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A B S T R A C T   

Since the Paris Agreement entered into force, climate neutrality and associated compensation schemes are even 
more on the agenda of politics and companies. Challenges of existing offsetting schemes include the rather 
theoretical saving scenario and the limited scope of considered impacts. To address some of these limitations, this 
paper proposes the Circular Ecosystem Compensation (CEC) approach based on monetization of LCA results and 
Ecosystem Valuation. CEC consists of six steps: i) carrying out a life cycle assessment, ii) reducing the envi-
ronmental impacts, iii) determining environmental costs applying monetization methods, iv) deriving the 
environmental value based on restoration costs methods, v) implementing the ecological restoration of ecosys-
tems and vi) monitoring of the renaturation measures. Thus, CEC allows to offset a broad set of environmental 
impacts beyond climate change (e.g., acidification, eutrophication, land use, water use) in a real ecosystem by 
renaturation of degraded ecosystems. Environmental burdens and environmental benefits are balanced on a 
monetary basis, as the renaturation measures are monetized and used to compensate the monetized LCA results, 
e.g., of a product, organization or individual. In a case study, the implementation of the approach is presented to 
show the practical implementation of the CEC. The challenges of CEC include the integration of further impact 
categories, the availability of up-to-date and reliable monetization methods, the asynchrony and time-lag of the 
compensation from an ecosystem and biodiversity perspective and the proof of cost-efficiency of the renaturation 
measures. It is further discussed, if CEC can be a step beyond “climate neutrality” towards “environmental 
neutrality”. The proposed approach should be further tested and is intended to foster progress in more 
comprehensive and robust offsetting of environmental impacts beyond climate change.   

1. Introduction 

Climate neutrality is the key concept for tackling climate change. In 
order to remain below the 1.5 ◦C threshold of the Paris Agreement, 
climate neutrality should be achieved by 2050 at the latest (IPCC, 2018; 
UNFCCC, 2015). Strategies and approaches to achieve this are currently 
being discussed by various stakeholders and at various levels, e.g., for 
countries, municipalities, organizations and products (BMUB, 2016; 
European Commission, 2019; Li et al., 2022; SBTi, 2022a). 

In addition to climate change, there are other environmental prob-
lems such as acidification, eutrophication, land use or water use, which 
lead to the degradation of ecosystems and thus to a loss of biodiversity 
(UN Environment, 2019). Therefore, following the “Decade of 

Biodiversity” from 2011 to 2020, the United Nations has declared the 
years 2021–2030 as the “Decade of Ecosystem Restoration” to coun-
teract the loss of biodiversity or the degradation of ecosystems on a local 
and global scale (CBD, 2011; UNEP, 2021a). In this context, addressing 
the impacts of climate change is linked to the conservation of biodi-
versity, e.g., in that the restoration and conservation of biodiversity 
increases the potential for adaptation to climate change impacts and 
helps ensure that intact ecosystems contribute to people’s livelihoods, 
health and well-being (IPBES, 2016). In the European Union, the no net 
loss (NNL) of biodiversity and ecosystem services caused by negative 
impacts of human activities is aimed to be implemented. The guidance 
on how to achieve NNL includes a mitigation hierarchy for biodiversity 
offset schemes with four steps: avoidance, minimization, 

* Corresponding author. 
E-mail address: daniel.lochner@tu-berlin.de (D. Moore).  

Contents lists available at ScienceDirect 

Journal of Environmental Management 
journal homepage: www.elsevier.com/locate/jenvman 

https://doi.org/10.1016/j.jenvman.2022.117068 
Received 13 October 2022; Received in revised form 2 December 2022; Accepted 15 December 2022   

mailto:daniel.lochner@tu-berlin.de
www.sciencedirect.com/science/journal/03014797
https://www.elsevier.com/locate/jenvman
https://doi.org/10.1016/j.jenvman.2022.117068
https://doi.org/10.1016/j.jenvman.2022.117068
https://doi.org/10.1016/j.jenvman.2022.117068
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jenvman.2022.117068&domain=pdf
http://creativecommons.org/licenses/by/4.0/


Journal of Environmental Management 329 (2023) 117068

2

rehabilitation/restoration, and offset (Tucker et al., 2020). Hence, the 
reduction of the negative impacts is prioritised over compensation 
measures. 

The same mitigation hierarchy “reduction before compensation” is 
also the current scientific consensus for carbon offsetting (Andrews, 
2014; Finkbeiner and Bach, 2021; UNFCCC, 2021). Reduction measures 
have priority over compensation measures, as they are more tangible, 
time-independent and verifiable. This also implies the need to take 
measures for the environmental impacts that cannot be avoided in order 
to achieve compensation. To avoid problem-shifting and to achieve 
scientifically robust solutions a life cycle perspective and as many 
environmental impacts as possible should be considered. In this way, 
double counting, greenwashing and mechanisms of carbon as well as 
beyond carbon leakage can be reduced. In addition, the efficiency of the 
measure can be determined and problem shifts between life cycle stages 
as well as environmental impacts can be limited. 

There is a broad debate on the quality and effectiveness of different 
compensation mechanisms, projects and providers (Broekhoff et al., 
2019; Wolters et al., 2018). Some of the most often addressed challenges 
are the definition of the baseline, additionality, lack of considering the 
life cycle perspective and the focus on climate change only, not 
considering other sustainability aspects. To address these limitations, 
this paper proposes the Circular Ecosystem Compensation (CEC) 
approach based on monetization of LCA results and Ecosystem 
Valuation. 

A background is given in section 2 to briefly introduce the methods 
on which CEC is based on. In section 3, the CEC approach is described in 
detail, including a description of all six steps of CEC. A case study is 
presented in section 4 to show the practical implementation of the CEC 
approach. The general challenges of CEC and the possible contribution 
of CEC beyond achieving climate neutrality are discussed in section 5. 
Finally, a conclusion is given in section 6. 

2. Background 

2.1. Life cycle assessment 

Human activities cause environmental burdens, e.g., over the life 
cycle of products and services. Life cycle assessment (LCA) can be used 
to determine potential environmental impacts of products and services 
over the whole life cycle and for several environmental aspects 
(ISO14040 and ISO 14044). 

LCA can help to identify opportunities to improve the environmental 
performance of products and services at different stages of their life 
cycle. It can be used to reduce potential anthropogenic environmental 
impacts in several impact categories, with the possibility of avoiding or 
minimizing trade-offs between impact categories or life cycle stages 
(ISO, 2006a). Examples are:  

• minimizing environmental impact by optimizing new, existing or 
developing products (by comparing alternatives, e.g., materials, 
substances, processes, logistics);  

• optimization of process chains;  
• optimization of operations. 

In order to determine environmental impacts not only of products 
and services, but also of organizations (e.g., companies or corporate 
divisions) and individuals, the methods of Organizational-LCA (O-LCA) 
and Life-LCA (Goermer et al., 2020; ISO, 2014; UNEP/SETAC, 2015) 
have been developed. O-LCA has also been developed further to be also 
applicable for cities or urban districts (Cremer et al., 2020). For regional 
purposes, territorial LCA can also be used (Loiseau et al., 2018). 

2.2. Monetization 

The Background of the two monetization approaches used within 

CEC are described more in detail in sections 2.2.1 (Monetization of LCA 
results) and 2.2.2 (Ecosystem valuation). 

2.2.1. Monetization of LCA results 
By monetizing LCA results, the environmental impacts of different 

impact categories with specific metrics are converted into a single 
monetary unit (Amadei et al., 2021; Arendt et al., 2020). Doing so, the 
total environmental costs can be determined for a broad set of impact 
categories. The sum of the determined environmental costs as a single 
monetary value allows the attribution of the responsibility for envi-
ronmental impacts to the polluter through environmental costs and the 
compensation by the polluter itself (Bünger and Matthey, 2018; Mace 
et al., 2012). This internalization of the environmental costs (e.g., of 
products and services) with subsequent compensation can contribute to 
tackling acute environmental problems such as climate change and loss 
of biodiversity (Drenckhahn et al., 2020). Various methods are available 
to monetize LCA results, e.g., the Environmental Prices Handbook (de 
Bruyn et al., 2018) for a European geographical scope and EPS (Steen, 
2016) or Stepwise 2006 (Weidema, 2009; Weidema et al., 2008) for a 
global geographical scope. There is no general agreement or consensus 
about what method to choose. So, practitioners have to choose the 
method fitting for a certain purpose according to the specific decision 
context (Arendt et al., 2020). 

2.2.2. Ecosystem valuation 
A wide range of methods and tools related to the monetary valuation 

of ecosystems has been developed. One of the goals of ecosystem valu-
ation is to include ecosystem services into decision making on a mone-
tary basis and thus to support sustainable land, water and urban 
management (Bagstad et al., 2013; Harrison et al., 2018; Ruckelshaus 
et al., 2015). Among all the different methods and tools, cost-based 
approaches determine the costs to recreate ecosystem services through 
artificial means based on estimations (Garrod and Willis, 1999). One 
example are restoration cost methods, which calculate the cost of getting 
lost ecosystem services restored (Pascual et al., 2012). Thus, it is 
assumed that the restoration costs of degraded ecosystems are equal to 
the expenses incurred from the mitigation of these negative effects 
(Selivanov and Hlaváčková, 2021). For the implementation of this 
method, it is crucial that the needed data for calculation of the resto-
ration costs is available (Pascual et al., 2012). Restoration cost methods 
can be used to maintain the environmental status quo or to contribute to 
avoid/reduce net loss for biodiversity (Pearce et al., 2006; Tucker et al., 
2020). 

2.3. Renaturation 

Degraded ecosystems can be restored actively (through human in-
terventions) or passively (by natural processes). The type of ecological 
restoration used towards a target ecosystem should be chosen depending 
on the initial state of degradation (Kiehl, 2019). For active restoration, 
recultivation, revitalisation or renaturation can be applied. These three 
types differ regarding the ecosystem functions (e.g., biomass, nutrient 
cycle, water balance) and ecosystem structure (habitat typical species 
and complexity) of the restored ecosystem. While recultivation aims 
high ecosystem functions of a specific type, revitalisation intends to 
develop a high specific ecosystem structure. Renaturation aims at both: a 
wide range of high ecosystem functions and high ecosystem structures to 
restore the natural conditions and functions of ecosystems. Thus, in 
contrast to approaches of revitalisation and recultivation, renaturation 
enables the development of degraded ecosystems into near-natural or 
traditional cultural landscapes and is thus considered as more holistic 
(Bradshaw, 1996; Kiehl, 2019; Zerbe, 2022a). 

The implementation of the renaturation measures in degraded eco-
systems can support to tackle the current challenges of biodiversity loss, 
ecosystem degradation and climate change, e.g., based on (Drenckhahn 
et al., 2020; IPBES, 2019; UNEP, 2021b): 
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• promoting near-natural ecosystems;  
• expanding biotope connectivity systems that allow species to 

disperse and migrate to conserve local and genetic diversity;  
• increasing ecosystem diversity and habitat heterogeneity at the local 

level;  
• increasing habitat availability to strengthen populations;  
• measures to adapt ecosystems and species to climate change. 

To track an increase of the “ecological value” of the ecosystems 
through renaturation measures, point-based systems can be used, e.g., 
referring to the German biotope value procedure (dt.: Bio-
topwertverfahren) used in the German Impact Mitigation Regulation 
(dt.: Eingriffsregelung), in which the biotope values are determined 
according to their typical characteristics according to biotope habitat 
type lists (dt.: Biotoptyplisten) (Louis, 2010; Quétier and Lavorel, 2011). 

As a result, renaturation measures could strengthen the resilience 
and adaptive capacity of ecosystems, ensure the restoration and con-
servation of terrestrial, marine and inland freshwater ecosystems. 
Further, a contribution can be made in reducing the degradation of 
natural habitats, in contributing to the halt of biodiversity loss and in 
climate change mitigation (UN, 2022; UNEP, 2021b). 

3. The Circular Ecosystem Compensation approach 

The CEC approach is presented in this section. To tackle some of the 
challenges of compensation schemes mentioned in section 1, CEC is 
based on the three elements LCA, monetization and renaturation (see 
section 2). The combination of these three elements as CEC is shown in 
Fig. 1. 

With the first element (LCA), a life cycle perspective is added and a 
set of impact categories is considered. In addition, the “reduction before 
compensation” principle is implemented, as the environmental impacts 
are reduced based on the LCA analysis. Thus, it is ensured that emissions 
are in the first place reduced before the compensation takes place. With 
the second element (monetization), a broad set of environmental im-
pacts can be compensated. Two different monetization approaches are 
used:  

i. The environmental impacts of the LCA are monetized to derive the 
environmental costs and 

ii. the ecological restoration of degraded ecosystems as result of rena-
turation measures are monetized with restoration cost methods, 
which are converted into an environmental value. 

Thus, environmental benefits created through ecosystem restoration 
are determined on a monetary basis (environmental value) to balance 
the environmental burdens, determined as environmental costs, as 
currency is the common unit. The summed up environmental costs 
determine the amount of the payment necessary to realize actions and 
measures for the ecological restoration of degraded ecosystems. Once 
this amount was invested in the compensation measures of renaturation, 
the environmental costs are balanced with environmental value gener-
ated for the same amount. 

Finally, with the third element of renaturation of degraded ecosys-
tems, the compensation measures are implemented to generate envi-
ronmental benefits regarding biodiversity and climate change 
mitigation as well as to create and protect various habitats and biotopes. 
This includes a long-term protection and monitoring of the restored 
ecosystems to avoid a theoretical saving scenario, as the renaturation 
measures take place in an existing ecosystem. CEC is not limited to a 
specific type of ecosystem or natural habitats and can thus be imple-
mented for ecological restoration for terrestrial as well as freshwater or 
marine ecosystems in an either rural or urban context. 

As a consequence, the circle between environmental impacts (e.g., of 
products & services, organizations & urban areas and individuals) and 
environmental benefits (through implementing renaturation measures 
in an existing ecosystem) is closed (see Fig. 1). On a higher level, the 
circle of environmental impacts generated in the past (by degrading 
land) is closed by bringing this land back to an ecologically valuable 
state. 

CEC consists of six steps, which are shown in Fig. 2: i) carrying out a 
life cycle assessment, ii) reducing the environmental impacts, iii) 
determining environmental costs applying monetization methods, iv) 
deriving the environmental value based on restoration costs methods, v) 
ecological restoration of ecosystems and vi) monitoring of the renatur-
ation measures. The steps are described in detail in sections 3.1–3.6. 

3.1. Step 1: Life cycle assessment 

The first step of CEC is to carry out an LCA (see section 2.1.). For the 
LCA, the following methods can be used, which define the basic rules for 
preparing an LCA:  

• ISO 14040/44 for assessing products and services (ISO, 2006a, 
2006b);  

• ISO/TS 14072 for evaluating organizations (O-LCA) according to 
(ISO, 2014; UNEP/SETAC, 2015) and for cities or urban districts 
according to (Cremer et al., 2020; Loiseau et al., 2018);  

• Life-LCA for the accounting of individuals according to (Goermer 
et al., 2020). 

Moreover, a broad set of relevant impact categories can be consid-
ered within CEC besides climate change, e.g., also eutrophication, 
acidification, land use or water use. 

To select the impact categories to be compensated with CEC, mature 
and recognised impact assessment methods should be chosen, e.g., based 
on existing analyses (European Commission, 2022; Mikosch et al., 
2022). Furthermore, the environmental impacts should be relevant for 
the analysed product, organization, individual etc. Moreover, current 
databases should allow a robust determination of environmental im-
pacts by, among other things, taking into account all relevant elemen-
tary flows. In addition, monetization methods (see section 3.3.) for the 
chosen impact assessment methods have to be available to ensure con-
sistency between step 1 (LCA) and step 3 (environmental costs). 

Fig. 1. Closing the circle between environmental burdens and benefits with 
CEC based on monetization. 
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In this way, LCA provides the necessary results with regard to po-
tential environmental impacts, which are reduced (see section 3.2.) 
before monetizing them (see section 3.3.). 

3.2. Step 2: Reduction 

As second step, the environmental impacts are reduced with the help 
of LCA. This step is implemented in CEC in order to fulfil the priority of 
“reduction over compensation” (see section 1). 

Proof of the successful reduction of environmental impacts is pro-
vided by LCA (see section 3.1.). If reduction steps have already been 
taken at the start of compensation, these results are quantitatively 
available in the LCA and serve as proof of the successful reduction of 
environmental impacts. Thus, LCA helps to identify and to achieve 
minimized environmental impacts for a broad set of impact categories to 
minimize the need for compensation measures. 

Available and science-based reduction targets for the used impact 
categories should be applied to verify whether the magnitude of ach-
ieved reduction is in line with certain environmental targets, e.g., for 
climate change based on (IPCC, 2022; SBTi, 2022b). 

3.3. Step 3: Environmental costs 

After the LCA is performed (see section 3.1.) and the environmental 
impacts are reduced (see section 3.2.), the environmental costs are 
determined applying monetization methods within the third step. The 
environmental impacts of the chosen impact categories are monetized 
and summed up to determine the environmental costs as a single mon-
etary value (see section 2.2.1.). 

Different methods are available to monetize the environmental im-
pacts. Two recently published review papers can support the selection of 
the method to monetize the LCA results (Amadei et al., 2021; Arendt 
et al., 2020). When choosing the monetization method, the consistency 
between the impact assessment method within LCA (see section 3.1.) 
and the cost rate within monetization is crucial, especially the used 
impact pathways and units. Same should also be ensured for the 
geographical context of the cost rate and the addressed product, orga-
nization, individual etc. 

3.4. Step 4: Environmental value 

In the fourth step of CEC, the environmental value is derived based 
on restoration costs methods (see section 2.2.2.). The measures that lead 
to the ecological restoration of degraded land are quantified on a 
monetary basis in order to realize the compensation between the envi-
ronmental costs and environmental value. Thus, the costs of the realized 
measures are taken as proxies for the environmental value of the 
restored ecosystems. 

The measures can include planning activities (e.g., inventory review 
of the degraded state, development of the restoration measures towards 
a target state, monitoring planning) as well as implementation (e.g., 
removing and renaturing of sealed areas, creation of specific habitats 
and biotopes etc.) and maintenance measures. Applying restoration 
costs as proxies for the environmental value means that the environ-
mental costs are used as a cash payment from the polluter to a 
compensation provider to finance the renaturation measures that lead to 
environmental benefits. 

Approaches to determine the restoration costs can be chosen based 
on (Harrison et al., 2018; Pascual et al., 2012; Selivanov and 
Hlaváčková, 2021). 

3.5. Step 5: Ecological restoration 

The ecological restoration of ecosystems following renaturation 
principles is the fifth step of CEC. Using renaturation in the sense of the 
CEC allows to develop degraded ecosystems towards target ecosystems 
with high ecosystem functions and high ecosystem structures (see sec-
tion 2.3.). Thus, renaturation enables to transform ecosystems into near- 
natural or traditional cultural landscapes (see e.g., (Kollmann et al., 
2019a; Zerbe, 2022b)) within CEC. 

Depending on the initial state of the degraded ecosystems, the 
renaturation goals are defined and then verified in the sixth step by 
monitoring (see section 3.6.). Based on the renaturation goals, the target 
state of the restored ecosystem is described and the renaturation mea-
sures are planned and implemented based on the specific ecosystem 
characteristic. CEC can be used for the renaturation of near-natural 
ecosystems (e.g., forests, streams, lakes etc.) and the renaturation of 
anthropogenic shaped ecosystems (e.g., different types of grasslands, 
hedgerows etc.). 

Fig. 2. Overview of the six steps of CEC: description & result and used method for each step.  
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The renaturation measures within CEC can be planned and imple-
mented based on a wide range of publications, e.g., (Gann et al., 2019; 
Kollmann et al., 2019b; Palmer et al., 2016; SER, 2004; Zerbe, 2019, 
2022b). An increase of the “ecological value” of the ecosystems can be 
tracked within CEC based on point-based systems (see section 2.3.). In 
addition, the proof of cost efficiency can be added to this step, e.g., based 
on cost-benefits-analysis (BBOP, 2009; Hampicke, 2009; Kollmann, 
2019a; Pearce et al., 2006). 

3.6. Step 6: Monitoring 

As sixth and last step of CEC, the monitoring of the renaturation 
measures takes place. Based on the renaturation goals (set up in step 5, 
see section 3.5.), a monitoring concept is set up for evaluating the 
effectiveness and efficiency of the renaturation measures. Thus, the 
development of the newly created structures towards near-natural dy-
namics is reported. For the monitoring concept within CEC, indicators of 
target achievement are derived and a recording programme for data 
collection in the field is drawn up. 

Based on the renaturation goals, indicators must be defined in order 
to quantify the developments of the ecosystem after certain renaturation 
measures. Examples for indicator types are: change in abiotic site factors 
(e.g., pH and nutrients), development of the biocoenosis (e.g., total 
number of species and target species) and change of the ecosystem (e.g., 
vegetation cover and plant communities & distribution) (Kollmann, 
2019b; Loreau et al., 2001). Thus, a monitoring of these indicators 
within CEC allows simplified insights into the development of biodi-
versity and important ecosystem functions after the ecological restora-
tion in the fifth step (see section 3.5.). Several publications can give 
guidance in setting up the monitoring concept, e.g., (Kollmann, 2019b; 
SER, 2004). 

4. Case study: example of implementation by GREENZERO 

In this section, a case study is presented to show the practical 
implementation of the CEC approach by GREENZERO as of the year 
2023 (GREENZERO, 2022). As the GREENZERO approach follows the 
described 6 steps of CEC (see section 3), additional details are described 
in the following. 

In the first step (LCA, see section 3.1.), the life cycle impact assess-
ment (LCIA) results are determined for the impact categories climate 
change, acidification, freshwater eutrophication, marine eutrophica-
tion, photochemical ozone creation and ozone depletion (see Table 1). In 
order to increase the robustness of the approach, the impact categories 
will be extended in the future to ionizing radiation and particular matter 
formation, land use and water use, since consistency issues between the 
LCIA method and the monetization methods have to be solved regarding 
the specific used impact pathways and units. The impact assessment 
methods are chosen to be compatible with the environmental costs’ 

calculation in step 3. 
Next, the second step asks for a reduction of the environmental impacts 

(see section 3.2.). If no reduction steps have been taken at the beginning 
of the compensation, the customer must provide quantitative proof of a 
reduction by means of an improvement in the LCA after 3 years at the 
latest. If no reduction can be achieved, the efforts might be demon-
strated qualitatively in exceptional cases. The customers therefore give a 
self-commitment to strive for a reduction of the environmental impact. 
In both cases, the reductions are verified by authorized external service 
providers. In the event of significant changes to the analysed system that 
also require an update of the LCA, further reduction efforts must be 
made and verified as described above. 

After the environmental impacts have been reduced, they are con-
verted into environmental costs in the third step (see section 3.3.). The 
results of the considered impact categories are converted into environ-
mental costs according to the cost rates listed in Table 2. The cost rates 
are based on the Environmental Prices Handbook and the Handbook on 
the External Costs of Transport (only for climate change) by CE Delft (de 
Bruyn et al., 2018; van Essen et al., 2019). Handbook on the External 
Costs of Transport is used for climate change, as the CO2-eq. cost rate in 
the Environmental Prices Handbook is not updated according to the 
current climate change mitigation policy of the European Union. Thus, 
the updated cost rates of the Handbook on the External Costs of Trans-
port are used (van Essen et al., 2019). Furthermore, the cost rates are 
inflation-adjusted to €-2020 based on (Eurostat, 2021; Thompson, 
2009). The environmental costs of each impact category are then added 
up to a value that corresponds to the total environmental costs. This 
determines the costs (in €) that are invested in the ecological restoration 
of degraded ecosystems. 

For the fourth step (environmental value, see section 3.4.) an extended 
restoration cost approach is implemented (Ahn and Honkomp, 2021, 
2022). Environmental value is generated when degraded ecosystems are 
ecologically restored according to renaturation principles. The envi-
ronmental value represents the full cost basis of restoration calculated 
over several decades, including possible risks (e.g., from existing 
contaminated sites or from climate change impacts). This value is 
calculated for one square metre and one calendar year and is based on 
the following principles:  

• Environmental value as product = planned full costs actually 
incurred in ecological restoration per planned square metre (rolling, 
discounted), based on one year.  

• Environmental value as a reflection of the environmental costs =
compensation for the environmental impacts determined by means 
of environmental benefits. 

The calculation model based on Equation 1 relates the ecological 
restoration of an area to the economic expenditure required to achieve 
it, taking into account the determination of the (increasing) value of the 
area. The result is a (planned) product price in € per m2 and year of a 
certain area. 

The environmental value is calculated according to Equation 1: 

Table 1 
Considered impact categories and impact assessment methods (CML-IA based on 
(CML, 2016; Guinée et al., 2002), ReCiPe 2016 based on (Huijbregts et al., 
2017)) of the GREENZERO approach.  

Impact category Characterization 
factor 

Impact assessment 
method 

Climate change GWP CML-IA or ReCiPe 
2016 (H) 

Acidification AP CML-IA 
Eutrophication (freshwater) FEP ReCiPe 2016 (H) 
Eutrophication (marine) MEP ReCiPe 2016 (H) 
Photochemical ozone creation, 

ecosystems 
POCP ReCiPe 2016 (H) 

Ozone depletion ODP ReCiPe 2016 (H)  

Table 2 
Currently used cost rates of the GREENZERO approach in €-2020 (Climate Change 
based on (van Essen et al., 2019), all others based on (de Bruyn et al., 2018)).  

Impact category Characterization 
factor 

Unit Cost rate in 
€-2020 

Climate change GWP €/kg CO2-eq. 0,1052 
Acidification AP €/kg SO2-eq. 5,29 
Eutrophication 

(freshwater) 
FEP €/kg P-eq. 1,98 

Eutrophication (marine) MEP €/kg N-eq. 3,31 
Photochemical ozone 

creation 
POCP €/kg 

NMVOC-eq. 
1,22 

Ozone depletion ODP €/kg CFC-eq. 32,3  
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Equation 1: Calculation of the environmental value in the GREEN-
ZERO approach. 

The plan calculation on a full cost basis comprises the following as-
pects, which are implemented in Equation 1: 

• recording of all costs for an area (including initial costs for exami-
nation due to contamination and legal/social framework conditions),  

• classification of costs into overhead and direct costs,  
• formation of a cost annuity,  
• formation of a risk factor,  
• calculation of the environmental value and  
• summary of all information for pricing purposes. 

Thus, in addition to the price per m2, a price per environmental value 
unit can also be determined. As a result, the mean value of the increase 
in environmental value is now based on the maximum development 
horizon of the biotopes for each year. 

The environmental value is calculated for several decades in 
advance. This forecast is used for planning as well as for estimating how 
much environmental value will be generated. Thus, for each area that is 
ecologically restored, the planning of the activities that lead to the 
ecological restoration of the areas differs from the implementation in 
practice. After the area development plan is determined, the environ-
mental value calculation is updated for each area at the end of the year. 
This ensures that only measures and activities that have actually taken 
place are included in the calculation of the environmental value for the 
current year. After the update, the generated environmental value is 
recorded and transferred to an annual overview. 

The fourth and the fifth step (ecological restoration, see section 3.5.) 
proceed in parallel. The planning of the ecological restoration of 
degraded ecosystems provides the basis for the calculation of the envi-
ronmental value. Investments are made in areas in a degraded state 
providing a low ecological value. Reasons for a degraded state are 
intensive anthropogenic use (historical or current), abandonment of use 
and subsequent fallow. For areas able to be ecologically restored, a 
degraded condition of the area or a strong effect of the previous use must 
be detectable (e.g., species-poor open land or non-native pure forest 
stands) or a restoration potential due to anthropogenic overuse of the 
area (e.g., formerly intensive used agricultural or forest areas or indus-
trial wasteland with sealed surfaces) must be clearly recognizable so that 
environmental benefits can be achieved. 

The ecological value and the increase in value through ecological 
restoration are thereby determined by using point-based systems. For 
the implementation in Germany, the point-based-system based on the 
German biotope value procedure (dt.: Biotopwertverfahren) and biotope 
habitat type lists (dt.: Biotoptyplisten) is applied (see also section 2.3. 
and 3.5.) using habitat types and biotope points according to the Federal 
Compensation Regulation (dt.: Bundeskompensationsverordnung 
(BKompV)) (BfN, 2021; BMU, 2020; Louis, 2010). 

The planning of the ecological restoration takes place in three 
phases: 

1. Phase 1 – Basic planning: The landscape ecological, legal and logis-
tical conditions are examined and the potentials and risks of the area 
are determined. 

2. Phase 2 – Development planning: Based on the potentials and char-
acteristics of the areas, specific development objectives and 

measures are defined with the aim of permanently creating the 
greatest possible variety of habitats and ecological services.  

3. Phase 3 – Implementation of measures: Deconstruction work, debris 
removal, site preparation and biotope creation measures are carried 
out under ecological construction supervision. 

With the preparation and implementation of the defined planning on 
the area to be restored, environmental value is generated, which offsets 
the environmental costs and thus compensates for the environmental 
impacts quantified by means of LCA. According to Equation 1, envi-
ronmental value is generated by the fact that measures or activities 
related to the ecological restoration of degraded areas have been 
implemented and have thus caused costs. 

In Figs. 3 and 4, the biotope mapping based on the point-based 
system of BKompV is shown for the initial state (Fig. 3) and the target 
state (Fig. 4) for the ecological restoration for the area Kurl 3. Kurl 3 is 
located in the Lünen-Niederaden in the district of Unna and was used as 
site for the ventilation shaft of the Kurl coalmine until the year 1995 
(HeimatERBE GmbH, 2021a, HeimatERBE GmbH, 2021b). In general, 
the point-based biotope value of BKompV range from 0 to 24. Fig. 3 
shows that the biotope value of the initial state of Kurl 3 ranges between 
very low values (0–4, e.g., for sealed surfaces) and low values (5–9, e.g., 
anthropogenic used open areas) up to high values for (16–18, e.g., for 
forest areas). Fig. 4 shows the target state for a biotope development 
time of 100 years. The biotope values are supposed to increase signifi-
cantly, reaching up to very high values (19–21, e.g., species-rich 
meadows and mixed deciduous forest areas). 

To ensure the achievement of the renaturation goals formulated in 
the development planning, a monitoring concept is implemented (see 
step 6, section 3.6.). The development of the biotic composition of the 
respective area is monitored and documented in a long-term perspec-
tive. Moreover, the monitoring is carried out according to scientifically 
established methods of renaturation and restoration ecology (see section 
2.3. and 3.6.). The monitoring concept is drawn up and implemented on 
a site-specific basis, taking into account general requirements and in-
dicators, e.g., the biotope types and vegetation units as a basis for all 
animal species and various faunistic species groups as indicators, which 
are typical for the respective target biotopes on the areas. Examples for 
used species group indicators are birds, breeding birds, butterflies, 
grasshoppers and amphibians. Furthermore, a survey of the status at the 
end of the planned development period is necessary in order to check the 
final achievement of the renaturation objectives. In the meantime 
(depending on the dynamics and basic development duration of the 
respective target biotope), repeated surveys may be necessary in order to 
be able to follow the developments after the creation and during the 
maintenance measures. 

5. Discussion 

The presented CEC has some challenges regarding the methodology 
and the implementation (see section 5.1.). Moreover, it is discussed 
whether the CEC can foster progress in the field of compensation beyond 
climate neutrality towards environmental neutrality (see section 5.2.). 

5.1. General Challenges 

According to the mitigation-hierarchy, the environmental impacts 
have to be reduced before compensation. For CEC, showing the reduc-
tion of the environmental impacts is done with LCA. However, so far 

Environmental value=
planned area costs • estimated risk factor • (reinvestment rate + profit rate)

planned square meters   
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climate targets are formulated mainly on country, sector or organization 
level (BMU, 2019; European Commission, 2021; Giesekam et al., 2021; 
SBTi, 2022b; UNFCCC, 2015) but not on product level. As CEC aims to 
compensate the environmental impacts also of products or individuals, 
there is no clear guidance on how reduction targets should be set. 
Furthermore, the reduction targets are exclusively available for climate 
change and are missing for all other impact categories. There is also the 
need to define how to deal with trade-offs between impact categories, e. 
g., when the impacts are reduced significantly in the majority of ana-
lysed impact categories, but not in all. Thus, further research should 
focus on how to define reduction targets on a product and individual 
level, how to define reduction targets for a broad set of impact categories 
and how to deal with trade-offs between impact categories in CEC. 

Several challenges are linked to the monetization of the LCA results. 
When implementing the CEC, there is the need to choose a monetization 
method. The cost rates vary significantly among different monetization 
methods with the geographical area being the most influential criterion. 
The cost rates for human health are often related to welfare data, 
meaning that the richer the reference area, the higher the cost rates. 
Thus, the environmental costs determined for CEC are varying 
depending on the region. Practitioners, who implement CEC, should 
thus pay attention to the coherence between their geographical context 
and chosen monetization method (Amadei et al., 2021; Arendt et al., 
2020). Guidelines should be developed to support practitioners on how 
the monetary valuation methods have to be chosen and used according 
to the relevant decision contexts (Amadei et al., 2021). Moreover, an 
accurate determination of the environmental costs within CEC needs 
reliable and up-to-date cost rates. Monetization methods for LCA rely in 
some cases on few key literature studies that are more than 10 years old 
(Amadei et al., 2021). Further research is necessary to keep monetiza-
tion methods for LCA up-to-date, based on robust and reliable data and 
thus, to increase the robustness and accuracy of environmental costs 

determined within CEC, especially related to biodiversity (Arendt et al., 
2021). 

From a global view, CEC can thereby support to mobilize financial 
resources from polluters to be invested in conservation and sustainably 
use biodiversity and ecosystems, which is demanded also from SDG 15 
(UN, 2022). As the environmental costs are internalized and paid by the 
polluter, this opens up a new economic perspective and can trigger 
changed sustainable production and consumption patterns as well as 
more sustainable courses of action (Bünger and Matthey, 2018; Fer-
ron-Vilchez et al., 2018; Folkens et al., 2020). In consequence, CECcan 
support in correcting externalities as type of market failure, as the pol-
luters pay for it and an inefficient use of a society’s resources could be 
avoided (Bachmann, 2019). 

As described in section 3.4., the used method for ecosystem valuation 
can be classified as restoration cost method and a form of an out-of-kind 
offset, as the environmental costs are a cash payment to finance rena-
turation measures and to generate environmental value (BBOP, 2009; 
Pascual et al., 2012). These offsets are not directly linked with any 
affected biodiversity component impacted by the project. As such, the 
environmental benefits generated by CEC could take place directly at the 
ecosystems where the environmental burdens occur. But it is more likely 
that the renaturation measures take place without a direct link to 
affected ecosystems. Two main challenges result from this: First, the 
compensation is asynchronous, as the environmental benefits and bur-
dens are balanced on a monetary basis without a proof for each impact 
categories. That means that if the main impacts are climate change and 
eutrophication, the impacts are not necessarily be balanced in the very 
same impact categories. Moreover, the environmental costs do not only 
include damages to the Area of Protection ecosystem quality, but also to 
others, e.g., human health. For the environmental value, benefits are 
considered mainly for the Area of Protection of ecosystem quality. 
Second, there is a time lag occurring regarding the environmental 

Fig. 3. Example of biotope mapping based on the point-based system BKompV as the starting point for the ecological restoration for Kurl 3.  
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benefits, as the renaturation measures including biotope development 
with positive impacts on the ecosystems take place in a long-term 
perspective and mainly after the environmental burdens took place. 
On the monetary basis, the compensation can take place immediately, 
but from an ecosystem perspective, interim losses occur caused by long 
biotope development times until the full maturity of the targeted bio-
topes and ecosystems. 

Further research is necessary to enhance CEC regarding the poten-
tially asynchronous compensation, as future regulations could demand 
this (European Commission, 2019, 2020a, 2020b). It should be further 
investigated how a proof can be added that the environmental burdens 
are balanced with environmental gains not only on a monetary basis – 

which is already implemented in CEC as a basis principle – but also on 
impact category level. This means that the environmental burdens and 
gains should be linked from an ecosystem and biodiversity perspective 
in order to proof their balance, which can’t be done using monetization 
of LCA results and ecosystem valuation alone. For the impact category 
climate change, existing standards can be used as guidance (Gold--
Standard, 2019; Verra, 2019). For other impact categories, the proof of 
balance is more challenging, as no guidelines exist. Further, this could 
potentially require analysing ground samples at the renaturation sites 
with an area size up to several hectares (HeimatERBE GmbH, 2021a). 
Further research should address whether an evaluation at endpoint level 
instead of the so far implemented midpoint level might solve some of 
these challenges. However, the matching of the impacts in LCA and the 
benefits through renaturation measures on endpoint level is also chal-
lenging, because the determination and monitoring of the endpoints in 
the field is complex. Moreover, co-benefits of the renaturation measures 
for human health should be integrated to lower the asynchrony of 
compensation regarding damage on human health and ecosystem 
quality and benefits mainly on ecosystem quality. The ecosystem valu-
ation should thus be extended to integrate human health co-benefits. 

To counteract the potentially time lag issue of CEC, the (partly) use of 
biodiversity banking mechanisms could be a solution. Interim losses can 
be avoided or reduced by (partly) implementing the restoration actions 
in advance of the impacts. Thus, the underlying investment model would 
need to be extended or exchanged with a (partly) fonds model (Bull 
et al., 2013; Dietrich et al., 2014; Schweppe-Kraft, 1998). In conse-
quence, the environmental benefits are (partly) generated before the 
environmental impacts take place and time lag can be (partly) avoided. 
The practical implementation of CEC by GREENZERO can be classified 
as a partly fonds model in order to reduce the time lag. Only already 
generated environmental value is used to balance environmental costs 
(see section 4). That means, that renaturation measures where already 
implemented in the degraded ecosystems and thus, biotopes started to 
develop towards the target state, but without having reached their full 
maturity. 

Additional challenges exist regarding the renaturation measures. As 
the restoration costs are used as a proxy to determine the environmental 
value in order to compensate the environmental costs, evidence is 
necessary to proof that for the chosen measures, the costs and the way of 
ecological restoration are proportionate to each other. This helps to 
lower the risk of overestimating the replacement costs and thus the 
generated ecosystem value. In the GREENZERO approach, this challenge 
can be solved by including a cost-benefit-perspective based on 
ecosystem services or by external and independent verification that the 
chosen measures are both cost-efficient and adequate from an ecology 
point of view. Furthermore, it has to be defined which ecosystems to be 
restored in a degraded area. The definition of the targeted ecosystems 
should follow renaturation principles (see section 2.3. and 3.5.), which 
was also shown in implementation example of the GREENZERO 
approach (see section 4). In addition, target based approaches (Sim-
monds et al., 2020) could be used and implemented. Moreover, sys-
tematically mapped knowledge about restoration ecology could give a 

Fig. 4. Example of biotope mapping based on the point-based system BKompV of the target state of the ecological restoration for Kurl 3.  
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guide for practitioners in addition to the wide range of available paper, 
reports and books (Heger et al., 2022). The planning and implementa-
tion of renaturation measures within CEC should also include known 
conditions from biodiversity offsetting, e.g., based on (Gardener et al., 
2013):  

1. environmental burdens and benefits are comparable in type and 
amount;  

2. environmental benefits are additional compared to the absence of 
the project in the targeted area;  

3. environmental benefits are lasting in a long-term perspective, i.e., 
until the biotopes are fully developed and protected beyond that. 

Implementing the first named point to CEC has already been 
addressed by discussing the potentially asynchronous compensation. 
Fulfilling this condition means, that the restoration costs are linked to 
the ecological value of the affected ecosystems and thus, it can be 
checked if the environmental benefits generated through renaturation 
measures are comparable in type and amount with the environmental 
burdens to compensate. 

Finally, from an overall perspective, the following challenges should 
be on the agenda for further research and development of CEC:  

• Verification: The implementation of CEC should be externally and 
independent in order to proof the correct use and documentation of 
the described methods and principles regarding LCA, monetization 
and renaturation. A formulation of the practical implementation in a 
standard document could increase the transparency and credibility 
of the compensation approach, which is currently planned for the 
GREENZERO approach. This remains a challenge, as the whole 
approach is multidisciplinary.  

• Scale-up: Further research should investigate the potential for scale- 
up of CEC and whether there are limits regarding the availability of 
areas for ecosystem restoration.  

• Global supply chains: Depending on the product, organization or 
individual, the environmental burdens occur along a global supply 
chain. A decoupling from burdens to benefits in the form that the 
renaturation measures take place just at one end of the supply chain 
should be avoided, as that would mean that the externalities 
regarding the burdens would still exist. 

As the compensation takes place in an existing ecosystem, CEC faces, 
as discussed, similar challenges as typical biodiversity offsets (Bull et al., 
2013). It is noted that even if CEC has similarities and is based on ele-
ments of biodiversity offsets, the scope is not to be used in urban or 
spatial planning like typical biodiversity offsets. The scope is to 
compensate the environmental impacts of products, organizations or 
individuals (see section 3), and thus has the potential to offer the pos-
sibility to compensate a broad set of environmental impacts to polluters 
which are so far not included in typical biodiversity offsets. 

5.2. Moving from carbon neutrality towards environmental neutrality? 

Carbon offsets are used to balance the gross emissions in order to 
achieve “carbon neutrality”. In this context, “carbon neutrality” is used 
to describe a state in which the activities of a products, organization (e. 
g., company, city, country) or an individual result in net-zero emissions 
of CO2-eq. There is a rather academic debate on differences between 
carbon neutral, climate neutral and the net-zero concept. In the purpose 
of this paper, we use them as synonyms and thus propose “environ-
mental neutrality” as wording in the sense of the CEC, analogous to the 
concept of “carbon neutrality”. Net-zero is achieved when activities do 
not release any greenhouse gases (GHG) or the GHG released after 
decarbonization are compensated (Butler et al., 2015; Finkbeiner and 
Bach, 2021). 

Similar to the concept of “carbon neutrality”, the introduced 

compensation approach CEC aims to balance a broad set of environ-
mental impacts including GHG-emissions. The mitigation-hierarchy is 
implemented within CEC, following the scientific calls to do the same for 
carbon offsets. Based on the broad sets of impact categories that can be 
compensated with CEC, problem shifting from one impact category to 
another can be identified. Thus, the proposed approach can be a step 
beyond “climate neutrality” towards “environmental neutrality”. 

“Environmental neutrality” should be based on a broad set of 
considered impact categories. For the shown practical implementation 
of CEC by GREENZERO (see section 4), the compensation is currently 
based on six impact categories (climate change, acidification, freshwater 
eutrophication, marine eutrophication, photochemical ozone creation 
and ozone depletion), while four additional impact categories (ionizing 
radiation, particulate matter formation, land use, water use) will be 
implemented in the next years. Such an extension does not mean that all 
relevant impacts are covered, though. Further research is necessary to 
implement more impact categories to the CEC approach. In addition, 
conditions need to be derived which impact categories have to be 
considered for the global term “environmental neutrality” or rules need 
to be developed, how transparency is ensured, which environmental 
impacts are covered by this claim respectively, which environmental 
impacts are not yet covered by it. 

6. Conclusion 

The introduced CEC approach proposes a new compensation concept 
beyond climate change. It intends to compensate a broad set of envi-
ronmental impacts in an existing ecosystem by renaturation of degraded 
ecosystems for products & services, organization and urban areas and 
individuals. It was demonstrated that the CEC approach can be imple-
mented in practice based on the case study GREENZERO. CEC therefore 
might be able to contribute to offset climate change impacts as well as 
other environmental problems (e.g., acidification, eutrophication, land 
use or water use) at the same time, not considering only one aspect and 
neglecting the others. As an example, climate change and the degrada-
tion of ecosystems through human intervention and thus the loss of 
biodiversity can be lowered with the proposed approach, which is 
important for a more holistic transition towards sustainability. The 
consideration of the life cycle perspective and the fact, that compensa-
tion is achieved in real time and the real world are additional strengths 
compared to many of the existing carbon compensation measures. The 
proposed approach should be further tested and is intended to foster 
progress in more comprehensive and robust offsetting of environmental 
impacts beyond climate neutrality. 
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Produktisierung ökologischer Aufwertung “. Braunschweig, Germany.  
Amadei, A.M., De Laurentiis, V., Sala, S., 2021. A review of monetary valuation in life 

cycle assessment: state of the art and future needs. J. Clean. Prod. 329, 129668 
https://doi.org/10.1016/j.jclepro.2021.129668. 

Andrews, J., 2014. Greenhouse Gas Emissions Inventory Reports: FY 14 Briefing. The 
Sustainability Institute, Durham, UK.  

Arendt, R., Bachmann, T.M., Motoshita, M., Bach, V., Finkbeiner, M., 2020. Comparison 
of different monetization methods in LCA: a review. Sustain. Times 12, 1–39. 
https://doi.org/10.3390/su122410493. 

Arendt, R., Bach, V., Finkbeiner, M., 2021. Carbon offsets: an LCA perspective. In: 
Albrecht, S., Fischer, M., Leistner, P., Schebek, L. (Eds.), Progress in Life Cycle 
Assessment 2019. Springer, Cham, Switzerland, pp. 189–212. https://doi.org/ 
10.1007/978-3-030-50519-6_14. 

Bachmann, T.M., 2019. Optimal pollution: the welfare economic approach to correct 
related market failures. Encycl. Environ. Heal. 4, 767–777. https://doi.org/10.1016/ 
B978-0-12-409548-9.09382-9. 

Bagstad, K.J., Semmens, D.J., Waage, S., Winthrop, R., 2013. A comparative assessment 
of decision-support tools for ecosystem services quantification and valuation. 
Ecosyst. Serv. 5, 27–39. https://doi.org/10.1016/j.ecoser.2013.07.004. 

BBOP, 2009. Biodiversity Offset Cost-Benefit Handbook. BBOP, Washington, D.C., USA.  
BfN, 2021. Eingriffsregelung [WWW Document]. URL. https://www.bfn.de/eingriff 

sregelung. accessed 12.3.21.  
BMU, 2019. Klimaschutzprogramm 2030 der Bundesregierung zur Umsetzung des 

Klimaschutzplans 2050 Inhaltsverzeichnis. Bonn, Germany. 
BMU, 2020. Verordnung über die Vermeidung und die Kompensation von Eingriffen in 
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