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EXECUTIVE SUMMARY  

 

Energy efficiency measures are increasingly evaluated for their co-benefits to air quality and human 

health using marginal coefficients that link energy savings to emission reductions and impacts. This 

paper examines whether such an approach can be extended to ecosystem impacts related to 

nitrogen deposition, eutrophication, and biodiversity risk. Combining the GAINS model, reduced-

form source–receptor relationships from the EMEP MSC-W model, and critical load data, we derive 

coefficients linking energy savings to changes in Average Accumulated Exceedance (AAE) across 49 

ecosystem classes in EU member states. 

We find that while the relationship from energy use to emissions and deposition can be represented 

in marginal terms, ecosystem impacts cannot. Responses depend on critical load exceedance, spatial 

heterogeneity, and transboundary interactions, leading to substantial variation in both the 

magnitude and spatial structure of impacts. As a result, ecosystem outcomes cannot be consistently 

attributed to individual measures using additive marginal coefficients. Instead, they are better 

understood as emergent properties of spatially interconnected systems. 

These findings highlight structural limits to integrating ecosystem co-benefits into marginal cost-

effectiveness frameworks.  



   
 

   

 

INTRODUCTION 

 

Greenhouse gas (GHG) mitigation measures related to energy can be broadly classified as supply-

side measures, which reduce emissions by changing the processes through which final energy is 

produced, and demand-side measures, which improve the efficiency with which energy services are 

delivered. Both types of measures entail investment costs and may appear unattractive to private 

investors, even when they exhibit positive net present values and operate under moderate carbon 

price signals. At the same time, many energy-related GHG mitigation measures generate a range of 

additional economic, environmental, and social co-benefits that are not fully reflected in market 

prices. 

The MICATool was developed to quantify and, where possible, monetize such co-benefits for a 

broad set of demand-side measures across sectors and EU Member States. Its purpose is to provide 

a more comprehensive assessment of cost-effectiveness from a societal perspective. The present 

authors contributed to the development of the air pollution module of this tool. In this context, 

emission factors and impact coefficients were derived to relate reductions in energy use to 

reductions in co-emitted air pollutants (SO₂, NOₓ, PM₂.₅), and further to changes in population 

exposure, premature mortality, and morbidity. These relationships are implemented in MICATool 

through marginal coefficients that link a unit of energy saved to quantifiable health outcomes.  

The question addressed in this paper is whether a similar approach can be applied to ecosystem 

impacts, in particular those related to atmospheric nitrogen deposition and the associated risk of 

eutrophication and biodiversity loss. This question is policy-relevant in light of the European 

Commission’s Zero Pollution Action Plan, which aims to reduce ecosystems at risk from nitrogen 

deposition by 25% by 2030 relative to 2005 levels. Extending the co-benefit framework to 

ecosystems would, in principle, allow energy efficiency measures to be assessed not only in terms 

of climate and health impacts, but also in terms of their contribution to ecosystem protection.  

However, unlike the health impacts associated with particulate matter exposure, ecosystem 

responses to nitrogen deposition are characterized by critical loads and threshold behavior. Impacts 

depend on whether deposition exceeds ecosystem-specific thresholds, and benefits arise primarily 

when exceedances are reduced to below these critical levels. As a consequence, the relationship 

between marginal emission reductions and ecosystem benefits is inherently non-linear and context-

dependent. The marginal benefit of a single intervention cannot be defined independently of the 

broader policy portfolio and the initial state of the ecosystem. 

This paper develops and applies a methodology to relate energy savings to changes in nitrogen 

deposition and to indicators of ecosystem risk. We show that the marginal co-benefit framework 

underlying the MICATool encounters structural limitations when applied to ecosystem impacts. 

While emission reductions translate linearly into changes in deposition, ecosystem responses are 

governed by threshold dynamics, spatial heterogeneity, and cross-border interactions. As a result, 

https://app.micatool.eu/
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ecosystem benefits cannot, in general, be consistently attributed to individual measures using 

additive marginal coefficients.  

Thus, this paper demonstrates that while marginal co-benefit approaches are well suited for health 

impacts, their extension to ecosystems is fundamentally constrained by the non-linear and spatially 

interdependent nature of ecosystem responses 

METHODS 

This study combines three methodological components to link energy efficiency measures to 

ecosystem impacts. First, the GAINS model is used to relate energy consumption to emissions of 

nitrogen species and other air pollutants. Second, a reduced-form version of the EMEP MSC-W 

chemical transport model is applied to translate emissions into nitrogen deposition and associated 

impact indicators through source–receptor relationships. Third, critical load data and ecosystem-

specific indicators are used to assess the implications of deposition changes for eutrophication and 

biodiversity risk. 

The MICATool framework provides the overarching structure for expressing these relationships in 

terms of marginal coefficients that link changes in energy use to changes in environmental 

outcomes. The following sections describe each component and their integration into a consistent 

analytical framework. 

The GAINS model: The GAINS model (Amann et al, 2011) is an integrated assessment tool for air 

quality management planning. It describes the pathways of atmospheric pollution from 

anthropogenic driving forces to the most relevant environmental impacts. It brings together 

information on future economic, energy and agricultural development, emission control potentials 

and costs, atmospheric dispersion and environmental sensitivities toward air pollution. The model 

can address threats to human health posed by fine particulates and ground-level ozone, risk of 

ecosystems damage from acidification, excess nitrogen deposition (eutrophication) and exposure 

to elevated levels of ozone, as well as long-term radiative forcing. These impacts are considered in 

a multi-pollutant context, quantifying the contributions of sulfur dioxide (SO2), nitrogen oxides 

(NOx), ammonia (NH3), non-methane volatile organic compounds (VOC), and primary emissions of 

fine (PM2.5) and coarse (PM2.5-PM10) particles. GAINS also accounts for emissions of Kyoto 

greenhouse gases.  

The GAINS model serves two specific functions in the present context. First, it is the general 

framework that is used for establishing emission factors and impact factors for the MICATool. It 

provides emission factors for around 1,000 different source categories per source region (i.e. here: 

EU member state) and represents a variety of emission control technologies, as well as emission 

control legislation. Second, it offers a comprehensive accounting of all sources, legislation and 

commitments in the EU to better understand in which context any new legislation will have to play 

out. In fact, the GAINS model is being used in a variety of policy processes to represent alternative 



   
 

   

 

future scenarios that may help decision makers in designing effective and cost-effective policy 

measures for further air quality improvements.  

Two of these scenarios play a role in this study. The current legislation scenario (CLE) projects the 

currently agreed and implemented measures out into the future and onto a consumption pathway 

that is consistent with economic growth, climate mitigation plans and forecasts for electrification. 

Future CLE emissions thus represent the expected emissions in the absence of any new policies that 

would be in addition to the currently existing ones. The emission control strategy (ECS) scenario is 

a scenario in which the emissions of all pollutants in all source regions are defined to be reduced by 

a certain percentage, e.g. 15%. This ECS is not an alternative policy scenario; rather, it provides a 

useful anchor for deriving the reduced-form chemical transport model that eventually is integrated 

into the GAINS model, so that physical impact computations can be carried out very efficiently.   

A reduced-form model of chemical transport and N-deposition. The mechanisms of nitrogen 

deposition and ecosystem impacts are highly non-linear. While the emep MSC-W model represents 

these non-linearities and at high resolution, in the GAINS model we need to use a reduced-form 

version of the emep MSC-W model to keep the calculations manageable. Such a reduced-form 

version enables the GAINS model to integrate economic drivers, emissions sources, control 

technologies, costs and impacts in such a way that users can identify cost-effective strategies.  

In GAINS the reduced-form model of the emep MSC-W model takes a linear form: 

𝐼𝑚𝑝𝑎𝑐𝑡𝐼,𝑟,𝑒 =  ∑ 𝑇𝐼,𝑠,𝑟,𝑝,𝑒 ∙ 𝐸𝑠,𝑝

𝑠,𝑝

+ 𝑘𝐼,𝑟 (1) 

where 𝐼 indicates the impact under consideration (e.g., N-deposition, AAE etc), 𝑟 is the receptor 

region, 𝑒 is the ecosystem, 𝑠 is the source region, and 𝑝 is the pollutant. The coefficients 𝑇𝐼,𝑠,𝑟,𝑝,𝑒 

form the so-called source receptor matrix (𝑠 → 𝑟) for the impact 𝐼 in ecosystem 𝑒 and translates the 

emissions of pollutant 𝑝 in source region 𝑠, 𝐸𝑠,𝑝, into the impact indicator.  The source-receptor 

matrix (also called transfer matrix) 𝑇 represents the reduced-form version of the full emep MSC-W 

model, and Eq (1) is a valid approximation within a certain range of emissions. In fact, the source-

receptor matrix 𝑇 is derived from emep model results at two different levels of emissions: CLE and 

ECS, both generated with the GAINS model. Calculating the impact at both emission levels allows us 

actually to define the source-receptor coefficients as the average reduction in impact, per unit of 

emission reduction:  

𝑇𝐼,𝑠,𝑟,𝑝,𝑠 =  
𝐼𝑚𝑝𝑎𝑐𝑡𝐼,𝑟,𝑒

𝐶𝐿𝐸 − 𝐼𝑚𝑝𝑎𝑐𝑡𝐼,𝑟,𝑒
𝐸𝐶𝑆

𝐸𝑠,𝑝
𝐶𝐿𝐸 − 𝐸𝑠,𝑝

𝐸𝐶𝑆  (2) 

In the linear formulation Eq. (1) above, the source receptor matrix not only describes the average 

effect of an emission reduction on the impact function, but we also use it to specify the marginal 

effect. This formulation can thus directly be used in the context of the MICATool to derive the 

marginal change in impact resulting from a change in energy consumption effected by an increase 

in energy efficiency (or replacement of a combustion source of energy by a non-combustion source). 
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For example, Eq. (1) can be used to express the change in impact as the result of a change in 

emissions and, eventually, as a change in energy consumption: 

∆𝐼𝑚𝑝𝑎𝑐𝑡𝐼,𝑟,𝑒 =  ∑ 𝑇𝐼,𝑠,𝑟,𝑝,𝑒 ∙ ∆𝐸𝑠,𝑝 =  ∑ 𝑇𝐼,𝑠,𝑟,𝑝,𝑒 ∑(𝐸𝐹𝑠,𝑆,𝐹,𝑝 ∙ ∆𝐸𝑛𝑠,𝑆,𝐹)

𝑆,𝐹

 

𝑠,𝑝𝑠,𝑝

 (3) 

where ∆𝐸𝑛𝑠,𝑆,𝐹is the amount of energy (in the form of MICAT fuel 𝐹) that is being saved in source 

region 𝑠, in MICAT sector 𝑆, and 𝐸𝐹𝑠,𝑆,𝐹,𝑝 is the corresponding emission factor for pollutant 𝑝. There 

is a mapping between GAINS fuels and MICATool fuels (the latter is more aggregate). The emission 

factors are derived in turn from the GAINS model by taking the weighted average of the emission 

factors of the relevant emission control technologies 𝑡, where the weighting factors are the 

implementation rates of the technologies, which in GAINS encode a particular environmental policy 

in the source region. Using a mapping / aggregation table 𝑀 that maps GAINS sector-fuel 

combinations (𝜎, 𝜏) to the corresponding MICATool sector-fuel combinations (𝑆, 𝐹), the emission 

factors used in the MICATool (and in Eq. (3)) can be derived from the underlying GAINS emission 

factors and the energy use data in a particular scenario (here: CLE): 

𝐸𝐹𝑠,𝑆,𝐹,𝑝 =  
∑ 𝑀𝜎,𝜏,𝑆,𝐹 ∙ ∑ 𝐸𝐹𝑠,𝜎,𝜏,𝑡,𝑝 ∙ 𝑊𝐹𝑠,𝜎,𝜏,𝑡 ∙𝑡 𝐸𝑛𝑠,𝜎,𝜏𝜎,𝜏

∑ 𝑀𝜎,𝜏,𝑆,𝐹 ∙ 𝐸𝑛𝑠,𝜎,𝜏𝜎,𝜏
 (4) 

where 𝑊𝐹is the weighting factor for the technology 𝑡 in GAINS sector 𝜎 and for GAINS fuel 𝜏, in 

source region 𝑠. Finally, we can define the marginal impact factors for the energy savings variables 

in the MICATool: 

𝑇𝐼,𝑠,𝑟,𝑆,𝐹,𝑒 ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ =  
𝜕𝐼𝑚𝑝𝑎𝑐𝑡𝑙,𝑟,𝑒

𝜕𝐸𝑛𝑠,𝑆,𝐹
=  ∑ 𝑇𝐼,𝑠,𝑟,𝑝,𝑒𝑝 ∙ 𝐸𝐹𝑠,𝑆,𝐹,𝑝  (5) 

where the emission factor on the right-hand side is given by Eq. (4). In this way, the marginal effect 

of an energy savings intervention for a particular sector-fuel combination, in a source region on, e.g. 

excess N-deposition in an ecosystem located in a receptor region, can be quantified, based on data 

derived from the GAINS model, the emep MSC-W model, and the critical load data collected by the 

Coordination Center for Effects of the LRTAP Convention. 

Nitrogen pollution and critical loads. Air pollutants, such as reactive nitrogen species, once emitted, 

are chemically transformed and physically transported before eventually being deposited on soil or 

water (Fowler et al., 2013). While nitrogen (N) deposition is mainly caused by ammonia (NH3) 

emissions from agricultural activities and nitrogen oxide (NOx) emission from combustion 

processes, sulfur (S) deposition mainly originates from power generation (EEA, 2025; Dore et al., 

2015). Total deposition is the sum of wet (removal from the atmosphere through precipitation) or 

dry (through gravity, turbulence or chemical/biological processes) deposition (UNECE LRTAP, 2024). 

Transport and deposition of air pollutants on soil and water can be calculated using chemical 

transport models such as the emep MSC-W that consider meteorology, vertical distribution of 

pollutants, land use, aerodynamic resistance and many more parameters that influence deposition 

(Simpson et al., 2012).  

 



   
 

   

 

Evaluating the effect of deposition in an ecosystem and hence also the effect of reducing emissions 

and subsequently depositions is essential as N deposition is closely linked to ecosystem health. 

While nitrogen is key for plant growth, excess nitrogen can negatively impact ecosystem health and 

biodiversity through eutrophication and acidification, amongst other effects (Galloway et al., 2004; 

Reis et al., 2016; deVries et al., 2021). The extent of the impact of N deposition on biodiversity 

depends on different factors such as the total amount of N deposition, the N form, the sensitivity of 

present plant species, soil characteristics and others and hence also differs between ecosystems 

(Bobbink et al., 2010). An option to assess the impact of N deposition on ecosystem health to limit 

negative impacts is the concept of critical loads. Critical loads represent an exposure value below 

which, according to most current knowledge, no harmful effect on the ecosystem’s specified 

sensitive elements occur (Nilsson & Grennfelt, 1988). They can be either modelled using a steady-

state mass balance model or derived from observed dose-response relationships (empirical) and 

help assess eutrophication or acidification per ecosystem.  

Critical loads can be modelled with a chemical steady state model such as the simple mass balance 

model (Posch et al., 2015). All input parameters such as N removal, N adsorption, N immobilization 

or N leaching for this model are long-term (100 year) ecosystem specific averages and represent the 

desired chemical state of the soil. The modelled critical load for nutrient N deposition gives the 

maximum deposition to keep the desired state of the soil. It depends heavily on the predefined 

acceptable leaching of inorganic nitrogen. This level is defined according to the tolerance of the 

sensitive element of the respective ecosystem that needs to be protected and can represent e.g. a 

level above which eutrophication or a vegetation change will happen leading to the disappearance 

of the sensitive element. (Posch et al., 2015; UNECE LRTAP, 2024) 

The modelled critical load for acidity can also be derived using a simple mass balance model but 

depends not only on N but also S deposition and the charge balance of the ions in the soil leaching 

flux. The criteria to define the critical load is the critical Acid Neutralising Capacity (ANC) leaching. It 

also depends on the sensitive element of the ecosystem or the ecosystem that needs to be 

protected and can be defined as a critical pH, critical base saturation or a critical molar Al:Bc ratio 

above which e.g. fine roots of a species are damaged (UNECE LRTAP, 2024). 

Empirical critical loads on the other hand are based on field observations or gradient experiments 

to establish a dose-response relationship and determine a limit above which the ecosystem 

functioning or structure such as species abundance and composition are negatively impacted 

(UNECE LRTAP, 2024, Bobbink et al., 2015). 

Biodiversity critical loads are based on the Habitat Suitability Index (HSI) which gives the mean of 

the probabilities of occurrence of species of interest. The probabilities are usually derived from a 

soil-vegetation model and are linked to soil pH and nitrate concentration. Using again a simple mass 

balance model, the HS index is linked to N and S deposition through the conversion of the 

beforementioned soil chemical variables. If a maximum HS index is defined, a biodiversity critical 

load for N and S can be calculated (Slootweg et al., 2014). 
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Areas where critical loads are exceeded are given as percentages of the total ecosystem area in each 

grid cell. The Average Accumulated Exceedance (AAE) can be computed for an ecosystem, a grid cell 

or any region or country for which multiple critical loads and deposition values are available. 

The CEE report analyzes 49 specific ecosystem classes for which we have source-receptor relations. 

These are classified as either terrestrial ecosystems (T, semi-natural vegetation, soils, etc), surface 

waters (S) and forests (F), as well as modeled ecological response categories, such as receptor types 

(R, Q, etc), or according to nitrogen-related ecosystem sensitivities (N). Here we focus our analysis 

on calculations using empirical critical loads.  

RESULTS 

Relevance of energy to nitrogen. Energy-related emissions contribute differently to the total 

national emissions for NOx and NH3 in EU member states. Figure 1 shows the share of energy-

related emissions in the total national emissions, calculated for EU member states for the year 2020.  

 

FIGURE 1 THE SHARE OF ENERGY-RELATED EMISSIONS IN THE TOTAL NATIONAL EMISSIONS FOR NOX AND NH3 

IN EU27 MEMBER STATES IN 2020. 

While for NOx the share is typically substantial, ie. between 65-80% in 2020, the share for NH3 is 

much lower (<10%), as most of NH3 emissions originate from livestock manure management and 

application of fertilizer in the agriculture sector. These shares are expected to decline until 2030 for 

NOx (to 50-70%). 

 

On can thus expect that measures that target energy efficiency will typically have a much smaller 

effect on NH3 emissions than on  NOx, so let us focus on NOx first. Major NOx sources in EU27 in 2020 

were light-duty vehicles (1,360 kt), heavy-duty vehicles (825kt), agricultural soils (805kt), power and 



   
 

   

 

heating plants (650kt), off-road machinery (590kt) and then residential combustion (505kt). 

Industrial combustion (340 kt) and industrial processes (310kt) played a smaller role in a total of 

5,500 kt in 2020.   

While soils and industrial processes are not affected directly by energy efficiency measures, the 

other sectors potentially are. Electrification of all remaining combustion engines for road vehicles 

and off-road machinery would halve the total NOx emissions. Deep decarbonization scenarios see 

substantial changes in the long run in energy consumption relative to a base year, but not 

necessarily in the short run. A 10% reduction in primary energy consumption would translate into 

an 8% reduction in NOx emissions. 

Impact factors for eutrophication. Within the MICATool framework, the marginal effect of a 1 GJ 

reduction in final energy consumption on emissions of primary particulate matter (PM), SO₂, and 

NOₓ was quantified for each country, MICAT sector, MICAT fuel, and year. These marginal emission 

factors were subsequently translated into health impacts in the emitting country, expressed in 

terms of changes in mortality and morbidity. 

In extending the analysis to ecosystems and biodiversity, an additional analytical dimension is 

introduced: the set of ecosystems affected by emission changes (the index σ in Eq. (3) above). In the 

GAINS modelling framework, the relationship between emission reductions and ecosystem impacts 

is represented by pollutant-specific source–receptor matrices. These matrices depend on the 

emitting country and the year, reflecting atmospheric transport processes and ecosystem 

sensitivities, but they are independent of the originating MICAT sector and MICAT fuel. 

As a result, for a given country, pollutant, and year, the spatial distribution and relative intensity of 

ecosystem impacts are invariant across sector–fuel combinations. Sectoral and fuel differentiation 

affects only the magnitude of emission reduction, not the pattern by which emission changes 

translate into ecosystem exposure. Ecosystem impacts are therefore proportional to emission 

changes, with proportionality factors determined by the relevant source–receptor matrices. 

Consequently, within the GAINS framework, the assessment of ecosystem and biodiversity impacts 

does not require separate analysis for each sector–fuel combination. For a given country, pollutant, 

and year, analysis of a single representative combination is sufficient, as other combinations follow 

the same impact pattern and differ only in scale. Since NOx dominates NH3 emissions in energy-

related sources, the sum over pollutants in Eq. (5) essentially collapses to one term, so the impact 

coefficient indeed can be thought of as a product of two separable factors, one relating to the 

emission characteristics of the fuel, and another reflecting atmospheric transport and ecosystem 

sensitivity. 

 

The AAE indicator by definition is a cumulative indicator. Focusing on the coefficients as used in the 

GAINS model on the other hand interprets these values as marginal contributions. They therefore 
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describe the sensitivities of ecosystem to changes in emissions (Eq.(5)). In principle, this is not a 

rigorous interpretation. Nevertheless, in a particular case it can convey interesting information. For 

example, summing over the coefficients across all neighboring countries and comparing to the 

domestic values conveys some sense of how strong the transboundary benefits are compared to 

the domestic benefits. For an island countries with relatively little transboundary influence (e.g. like 

Malta) one would expect a relatively large domestic effect, and a small transboundary effect, while 

a small country surrounded by other small countries would have a relatively larger transboundary 

effect – though the details matter. Conversely, for a given ecosystem one can calculate (for each 

country separately and then aggregate), the value of the domestic and the transboundary marginal 

impacts and compare their relative magnitude. There is a wide variation across ecosystems for these 

values.  

Aggregate statistics. The atmospheric transport can be recognized from the impact factors 

calculated by Eq. (5): the values reveal that most of the deposition (esp. for large countries) happens 

domestically, while neighboring countries are more affected than far away countries. Corridors or 

air sheds (e.g. Balkan countries vs Benelux) can be retraced in the coefficients as correlations. 

Technically speaking, in the source receptor matrices the diagonal elements dominate, but the off-

diagonals are not random, but reflect actual spatial patterns.  

Similarly, the coefficients reveal the built-in connectivity of the ecosystems. For example, some 

ecosystems are highly concentrated regionally, while others are more ubiquitous. A top-10 link 

analysis illustrates the difference between ecosystems: some ecosystems have a top-10 share (the 

sum of the top 10 off-diagonal terms divided by the sum of all off-diagonal terms, all for a given 

sector-fuel-pollutant combination) of more than 90% (e.g. UNIS code R1Q and R1M, representing 

lowland or sand grassland), indicating locally concentrated occurrence, while for others the 

transboundary contributions are more dispersed, partly due to their broader category (e.g. T3: 

coniferous forests, S1: Tundra, S2: Arctic, alpine and subalpine shrubs). 

 



   
 

   

 

 

FIGURE 2 HETEROGENEITY IN THE TRANSBOUNDARY STRUCTURE OF ECOSYSTEM IMPACTS . PANEL A SHOWS, FOR 

EACH ECOSYSTEM CLASS, THE SHARE OF THE SUM OF AAE COEFFICIENTS ATTRIBUTABLE TO TRANSBOUNDARY 

CONTRIBUTIONS, I.E. THE OFF-DIAGONAL ELEMENTS OF THE SOURCE–RECEPTOR MATRIX. PANEL B SHOWS THE 

CONCENTRATION OF THOSE TRANSBOUNDARY IMPACTS, MEASURED AS THE SHARE OF TOTAL OFF-DIAGONAL 

AAE VALUES ACCOUNTED FOR BY THE TEN LARGEST SOURCE–RECEPTOR LINKS. ECOSYSTEMS ARE ORDERED BY 

INCREASING TRANSBOUNDARY SHARE FROM LEFT TO RIGHT. THE FIGURE HIGHLIGHTS THAT ECOSYSTEM CLASSES 

DIFFER NOT ONLY IN HOW TRANSBOUNDARY THEY ARE, BUT ALSO IN WHETHER TRANSBOUNDARY IMPACTS ARE 

DIFFUSE OR CONCENTRATED IN A FEW DOMINANT CORRIDORS . 

Figure 2 illustrates two distinct dimensions of ecosystem impact structure. First, ecosystems differ 

substantially in the share of total impact that is transboundary. Second, they differ in how 

concentrated that transboundary component is. Some ecosystems exhibit relatively low 

transboundary shares but strong concentration, indicating that cross-border impacts are limited in 

total magnitude but dominated by a small number of corridors. Others combine high transboundary 
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shares with low concentration, suggesting a more diffuse network of cross-border interactions. This 

confirms that ecosystem impacts cannot be characterized by a single generic spatial pattern. 

Emission patterns, atmospheric transport, and ecosystem sensitivity jointly determine the structure 

of the source–receptor relationships, giving rise to a spatially coupled system of impacts across 

Europe. In other words, the factors encode a complex European-scale of interdependence.  

DISCUSSION 

The results show that the relationship between energy efficiency, emissions, and nitrogen 

deposition can in principle be represented using marginal coefficients. Within the GAINS framework, 

reductions in energy use can be linked to reductions in NOₓ emissions, and these in turn can be 

translated into changes in deposition and exceedance indicators through source–receptor matrices. 

In this sense, the extension of the MICAT logic to ecosystem-related stressors is feasible at the level 

of emissions and deposition. 

However, the subsequent translation from reduced deposition to ecosystem benefits introduces 

structural limitations. Ecosystem responses are governed by critical loads, threshold behaviour, 

spatial heterogeneity, and cross-border interactions. As a result, the benefits of a given marginal 

emission reduction depend on the initial exceedance level, on the location and type of ecosystem 

affected, and on the broader set of policies and emissions operating simultaneously. Ecosystem 

benefits therefore cannot, in general, be attributed consistently to individual measures through 

simple additive marginal coefficients. 

These findings point to a more fundamental interpretation of ecosystem impacts. Rather than 

representing the sum of independent marginal effects, ecosystem responses should be understood 

as emergent properties of interacting species, environmental conditions, and spatially distributed 

pollution pressures. The observed patterns of impact reflect not only emission reductions in 

isolation, but also the structure of atmospheric transport, the spatial distribution of sensitive 

ecosystems, and threshold responses within ecological systems. As a consequence, ecosystem 

outcomes cannot be decomposed into additive contributions of individual measures in the same 

way as health impacts. 

This limitation does not make the analysis irrelevant. Rather, it clarifies what the derived coefficients 

can and cannot represent. The coefficients developed here should be interpreted as indicators of 

changes in ecosystem stress, not as direct measures of biodiversity outcomes. They provide useful 

information on the direction and relative magnitude of pressure reduction, but they do not by 

themselves capture the full ecological response. 

The coefficients derived here are based on critical load data from the Coordination Center of Effects 

under the Working Group on Effects of the Convention on Long-Range Transboundary Air Pollution 



   
 

   

 

(LRTAP), and are thus consistent with the deliberations of that process, i.e. focus on empirical critical 

loads and aim to reduce AAE levels to reduce the risk of biodiversity loss.  

The methods discussed in this report are subject to substantive uncertainties and have limitations. 

First, all emission calculations are carried out with national averages, while measures implemented 

in individual circumstances may play out differently. Spatial emission patterns are reflected at the 

national scale (albeit with a high-resolution spatial pattern), whereas actual measures may be 

implemented locally. For example, insulating 10,000 homes in Paris will reduce energy consumption 

there, and not proportionally across France. In other words, our impact calculation, i.e. changes in 

the AAE assume that the spatial pattern of emissions is unaffected by energy savings interventions, 

so that the average atmospheric transport of pollution to relevant ecosystems is unaffected by the 

intervention. Next, the reporting and modeling of critical loads carries its own strengths and 

limitations, the latter related to spatial resolution, consistency of methods, and aggregation of data. 

The AAE formulation per se does not directly offer insights into biodiversity implications of energy 

efficiency measures. For this one would have to have better insights, both at the individual species 

level as well as their interaction. Emergent properties, such as community-level outcomes or non-

linear responses arising from species interactions are well beyond a simplistic linear formulation. 

Hence the AAE are to be understood as risk indicators, rather than deterministic biodiversity loss 

indicators.  
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