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This deliverable presents a structured framework of Key Performance Indicators (KPIs) designed to assess the
integration of renewable energy sources (RES) within agro-communities under the HarvRESt project. Given
that agri-food systems contribute significantly to global energy consumption and greenhouse gas (GHG)
emissions, the transition toward sustainable, low-carbon farming practices is both urgent and necessary. The
HarvRESt project addresses this challenge by promoting the adoption of RES technologies, such as solar, wind,
and biomass, while ensuring alignment with agricultural productivity, environmental sustainability, and
stakeholder needs.

The primary objective of this report is to define a coherent and practical set of agricultural and environmental
KPlIs that enable consistent monitoring and evaluation of RES impacts at the farm level. Building upon previous
project deliverables, this work refines and consolidates indicators by linking them to identified impacts and
mitigation strategies, ensuring relevance, reliability, and applicability across diverse farming systems.

The proposed KPI framework is divided into two main categories: agricultural indicators (AG-KPI) and
environmental indicators (EV-KPI).

e Agricultural indicators focus on crop health, nutrient use efficiency, and soil nutrient status. These
include metrics such as critical plant and biomass density, leaf area index (LAl), and nutrient use
efficiencies for nitrogen, phosphorus, and potassium. Additionally, soil fertility is assessed using
indicators such as soil organic matter, total nitrogen, nitrates, and available phosphorus and
potassium. Together, these KPIs provide insight into crop productivity and resource efficiency under
RES-integrated conditions.

e Environmental indicators complement this assessment by addressing soil quality, biodiversity, and
GHG emissions. Soil quality is evaluated through parameters such as soil texture, pH, electrical
conductivity, biological activity, and water-holding capacity. These indicators capture the broader
ecological impacts of RES technologies, including potential effects on soil structure, moisture, and
microbial processes. Biodiversity and vegetation cover are assessed using similarity indices, while
farm-level GHG emissions serve as a key metric to evaluate the overall climate impact of agricultural
practices and energy integration.

Each KPI is supported by standardized measurement methods and interpretation guidelines, including
threshold values where applicable. This ensures comparability across case studies and facilitates practical
implementation by farmers, researchers, and policymakers. The framework is designed to function as both a
monitoring tool and a decision-support instrument, enabling users to identify trade-offs, optimize resource
use, and mitigate potential negative impacts associated with RES deployment.

In conclusion, this deliverable provides a comprehensive yet practical set of KPIs that support the evaluation
of renewable energy integration in agro-communities. By combining agronomic and environmental
perspectives, the framework contributes to informed decision-making and advances the transition toward
more sustainable, resilient, and climate-neutral agricultural systems.
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Roughly 30% of the world’s energy use is attributed to agri-food systems, with close to one-quarter consumed
during the production phase alone, and about one-third of the anthropogenic greenhouse gas emissions. [1].
These figures underline the pressing need to lower both the environmental footprint and economic costs
associated with energy use in agriculture. One promising pathway is the integration of renewable energy
sources (RES), which can support the transition toward low-carbon and more sustainable farming systems.
Nevertheless, adopting RES is not straightforward, as it involves navigating trade-offs, generating shared
benefits, and accommodating the varied priorities of different stakeholders.

The HarvRESt project was established to promote the uptake of renewable energy technologies in combination
with sustainable agricultural practices, with the broader goal of reducing emissions in the agri-food sector. It
adopts a comprehensive, multi-actor framework that considers social, economic, environmental, technical,
and regulatory dimensions to reconcile stakeholder needs. The project is implemented through multiple case
studies across Italy, Denmark, Spain, and Norway, where solutions such as solar panels, wind turbines, or
biogas plants are co-developed, tested, and validated under real-life conditions.

In this framework, Key Performance Indicators (KPIs) play an essential role in assessing progress and measuring
the effectiveness of RES integration into agro-communities. KPIs are measurable metrics used to evaluate
performance and determine how successfully a process or system meets its objectives. Originally developed
in business contexts, they are now widely used to guide decision-making and assess outcomes. Within agro-
communities, KPIs can combine insights from agriculture, economics, environmental science, and social
studies to support informed decisions and act as early warning tools against risks such as crop loss or depletion
of shared resources. However, identifying the most appropriate indicators remains a complex task, as it
requires connecting overarching project goals with the specific actions and interventions being implemented.

The objective of this deliverable is to develop a coherent framework of agronomic (AG-KPI) and environmental
Key Performance Indicators (EV-KPI) to monitor and evaluate the sustainability, resilience, and productivity of
farming systems within the HarvRESt project.

The transition towards more sustainable and resilient agricultural systems requires reliable and measurable
KPIs capable of assessing farm performance from agronomic, environmental, and resource-efficiency
perspectives. Within the HarvRESt project, the proposed KPIs support the monitoring of farming systems
associated with renewable energy integration, circular resource use, and sustainable agricultural management
practices across the different use cases.

This deliverable focuses specifically on the development of agronomic and agro-environmental KPIs addressing
crop health, nutrient management, soil quality, biodiversity, pollution prevention, greenhouse gas emissions,
and resource efficiency. The indicators are intended to evaluate productivity, sustainability, and resilience
while supporting the identification of synergies and trade-offs among different farming practices (Figure 1).

The proposed framework provides a coherent and reliable set of indicators, including standardized calculation
methods and guidance for interpreting threshold values and monitoring farm performance over time. The
applicability of the KPIs may vary depending on local climatic conditions, soil characteristics, topography,
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management practices, and the specific objectives of each HarvRESt use case. Therefore, the framework is
designed to remain flexible and adaptable to different agricultural contexts and spatial scales.

The present deliverable, therefore, focuses on the integration of agronomic and agro-environmental indicators
within a sustainability-oriented monitoring framework to support informed decision-making and the transition
towards more sustainable farming systems.

Development of Agronomic and Agro-environmental KPIs

To evaluate productivity, sustainability, and resilience
of farming systems
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While HarvRESt also addresses renewable energy system performance, energy-related KPIs and technical RES
monitoring indicators are covered in previous complementary deliverables. An earlier selection of KPIs was
developed in task 2.4 and presented in the deliverable “D2.2 HarvRESt monitoring KPIs for use cases”, which
covered some agronomic, environmental, social, energy-related, and economic dimensions.

On the other hand, the deliverable “D4.1 HarvRESt mitigation measures catalogue (first version)” examined
the potential impacts of RES integration within agro-communities and associated mitigation strategies, linking
KPIs (from the deliverable “D2.2 HarvRESt monitoring KPIs for use cases”) to each identified impact, to highlight
overlaps and gaps.

In the present work, agronomical and environmental KPIs were designed to monitor RES impact in every farm-
RES system, independently of their context. To this aim, this work has been co-developed with the deliverable
“D4.5 HarvRESt mitigation measures catalogue (final version)” to consolidate a list of impacts and mitigation
measures linked to both performative-KPls (from D2.2) and impact-KPIs (this work). Co-development with D4.5
allowed to refine the impact-KP| selection by addressing missing elements, removing redundancies and
identifying common impacts shared among RES. Therefore, the present KPIs are adapted to monitor the
agronomical and environmental impacts of integrating any RES system in all farms and local contexts.
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The proposed indicators were selected to ensure applicability across a broad range of farming systems and
use cases represented within the project. For this reason, no crop-specific KPIs were included, and preference
was given to indicators that can be applied under different agricultural, climatic, and management conditions.

The selection of KPls was based on several criteria, including their relevance to project objectives, applicability
across different farming systems, data availability, scientific robustness, and capacity to reflect changes
associated with sustainable agricultural practices. Particular attention was given to indicators related to crop
productivity, nutrient management, soil quality, biodiversity, pollution prevention, and greenhouse gas
emissions. Existing sustainability assessment methodologies and soil quality frameworks, including the CWA
17898:2022 methodology, were considered during the development of the KPI framework (Figure 2).

To support their application, each KPI is accompanied by standardized calculation methods, units of
measurement, and guidance for interpreting threshold values.

©

OBJECTIVE: Select and apply agronomic and environmental KPIs that reflect the effects of integrating different
RES in agriculture, supporting sustainability, resilience and productivity across diverse farming systems
(no crop-specific KPIs).

3.1 METHODOLOGICAL APPROACH
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Agricultural systems integrating RES and circular resource management practices may generate both synergies
and trade-offs affecting productivity, environmental sustainability, resource efficiency, and ecosystem
preservation. The proposed KPIs have been selected to monitor these effects and provide a comprehensive
assessment of farm performance.

Several agricultural practices implemented within the HarvRESt use cases may simultaneously generate
multiple environmental and agronomic benefits. For example, practices aimed at increasing soil organic carbon
may improve soil fertility, microbial activity, water retention capacity, and climate resilience. Similarly, the use

D4.2 HarvRESt KPIs for agro-communities

25/6/2026  Page 10

HarvREST

Greener Farming with RES



@ HarvRESt
Greener Farming with RES

of digestate derived from biogas production may contribute to nutrient recycling while reducing dependency
on synthetic fertilizers, increasing the sustainability of farms.

At the same time, some practices may involve trade-offs between productivity and environmental impacts.
For instance, photovoltaic panels influence local microclimatic conditions, improving crop resilience under
extreme weather conditions, but with an impact on soil microorganisms and the surrounding biodiversity,
making farm sustainability uncertain.

The proposed framework aims to support a holistic interpretation of RES impacts by considering interactions
among indicators and balancing sustainability, climate resilience, biodiversity, and farm productivity
objectives.

Methodology for monitoring RES impact depends on the scale and context of the RES installation. The
HarvRESt project studies the integration of RES installations within a farm or a local system of collaborative
farms. Therefore, not all-scales RES installations were considered in this work to monitor their impact. For
instance, big-scale dams for hydropower generation are not a technology to be applied within a farm or a
system of farms. Conversely, big-scale wind turbines can be installed within the territory of large farms, whose
impacts can be monitored on the farm.

Besides, the context of the RES installations in this work is always within the agro-forestry sector, which
occupies mostly agricultural lands in rural areas. These lands are generally surrounded by natural spaces rather
than urban spaces, with subsequent impacts on the environment and biodiversity. For this reason, the focus
of this work is also on environmental KPIs, and not only agronomic KPlIs.

Consequently, developed KPIs will monitor the impact of RES installations (mostly small and medium scale) on
farms and local systems in rural areas.

To support reliable monitoring and comparability of results, the framework considers general methodological
aspects related to sampling representativeness. While detailed methodologies are provided within each KPI
description, common principles regarding measurement quality and temporal variability are considered
throughout the framework. Furthermore, many KPIs cannot be measured by farmers; therefore, whether
external laboratory services are absolutely required to measure each KPI is indicated in Table 1.

Sampling procedures should ensure that the collected data adequately represent the monitored field or
farming system. This includes consideration of spatial variability within fields, seasonal fluctuations, crop
development stages, and management practices that may influence indicator values.

The framework considers the use of threshold values, reference ranges, and optimization approaches for
selected indicators.

Threshold values included within the KPI descriptions are based on literature references, existing sustainability
frameworks, or commonly accepted agronomic practices whenever available. However, these thresholds
should not necessarily be interpreted as fixed targets, since optimal values may vary depending on local
environmental conditions, farming systems, and management objectives.
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In several cases, the interpretation of KPIs should focus on optimization trends rather than strict compliance
with predefined threshold values. For example, nitrogen use efficiencies above 40% is an agronomic practice
generally accepted, but tend to 100% is optimal for both agronomic and environmental purposes.

Uncertainties and limitations associated with agricultural and environmental monitoring are acknowledged
within the proposed framework. Biological variability, climatic fluctuations, spatial heterogeneity, and
differences in management practices may influence the interpretation of KPIs and the comparability of results
among use cases. Some indicators may also be affected by methodological limitations related to sampling
procedures, analytical methods, temporal variability, or data availability. In addition, the complexity of
agricultural systems means that some environmental impacts or ecosystem interactions may not be fully
captured by a single indicator.

Since the framework aims to remain broadly applicable across different agricultural systems and use cases,
some crop- or site-specific dynamics may not be fully represented within the selected KPI set. Consequently,
the proposed KPI framework should be considered as a flexible and evolving approach that can be
progressively refined as additional data, monitoring experience, and scientific knowledge become available
throughout the implementation of the HarvRESt project.
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3.1.1  Crop Health

The limits of a healthy crop can be determined by several parameters, including its biomass yield, the number
of plants per hectare of land or its capacity to use the solar radiation.

An excessive plantation leads to a reduction of resource availability, which negatively affects crop yields. Crop
yield can be measured as the amount of product (fruit, grains, leaf, etc) per hectare, but the most general crop
yield indicator is the biomass yield or density. Biomass density is directly related to the characteristics of the
plant and the crop surface; hence, it is a good reference for the average crop health. Besides, plant growth is
highly related to its capacity to capture solar radiation. Therefore, the KPIs chosen to determine critical
thresholds of crop yield can be checked in Table 2.

KPI code KPl name Unit
KPI.AG.01.01 Critical plant density Plants/m?
KPI.AG.01.02 Critical biomass density Kg biomass/m?
KPI.AG.01.03 Reduction of solar radiation and leaf area index %
KPI.AG.01.04 Crop yield Kg/ha
KPI.AG.01.05 Nutrients in leaves unitless

In relation to RES, these KPIs can show how crop yield can be affected by the implementation of solar panels,
wind turbines or even the use of biomass for bioenergy production. Considering the surface necessary for
these technologies, it can provide the expected crop yields based on the free surface and/or the shared surface
(if crop characteristics under these conditions are known).

KP1.AG.01.01 Critical plant density

Thresholds for this KPI depend on the type of plant, especially on its size (M) [kg/plant]. According to Deng et
al. (2012), a crop should not have more plants than the critical plant density (Nerit) [plants/m?], which for most
of the plants it has the following relation with M:

Equation 1. Critical plant density.
logio(Nerie) = —(0.78 £ 0.01) * log,o(M)
E.g., considering a crop with an average plant size of 1g (0.001 kg/plant), the Nt would be 204 - 234 plants/m?.
KP1.AG.01.02 Critical biomass density

Another index of crop health is the critical biomass density (W) [kg/m?], which for most of the plants it has the
following relation with M [2]:

Equation 2. Critical biomass density.
logi,o(W) = —(0.26 £ 0.01) * log,o(M)

For instance, considering the same crop with an average plant size of 1g (0.001 kg/plant), the W would be 5.62
—6.46 kg biomass/m?. For a 1g/plant, having biomass density (W) out of that range means there is some crop
deficiency. Nonetheless, these values are approximations; more accurate values can be obtained using crop-
specific equations that can be found in Deng et al. (2012).
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Integration of some RES technologies (i.e., photovoltaics) might produce shaded areas, which can reduce solar

KP1.AG.01.03 Reduction of solar radiation and leaf area index

radiation in crops below and surrounding the Agro-PVs. The leaf area index (LAl) is an indicator that correlates
plant growth or health with its use of the solar radiation. Biologists and agronomists use LAl to estimate yield
potential, water use efficiency, mineral nutrition efficiency and damages caused by pests and diseases, in
addition to plant growth and solar radiation efficiency [3]. The specific leaf area (SLA) is determined through
measurements of the area of single leaves (A) divided by the corresponding dry mass (DMieaves). SLA depends
on the plant species, development stage, seasonality and site conditions. Then, the LAl is this SLA multiplied
by the total dry mass of the crop (DMiear) and divided by the crop surface (S):

Equation 3. Leaf area index (LAl).

The percentage of shaded-crops LAI against sun-crops LAl can serve as an indicator of the impact of solar
reduction by RES technologies. LAl values of crops under the sun can vary across a whole year, from 1.8 to 2.8
m?/m?2. In half-shaded crops (25-73% solar reduction), LAl values range from 1.2 to 1.9 m?/m?, which is a 67%
of the LAl in sun crops. For shaded crops (65-83% solar reduction), LAl values range from 0.6 to 0.9 m?/m?, this
is a 30% of LAl in sun crops [4]. In the mentioned study, biomass did not develop properly under shaded and
half-shaded conditions; therefore, shadows produced by RES technologies should not reduce solar radiation
by more than a 30%, to avoid LAl values below 70% of the LAl in sun crops.

KP1.AG.01.04 Crop yield

The crop yield is the most traditional measurement applied by farmers to track the crop performance. It is a
measurement of the amount of agricultural production harvested per unit of land area. The agricultural
production is the number of parts of a harvested crop that is the main economic product. For example, in a
vineyard, it is the number of grapes, not the whole plant nor the residual leaves. Crop yield is highly dependent
on the crop type, environmental conditions and management practices, hence, in this KPI, general thresholds
cannot be provided. Instead, examples of experienced crop vyields are provided with standard deviations:
wheat crops can produce on average 4000 + 300 kg/ha in a year, whereas vineyards can produce 750 + 100
kg/ha in the same period.

KP1.AG.01.05 Nutrients in leaves

Leaves are an important and representative part of the plant, whose analysis can provide valuable information
about the plant nutrient status. Analysing nutrient concentrations in leaves serve to diagnose problems of
scarcity, bad management, water issues and fertilization requirements [5]. For this evaluation, the main
nutrients to study are nitrogen, phosphorus, potassium, calcium and magnesium. The optimal range of these
nutrients is crop specific, but some nutrient ratios are of special interest and can be standardized for most
crops (Table 3).

Ratio Optimal range

N/P 9-11
K/Ca 0.7-1.0
K/Mg 3-6
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The concentration of each of these nutrients is calculated as a dry weight percent; this is the number of
milligrams of a nutrient that is in 100 mg of dry matter. There are different methods to analyse several
nutrients in leaves. Here, to analyse all nutrients of interest at once, acid digestion of leaves and subsequent
analysis in Atomic Absorption Spectrometer is recommended [6]. For this, a representative number of leaves
from a representative number of plants need to be sampled, the amount of sample depends on the season,
crop type and age [7].

These ratios are important to maintain the nutrient balance and physiology of plants. For instance, K competes
against Ca and Mg to be up taken by the plant because they share the same absorption mechanism, therefore,
an imbalance of K/Ca or K/Mg in soil will lead to imbalances in the plant and subsequent diseases [5]. On the
other hand, high N/P means high N content, that might be related to nitrate content. Excessive nitrates in
plants can be toxic, and, in the case of food/feed purposes, its content is regulated (EC No 1881/2006) [5].
Therefore, leaf analysis allows to identify these imbalances, to tackle them applying mitigation measures.

3.1.2  Fertilizer Use Efficiency

Fertilizer use efficiency (FUE) measures the nutrient recycling from waste in farms and its use as fertilizer in
crops. This can be, for instances, the case of biogas plants in farms that recycle the produced digestate as
fertilizer. Three main nutrients are considered when fertilization, nitrogen (N), phosphorus (P) and potassium
(K), hence three KPIs are used to determine specific FUEs (Table 4).

KPI code KPI name Unit
KPI.AG.02.01 N-Fertilizer use efficiency %
KPI.AG.02.02 P-Fertilizer use efficiency %
KPI.AG.02.03 K-Fertilizer use efficiency %

FUE is calculated as the percentage of nutrients (N, P or K) from fertilization that is taken by the crop biomass
[8]:

Equation 4. Fertilizer use efficiency.

(Nutrient uptakesertijizea — Nutrient uptakeypsertitizea)

FUE = 100
. Nutrient applied

Any positive FUE value means improvement compared to unfertilized crops. Generally, it is considered a good
fertilization when FUE reaches values such as [9]:

KPI.AG.02.01 N-Fertilizer use efficiency FUEN = Between 40 and 50% for nitrogen
KPI.AG.02.02 P-Fertilizer use efficiency FUE, = Between 70 and 80% for phosphorus
KPI.AG.02.03 K-Fertilizer use efficiency FUEx = Between 60 and 70% for potassium

However, these values mean there is nutrient loss yet (the difference of up to 100% FUE). Optimization of FUE
consists of supplying all nutrients while applying a minimal amount of fertilizer, to reach the closest FUE value
to 100%. An optimization approach should be considered rather than staying on traditionally accepted FUE
values.
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The nutrient status of soil is essential to know the soil fertility and its deficiencies. Since the main application

3.1.3  Soil Carbon and Nutrient Status

of digestate (produced in biogas plants) is as fertilizer, it is important to measure its impact in the soil fertility.
The following KPIs measure main soil nutrients such as the organic carbon and organic matter, along with
available N, P, K and total N (Table 5).

KPI code KPI name Unit
KPI.AG.03.01 Soil organic matter (SOM) and carbon (SOC) %
KPI.AG.03.02 Total N %
KPI.AG.03.03 Nitrates mg/kg
KPI.AG.03.04 Available P mg/kg
KPI.AG.03.05 Available K mg/kg

KPI.AG.03.01 Soil organic matter (SOM) and carbon (SOC)

Soil organic matter (SOM) is the main source of nutrients for soil microorganisms, which are key in the soil
carbon and nitrogen cycling and serve as biological control of plant diseases. Moreover, SOM has an impact
on several physical properties of soil, such as its porosity, water holding capacity, moisture and others [3].

Soil organic carbon (SOC) is the major fraction of SOM, which is determined by the oxidation with sulfochromic
standard method ISO-14235 [10]. This method has been recently banned due to its associated hazards. SOC
can be estimated from SOM values applying the “Van Bemmelen factor” of 1.724, which has been used for
many years, and it assumes that SOM contains 58% of organic carbon.

The literature indicates that the proportion of organic Cin organic matter for a range of soils is highly variable,
although the Van Bemmelen factor is well applied in most arable soils. Nonetheless, several pieces of
information about soil health can be deduced from SOM, which is the volatile solids in soil as a percentage by
dry weight, measured through the standard method APHA-2540 [11] (Table 6).

SOM (%) SOC (%) * Interpretation
<1 <0.58 Very low

1-2 0.58-1.16 Low

2-3 1.16-1.74 Optimal

3-4 1.74-2.32 High

>4 >2.32 Very high

KPI.AG.03.02 Total N

Nitrogen present in soil can be classified either as organic (being part of plants, microorganisms and other
organic matter) or mineral (NO,, NOs and NHa). Mineral sources count for 5 — 10% of the total N in soil, and it
is readily available for plant uptake. Organic sources are not readily available for plants, and need to be
transformed into mineral nitrogen by nitrifier and denitrifier bacteria [3].

“Total N” in soil is usually measured through the Kjeldahl method; however, this method determines organic
nitrogen and ammonium nitrogen, and it does not account for nitrate or nitrite nitrogen unless a modified
procedure is used. Hence, nitrates are measured separately to extract more information; this is developed in
the following section KPI.AG.03.03 Nitrates.
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The interpretation of total N is traditionally provided for the Kjeldahl method (Table 7).

Table 7. Interpretation of Kjeldahl nitrogen in soil [5]

Total N (%) Interpretation
<0.07 Very low
0.07-0.10 Low
0.10-0.15 Average
0.15-0.20 High

>0.20 Very high

Total N can be interpreted together with SOC as SOC/TN ratio, which indicates the potential of soil to release
N to the atmosphere. Soils with low microbial activity have SOC/TN ratios above 12, potentially releasing N,
whereas soils with too high microbial activity have ratios below 9, fixing too much N into organic matter, which
is not plant available. A correct N release occurs when SOC/TN is between 10 and 12 [3].

KPI.AG.03.03 Nitrates

The content of nitrates in soil is the most important parameter to consider before applying nitrogen
fertilization, since nitrates are promptly used by plants. The content of nitrates depends on several factors:
the mineralization of organic nitrogen, the presence of ions, leaching, weather conditions, etc. Nitrates can be
measured through ionic chromatography. Nitrates content in soil can be between 5 and 80 mg/kg (Table 8).

Table 8. Interpretation of content of N from nitrates in soil [5].

N from NOs (mg N-NOs/kg) Interpretation

<10 Low
10-15 Lightly low
15-20 Average
20-25 Optimal
>25 High

Nitrate values equal or greater than optimal (20 mg NOs/kg) indicate that the soil does not need N fertilization.
Moreover, nitrates are highly soluble; thus, increasing the content of nitrates has high leaching risks, which
leads to water pollution. In addition, when nitrates are accumulated or transformed into NO or NO,, it can
cause greenhouse gas emissions [3].

KPI.AG.03.04 Available P

Phosphorus (P) is an essential element for the life cycle of plants; it represents only a 2 to 3% weight of the
soil, and it is strongly bound to cations in the form of phosphates. These phosphates are present in three
fractions in soil: soluble (available for plants), labile form and non-labile form [3]. The available P in the soil
solution is not very mobile and accumulates in soil; hence, P-fertilizers need to be buried close to the roots for
a correct application and to minimize water pollution risks. The most extended method to measure available
P is the “Olsen method” [12] (Table 9).

Table 9. Interpretation of available P in soil (Olsen method) [5].

Available P (mg/kg) Interpretation
<12 Low

12-24 Average

24 - 36 Optimal
36-80 High

>80 Very high
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Another well extended colorimetric method to measure available P is the “Mehlich 3 method” (M3), which
has a good correlation to Olsen on alkaline soils (R, = 0.918). When M3 extracts are analysed in the inductively
coupled plasma emission spectroscopy (ICP), it allows to measure potassium and several macronutrients at
once, however, P values are higher because the ICP measures all P forms [3]. Several other methods have been
tested to measure the available P in soil [13], however all of them are qualitative, since none of the methods
can determine exactly the amount of available P, only relative values.

KPI.AG.03.05 Available K

Potassium (K) has an important role in plants, such as the development of cellulose and lignin (giving structural
strength to plants), regulation of cell-water regulation and the electrical balance. Therefore, plants have a high
K demand. Unlike N and P, K does not form organic compounds; it is in the form of salts, which can be: Kin the
soil solution (0.1 —0.2% of total K), exchangeable K (1 — 2% of total K), fixed K (1 — 10% of total K) or mineral
(90 — 98% of total K) [14]. Only K in soil solution and exchangeable K are readily available for plants. Available
K is measured through extraction with ammonium acetate (Table 10).

K (mg/kg) Interpretation

<125 Low
125-175 Average
175 - 250 Optimal
250 -350 High
>350 Very high

Both excess and deficit of K in plants lead to quality problems of the crop production. As the phosphorus, K is
not very mobile and it can get accumulated, hence K-fertilizers need to be buried close to the roots to enhance
its adsorption. Besides, organic matter retains water and, thus, available K, this helps to avoid its
transformation into non-available K forms [9].
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3.2.1  Soil Quality Impact

The following KPIs measure aspects of soil health beyond its nutrient status, that was developed in the previous
sections as agronomic indicators. These measurements are essential for soil characterization and to interpret
the impact of agricultural practices and/or the impact of RES into soil quality. The implementation of
technologies such as solar panels or wind turbines can have an important impact on soil compaction and
moisture, which can also affect, for example, the soil's biological activity and pH (Table 11).

Table 11. KPIs selected to determine soil quality impact

KP| code KP| name Unit
KPI.EV.01.01 Soil texture %
KPI.EV.01.02 Soil pH pH
KPI.EV.01.03 Electric conductivity (EC) dS/m
KPI.EV.01.04 Soil biological activity ue/s
KPI.EV.01.05 Soil water-holding capacity (WHC) and water content %

KPI.EV.01.01 Soil texture

Soil texture is determined through the “Bouyoucos method”, based on the density of each soil fraction. Three
fractions are differentiated: sand (composed of granules of 0.05-2 mm diameter), silt (0.02-0.05 mm) and clay
(<0.02 mm). The Bouyoucos method calculates the proportion of each fraction within the soil, this determines
different textures which are described in the diagram of the United States’ Department of Agriculture (USDA),
represented in Figure 3.

Each soil texture has associated characteristics [9], such as:

- Clay (> 30% clay): strong water and nutrient retention, this leads to puddles forming, to have bad soil
aeration, difficult drainage and dense soil.

- Sand (< 10% clay): low moisture, tend to dry, low fertility but good aeration.

- Loam (10— 30% clay): good water and nutrient retention, and good aeration.

Percent sand

Figure 3. USDA diagram for soil textures

The texture should be a permanent property of the soil, it has a direct relationship with the aeration of soil,
risk of compaction and drainage. Hence, soil texture determines the type of crops that can grow on them.
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The pH impacts the solubility of different minerals in soil, the availability of certain elements (Figure 4iError!

KPI.EV.01.02 Soil pH

No se encuentra el origen de la referencia.), the plant growth and microbial activity [9]:

- Basic soils (pH > 7.5) have a high content on Ca?*, Mg®, carbonates and sulphates. Carbonate content
limits assimilation of Fe?*, Mn?*, Zn?* and phosphorus which precipitate into insoluble forms. In
addition, the presence of sodium carbonates impermeabilizes soil, this maintains pH stable within the
basic range. An example of basic soils are limestone soils. This pH is more suitable for cereal crops.

- Neutral soils (pH = 6.5 — 7.5) are optimal for most of crops, but especially for fruit crops. This pH
enhances the assimilation of nutrients.

- Acid soils (pH < 6.5) are unfavourable for root growth and the microbial activity, the content of Ca?*,
Mg?* and K* is low, and, as for basic soils, phosphorus precipitates into insoluble forms that reduces
its assimilation. Vegetables are adapted to a wider range of pH (from 5.5 to 7.8), making them suitable
to culture in both acid and neutral soils.

pH
85 9.0 9

40 45 50 55 60 65 70 75 80
Nitrogen
-————

- Phosphorus --

[ [ [ SRR | —

Potassium

Changes in soil pH can occur, but it usually has a temporal effect as the presence of carbonates has a buffer
effect that avoid permanents changes. For this reason, calcareous soils are especially resistant to pH changes.
Some agricultural practices can change the soil pH temporarily to improve nutrient assimilation. For instance,
the application of some N-fertilisers produces micro-acidifications due to the presence of nitrification
inhibitors that help to slow the N release [5].

KPI.EV.01.03 Electric conductivity (EC)

The electric conductivity of soil is an indicator of soil salinity, which has an important impact on plant
physiology. EC is highly related to the soil texture, soil cation exchange capacity (CEC), temperature, pH and
SOM. For instance, sandy soils have low EC, whereas clays have high EC. Soils with medium EC and medium
water holding capacity are the most productive [9].

EC can be determined through the standardized method ISO-11265 [15]. This method requires some time, so
laboratories also offer a fast diagnostic based on the presence of salts in a soil solution (10 g soil : 50 mL water)
(ECy1s) [9]. The interpretation of EC and salinity may depend highly on the sensitivity of the crop species (Table
12).
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EC (dS/m) ECy:5 (dS/m) Interpretation Example crop
<2 <0.35 No salty Bean

2-4 0.35-0.65 Lightly salty Corn

4-8 0.65-1.15 Salty Wheat

>8 >1.15 Very salty Barley

The EC can be affected by agricultural practices such as the type of water and the amount of water used, the
application of organic amendments and drainage. In a RES-integrated system in farms, the impact on EC can
potentially come from the water of washing solar panels or from the application of digestate as fertilizer. Since
changes in EC can negatively affect crops and soil health, this parameter should be frequently measured when
integration of RES into the farm.

KPI1.EV.01.04 Soil microbiological activity

Microorganisms such as bacteria and fungi, together with micro- and macrofauna, play a central role in carbon
and nitrogen cycling within soils. Soil animals first break down organic material, after which microbes further
decompose the resulting carbon and nitrogen compounds. To assess soil health, standardized approaches
typically estimate microbial activity and biomass indirectly, through microbial respiration [16]. This is a relative
method, useful to track changes within the same field, but not to compare between different fields that might
have a different microbial community and biomass. On the other hand, measuring microbial activity,
community and biomass through direct methods provides more information, which is more accurate and
allows to compare different ecosystems. However, direct methods are also more expensive and less
accessible; they consist primarily of DNA sequencing and quantification, and enzymatic activity measurements
[3]. Therefore, this deliverable proposes to measure microbial activity through indirect methods, as a good-
enough, cost-effective solution to track RES impact within a soil system.

The most widely used technique to measure biological activity indirectly is the chloroform fumigation standard
method ISO-14240 [17]. This technic captures a large proportion of soil microbial biomass carbon (MBC) and
nitrogen (MBN), both from living and dead biomass. Although, certain organisms, such as spores, may resist
the fumigation process [16]. Chloroform fumigation includes two main approaches: chloroform fumigation—
incubation (CFl) and chloroform fumigation—extraction (CFE) [18]. In both methods, exposure to chloroform
vapor eliminates soil microorganisms. The resulting microbial biomass is then estimated either by measuring
the CO,/N; released during a defined incubation period (CFl) or by extracting the soil immediately after
fumigation and quantifying the extractable C or N (CFE). Reported MBC values typically range between 60 and
1400 pg MBC/g soil, representing 1 — 5% of the soil organic carbon [18], [19] (Table 13). Although these
measurements are indicators of microbial activity, it does not allow for distinguishing the type of activity, e.g.,
respiration derived from microbial activity of nitrifiers or ammonia oxidizers. Nonetheless, an indicator of soil
microbial communities is the MBC/MBN ratio, which typically has a value of 6 [3]. Lower values indicate
bacterial dominance over fungi and vice versa.

Interpretation MBC (ng/g) MBN* (ug/g)
Minimum 66.7 11.1

Mean 286.7 47.8
Maximum 846.0 141.0
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The soil WHC determines the maximum amount of water that a soil can contain. This property is correlated to

KP1.EV.01.05 Soil water-holding capacity (WHC) and water content

soil organic carbon content and soil texture (r?=0.88) [21]. On the other hand, soil moisture or water content
determines the availability of water in soil, which can change along with the seasons, and it is essential for
both crops and microbial biomass. The mass difference between moist and dried soil is the measure of the
water content, calculated on a gravimetric basis (g water /g soil or mL/g) as in the standard method 1SO-11465
[22]. The optimum water content for microbial processes is in the range of 40—60% of the maximum WHC [3].
The WHC is measured in the field by repeatedly adding excess water to an exact mass of soil, determining the
mass of water retained by the soil (mL/g or %). An approximation of WHC can be predicted from soil texture
(Table 14).

Soil texture WHC (%) Optimum water content (%)
Clay — Sandy clay loam ~70 28-42
Sandy clay loam — Sandy loam ~ 60 24 - 36
Sandy loam — Loamy fine sand ~50 20-30

Dry seasons might reduce the water content in the soil, increasing the irrigation efforts. Similarly, wind turbines
increase evapotranspiration, reducing soil moisture up to 20 km away from a wind farm [23]. This can mean
an increment of irrigation efforts in surrounding crops. Conversely, integration of solar panels in crops
produces shadows that reduce the air and soil temperatures, which allows for keeping soil moisture, reducing
irrigation efforts. Therefore, integration of RES in crops has an important impact on water management,
tracking of the soil water content is essential in agriculture and necessary to reduce wasting water.

3.2.2  Biodiversity and pollution

Finally, the following KPIs assess measurements of biodiversity and a range of pollutants, to monitor and
reduce potential impacts in the environment and on the farm. These impacts can be due to changes in
agricultural practices, integration of technologies such as solar panels or application of digestate for
agricultural purposes, among other operations (Table 15).

KPI code KPl name Unit

KPILEV.02.01 Vegetation diversity and cover %

KPI.EV.02.02 Weed-insect pollinator indicator Counts/h
KPI.EV.02.03 Soil emissions g or ug per m*h?
KPI.EV.02.04 Heavy metal pollution CF (unitless)
KPI.EV.02.05 Pathogen contamination CFU/g
KPI.EV.02.06 Microplastic contamination %

KPI1.EV.02.01 Vegetation diversity and cover

The agricultural intensification leads to loss of biodiversity, specially of plants and pollinators, hence its
monitoring is essential to evaluate environmental impact of agricultural practices and integration of RES
technologies. In ecology, higher diversity of plants means higher diversity of herbivores and predators, hence
higher biodiversity. Some studies showed that diversified crops have a more complex food chain than
monocultures, which leads to a reduction of phytophagous pests and pesticides [24]. Reducing pesticides
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increases vegetation cover, which also reduces soil erosion risks [25]. Thus, higher biodiversity in crop systems
means several environmental and agricultural benefits. A good indicator of biodiversity in crop systems is the
vegetation diversity and cover. To determine the impact of different management practices on crop systems,
a similarity index (SI) can be calculated as the percentage of the difference in vegetation diversity [3]:

Equation 5. Similarity index of diversity, to compare between treatments.
SI = 100*2C/(A+ B)

Where A and B are the number of species/plants found in plots A (treatment 1) or B (treatment 2) at a time,
preferably in spring, and C is the number of common species/plants in both plots A and B. This similarity index
can also be applied to compare a crop and a wild area to calculate the percentage of biodiversity loss. Ideally
the Sl should tend to 100%, meaning that protected area and cropping area have similar plant cover and
diversity. Though this case is highly improbable, the aim of this KPI is to track the ecosystem status to prevent
its degradation.

KPI.EV.02.02 Weed-insect pollinator indicator

Besides plants, pollinators are great bioindicators to evaluate the impact of agriculture on biodiversity, due to
the reduction on nectariferous plants. However, monitoring pollinator diversity is laborious. Pollinator
populations vary heavily depending on the season, climatic zone, weather, high, and vegetation [26], [27].
Therefore, to evaluate the degradation level (based on pollinators) of a region, reference values need to be
measured in the same region to be compared, this requires representative study areas (well-conserved and
big enough areas) and identification of all species. Getting these requirements in agricultural areas might be
difficult, due to the degradation level of the surrounding environment, especially for pollinators. A study [28]
suggests an alternative that might be better adapted to the agricultural environment, it is to focus on few
species of pollinators related to specific weeds. Weeds are particularly affected by agriculture due to
herbicides and insecticides, however they play an important role in ecosystem [28]. Despite weeds can be self-
pollinated, pollination through insects and wind is necessary to maintain genetic diversity. Besides, weeds are
a persistent food source for insect pollinators, creating weed-insect pollinator mutualistic interactions that
serves as a local indicator of biodiversity [28].

To monitor weed-insect pollinator interactions in agricultural lands, few rare autochthonous weed-insect
pollinator networks need to be selected. The mentioned study [28] suggests few key networks found in
temperate climates in Europe: 1) the Geometridae (e.g., E. biangulata) and Bombyliidae species visiting
Caryophyllaceae, 2) the Papilionidae (e.g., P. machaon) foraging on Apiaceae, and 3) the Syrphidae (e.g., E.
arbustorum) visiting rare Asteraceae (e.g., G. segetum). Counting the visits of these specific insects to specific
weeds in a period, preferable in spring, allows us to track key pollinators in small areas, such as margins of
agricultural lands. Comparisons between cropping areas and wild areas can be done applying the similarity
index as for 'KPI.EV.02.01 Vegetation diversity and cover’, where A and B would be the number of visits of
specific weed-insect pairs occurring in plots A (cropping area) and B (wild area) at a time, preferably in spring,
and Cis the number of visits from common species in both plots A and B. In the case of a non-degraded habitat,
the count of weed-pollinators in protected areas and cropping areas should be the same (SI=100%). However,
this case is again highly improbable, then, the aim of this KPI is to track the ecosystem status to prevent its
degradation. In conclusion, tracking weed-insect pollinator interactions is a methodical strategy to evaluate in
a simplified way the impact on pollinator diversity.
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The soil has the potential to be both sink and source of greenhouse gases (GHG). Greenhouse gases, most

KP1.EV.02.03 Soil emissions

importantly CO,, CH, and N0, can be released from soil, especially after wet-to-dry transitions in the soil, or
due to the application of mineral fertilizers, livestock manure, or management practices such as tillage, among
others [29]. Considering this, soil emissions are responsible of almost half of the emissions from the
agricultural sector [1], [29]. Therefore, monitoring soil emissions is a good practice to ensure that soil is serving
more as a sink than as a source of GHG, applying mitigation measures when needed and reducing the
environmental impact of farms.

Standardization efforts are being made to measure soil emissions, up today different methods were tested
and compared offering high uncertainty [30]. This is mostly because results interpretation depends heavily on
meteorological conditions and soil characteristics, besides agricultural practices. Therefore, no standard
thresholds can be provided, further research is needed. Instead, here is presented an example of monitoring

soil emissions in crops over a year, measuring amount of each gas per unit of surface and time (Figure 5).
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KPI1.EV.02.04 Heavy metal pollution

Anaerobic digestion (AD) is a technology that treat organic waste streams and produce biogas and digestate,
which is primarily used as fertilizer, and it can contain a high proportion of heavy metals due to concentration
processes. Many heavy metals are necessary for plant growth, such as cadmium, copper, nickel or zinc,
whereas others are toxic, such as chromium, lead, mercury or arsenic. Legal fertilizers comply with regulations
that control the heavy metal composition, although heavy metals can be accumulated in soil, hence their
application should be controlled over time.

Control of the addition of heavy metals to agricultural lands is required, but monitoring the content of heavy
metals in soil is often disregarded. It is essential to identify the soil baseline and the soil needs to avoid
excessive application and accumulation, which can lead to crop diseases, soil contamination and groundwater
pollution.

There are a few standard methods to measure heavy metals in soil, the most extended is the 1ISO-11466 [32],
but there is no international consensus on limits of heavy metal content in soil. Limits can vary between
regions, this is because it heavily depends on the type of soil, pH, weather and crops; hence, most of the
regulatory limitations are applied to fertilizers rather than soils. Limitations on the addition of heavy metals
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over time should also be considered, for instance, the Spanish Government has general limits for the addition
of heavy metals to soil per year [33] (Table 16). Herein is proposed a list of values of heavy metal content in a
soil that is generally considered not contaminated, these values are averaged from multiple references all over
the world [34], [35], [36], [37], [38], [39], [40]:

Heavy metal Baseline soil (mg/kg) Limits of addition (g/ha/year)
Arsenic (As) 6 ND

Mercury (Hg) 0.06 150

Cadmium (Cd) 0.12 150

Chrome (Cr) 70 ND

Copper (Cu) 30 2400

Lead (Pb) 60 1500

Nickel (Ni) 40 600

Zinc (Zn) 65 6000

The contamination factor (CF) is a methodology widely used to evaluate the level of soil pollution due to
individual heavy metals [38]. The pollutant load index (PLI), based on CF, is to evaluate the level of soil pollution
due to a combination of heavy metals:

Equation 6. Contamination factor (CF) for individual metals.
CF = CS/CRef

Equation 7. Pollutant load index (PLI) for combination of metals.

PLI = \/CF; X CF, X ... X CF,

Where Cs is the content of a determined heavy metal in soil (mg/kg) and Cgef is the reference value of a
determined heavy metal content in soil (mg/kg), this can be the baseline soil. The interpreted classes for CF
are: CF < 1, indicates pristine environment; 1 < CF < 3, indicates moderate contamination; 3 < CF < 6, indicates
high contamination; and CF > 6, denotes very high contamination. The interpreted classes for PLI are: PLI > 2
denotes significant deterioration and 0 < PLI < 1 denotes baseline level pollution [38].

KPI.EV.02.05 Pathogen contamination

Digestate from AD is primarily used as fertilizer and its composition in pathogens is notably lower in
comparison to the raw organic waste. Different AD operations coupled with pre- and post-treatments drives
pathogen reduction, being temperature the most relevant parameter to this aim [41]. Nonetheless, the
hygienization capacity of AD can be insufficient and microbial analysis must be done to evaluate the biosafety
level of digestate prior land spreading.

European regulations established standard methods to monitor human-harmful bacteria, these methods are
based on traditional bacteria quantification (CFU, colony forming units): isolated bacteria grown in specific
media. According to Annex V of Regulation (EU) No 142/2011 (which implements Regulation (EC) No
1069/2009), compost and digestate products must meet two microbiological standards:

for E. coli or Enterococcaceae (n =5, c=1, m = 1000, M = 5000), for Salmonella sp., it must be absent
in 25 gsamples (n=5,c=0,m=0, M =0).
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Where, n refers to the number of samples tested; m (CFU/g soil) is the acceptable threshold below which all
results are satisfactory; M (CFU/g soil) represents the level above which results are considered unacceptable;
and c indicates how many samples may fall between m and M while still meeting compliance, provided the
remaining samples are at or below m. Monitoring requirements specify that E. coli or Enterococcaceae should
be measured during or immediately after treatment to assess process performance, whereas Salmonella must
be tested using composite samples collected during the storage phase of the digestate or compost [42].

European regulations demand limits for human and animal safety; however, pathogens can also affect the soil
microbiome and plants. Control of plant and soil pathogens requires the use of antibiotics, which can lead to
antibiotic-resistances [43], [44]. Therefore, human, animal, plant and environmental safety are
interconnected, and a holistic approach should be taken. This means to monitor all-kingdom pathogens in
agricultural amendments and to promote soil microbial diversity, which has been proven to be a key
suppressor of pathogens [45]. However, monitoring all-kingdom pathogens through traditional methods is
laborious. On the other hand, time-effective and accurate microbial analysis, such as DNA sequencing and
gPCR, is expensive. Further research is needed to identify acceptable pathogen thresholds in amendments
and to standardize methods for their monitoring and regulation.

KPI1.EV.02.06 Microplastic contamination

Conversely to pathogen content, solid digestates can have slightly more microplastics (<5 mm particles) than
raw organic waste, being between 41 and 3,298 particles/kg (wet weight) in raw digestate, 319 to 3604
particles/kg in solid digestate, and 7 to 38 particles/kg in liquid digestate [46]. Microplastics originate from all
kinds of sources and processes. In addition, microplastic biodegradation is a slow process (a matter of at least
decades), and they are accumulating in soil. Low concentrations of microplastics in soil (2%) already reduce
bacterial diversity by over 20%. Microplastics also transport emergent contaminants such as polycyclic
aromatic hydrocarbons, bisphenol A and phthalates, increase a 30% the earthworm mortality, reducing crop
yields by over 20%, and ending up in the food chain with important health risks [47].

The best approach to reduce microplastic contamination is to reduce the source; hence, it is essential to
reduce the use of plastics to the bare minimum. In fact, the agricultural sector is the second most important
source of intentional microplastic release (24%), coming from polymers added to provide properties to
fertilizers. For this reason, the European Regulation (EU) 2023/2055, amends Annex XVII of the REACH
Regulation and restricts microplastics intentionally added to fertilizers to <0.01% by weight of the product,
which can be measured through the standard method I1SO 24187 [48]. In 2026, a biodegradability criterion will
enter into force within this regulation. However, more efforts must be made to eradicate microplastic release
and contamination. Organic fertilizers rather than mineral fertilizers (that can contain plastic additives) should
be promoted, besides further technological development to treat contaminated soils.
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This deliverable presents a practical and flexible framework of agricultural and environmental Key
Performance Indicators to assess the integration of renewable energy sources within agro-communities. The
proposed indicators support the evaluation of crop productivity, soil quality, nutrient management,
biodiversity, greenhouse gas emissions, and pollution risks associated with RES deployment in farming
systems.

By combining agronomic and environmental perspectives, the KPl framework contributes to both sustainability
and resilience assessment. Indicators such as nutrient use efficiency, soil organic matter, biodiversity, and farm
GHG emissions help evaluate resource efficiency, environmental protection, and climate mitigation
performance. At the same time, indicators related to soil health, microbial activity, water-holding capacity,
and crop performance provide relevant information on the capacity of farming systems to adapt to
environmental stress and changing climatic conditions.

The framework also supports informed decision-making by helping stakeholders identify synergies, trade-offs,
and potential negative impacts linked to RES integration. Standardized methodologies and interpretation
criteria improve consistency and comparability across different farming systems while maintaining flexibility
to adapt to local conditions and management practices.

However, several limitations and data gaps remain. Agricultural systems are highly variable, and KPI
interpretation can be influenced by climatic conditions, soil heterogeneity, crop type, and management
practices. Some indicators rely on generalized threshold values that may not fully represent local conditions,
while others, such as microbial activity, pathogen contamination, and microplastic pollution, still face
methodological and regulatory uncertainties. In addition, some environmental interactions and long-term
impacts cannot be fully captured through a limited set of indicators.

Overall, the proposed KPI framework provides a solid basis for monitoring the sustainability and resilience of
RES-integrated agro-communities. It supports the transition towards more resource-efficient, climate-
resilient, and environmentally sustainable farming systems, while remaining adaptable for future refinement
as additional scientific knowledge and monitoring data become available.
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The HarvRESt project aims to enhance the sustainable production of renewable energy at farm-level. This approach not
only makes farms climate-neutral but also optimizes production, reduces their impact on natural resources and
biodiversity, and provides energy services to communities, thereby diversifying economic income. However, deciding
how best to integrate renewable energy sources (RES) on a farm is not without its challenges. The decision is a complex
one, with many factors to consider. Due to this, HarvRESt seeks to identify, understand, and overcome the existing
barriers hindering the widespread adoption of this innovative approach. Current initiatives often overlook the complex
interactions and factors within the farming and RES context, resulting in ineffective support for decision-making based
on accurate projections, estimations, and forecasts. HarvRESt will therefore consolidate and enhance existing knowledge,
creating an Agricultural Virtual Power Plant capable of running diverse scenarios and farm configurations. This tool will
determine the best operational procedures for a given RES solution, providing valuable data to a decision support system.
This system will weigh trade-offs and key indicators, offering tailor-made recommendations to farmers and policymakers.
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