, is used to build a frame‑
work for this evaluation. The AHP methodology allowed the 
comparison of alternative waste management systems with 
the conventional practice, using the knowledge of experts in 
the sector. The economic, social and environmental sustain‑
ability of four alternative waste management systems were 
evaluated and compared with the conventional practice in 
order to determine the most sustainable option. The ultimate 
aim of the research is to provide information on the feasibil‑
ity of sustainable waste management systems for horticultural 
greenhouses in Almeria, and to propose a series of policy 
recommendations to promote the spread of the most sustain‑
able waste management practices. The results are expected 
to be valuable to policy makers, greenhouse farmers, waste 
management companies and other stakeholders as they seek 
to address the challenges associated with unsustainable waste 
management practices in the region. In addition, this study 
aims to contribute to the wider field of sustainable horticulture 
by providing a model and methodology for evaluating sustain‑
ability and alternative horticultural waste management systems 
that could be applied in other regions and farming systems.

Methodology

This section outlines the methodology used to analyse 
alternative waste management systems, including the 
selection of indicators and the application of the AHP. It 
must be noted that there exist a number of MCDM methods, 
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each one with their advantages and disadvantages. For 
solid waste management, the most relevant ones are AHP, 
Multi‑Attribute Utility Theory (MAUT), Preference 
Ranking Organization METhod for Enrichment Evaluations 
(PROMETHEE), ELimination and Choice Expressing 
REality (ELECTRE) and the Technique for Order of 
Preference by Similarity to Ideal Solution (TOPSIS). AHP 
is the most common MCDM method to study most solid 
waste management systems [23, 24], and, specifically, 
agricultural waste management [25]. This is mostly due to its 
versatility and the possibility of comparing different criteria 
and stakeholders’ preferences. Based on this, we chose AHP 
as the MCDM method in this case study.

Alternative cooperative waste management systems

The alternative waste management systems considered 
in this study are based on different levels of partnership 
between the cooperative and other members. In order 
to identify alternative waste management systems, a 
combination of literature review was firstly used as a 
first approach to understand the state of the art in waste 
management in the horticultural greenhouse sector, followed 
by an Open Innovation Lab (OIL) with agents of the sector 
and experts. The literature review provided information on 
the most widespread waste management practices in the 
agricultural sector and relevant legislation (e.g. [3–5, 7, 8, 
14, 18, 19]). The OIL took place on 23rd May 2019 and 
provided a platform for diverse stakeholders from the sector 
to collaborate and identify alternative waste management 
systems. Thirty people participated: five from the project 
organisers, eight from sector companies and horticultural 
producers, four experts in agricultural management, six 
from innovative solution providers, two from research 
and development centres and five from public entities and 
policymakers. During the OIL, participants shared insights 
on current practices and potential obstacles and challenges to 
adopt alternative systems. This collaborative effort aimed to 
gather valuable information and generate innovative ideas to 
facilitate the implementation of more sustainable practices.

Following the procedure explained above, it was found 
that the conventional practice is that the cooperative is not 
involved in the waste management activities of its members. 
Based on the literature review and the OIL, the following 
alternative systems, with an increasing level of complexity 
in terms of waste management and cooperative involvement, 
were proposed:

Alternative 0. Cooperative not involved in waste 
management: The cooperative does not participate in the 
waste management activities of its members. This is the 
conventional practice.

Alternative 1. Cooperative agreements with transport 
company: The cooperative establishes agreements with an 
authorised transport company that is responsible for collec‑
tion from the farm, transport and delivery of the waste to 
the management plant. This alternative includes a collection 
system for agricultural packaging, managed by the non‑profit 
organisation SIGFITO, as well as the management of non‑
returnable containers by hazardous waste managers.

Alternative 2. Cooperative agreements with management 
plants: The cooperative establishes agreements with waste 
management plants, so that farmers deposit their waste at 
the facilities of these companies. This alternative includes 
a collection system for agricultural packaging, managed 
by SIGFITO, as well as the management of non‑returnable 
packaging by managers of hazardous waste.

Alternative 3. Collaboration between cooperative and 
managers: The cooperative coordinates a system that is 
executed by waste managers. The cooperative organises the 
collection to facilitate management and reduce costs, regis‑
ters the waste managed and ensures the correct management 
of the waste, in compliance with the current regulations. 
Furthermore, the cooperative collaborates with waste man‑
agers to develop cost reduction strategies, such as optimising 
collection routes or identifying more efficient methods to 
manage waste. This alternative is not currently employed by 
any cooperative in the region.

Alternative 4. Cooperative manages waste: The 
cooperative becomes the waste manager, assuming 
responsibility for the collection, transportation, treatment 
and disposal of its own waste. This option eliminates the 
need to contract a third party for the management of waste. 
Furthermore, this option enables the cooperative to assume 
a more prominent role in the waste management process, 
thereby facilitating the implementation of environmentally 
responsible waste management practices. It is essential 
that the cooperative possesses the requisite infrastructure, 
equipment and personnel in order to effectively manage its 
own waste. This alternative is also not currently applied by 
any cooperative in the region.

Experts were consulted on the possibility of the 
cooperative assuming the role of the final recycler as an 
additional alternative for implementation. For example, the 
cooperative could produce plastic pellets. Nevertheless, this 
option was deemed technically unfeasible in the near term 
due to the substantial initial investment costs and the limited 
size of the cooperatives. Consequently, it was excluded from 
further consideration.

Sustainability indicators

The sustainability indicators used to evaluate the 
performance of the five waste management alternatives 
were defined through a combination of literature review 
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and the OIL, as described in “Alternative cooperative 
waste management systems”. A selection of relevant 
journal articles that analyse sustainability assessments in 
agriculture was used to propose the indicators in the three 
dimensions of sustainability [26–29]. During the OIL, 
the research team discussed the purpose of each indicator 
identified in the literature, its relevance to the specific 
context of the study and how it could be used to measure 
the sustainability of the waste management alternatives in 
horticultural greenhouses. This enabled the identification 
and refinement of a set of comprehensive, relevant and 
meaningful indicators that could be used to measure the 
economic, social and environmental performance of waste 
management alternatives. These indicators are defined 
below.

Economic indicators:
Overall profitability for farmers: Measures how the 

alternatives affect the overall profitability obtained. It is 
calculated by subtracting costs from revenues.

Strategic positioning and competitiveness in the 
market: Measures how the adoption of innovations can 
improve the company’s position in the medium and long 
term.

Intrinsic product quality: Refers to the quality 
attributes of the food produced by the farmer.

Diversification of economic activities related to 
waste management in the region: Refers to the presence 
of diversified economic activities related to waste 
management in the region.

Social indicators:
Direct and indirect employment: Quantifies the number 

of jobs generated on the farm and in other related sectors.
Intergenerational continuity of agrifood activities: 

Measures the level of continuity of economic activity over 
time due to the continuity of human capital.

Health of consumers and public health: Assesses the 
hygienic and sanitary conditions of products produced 
by farmers.

Health conditions of workers: Assesses the hygiene 
and health conditions of farmers/workers.

Environmental indicators:
Biodiversity of flora and fauna: Measures the number 

and variety of living things in the environment.
Quality of groundwater and surface water: Assesses 

groundwater and surface water contamination.
Soil fertility/quality and control of soil erosion: 

Measures soil fertility and quality as well as the degree 
of soil erosion.

Climate change abatement: Measures greenhouse gas 
emissions.

Landscape quality: Refers to the aesthetic quality of 
the region’s landscape.

Analytic hierarchy process

AHP was used to evaluate the performance (also known 
as priority) of the different alternatives for each indicator 
considered. AHP is a multi‑criteria decision‑making 
technique developed by Saaty [30] that allows solving 
complex decision‑making problems involving multiple, 
usually conflicting, criteria and stakeholders. It does this by 
prioritising a set of alternatives based on their performance 
with respect to a set of criteria and the overall objective or 
goal.

The structure of the AHP model for this study is shown in 
Fig. 1. It includes the alternatives and indicators defined in 
the previous subsections. The five alternatives at the bottom 
of the figure are evaluated in terms of their performance (or 
priority) with respect to each indicator placed above. The 
performance on these indicators is then used to prioritise 
the alternatives in the economic, social and environmental 
domains. Finally, the global performance of each alternative 
is calculated, allowing the alternatives to be ranked accord‑
ing to their performance in achieving the goal.

The mathematical steps involved in building the AHP 
model are explained in more detail below.

1. Survey to experts: For each element of the hierarchy 
on which other elements depend, the local priorities or 
weights (ωL) of these sub‑elements with respect to their 
respective parent node must be evaluated in terms of 
performance or priority. Equation 1 must be satisfied for 
each node:

where ωL(i) is the local priority of an element i with 
respect to its parent node, and n is the number of 
elements that depend on the parent node.

The evaluation was conducted through an online survey 
from January to March 2020, relying on expert knowledge. 
The technical nature of the information required and the 
dearth of prior ad hoc hard data on the majority of topics 
examined necessitated the use of expert knowledge. Nine 
experts were asked to evaluate the model by direct rating 
[31–33]: four individuals from public research organisations, 
four from the sector and one from public administration. 
Specifically, a rating scale was used to evaluate the local 
priorities, ranging from 1 (very low priority) to 9 (very high 
priority), with 0 for no priority [34, 35]. The experts indi‑
vidually filled in the sections of the surveys about which they 
had knowledge and experience. The local priorities of the 
elements (e.g. waste management alternatives) with respect 
to their parent node (e.g. profitability) were calculated by 

(1)0 ≤ �
L(i) ≤ 1, and

n
∑

i=1

�
L(i) = 1,
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normalising the rating values stated by each expert to these 
elements, so that they sum to 1.

2. Aggregation of individual priorities: Individual 
local priorities were condensed into aggregated local 
priorities. Various aggregation methods exist [36]. In 
our study, they were calculated using the arithmetic 
mean of the individual priorities (AIP) method (Eq. 2), 
which is recommended when the group (in this case, 
experts) is assumed to act as separate individuals [37, 
38]:

where ωi,j is an element of a node, e is an expert and E 
is the number of experts.

3. Synthesis of priorities: Finally, the alternatives were 
prioritised according to their performance with respect 
to the goal (global priorities, ωG) or any intermediate 

(2)�i,j(aggr) =
∑

∀i,j�i,j(e)∕E,

node of the decision hierarchy (final priorities, ωF). The 
global and final priorities of the alternatives were cal‑
culated from all local priorities of the sub‑objectives 
and alternatives depending on the goal or intermediate 
node, respectively, by weighted addition [39]. The final 
priorities of the alternatives with respect to a particular 
main criterion of our AHP model (e.g. the economic 
dimension) were calculated with Eq. 3:

where ωF(Ak) is the final priority of alternative k, ωL(Ak/i) 
is the local priority of alternative k with respect to the 
sub‑objective i into which the main criterion has been 
broken down (e.g. “profitability” sub‑objective), ωL(SOi) 
is the local priority of sub‑objective i with respect to 
the main criterion (e.g. economic dimension) and I is 

(3)�F(Ak) =

I
∑

i=1

�L(Ak∕i) × �L(SOi),

Fig. 1  Structure of the AHP model
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the number of sub‑objectives (e.g. economic indicators) 
depending on the criterion.

Results

This section presents the results of the evaluation of the 
waste management alternatives in the three dimensions of 
sustainability. It shows the performance of the alternatives 
for each indicator and the priorities of the alternatives in 
the three dimensions of sustainability. Finally, it shows the 
performance of the alternatives at the global level. This 
allows a holistic view of the sustainability performance 
of the alternatives. It must be noted that the performance 
units are dimensionless, since the units for the indica‑
tors are not comparable and the priority was used for the 
comparisons.

Performance of alternatives for each indicator

The performance (or priority) of the different alternatives 
is shown in Fig. 2. The results differ significantly between 
the alternatives. Alternative 3 “Collaboration between 
cooperative and managers” scores the highest on three eco‑
nomic indicators (i.e. “Overall profitability for farmers”, 
“Strategic positioning and competitiveness in the market” 
and “Intrinsic product quality”) and on all environmental 
indicators (i.e. “Biodiversity of flora and fauna”, “Quality 
of groundwater and surface water”, “Soil fertility/quality 
and control of soil erosion”, “Climate change abatement” 
and “Landscape quality”). For all social indicators, such 
as “Direct and indirect employment”, alternative 4 “Coop‑
erative manages waste” scores the highest. Alternative 0 
“Cooperative is not involved in waste management” scores 
the lowest on all indicators, which means that the conven‑
tional practice is the least sustainable.

Performance of alternatives in the three dimensions 
of sustainability

Figure 3 shows the performance of the waste management 
alternatives in the different dimensions of sustainability. 
Alternative 3 “Collaboration between cooperative and 
managers” performs best in the economic and environmen‑
tal dimensions, while alternative 4 “Cooperative manages 
waste” performs best in the social dimension. However, the 
priorities of these two alternatives are similar. The remain‑
ing alternatives score lower, and in the following decreasing 
order for the three dimensions: alternative 2 “Cooperative 
agreements with management plants”, alternative 1 “Coop‑
erative agreements with transport company” and alternative 

0 “Cooperative not involved in waste management”. Again, 
the conventional practice (alternative 0) scores the lowest, 
which means that this practice is the least sustainable.

Performance of alternatives at global level

Figure 4 shows the priorities of the alternatives at the global 
level. The performance of alternative 3 “Collaboration 
between cooperative and managers” is the highest. The pri‑
ority of alternative 4 “Cooperative manages waste” scores 
very similarly, which means that it is also a good alternative. 
Overall, the worst performance is that of the conventional 
practice (alternative 0).

Discussion

Based on the performance of the different alternatives, 
public policies should prioritise sustainable practices, such 
as collaboration between cooperative and waste managers, 
and promote initiatives that allow the cooperatives to man‑
age waste, as this will improve sustainability. In addition, 
policies should discourage conventional practices, as they 
are the least sustainable.

The main recommendation of this study is to apply 
alternative 3 “Collaboration between cooperative and 
managers”, based on its higher overall performance. 
However, alternative 4 “Cooperative manages waste” 
outperforms alternative 3 in the social dimension. Therefore, 
the selection of one alternative over the other also depends on 
the weights that a particular cooperative may give to each of 
the three dimensions of sustainability, which may differ from 
those established by the experts consulted. Consequently, in 
the event that a cooperative deems the social dimension to be 
of particular significance in the context of its own particular 
case, then alternative 4 would outweigh alternative 3. In 
any case, both alternatives significantly outperform the 
current alternative 0 “Cooperative not involved in waste 
management”.

There are other aspects to be considered when deciding 
which alternative is most suitable, e.g. its technical feasibil‑
ity. The implementation cost of each alternative is expected 
to be directly correlated to its technical feasibility. Based on 
the expert consultation, it was established that alternative 0 
“Cooperative not involved in waste management”, alterna‑
tive 1 “Cooperative agreements with transport company” 
and alternative 2 “Cooperative agreements with manage‑
ment plants” show a high technical feasibility. On the other 
hand, alternative 3 “Collaboration between cooperative and 
managers” and alternative 4 “Cooperative manages waste” 
currently show medium and low technical feasibility, respec‑
tively. This further supports the general recommendation of 
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this study to prioritise the implementation of alternative 3 
“Collaboration between cooperative and managers”.

If alternative 3 “Collaboration between cooperative and 
managers” is applied, the cooperative would be in charge 

of setting up a space for waste reception and organising 
waste collection, finding a waste manager for each type 
of waste produced, establishing collaboration agreements 
with waste management companies and keeping a waste 

Fig. 2  Average performance of the alternatives on the indicators
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Fig. 3  Average performance of the alternatives in the three dimensions of sustainability

Fig. 4  Average performance of the alternatives at the global level
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register, in compliance with current regulations. The coop‑
erative should establish a monthly fee for its members 
to cover these costs, depending on the amount of waste 
generated.

To overcome the reluctance of cooperatives to implement 
alternative solutions for their waste management, it is rec‑
ommended to use promotional factors in the adoption of 
such alternatives. Such promotional factors should include 
increased awareness in the agrifood value chain regarding 
waste generation, economic benefits based on economies of 
scale and the willingness of producers and other organisa‑
tions to improve waste management.

Finally, although the framework proposed in this article 
has been specifically designed to study management of non‑
vegetal waste from greenhouses, it could be easily used to 
analyse vegetal waste from greenhouses too. Similarly, 
the indicators were deemed to be especially relevant for 
the horticultural sector in Almeria (as confirmed by the 
OIL), but they could be used to assess the sustainability 
performance of greenhouses in other geographical locations. 
Other management systems could also benefit from a similar 
framework, but the list of alternatives proposed must be 
amended.

Conclusions

The management of non‑vegetal waste generated in 
horticultural cooperatives is a crucial issue for sustainability. 
This paper analysed different alternative systems that can 
be adopted by these cooperatives to manage their waste in 
a more sustainable way. These alternatives were analysed 
in terms of their economic, social and environmental 
performance. The results indicate that the involvement 
of cooperatives in waste management can improve 
sustainability in different dimensions. However, not all 
alternatives are equally effective and there may be some 
trade‑offs between economic, environmental and social 
performance. Collaboration between cooperative and waste 
managers is particularly desirable because of its greater 
sustainability and feasibility. Waste managers can provide 
technical assistance and training to cooperatives to improve 
their waste management practices. By adopting these 
alternative solutions, cooperatives can play a key role in 
promoting sustainable waste management practices in the 
horticultural greenhouse sector.

To strengthen the adoption of more sustainable waste 
management practices in the greenhouse horticulture sector, 
the following policy recommendations are proposed:

1. Promote collaboration between cooperatives and waste 
managers through incentives and regulations: Govern‑
ment policies can promote collaboration between coop‑

eratives and waste managers by offering incentives such 
as tax breaks, subsidies or grants. Regulations can also 
be introduced to ensure that waste managers provide 
technical assistance to cooperatives to improve their 
waste management practices.

2. Support cooperatives in managing their own waste 
through capacity building and technical assistance: 
Governmental and non‑governmental organisations 
can provide cooperatives with technical assistance and 
capacity building to improve their waste management 
practices. This can include training in recycling and 
reuse, waste segregation and composting.

3. Foster a culture of sustainability among cooperatives 
and their members through education and awareness: 
Education and awareness programmes can be conducted 
to promote sustainable waste management practices 
among cooperatives and their members. This can include 
workshops, training sessions and awareness campaigns 
to highlight the importance of waste management for 
sustainability.

Furthermore, this study makes a contribution by applying 
the AHP methodology and creating a framework for 
evaluating the sustainability of alternative waste management 
practices in the horticultural sector and identifying the 
optimal solution. By providing a comprehensive framework 
for assessing sustainability, this research can inform 
decision‑making processes and facilitate the development of 
more sustainable waste management strategies. Ultimately, 
the framework presented in this research has the potential 
to drive improvements in sustainable horticultural practices 
and advance the broader field of agricultural sustainability. 
Future research can build on this framework to refine and 
expand the range of applications, enabling more effective 
and comprehensive sustainability evaluations in horticulture 
and other agricultural sectors, as well as an optimisation of 
their performance.

Finally, it is recommended that future research should 
explore additional strategies to improve the sustainability of 
waste management practices in greenhouses. For example, 
alternative materials such as compostable stakes instead of 
plastic stakes and biodegradable plastic films instead of tra‑
ditional plastic films may provide new avenues for effective 
waste management. These approaches should be explored 
and tested to optimise waste management, reduce waste gen‑
eration and minimise the negative environmental impact of 
greenhouse operations.

Acknowledgements The authors thank the European Commission for 
its support to the REINWASTE project (INTERREG MED 3MED₁.1._
M2_069), co‑financed by the European Regional Development Fund. 
Guillermo Garcia‑Garcia is grateful for the Grant “Juan de la Cierva 
Incorporación” funded by MCIN/AEI/10. 13039/501100011033 and 
“ESF Investing in your future” and the Grant “Marie Skłodowska‑Curie 



2429Journal of Material Cycles and Waste Management (2025) 27:2420–2430 

Actions (MSCA) Postdoctoral Fellowship” with Grant agreement ID: 
101052284.

Funding Funding for open access publishing: Universidad de Granada/
CBUA.

Open Access This article is licensed under a Creative Commons 
Attribution 4.0 International License, which permits use, sharing, 
adaptation, distribution and reproduction in any medium or format, 
as long as you give appropriate credit to the original author(s) and the 
source, provide a link to the Creative Commons licence, and indicate 
if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless 
indicated otherwise in a credit line to the material. If material is not 
included in the article’s Creative Commons licence and your intended 
use is not permitted by statutory regulation or exceeds the permitted 
use, you will need to obtain permission directly from the copyright 
holder. To view a copy of this licence, visit http://creativecommons.
org/licenses/by/4.0/.

References

 1. Eurostat (2020) Agriculture, forestry and fishery statistics—2020 
edition

 2. European Commission (2021) Statistical Factsheet Spain. https:// 
ec. europa. eu/ info/ sites/ defau lt/ files/ food‑ farmi ng‑ fishe ries/ farmi 
ng/ docum ents/ agri‑ stati stical‑ facts heet‑ es_ en. pdf. Accessed 14 
Feb 2023

 3. Castillo‑Díaz FJ, Belmonte‑Ureña LJ, Camacho‑Ferre F, Tello‑
Marquina JC (2021) The management of agriculture plastic waste 
in the framework of circular economy. Case of the Almeria Green‑
house (Spain). Int J Environ Res Public Health 18:12042. https:// 
doi. org/ 10. 3390/ IJERP H1822 12042

 4. Mendoza‑Fernández AJ, Peña‑Fernández A, Molina L, Aguil‑
era PA (2021) The role of technology in greenhouse agriculture: 
towards a sustainable intensification in Campo de Dalías (Alm‑
ería, Spain). Agronomy 11:101. https:// doi. org/ 10. 3390/ AGRON 
OMY11 010101

 5. Castillo‑Díaz FJ, Belmonte‑Ureña LJ, Batlles‑delaFuente A, 
Camacho‑Ferre F (2023) Impact of environmental policies on 
the profitability of greenhouse agriculture in southeastern Spain. 
Sustain Dev 31:3639–3656. https:// doi. org/ 10. 1002/ SD. 2616

 6. Egea FJ, López‑Rodríguez MD, Oña‑Burgos P et al (2021) Bio‑
economy as a transforming driver of intensive greenhouse horti‑
culture in SE Spain. N Biotechnol 61:50–56. https:// doi. org/ 10. 
1016/J. NBT. 2020. 11. 010

 7. Hachem A, Vox G, Convertino F (2023) Prospective scenarios 
for addressing the agricultural plastic waste issue: results of a ter‑
ritorial analysis. Appl Sci 13:612. https:// doi. org/ 10. 3390/ APP13 
010612

 8. Sayadi‑Gmada S, Rodríguez‑Pleguezuelo CR, Rojas‑Serrano F 
et al (2019) Inorganic waste management in greenhouse agricul‑
ture in Almeria (SE Spain): towards a circular system in intensive 
horticultural production. Sustainability 11:3782. https:// doi. org/ 
10. 3390/ SU111 43782

 9. REINWASTE (2023) REmanufacture the food supply chain by 
testing INNovative solutions for zero inorganic WASTE. In: Inter‑
reg MED transnational Cooperation Programme. https:// reinw aste. 
inter reg‑ med. eu/. Accessed 22 Feb 2023

 10. Garcia‑Garcia G, Parra‑López C, Siddiqui MA et  al (2024) 
Improving waste management strategies in the food sector: case 
studies from Spain, Tunisia and Hong Kong. J Mater Cycles 

Waste Manag 26:2265–2277. https:// doi. org/ 10. 1007/ S10163‑ 
024‑ 01965‑Z/ FIGUR ES/3

 11. Parlato MCM, Valenti F, Porto SMC (2020) Covering plastic films 
in greenhouses system: a GIS‑based model to improve post use 
suistainable management. J Environ Manag 263:110389. https:// 
doi. org/ 10. 1016/J. JENVM AN. 2020. 110389

 12. Hachem A, Convertino F, Batista T et al (2024) GIS mapping of 
agricultural plastic waste in southern Europe. Sci Total Environ 
946:174491. https:// doi. org/ 10. 1016/J. SCITO TENV. 2024. 174491

 13. Afxentiou N, Georgali PZM, Kylili A, Fokaides PA (2021) Green‑
house agricultural plastic waste mapping database. Data Brief 
34:106622. https:// doi. org/ 10. 1016/J. DIB. 2020. 106622

 14. Salama K, Geyer M (2023) Plastic mulch films in agriculture: 
their use, environmental problems, recycling and alternatives. 
Environments 10:179. https:// doi. org/ 10. 3390/ ENVIR ONMEN 
TS101 00179

 15. Schettini E, Scarascia‑Mugnozza G, Blanco I et al (2022) Agri‑
cultural plastic waste. In: Colangelo F, Cioffi R, Farina I (eds) 
Handbook of sustainable concrete and industrial waste manage‑
ment: recycled and artificial aggregate, innovative eco‑friendly 
binders, and life cycle assessment, 1st edn. Woodhead Publishing, 
Sawston, pp 255–268

 16. Georgali PZM, Afxentiou N, Kylili A, Fokaides PA (2021) Defini‑
tion of optimal agricultural plastic waste collection centers with 
advanced spatial analysis tools. Clean Eng Technol 5:100326. 
https:// doi. org/ 10. 1016/J. CLET. 2021. 100326

 17. Cillis G, Statuto D, Schettini E et al (2022) Implementing a GIS‑
based digital atlas of agricultural plastics to reduce their environ‑
mental footprint; part I: a deductive approach. Appl Sci 12:1330. 
https:// doi. org/ 10. 3390/ APP12 031330

 18. Agencia Estatal Boletín Oficial del Estado (2020) BOE‑A‑2020‑
7438 Real Decreto 646/2020, de 7 de julio, por el que se regula la 
eliminación de residuos mediante depósito en vertedero. https:// 
www. boe. es/ eli/ es/ rd/ 2020/ 07/ 07/ 646. Accessed 22 Feb 2023

 19. European Commission (2018) Report from the Commission to the 
European Parliament, the Council, the European Economic and 
Social Committee and the Committee of the Regions on the imple‑
mentation of EU waste legislation, including the early warning 
report for Member States at risk of missing the 2020 preparation 
for re‑use/recycling target on municipal waste. COM/2018/656 
final. Document 52018DC0656. https:// eur‑ lex. europa. eu/ legal‑ 
conte nt/ EN/ TXT/? qid= 15378 73850 842& uri= COM: 2018: 656: 
FIN. Accessed 22 Feb 2023

 20. Martin‑Alfonso JE, Cuadri AA, Torres J et al (2019) Use of plastic 
wastes from greenhouse in asphalt mixes manufactured by dry 
process. Road Mater Pavement Des 20(sup1):S265–S281. https:// 
doi. org/ 10. 1080/ 14680 629. 2019. 15887 76

 21. Thrän J, Garcia‑Garcia G, Parra‑López C et al (2024) Environ‑
mental and economic assessment of biodegradable and composta‑
ble alternatives for plastic materials in greenhouses. Waste Manag 
175:92–100. https:// doi. org/ 10. 1016/J. WASMAN. 2023. 12. 049

 22. Duque‑Acevedo M, Belmonte‑Ureña LJ, Plaza‑Úbeda JA, Cama‑
cho‑Ferre F (2020) The management of agricultural waste bio‑
mass in the framework of circular economy and bioeconomy: an 
opportunity for greenhouse agriculture in Southeast Spain. Agron‑
omy 10:489. https:// doi. org/ 10. 3390/ AGRON OMY10 040489

 23. Garcia‑Garcia G (2022) Using multi‑criteria decision‑making to 
optimise solid waste management. Curr Opin Green Sustain Chem 
37:100650. https:// doi. org/ 10. 1016/J. COGSC. 2022. 100650

 24. Vlachokostas C, Michailidou AV, Achillas C (2021) Multi‑cri‑
teria decision analysis towards promoting waste‑to‑energy man‑
agement strategies: a critical review. Renew Sustain Energy Rev 
138:110563

 25. Lombardi P, Todella E (2023) Multi‑criteria decision analysis 
to evaluate sustainability and circularity in agricultural waste 

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://ec.europa.eu/info/sites/default/files/food-farming-fisheries/farming/documents/agri-statistical-factsheet-es_en.pdf
https://ec.europa.eu/info/sites/default/files/food-farming-fisheries/farming/documents/agri-statistical-factsheet-es_en.pdf
https://ec.europa.eu/info/sites/default/files/food-farming-fisheries/farming/documents/agri-statistical-factsheet-es_en.pdf
https://doi.org/10.3390/IJERPH182212042
https://doi.org/10.3390/IJERPH182212042
https://doi.org/10.3390/AGRONOMY11010101
https://doi.org/10.3390/AGRONOMY11010101
https://doi.org/10.1002/SD.2616
https://doi.org/10.1016/J.NBT.2020.11.010
https://doi.org/10.1016/J.NBT.2020.11.010
https://doi.org/10.3390/APP13010612
https://doi.org/10.3390/APP13010612
https://doi.org/10.3390/SU11143782
https://doi.org/10.3390/SU11143782
https://reinwaste.interreg-med.eu/
https://reinwaste.interreg-med.eu/
https://doi.org/10.1007/S10163-024-01965-Z/FIGURES/3
https://doi.org/10.1007/S10163-024-01965-Z/FIGURES/3
https://doi.org/10.1016/J.JENVMAN.2020.110389
https://doi.org/10.1016/J.JENVMAN.2020.110389
https://doi.org/10.1016/J.SCITOTENV.2024.174491
https://doi.org/10.1016/J.DIB.2020.106622
https://doi.org/10.3390/ENVIRONMENTS10100179
https://doi.org/10.3390/ENVIRONMENTS10100179
https://doi.org/10.1016/J.CLET.2021.100326
https://doi.org/10.3390/APP12031330
https://www.boe.es/eli/es/rd/2020/07/07/646
https://www.boe.es/eli/es/rd/2020/07/07/646
https://eur-lex.europa.eu/legal-content/EN/TXT/?qid=1537873850842&uri=COM:2018:656:FIN
https://eur-lex.europa.eu/legal-content/EN/TXT/?qid=1537873850842&uri=COM:2018:656:FIN
https://eur-lex.europa.eu/legal-content/EN/TXT/?qid=1537873850842&uri=COM:2018:656:FIN
https://doi.org/10.1080/14680629.2019.1588776
https://doi.org/10.1080/14680629.2019.1588776
https://doi.org/10.1016/J.WASMAN.2023.12.049
https://doi.org/10.3390/AGRONOMY10040489
https://doi.org/10.1016/J.COGSC.2022.100650


2430 Journal of Material Cycles and Waste Management (2025) 27:2420–2430

management. Sustainability 15:14878. https:// doi. org/ 10. 3390/ 
SU152 014878

 26. Binder CR, Feola G, Steinberger JK (2010) Considering the nor‑
mative, systemic and procedural dimensions in indicator‑based 
sustainability assessments in agriculture. Environ Impact Assess 
Rev 30:71–81. https:// doi. org/ 10. 1016/J. EIAR. 2009. 06. 002

 27. Dantsis T, Douma C, Giourga C et al (2010) A methodological 
approach to assess and compare the sustainability level of agri‑
cultural plant production systems. Ecol Indic 10:256–263. https:// 
doi. org/ 10. 1016/J. ECOLI ND. 2009. 05. 007

 28. Hayati D, Ranjbar Z, Karami E (2010) Measuring agricul‑
tural sustainability. Pp 73–100. https:// doi. org/ 10. 1007/ 
978‑ 90‑ 481‑ 9513‑8_2

 29. Latruffe L, Diazabakana A, Bockstaller C et al (2016) Measure‑
ment of sustainability in agriculture: a review of indicators. Stud 
Agric Econ 118:123–130. https:// doi. org/ 10. 7896/J. 1624

 30. Saaty TL (1980) Analytic hierarchy process: planning, priority 
setting, resource allocation. McGraw‑Hill Inc, New York

 31. Larichev OI, Olson DL, Moshkovich HM, Mechitov AJ (1995) 
Numerical vs cardinal measurements in multiattribute decision 
making: how exact is enough? Organ Behav Hum Decis Process 
64:9–21. https:// doi. org/ 10. 1006/ OBHD. 1995. 1085

 32. Bottomley PA, Doyle JR (2001) A comparison of three weight 
elicitation methods: good, better, and best. Omega (Westport) 
29:553–560. https:// doi. org/ 10. 1016/ S0305‑ 0483(01) 00044‑5

 33. Forman E, Selly MA (2001) Decisions by objectives. Expert 
Choice Inc. http:// www. exper tchoi ce. com. Accessed 14 Feb 2023

 34. Parra‑López C, Groot JCJ, Carmona‑Torres C, Rossing WAH 
(2008) Integrating public demands into model‑based design for 
multifunctional agriculture: an application to intensive Dutch 
dairy landscapes. Ecol Econ 67:538–551. https:// doi. org/ 10. 
1016/J. ECOLE CON. 2008. 01. 007

 35. Carmona‑Torres C, Parra‑López C, Hinojosa‑Rodríguez A, Sayadi 
S (2014) Farm‑level multifunctionality associated with farming 
techniques in olive growing: an integrated modeling approach. 
Agric Syst 127:97–114. https:// doi. org/ 10. 1016/J. AGSY. 2014. 02. 
001

 36. Ramanathan R, Ganesh LS (1994) Group preference aggregation 
methods employed in AHP: an evaluation and an intrinsic process 
for deriving members’ weightages. Eur J Oper Res 79:249–265. 
https:// doi. org/ 10. 1016/ 0377‑ 2217(94) 90356‑5

 37. Forman E, Peniwati K (1998) Aggregating individual judgments 
and priorities with the analytic hierarchy process. Eur J Oper Res 
108:165–169. https:// doi. org/ 10. 1016/ S0377‑ 2217(97) 00244‑0

 38. Gómez‑Limón JA, Atance I (2004) Identification of public 
objectives related to agricultural sector support. J Policy Model 
26:1045–1071. https:// doi. org/ 10. 1016/J. JPOLM OD. 2004. 07. 005

 39. Saaty TL (1994) The fundamentals of decision making and prior‑
ity theory with the analytic hierarchy process, vol VI. AHP series. 
RWS Publications, Maidenhead

Publisher's Note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.3390/SU152014878
https://doi.org/10.3390/SU152014878
https://doi.org/10.1016/J.EIAR.2009.06.002
https://doi.org/10.1016/J.ECOLIND.2009.05.007
https://doi.org/10.1016/J.ECOLIND.2009.05.007
https://doi.org/10.1007/978-90-481-9513-8_2
https://doi.org/10.1007/978-90-481-9513-8_2
https://doi.org/10.7896/J.1624
https://doi.org/10.1006/OBHD.1995.1085
https://doi.org/10.1016/S0305-0483(01)00044-5
http://www.expertchoice.com
https://doi.org/10.1016/J.ECOLECON.2008.01.007
https://doi.org/10.1016/J.ECOLECON.2008.01.007
https://doi.org/10.1016/J.AGSY.2014.02.001
https://doi.org/10.1016/J.AGSY.2014.02.001
https://doi.org/10.1016/0377-2217(94)90356-5
https://doi.org/10.1016/S0377-2217(97)00244-0
https://doi.org/10.1016/J.JPOLMOD.2004.07.005

	Exploring alternative solutions for sustainable waste management in the horticultural greenhouse sector
	Abstract
	Introduction
	Methodology
	Alternative cooperative waste management systems
	Sustainability indicators
	Analytic hierarchy process

	Results
	Performance of alternatives for each indicator
	Performance of alternatives in the three dimensions of sustainability
	Performance of alternatives at global level

	Discussion
	Conclusions
	Acknowledgements 
	References




