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Abstract
Voluntary standards can help to ensure the quality of projects eligible for carbon offset-
ting, i.e., selling carbon certificates. However, in deciding on whether to adopt such stand-
ards, the managers of carbon offset projects are faced with uncertainty regarding the costs 
and risks involved. Decision Analysis provides a helpful set of tools that can support such 
decisions by forecasting outcomes under different scenarios. We applied Decision Analysis 
methods to generate models for the decisions to certify two projects in Costa Rica with the 
voluntary carbon offset label “The Gold Standard”. We evaluated certifying an additional 
site of a partially certified reforestation project, as well as the initial certification of an 
agroforestry project.
We calibrated and interviewed decision-makers and stakeholders of the certification pro-
jects to identify important parameters and translate these into a decision model. We ran the 
final decision model as a Monte Carlo simulation to project plausible ranges of decision 
outcomes, expressed as Net Present Values and annual cash flows. We identified critical 
uncertainties and research priorities by using the Expected Value of Perfect Information. 
The results indicate that certification of the two projects would result in a positive Net Pre-
sent Value. The partially low return on investment of the certification, however, shows the 
need for projects to undergo thorough evaluation and generate customized strategies before 
participating in a voluntary carbon offset scheme. The Decision Analysis approaches we 
describe can help to improve the process of decision making under uncertainty and should 
be widely adopted for evaluating the potential impacts of certification.

Keywords Decision Analysis · Monte Carlo simulation · Reforestation · Agroforestry · 
Carbon credits · Gold Standard

1 Introduction

Forests absorb the equivalent of roughly 2 G, of  CO2 each year (FAO 2018). At the same 
time, forest loss and degradation are estimated to contribute approximately 20% of annual 
greenhouse gas emissions globally. Although deforestation carbon fluxes decreased by 
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about one-third from 1990 to 2020, deforestation is still the second largest anthropogenic 
source of atmospheric  CO2 (after fossil fuel combustion) (FAO 2018, 2020; van der Werf 
et al. 2009). As a strategy to mitigate climate change, the Kyoto Protocol’s Clean Devel-
opment Mechanism (CDM) offers an economic reward for projects that sequester  CO2 or 
reduce emissions of other greenhouse gases (GHG). Emission reductions achieved, e.g., 
through afforestation and reforestation (A/R) activities, can be sold in the form of carbon 
certificates, and due to their high  CO2 fixation potential, forests are an important sector of 
the global carbon credit market (Bumpus and Liverman 2008; UNFCCC 1997). The so-
called carbon offsets allow developed economies to meet their emission reduction targets 
by purchasing carbon credits that are associated with projects in developing economies 
(UNFCCC 2007). Parallel to the CDM, a Voluntary Carbon Offset Market (VCM) with 
private actors has emerged, where carbon credits are sold in the form of Verified Emission 
Reductions (VER), with each VER corresponding to 1 t of  CO2 equivalent (Bumpus and 
Liverman 2008). Critics have pointed out that the CDM market has many shortcomings 
(such as too much bureaucracy and a lack of sustainable development co-benefits), which 
the VCM aimed to address. However, the VCM has also faced criticism, such as miss-
ing transparency and double-counting of offsets. As a response to the criticism, voluntary 
carbon offset standards were created in order to standardize the quality of projects eligible 
for carbon offsetting (Lovell 2010). One of the most important carbon offset labels, espe-
cially in the forestry and land use sector, is the Gold Standard. It was initiated in 2006 by 
the World Wide Fund for Nature (WWF) and offers several methodologies under which 
projects can be certified, including an “A/R GHG Emissions Reduction & Sequestration 
Methodology” (The Gold Standard 2017).

When deciding on investments in certification, e.g., with the Gold Standard, project 
managers are faced with uncertainty. Studies have shown that strong carbon offset certifica-
tions like the Gold Standard can increase consumers’ willingness-to-pay for carbon credits 
and for the co-benefits associated with the certification (Liu et al. 2015; MacKerron et al. 
2009). On the other hand, establishing and maintaining the certification of a project often 
comes with high costs and risks, and little research is available on the overall benefits of 
certification (Galik and Jackson 2009). The decision on whether or not to apply for certifi-
cation, e.g., with the Gold Standard, is therefore influenced by many factors, including the 
time and effort required to prepare and maintain the certification, the certification fee, the 
potential additional income, or the change in consumer’s perception of the project. Some 
of these variables are hard to quantify, making the decision about potential certification 
complex and difficult.

The need to take practical decisions within complex ecological and economic systems 
is a challenge many decision-makers face. This is particularly the case with silvicultural 
and agricultural systems, which are characterized by uncertainty and dynamically chang-
ing and interacting factors. Decision Analysis approaches allow researchers to capture the 
state of knowledge on all processes and input variables, e.g., from local knowledge hold-
ers (experts, stakeholders, and decision-makers) in the form of probability distributions. 
The input parameters are translated into probabilistic simulations that predict the full range 
of plausible outcomes, improving the process of decision-making under uncertainty (Lan-
zanova et al. 2019; Luedeling and Shepherd 2016).

In the field of forestry, Uncertainty Analysis and Multi-Criteria Decision Analysis 
have been used for a range of applications. Kangas and Kangas (2004) provided a use-
ful theoretical overview with practical examples, e.g., on the management of forests 
and forest ecosystems (Fürstenau et al. 2007; Rauscher et al. 2000), a topic that is also 
covered by Kumar et  al. (2021). While most studies aim to reflect the preferences of 
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stakeholders, experts and decision-makers, they rarely include expert knowledge elicita-
tion for missing data. Instead, models are often simplified by excluding relevant factors 
or by using fixed values, even for variables that are clearly not precisely known. The 
values assumed in such studies may not be reasonable representations of reality. Such 
simplified models often make major assumptions e.g., about advanced agricultural man-
agement practices, or leave out important uncertainties related to social behavior and 
economic environments (Shepherd et al. 2015). Research approaches are available that 
allow studies to work with ranges and probabilities where data is uncertain or miss-
ing, using Monte Carlo simulations, where a large number of scenarios are virtually 
generated based on probability distributions for all input variables to obtain a range of 
potential outcomes (Hubbard 2014). Davis and Keller (1997) used Monte Carlo simula-
tions for slope stability prediction in forests. Lähtinen et al. (2008) applied Multi-Cri-
teria Decision Analysis to analyze the relative importance of tangible and intangible 
resources in the forestry industry. Entezari et  al. (2020) combined Monte Carlo algo-
rithms with spatial data to facilitate forest inventories.

There is considerable scope for Decision Analysis methods to be applied in forestry and 
agricultural management. Luedeling and Shepherd (2016) argue that Decision Analysis 
can solve the problem of data gaps and allow explicit consideration of risks and variability 
in agriculture. Monte Carlo-based decision models (Favretto et al. 2017; Rosenstock et al. 
2014) as well as Bayesian network models (Whitney et al. 2018) can help provide robust 
guidance for decision-making without cost-intensive long-term data collection. In the field 
of agriculture, Decision Analysis approaches have been used for many applications, e.g., to 
assess investment options in honey value chains (Wafula et al. 2018), the nutritional value 
of home gardens (Whitney et al. 2017), intervention options to prevent reservoir sedimen-
tation (Lanzanova et al. 2019), or the viability of agroforestry investments (Do et al. 2020).

Carbon offsetting has been analyzed from many different angles, including govern-
ance (Bumpus and Liverman 2008), auditing effectiveness of voluntary standards (Foster 
et al. 2017), impact on livelihoods (Herr et al. 2019), and climate change mitigation (van 
der Gaast et al. 2018). Only few studies assess voluntary carbon offset standards from the 
point of view of the projects that provide carbon credits (Herr et al. 2019; Lansing 2015; 
Lehmann 2019). Several authors have recommended evaluating the individual prerequi-
sites of carbon offsetting projects before taking a decision, and some provide guidelines on 
generally identifying the potential social, economic, and environmental benefits for pro-
jects (ICROA 2014; Kollmuss et al. 2008). However, none of these studies quantified the 
potential benefits a priori. The risks and benefits involved in investing in carbon offsetting 
certifications therefore often remain unclear. In this paper, we demonstrate the use of Deci-
sion Analysis in the context of voluntary carbon offsetting labels. We used an innovative 
Decision Analysis approach to evaluate the prospective benefits of voluntary carbon offset 
labels for the projects providing the carbon offsetting. We conducted individual interviews 
and elicited feedback from local experts (i.e., decision-makers, those with expert knowl-
edge on the systems and stakeholders) on multiple occasions to appraise the merits of spe-
cific certification projects. Through the application of several participatory processes, we 
developed a comprehensive decision model that included all the aspects that these local 
experts considered important in assessing the impacts of certification. We subjected these 
same experts to calibration training, to enable them to provide probability distributions for 
all input parameters in the form of estimated confidence intervals. We ran the final deci-
sion model as a Monte Carlo simulation to project plausible ranges of decision outcomes, 
expressed as Net Present Values (NPV) and annual cash flows. We identified critical 
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uncertainties and important variables for further research using model sensitivity and value 
of information analysis.

We aim to showcase a methodology that can determine whether the positive social, 
ecological, and economic benefits outweigh the costs and risks involved in establishing 
and maintaining the certification. We demonstrate the application of these methods to the 
decision of extending an existing reforestation as well as implementing a new agroforestry 
project in Costa Rica. Both projects involve replanting degraded arable land with native 
and naturalized tree species, but the agroforestry project combines the replanting with cul-
tivating ginger on the same area. We focused our decision model to determine whether the 
positive social, ecological, and economic benefits of certification are likely to outweigh the 
economic expenses of (a) certifying an additional reforestation site as a new area within an 
existing certification scheme and (b) carrying out a new certification process for an agro-
forestry site.

2  Materials and methods

2.1  Study area and setting

Since 2007, the project network FuturoVerde has been engaged in environmental activities 
in Costa Rica. The two German companies BaumInvest AG and PuroVerde eG are parts of 
the project network, implementing reforestation and agroforestry projects in the Alajuela 
Province together with their partner companies in Costa Rica (Querdenker GmbH 2017). 
BaumInvest AG is an unlisted stock corporation, aiming to combine sustainable reforesta-
tion while generating financial returns for the investors (https:// www. baumi nvest. de/). For 
their reforestation activities, the company purchases abandoned or unused pastureland, or 
land from retired farmers where no direct successors in the next generation would carry on 
the farm activities. The land is then owned by the stock corporation, whose investors are all 
shareholders or respectively limited partners that hold voting rights according to the size of 
their company share (Rock 2016). PuroVerde eG is a registered cooperative of consumers, 
traders, and producers who jointly invest in the development, cultivation, and marketing of 
tropical products from permaculture and forestry. The cultivation sites are owned by the 
cooperative, whose members receive a portion of the profits depending on the size of the 
business share they hold (https:// purov erde. de/ die- genos sensc haft/). In terms of ownership 
structure, the sites therefore differ from reforestation or agroforestry projects that are often 
owned by smallholders (Manaye et al. 2021). We built two simulation models to cover the 
costs, benefits, risks, and uncertainties of two certification decisions for BaumInvest AG 
and PuroVerde eG.

• Decision a: In 2010 BaumInvest AG certified 150 ha of their reforestation sites with 
the CarbonFix standard. CarbonFix was purchased by the Gold Standard in 2012 (The 
Redd Desk 2014). At present, BaumInvest AG is considering the addition of another 
375 ha within the already existing certification framework according to the “new area” 
scheme of the Gold Standard (The Gold Standard 2018). The area is reforested with dif-
ferent combinations of the native and naturalized tree species Dipteryx oleifera Benth. 
(tonka bean), Vochysia ferruginea Mart. (botarrama), Swietenia macrophylla King. 
(Honduran mahogany), Vochysia guatemalensis Donn. (cebo), Cedrela odorata L. 
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(Spanish cedar), Hymenaea courbaril L. (West Indian locus), Cordia alliodora (Ruiz 
& Pav.) Oken (Spanish elm), Hieronyma alchorneoides Allemão (pilón), and Tectona 
grandis L. (teak).

• Decision b: PuroVerde eG plans to extend its currently small ginger (Zingiber offici-
nale) production into a much larger agroforestry project. Certifying the agroforestry 
sites under the “Gold Standard A/R GHG Emissions Reduction & Sequestration Meth-
odology” (The Gold Standard 2017), the same certification applied to BaumInvest AG’s 
reforestation sites, could offer additional benefits for PuroVerde eG. The agroforestry 
project will include ginger cultivation in combination with native and naturalized tree 
species, which have not yet been specified.

The “Gold Standard A/R GHG Emissions Reduction & Sequestration Methodology” 
sets the framework for the certification. The methodology is applicable for projects that 
include the planting of trees on land that does not meet the definition (of the Designated 
National Authority of the project’s host country) of a forest at the beginning of planting. 
This document provides guidelines for afforestation and reforestation projects, defining 
certain environmental standards that must be met as well as a methodology for the calcula-
tion of  CO2 fixation by forests.

The agroforestry and reforestation sites are located in the Alajuela Province in northern 
Costa Rica. Annual precipitation throughout the region ranges from 3500 to 4000 mm/year 
and the mean annual air temperature is 25°C. The regions where the projects are imple-
mented are characterized by clayey Inceptisol and Ultisol soils (Sherman and Brye 2019).

2.2  Decision Analysis approach

The Decision Analysis methods we used were inspired by the Applied Information Eco-
nomics approach developed by Hubbard Decision Research (Hubbard 2014) and research 
projects conducted by Luedeling et al. (2015), Whitney et al. (2017), and Lanzanova et al. 
(2019).

A crucial first step in the Decision Analysis process is to focus on a decision, with pre-
cisely formulated alternative options, for which a rational recommendation is to be made 
(Luedeling and Shepherd 2016). We defined the decision questions with the research man-
agers of both the agroforestry and the reforestation projects. The decisions were then con-
firmed by the relevant board members of the companies. In order to assess the current state 
of knowledge on all uncertain factors involved in the decisions, we conducted a literature 
review of relevant Gold Standard documents and current research on voluntary carbon off-
set labels and related topics. A central principle of Decision Analysis is the inclusion of the 
existing knowledge of local experts in the model development process. By local experts, 
we refer to decision-makers, those with expert knowledge on the systems and other stake-
holders. We therefore conducted several rounds of interviews in Costa Rica and in Ger-
many, each with one or two experts from the project network. Interviews were conducted 
either in Spanish or German, depending on the native language of the interviewees.

We developed the decision model by working with local experts through several 
interview and modeling stages (Fig. 1). The companies BaumInvest AG and PuroVerde 
eG are based in Germany, where the first round of interviews took place. We worked 
with members of the two companies to identify relevant factors that could affect the 
decisions and described the corresponding causal mechanisms. We aimed to consider all 
aspects of relevance to the decisions, regardless of whether the parameters could easily 
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Figure 1  Interview and modeling stages for the development of a decision model for the decision to certify 
a reforestation and an agroforestry project in Costa Rica with the voluntary carbon offset label Gold Stand-
ard

Figure 2  Input variables and overall model structure for the Decision Analysis of certifying a reforestation 
project in Costa Rica with the Gold Standard (GS) and selling Verified Emission Reductions (VER) under 
the impact of climate change (CC)
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be measured or modeled. We translated the factors and their relationships into a graphi-
cal model (Fig. 2). We validated the model and verified and completed the list of input 
variables in a second round of interviews in Costa Rica. The information retrieved from 
the interviews and the literature review was then reformulated as a set of equations that 
reflected as much as possible the experts’ and analysts’ understanding of the decision. 
We coded the mathematical models as a first draft of a function in the programming 
language R (R Core Team, 2018), using several functions from the R package “decision-
Support” (Luedelinget al. 2019). Wherever possible, we used empirical data to generate 
priors describing the variable values (e.g., for the Gold Standard fees). Where no data 
were available, placeholders were used for the first run of the model.

For those input parameters for which no empirical data were available, we elicited 
values from appropriate experts within the project network in both Costa Rica and 
Germany.

Before value estimates were elicited from the experts, participants were subjected to 
calibration training, a well-established methodology to raise experts’ ability to estimate 
their own state of uncertainty (Hubbard 2014). The training included trivia questions 
and equivalent bet tests. This training raised the experts’ capacity to provide reliable 
(“calibrated”) estimates of 90% confidence intervals (i.e., they were 90% confident that 
the provided range included the correct value) in the form of upper and lower bounds 
for the variable values (Hubbard 2014). While calibration training is often carried out 
with groups of experts (Lanzanova et al. 2019; Luedeling et al. 2015), we conducted it 
on an individual basis. This allowed us to adapt the calibration training to the needs and 
skills of each person. Furthermore, the individual trainings helped us to manage our 
time and resource constraints, which did not allow us to hold joint calibration work-
shops with all experts. We consolidated all calibrated estimates into one single probabil-
ity distribution for each model parameter (Luedeling et al. 2015). To reconcile variable 
estimates from multiple experts, we aggregated all individual assessments by consen-
sus. This approach aims to overcome the risk of losing important information caused 
by averaging, an often-preferred strategy (Lyon et al. 2015). If no empirical data were 
available and no experts could be identified (e.g., for the carbon sequestration potential 
of agroforestry sites), we retrieved the value ranges for the variables from the literature.

Once we had gathered values for all input variables (empirical data, calibrated esti-
mates, and value ranges from the literature), we ran the final decision models 10,000 
times as a Monte Carlo simulation, with each run providing one possible outcome. The 
decision outcomes were expressed as Net Present Values and annual cash flows. The 
totality of all model runs converted the probabilistic inputs into a probability distribu-
tion of outputs that expressed the range of plausible decision results, given the experts’ 
current state of uncertainty.

We conducted a sensitivity analysis to assess the extent to which the various input 
uncertainties affected the project outcome estimates, i.e., the key uncertainties in the 
decision-making process of the project. We applied Partial Least Squares (PLS) regres-
sion to identify the variables that the decision model outputs were most responsive to. 
As a metric providing a quantitative estimate of the effect each individual variable has 
on the decision outcomes projected by the simulation, we used the Variable Importance 
in the Projection (VIP) score (Luedeling et al. 2015; Luedeling and Gassner 2012; Wold 
1995). Furthermore, we calculated the Expected Value of Perfect Information (EVPI) 
to identify priorities for decision-specific research. The EVPI expresses what a rational 
decision-maker should be willing to pay to gain access to perfect information (Luede-
ling and Shepherd 2016).
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3  Results

3.1  Crediting period and project lifetime

Together with the experts, we identified time-dependent characteristics and processes over 
the life span of the projects and integrated them into the model. In accordance with the 
experts, we assumed that completing the certification of the agroforestry and the reforesta-
tion project would take 2 years. In line with the Gold Standard requirements, we assumed a 
crediting period of 30 years for the agroforestry project, during which VER can be earned 
and marketed (The Gold Standard 2018). We set the simulated project lifetime of the agro-
forestry project to 32 years. Gold Standard audits, the so-called performance certifications, 
take place every 5 years. The Gold Standard fees (covered by the two companies PuroVerde 
eG and BaumInvest AG) as well as the time required to maintain the certification (and 
therefore the model) differ between non-performance certification and performance certi-
fication years. After 2 years of preparation, the reforestation project would be added as a 
new area to the existing certification scheme in 2022 during a performance certification. 
Since the crediting period of the already certified reforestation sites ends in 2036, the cred-
iting period of the newly added sites would be 15 years, with a project lifetime of 17 years. 
Performance-certifications would take place in years 7, 12, and 17 of the project lifetime.

3.2  Marketing strategies

The experts considered several marketing strategies for the VER generated by the agrofor-
estry project to be feasible. Together, we defined three marketing strategies and analyzed 
the outputs of an adapted version of the agroforestry decision model for each option. The 
generated VER could either (1) be put on hold to sell carbon-neutral agricultural products 
instead, (2) be sold directly, or (3) be passed on to company shareholders, who could either 
sell the VER or offset their own emissions by putting them on hold.

3.3  Return on investment

3.3.1  Agroforestry project—marketing strategy (1) sale of carbon‑neutral products

The cash flow analysis of the sale of carbon-neutral products illustrates that substantial 
initial investments are incurred during the first 3 years of the project (Fig. 3). Furthermore, 
only costs are incurred during this time, while no benefits are obtained, as VER can only 
be sold after completing the certification in year 4. Therefore, the median of the 90% con-
fidence interval (CI, probability that a parameter will fall between a pair of values around 
the mean) of the cash flow predicted by the decision model is negative in years 1 and 2, 
at —13,000 and —16,000 EUR respectively. In year 3, the highest investment costs are 
incurred, and the median of the cash flow drops to —265,000 EUR. Due to the growth 
of the project area, the number of VER per year increases over the project lifetime, and 
the cash flow grows from a median of 60,000 EUR in year 4 to 79,000 EUR in year 31. 
Dents in the cash flow occur in years 7, 15, 22, 27, and 32, which correspond to the fre-
quency of the performance certification years we had calculated. From year 4 until the 
end of the crediting period, the lower bound of the 90% CI of the cash flow is positive in 
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all non-performance-certification years. In the performance-certification years, where addi-
tional fees and staff time are required, the lower bounds of the 90% CI (i.e., the 5% quan-
tile) of the cash flow become negative, ranging between —9000 EUR in year 7 and —4000 
EUR in year 27. The median of the cash flow range is slightly lower in performance-certi-
fication years than in normal years, but still positive (between 50,000 in year 7 and 65,000 
EUR in year 32). While the range between the lower and upper bounds (the 5% and 95% 
quantiles) of the cash flow is quite narrow in years 1 and 2 (difference of 10,000 EUR), the 
difference between the bounds is around 220,000 EUR in the following 30 years.

The NPV of the sale of carbon-neutral products lies within a 90% CI between —230,000 
and 3.4 million EUR, with a median of 848,000 EUR (Fig. 4). With this marketing strat-
egy for the VER, the chance of a negative NPV, i.e., a loss, is 14%, the chance of gain is 
accordingly 86% for the project.

3.3.2  Agroforestry project—marketing strategy (2) direct sale of VER

Similar to the sale of carbon-neutral products, the strategy to directly sell the VER 
has high investment costs before the start of the crediting period and high market-
ing costs in year 3. The initial costs are reflected in the negative cash flow in the first 
3 years of the project lifetime (Fig. 3). For the direct sale of VER, the median of the 
90% CI of the cash flow is —13,000, —16,000, and —325,000 EUR in years 1, 2, and 

Figure 3  Cash flow outputs of a Monte Carlo simulation (with 10,000 model runs) for ex-ante analysis of 
the decision to certify an agroforestry site in Costa Rica with a voluntary carbon offset label, with three 
marketing strategies: (1) Sale of carbon-neutral products, (2) Direct sale of Verified Emission Reductions 
(VER), (3) Pass VER on to company shareholders. Plots show the projected probability distributions of the 
annual cash flows
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3, respectively. The increasing median of the cash flow range reflects the increasing 
number of VER that is generated through the growth of the project area, showing simi-
larities to the sale of carbon-neutral products. After year 3, the median of the cash flow 
increases slightly from around 57,000 EUR in year 4 to 70,000 EUR in year 31 and 
is positive in all non-performance-certification years. In the performance-certification 
years, the cash flow ranges between 46,000 EUR in year 7 and 57,000 EUR in year 32 
(end of the crediting period). The difference between the lower and upper bound of the 
cash flow is 10,000 EUR in years 1 and 2. From year 3 on, the difference between the 
lower and upper bound of the cash flow fluctuates around 21,000 EUR, similar to the 
sale of carbon-neutral products.

The NPV of the direct sale of VER lies, with 90% confidence, between —342,000 
and 3.2 million EUR, with a distribution median of 687,000 EUR (Fig. 4). While the 
upper bound is similar to the sale of carbon-neutral products, the lower bound and the 
median of the NPV of the direct sale of VER are slightly lower than for the sale of 
carbon-neutral products. The chance of a loss is 20% for the project, if the direct sale 
of VER is chosen.

Figure 4  Outputs of a Monte Carlo simulation (with 10,000 model runs) for ex-ante analysis of the deci-
sion to certify an agroforestry site in Costa Rica with a voluntary carbon offset label, with three marketing 
strategies: (1) Sale of carbon-neutral products, (2) Direct sale of Verified Emission Reductions (VER), (3) 
Pass VER on to company shareholders. Plots show the projected probability distribution of the Net Present 
Value (NPV) across all the simulation runs. The boxplot indicates the median, 25% and 75% quantiles, and 
outliers of those results
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3.3.3  Agroforestry project—marketing strategy (3) pass VER on to company 
shareholders

The cash flow of the strategy to pass the VER on to company shareholders is negative in 
the first 2 years of the project, with a median of the 90% CI of —13,000 EUR in year 1 and 
—16,000 EUR in year 2, similar to the sale of carbon-neutral products and the direct VER 
sale (Figure 3). The positive median of the cash flow in year 3 (28,000 EUR) reflects the 
lower initial investment costs (especially in the area of marketing) of passing VER on to 
the shareholders, compared to the other two strategies. Unlike when selling carbon-neutral 
products or the VER directly, the median of the cash flow range of passing the VER on 
does not increase after year 3, but stabilizes around 51,000 EUR, slightly lower than the 
median of the other two marketing strategies. As neither VER nor carbon-neutral products 
are sold, the increase of the certified area does not generate an income increase over the 
lifetime of the project. The median of the 90% CI of the cash flow declines slightly in per-
formance-certification years. It lies around 37,000 EUR in years 7, 12, 17, 22, 27, and 32. 
The difference between the lower and upper bound of the 90% CI is around 10,000 EUR in 
years 1 and 2 and fluctuates around 200,000 EUR from year 3 until the end of the project 
lifetime. The 90% CI for the cash flow from year 3 onwards is considerably wider than the 
ranges of the other two strategies.

The NPV of the marketing strategy of passing VER on to company shareholders had a 
90% CI between —130,000 and 3.2 million EUR, with a median of 783,000 EUR (Fig. 4). 
When passing VER on to the shareholders, the chance of a loss is 13% for the project.

3.3.4  Agroforestry project—comparison of the three VER marketing strategies

In case of the Gold Standard certification of the agroforestry project, the NPV distributions 
of all three VER marketing strategies have positive medians that do not differ significantly 
(Fig. 4). The sale of carbon-neutral products, however, has a slightly higher median than 
both the direct sale of VER and passing them on to the company shareholders. The prob-
abilities of net losses when selling carbon-neutral products and passing VER on to share-
holders are quite similar, while the direct VER sale has a slightly higher risk of a negative 
NPV. The direct sale of VER has the highest investment costs of all three strategies, show-
ing the lowest median of the cash flow range in year 3. The median of the cash flow range 
of the sale of carbon-neutral products also reaches its low point in year 1, but is slightly 
higher than the direct VER sale option. Passing the VER on to the company shareholders is 
the strategy with the lowest investment costs. The low median cash flow (achieved in year 
2) of passing the VER on to the shareholders is higher than in the other two strategies (not 
achieved until year 3) (Fig. 3).

3.3.5  Reforestation project

The cash flow range of the reforestation project (Fig. 5) reflects the low initial investment 
costs and shows a positive median in year 1 (9000 EUR) and year 2 (8000 eight EUR). In 
year 3, marketing and communication costs are incurred, and the certification process is 
completed. VER from the three previous years can be sold in addition to the VER gen-
erated in the year of the certification due to a retroactive issuance scheme of the Gold 
Standard (The Gold Standard 2018). The cash flow is therefore clearly positive in year 3. 
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The median of the 90% CI of the cash flow is 127,000 EUR in year 3, the highest median 
throughout the project lifetime. The median of the cash flow remains positive in all non-
performance-certification years, with negative values occurring in the performance-certifi-
cation years 7 (—10,000 EUR) and 12 (—12,000 EUR). In the last performance-certifica-
tion year (year 17), the median of the cash flow range is 1000 EUR. Throughout the years 
of the project lifetime, the cash flow range shows high variability, reflecting the harvest and 
reforestation cycles of the reforestation site, which change the number of available VER. 
In non-performance-certification years, the median of the cash flow range decreases from 
28,000 EUR to 1000 EUR between years 4 and 11, then increases to 17,000 EUR in year 
13 before decreasing again to 15,000 EUR in year 16.

The NPV of the certification for the reforestation project lies with a 90% CI between 
—29,000 and 750,000 EUR, with a median of 252,000 EUR (Fig.  6). The chance of a 
negative NPV, i.e., a loss, is 7% in case of the certification of the reforestation project.

3.4  Sensitivity analysis

3.4.1  Agroforestry project—marketing strategy (1) sale of carbon‑neutral products

Sensitivity analysis indicated that three variables had an important effect on the out-
come of the simulation (NPV and cash flow) in case of the Gold Standard certification 
of the agroforestry project with marketing strategy (1) “Sale of carbon-neutral prod-
ucts.” Variables are commonly considered important when their VIP values exceed 0.8 
(Luedeling and Gassner 2012). The variable “Additional shares sold,” an indirect ben-
efit of the certification, has the highest VIP of all variables, with a score of 4.2 (Fig. 7; 
Table 1). The impact of using the generated VER to create carbon-neutral products is 
reflected in the VIP of the variable “Additional product sales,” which has a score of 

Figure 5  Outputs of a Monte Carlo simulation (with 10,000 model runs) for ex-ante analysis of the decision 
to certify a reforestation site in Costa Rica with a voluntary carbon offset label. The plot shows the pro-
jected probability distribution of the annual cash flow
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1.17. The last variable with an important effect on the outcomes is the “Discount rate,” 
although its VIP score of 0.95 indicates a much lower importance than the “Additional 
shares sold.” For the direct sale of VER, “Additional shares sold” is the only variable 
with a non-zero EVPI in case of project implementation (Fig. 7), indicating a possible 
priority for decision-specific research. The EVPI of the variable is 2000 EUR, which 
corresponds to what a rational decision-maker should be willing to pay to obtain per-
fect information on the variable.

3.4.2  Agroforestry project—marketing strategy (2) direct sale of VER

Three input variables are considered important for the outcome of the direct sale of 
VER. Similar to the sale of carbon-neutral products, the variable “Additional shares 
sold,” an indirect benefit of the certification, has the highest impact on the outcome of 
the simulation, with a VIP score of 4.28 (Fig 7; Table 1). The VIP score of “Carbon 
dioxide sequestration” is 0.86, indicating that the direct certification benefits of being 
able to sell the generated VER have an important, but much smaller impact than the 
indirect benefits. The third variable that is considered important is the “Discount rate,” 
with a VIP score of 0.83. “Additional shares sold” is the only variable with a non-zero 
EVPI under this strategy 2) “Direct sale of VER” (Fig. 7). The EVPI of the variable is 
9000 EUR.

Figure 6  Outputs of a Monte Carlo simulation (with 10,000 model runs) for ex-ante analysis of the decision 
to certify a reforestation site in Costa Rica with a voluntary carbon offset label. The plot shows the pro-
jected probability distribution of the Net Present Value (NPV) across all the simulation runs. The boxplot 
indicates the median, 25% and 75% quantiles, and outliers of those results
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3.4.3  Agroforestry project—marketing strategy (3) pass VER on to company 
shareholders

Marketing strategy (3) “Pass VER on to company shareholders” is primarily focused on 
the indirect benefits, as the VER are neither sold nor used for carbon-neutral products but 
given to the shareholders. This approach is reflected in the VIP score of 4.4 of the variable 
“Additional shares sold” (Fig. 7; Table 1). It is the only variable with a VIP score above 
0.8 for passing the VER. Similar to the sale of carbon-neutral products and the direct VER 
sale, “Additional shares sold” is the only variable with a non-zero EVPI (Fig. 7). The vari-
able has an EVPI of 3000 EUR.

3.4.4  Reforestation project

Sensitivity analysis indicated that the output of the model was sensitive to the variables 
“VER price” (VIP = 3.42) and “additional stock sales” (VIP = 2.39) (Table 2). The two 
variables reflect the impact of both the direct and the indirect benefits of the certification 
(Fig.  8). The VER price is related to the benefits from the direct VER sales, while the 
additional stock sales are the indirect outcome of the impact the certification has on the 
shareholders’ willingness to purchase shares. The only variable with a non-zero EVPI was 
“VER price.” The calculation indicates that the decision-maker should be willing to pay 

Figure 7  Expected Value of Perfect Information (EVPI) and Variable Importance in the Projection (VIP) 
for the outputs of a Monte Carlo simulation (with 10,000 model runs) for ex-ante analysis of the decision to 
certify an agroforestry site in Costa Rica with a voluntary carbon offset label, with three marketing strate-
gies: (1) Sale of carbon-neutral products, (2) Direct sale of Verified Emission Reductions (VER), (3) Pass 
VER on to company shareholders. The plot on the left shows the Variable Importance, i.e., the sensitivity 
of projected outcomes to uncertain input variables, quantified by the VIP statistic of Partial Least Squares 
regression. Only variables with VIP score >0.8 for at least one strategy are shown. Letters indicate positive 
(p) and negative (n) impacts for variables with VIP score >0.8. The right plot shows the EVPI, the amount 
that the decision-maker should be willing to pay in order to improve her certainty about the decision to 
implement the certification scheme
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up to 3000 EUR to learn more about the effect of this variable on the decision outcome 
(Fig. 8).

4  Discussion

4.1  Return on investment

4.1.1  Agroforestry project—comparison of the three VER marketing strategies

Model results suggest that all three VER marketing strategies for a Gold Standard 
certification of the agroforestry project are likely to lead to additional profit. For all 
strategies, the chance of loss when investing in certification is lower than the chance of 
opportunity losses of operating without certification. Implementing certification with 
one of the strategies therefore seems sensible. The choice of VER marketing strategy 
depends on the priorities and preferences of the decision-makers. While establishing a 
preference between the sales of carbon-neutral products and passing the VER on to the 
company shareholders, the direct sale of VER clearly emerged as the least advisable. 
The direct sale of VER has the lowest median NPV, the highest probability of loss, 
and no clear advantages compared to the other two strategies. A key reason for the low 
benefits of direct VER sale might be the low carbon sequestration potential of agrofor-
estry projects compared to forestry projects (FAO 2016). The low additional income 
of directly selling VER confirms the importance of evaluating a project’s specific set-
ting before considering a particular certification scheme, mirroring conclusions drawn 

Figure 8  Expected Value of Perfect Information (EVPI) and Variable Importance in the Projection (VIP) 
for the outputs of a Monte Carlo simulation (with 10,000 model runs) for ex-ante analysis of the decision 
to certify a reforestation site in Costa Rica with a voluntary carbon offset label. The plot on the left shows 
the Variable Importance, i.e., the sensitivity of projected outcomes to uncertain input variables, quantified 
by the VIP statistic of Partial Least Squares regression (blue: VIP>0.8, gray: VIP<0.8). Letters indicate 
positive (p) impact for variables with VIP score >0.8. The right plot shows the EVPI, the amount that the 
decision-maker should be willing to pay in order to improve his or her certainty about the decision to imple-
ment the certification scheme. VER Verified Emission Reductions, CC climate change, PVPF Puro Verde 
Paraíso Forestal, QD Querdenker
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in many earlier studies (Fischer et al. 2017; Hamrick and Gallant 2017; Kollmuss et al. 
2008; Tienhaara 2012). Most studies that have analyzed the framework of carbon offset-
ting indicate potential economic benefits for participating projects, but also acknowl-
edge the scarcity of empirical studies on the actual impact on these projects (ICROA 
2014; Kollmuss et al. 2008).

Both the sale of carbon-neutral products and passing VER on to company sharehold-
ers have certain advantages. Selling carbon-neutral products seems to have the highest 
return on investment in the long run, as it has the highest median NPV, and the low-
est probability of loss. The positive return on investment confirms the results of sev-
eral studies that report a high willingness-to-pay for carbon-labeled products among 
consumers, which led to an overall positive impact on company incomes (Feucht and 
Zander 2018; Kim et  al. 2016; Vecchio 2013; Vecchio and Annunziata 2015). An 
applied example of the sale of carbon-neutral products is the Gold Standard-certified 
company ForestFinest, which puts VERs generated by their cocoa tree plantations on 
hold to produce “climate positive” chocolate (Sommer-Guist and Assenmacher 2015). 
The additional income generated by selling carbon-labeled products, however, often 
benefits downstream manufacturers rather than the landowners and farmers cultivating 
the raw materials (such as cocoa) (Mithöfer et al. 2017).

The NPV and the probability of gain are slightly lower for passing VER on to share-
holders than for the sale of carbon-neutral products. A clear advantage of passing the 
VER on to shareholders are the significantly lower investment costs in year 3, a result 
of the lower marketing costs (compared to the direct sale of VER and carbon-neutral 
products). This is particularly important, as low liquidity during the initial years is a 
challenge for the agroforestry project.

4.1.2  Reforestation project

The outcome of the decision model for the reforestation project (a low probability of loss 
and a positive median NPV) suggests that a Gold Standard certification of the reforesta-
tion sites would lead to additional benefits for the reforestation project. The chance of loss 
when investing in certification (7%) is lower than the chance of opportunity losses of oper-
ating without certification. It is therefore advisable for the reforestation project to make the 
investment. The additional income for the project confirms the potential of certifying refor-
estation projects that many studies have identified (ICROA 2014; Kollmuss et  al. 2008; 
Wright et al. 2000). The clearly positive cash flow during the first 6 years after the initial 
certification could contribute to closing the current liquidity gap that poses a challenge for 
the company. The potential negative cash flow in performance-certification years would, 
however, have to be compensated by other income sources of the company. Another con-
cern is the decrease in cash flow from year 6 until the end of the crediting period due to 
the decreasing VER sales. Low replanting rates after harvests in the current management 
plan cause decreases in carbon sequestration, reducing the amount of VER available for 
sale. Revising the current management and replanting scheme for the reforestation pro-
ject could help to reduce the decline in carbon sequestration, and thus positively affect the 
cash flow. Measures for improvement might include genetic considerations when selecting 
germplasm and increasing resilience by fostering natural selection, ecological connectivity, 
and species associations. More attention could also be paid to matching species and prove-
nances to future climate predictions for the area (Roshetko et al. 2018; Thomas et al. 2014).
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4.2  Sensitivity analysis

4.2.1  Agroforestry project—comparison of the three VER marketing strategies

The high VIP score and non-zero EVPI for all strategies indicate that the variable “Addi-
tional shares sold” is the most important across the marketing strategies of the agroforestry 
project. The high importance of the additionally sold company shares implies that the indi-
rect benefits arising from the certification have a greater influence on the outcomes than 
the direct benefits. The low  CO2 sequestration potential of agroforestry sites compared to 
forests, however, could be an explanation for the low importance of the VER sales even 
when sold directly (FAO 2016).

The value range for the additionally sold company shares was set quite widely in the 
process of estimating the input variables, as little knowledge about the impact of certifi-
cation on the company shareholders was available. The high importance of the variable 
and the initially wide range are reflected in the EVPI, which ranked between 1.9 thousand 
and 7.3 thousand EUR for the three strategies. The decision-makers’ rational willingness-
to-pay to gain more knowledge on the variable is low compared to the overall value of 
the decision. Even a small investment between 1.9 thousand and 7.3 thousand EUR could 
however help to increase certainty regarding the decisions. For example, conducting a sur-
vey among the current shareholders would be a simple way to obtain additional informa-
tion on the effect that the Gold Standard certification would have on current and potential 
new shareholders. Gaining more knowledge, e.g., on the additionally sold company shares, 
would be beneficial for all of the marketing strategies, and could even help to better inform 
choices between the three options.

4.2.2  Reforestation project

While the two variables “VER price” and “Additional stock sales” can be considered 
important for the certification of the reforestation project (according to their VIP scores), 
only the VER price has a non-zero EVPI. The high importance of the VER price for the 
reforestation project corresponds to studies that see this variable as a major uncertainty fac-
tor for the whole VCM (Lang et al. 2018). Although the variable’s EVPI of 3.5 thousand 
EUR is low compared to the overall value of the intervention, it is questionable whether 
more reliable information about this variable can be obtained at all. The VER price is 
highly volatile and strongly dependent on international policy-making. Predicting its future 
development with greater certainty is therefore challenging and resource-intensive, and 
it may well be impossible. Despite the non-zero EVPI of one variable, we are confident 
that the recommendation based on the model results are reliable. Given that the informa-
tion value is relatively low, decision-makers of the reforestation project may still be able 
to make a fairly confident decision on the best investment option already based on model 
results with the current state of knowledge.

4.3  Methodological limitations

There is no guarantee that the model accurately captured all important aspects of the pos-
sible certification. While group workshops with all important stakeholders at once can 
be helpful when consolidating input parameters (Whitney et  al. 2018), only individual 
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interviews were possible in our research. However, differences in the experts’ inputs 
mainly concerned the impact of the certification on managing the reforestation areas, and 
could mostly be resolved by consulting Gold Standard guidelines. Nevertheless, several 
interviewed staff members of the project network were not familiar with the Gold Standard 
certification and may have missed implications that certification could have. Although we 
did our best to complement the interviews with background literature, some variables may 
still be missing in the model. The model that emerged after several rounds of reviews nev-
ertheless appeared quite comprehensive to all experts, and it included variables and indi-
rect benefits that are often omitted in conventional cost-benefit analyses (Hubbard 2014). 
The high importance of the indirect benefits of certification (e.g., the impact on sharehold-
ers), which was revealed by the sensitivity analysis, is an indication of the advantages of 
probabilistic Decision Analysis.

A common concern about Decision Analysis is the ability of stakeholders to accurately 
estimate probability distributions for uncertain variables. Due to time and resource con-
straints, we did not provide in-depth calibration training that would meet the full recom-
mendations of decision analysts (Hubbard 2014). However, our use of individual interviews 
might have helped to avoid typical biases of group interviews, such as anchoring effects 
(Kahneman 2011). Some variables remained difficult to estimate, even with extensive cali-
bration training. Although we encouraged the experts to provide wide ranges whenever 
they were highly uncertain, they may still have been wrong in some cases. When retrieving 
values from the literature, we attempted to depict the range of all values found, but a cer-
tain risk of missing sources with values outside the ranges remains. However, we are con-
fident that most estimates from literature and experts were appropriate for the simulation.

Given the context under which we designed the decision model, it is difficult to evalu-
ate the impacts of any potentially missing variables or inaccurate estimates. The model 
describes a situation that has not arisen yet, which means that there is no observed data for 
validation. Even in the future, validating the model will remain difficult, as the model pro-
duces a wide range of possible outcomes. The decision on certification of the reforestation 
and the agroforestry projects may therefore have a wide range of outcomes without falsify-
ing the model. However, the idea of Decision Analysis is not to provide a perfect prediction 
of an intervention’s outcome, but to improve the information on which decision-makers 
base their choices (Luedeling et al. 2015). Even though the model remains, as every model, 
an imperfect and possibly incomplete reflection of reality, we used a structured analysis 
process and improved the decision-makers’ current state of knowledge rather than dismiss-
ing relevant variables as unimportant or unpredictable.

4.4  Applicability to other projects

Eighty percent of the world’s extremely poor (approximately 1.2 billion people), who are 
living on US$1 or less a day, depend to some extent on forests (including agroforests and 
tree crops) for their income or livelihood, including through maintenance of soil fertility 
and water resources (The World Bank 2004). The legal structure of the projects assessed 
in our study, i.e., a stock corporation and a cooperative, is very different from such small-
holder systems. Decision Analysis, however, does not claim to produce generally trans-
ferable outcomes when analyzing a particular project (Hubbard 2014). In this study, we 
aimed to provide a methodological tool to assess the risks and benefits of the certifica-
tion of different kinds of projects, and this tool is generally also applicable to smallholder 
agroforestry systems. Due to the limited financial resources of smallholders, it is difficult 
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to develop Decision Analysis models on the scale of an individual farm. When using the 
tool on a more general level, as done, e.g., by Whitney et al. (2017) to model the outcomes 
of the Ugandan government’s agricultural development plan with regard to the nutritional 
value of home gardens, Decision Analysis can nevertheless be used to give recommenda-
tions for smallholder forestry and agroforestry systems.

5  Conclusion

We successfully applied Decision Analysis approaches to develop and apply a compre-
hensive simulation to support certification decisions in an agroforestry and a reforestation 
project in Costa Rica. Involving stakeholders as experts in this process allowed the genera-
tion of a realistic simulation that could provide guidance on the prospective net benefits 
of applying a Gold Standard certification. Our case study confirms that voluntary carbon 
offset labels can positively contribute to the liquidity of projects providing carbon credits. 
For both the agroforestry and reforestation options, we found a positive return on invest-
ment for certification with the Gold Standard. However, in comparison to other marketing 
strategies (selling carbon-neutral products and passing the VER on to shareholders), direct 
VER sales generated low additional income for the agroforestry project. The low income 
prospects of direct VER sales highlight the importance of ex-ante cost-benefit assessments 
before applying for certification. Since agroforestry projects offer a wide range of possible 
sale strategies, analyzing the individual risks and benefits of different marketing concepts 
is crucial. Directly selling VER can be a good option but may not guarantee the highest 
economic benefits for agroforestry projects, where identifying the needs and desires of 
consumers is crucial. The direct sale of VER led to a positive return on investment for 
the reforestation project in our study. However, well-developed management and replanting 
schemes are a central aspect for the success of carbon offset certification for reforestation 
projects. Developing these schemes requires a high level of analysis and knowledge, which 
can be provided under the umbrella of larger development projects to apply the approach 
to smallholders. Our work offers a practice-oriented, innovative approach to assess the pos-
sible return on investment, but also the risks of certification with a voluntary carbon offset 
label for individual projects.
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