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Abstract 
Natural Climate Solutions (NCS) are strategies that use natural resources to sequester 

carbon emissions. While national and global studies have shown that NCS can sequester 
significant amounts of carbon at a lower cost, there are very few studies examining the 
implementation of NCS on a smaller scale (Fargione et al., 2018). This study uses Carleton 
College as a case study to examine NCS implementation at the level of a small landowner. 
Carleton College is uniquely positioned for this study because it is a landowning institution 
surrounded by agricultural land and is currently on the track to become carbon neutral by 2050. 
We chose three NCS applicable to the area- implementing cover crops, planting Kernza, and 
reforestation- and analyzed the carbon sequestration potential, cost-effectiveness, and potential 
co-benefits for each scenario. We found that the solution with the highest carbon sequestration 
potential and cost-effectiveness in 2050 was Kernza, followed by reforestation and cover crops. 
However, differing levels of uncertainty and risk make each solution a viable method for carbon 
storage depending on Carleton’s decision-making framework. Our results can help Carleton 
College determine whether they should use NCS as a carbon offset method in the future and, if 
so, which NCS to implement. Additionally, the methods and analysis presented in our study can 
be used as a framework for other small institutions and landowners who want to evaluate NCS in 
the future.   
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Introduction 

Natural Climate Solutions (NCS) are strategies that employ natural resources to sequester 
carbon or avoid greenhouse gas emissions in natural or agricultural lands (Griscom et al., 2017). 
They encompass many different land-use strategies in conservation, restoration, and improved 
land management to provide additional carbon sequestration in forests, grasslands, agricultural 
areas, and wetlands (Drever et al., 2021; U.S. Global Change Research Program et al., 2017). 
NCS have recently been gaining more attention for their tremendous carbon sequestration 
potential. In the United States, NCS could offset up to 21% of carbon emissions, and projections 
suggest that 65% of global emissions could be offset by NCS annually (Fargione et al., 2018; 
Griscom et al., 2017). Low-cost NCS alone, which mitigate 1 megagram of carbon dioxide for 
10 USD or less, can sequester around 5% of carbon emission from the U.S. annually (Fargione et 
al., 2018).  

Estimates for maximum carbon sequestration potential are made with the assumption that  
all available land for NCS is used in the future, excluding necessary agricultural land (Fargione 
et al., 2018; Griscom et al., 2017). Although this assumption is helpful for valuing the potential 
of NCS on a large scale, NCS are implemented on a local scale, and individual landowners may 
not have the knowledge, resources, or willingness to implement them. The goal of this study is to 
use Carleton College as a case study in examining the effectiveness of various NCS pathways on 
a local level.  

Carleton College is working to become carbon neutral by 2050. One of the biggest 
concerns for the carbon neutrality plan is reducing Scope 3 emissions, which are emissions 
burned and used off-campus (Hagar & Hall, 2020). Air travel, faculty and staff commuting, 
waste, wastewater, and paper use all fall into this category of emission. Unlike other emission 
types that can be reduced by cleaner infrastructure on campus, such as geothermal energy, Scope 
3 emissions must be mitigated by sequestering an additional amount of carbon equal to the off-
campus emissions (Hagar & Hall, 2020). Purchasing local offsets is preferable to purchasing 
offsets in foreign countries because local offsets minimize ecological, ethical, and social 
conflicts and have the potential to improve the livelihoods of people in the local community 
(Bachram, 2004). Our study evaluates the best NCS to implement at Carleton College or in the 
surrounding Rice County area in the context of offsetting Scope 3 emissions (~5000 tons of 
CO2).  

Given that it is currently unknown which NCS are effective at a local scale or even how 
to decide which NCS to implement at a small institution similar, our research question is 
twofold: first, what is the most cost-effective NCS at Carleton College in terms of carbon 
sequestration, and second, how do environmental co-benefits and ethical considerations affect 
the desirability of implementing those NCS? While this project will primarily focus on the first 
question, the second is an important supplementary analysis that will make the overall 
evaluation of NCS more realistic. 

One of the major gaps in the current literature is that the previous studies evaluate the 
potential of NCS on a national or state level and there is a lack of knowledge on how smaller 



landowners and institutions should evaluate the implementation of NCS. While small carbon 
sequestration estimate inaccuracies may be irrelevant on a national scale, where carbon storage is 
being evaluated in the context of millions of tons of carbon released annually, they are much 
more important on a smaller scale, where only thousands of tons of carbon are emitted annually. 
Compared to larger entities, smaller landowners have an entirely different set of technical and 
ethical considerations as well as emission reduction goals. Different considerations involved in 
the evaluation of NCS can be broken up into three main categories: ecological, economic, and 
ethical.  

The foremost ecological consideration is carbon sequestration, which can vary greatly 
across different regions. National level carbon sequestration estimates are created by estimating 
sequestration numbers for large regions based on generalized assumptions of environmental 
variables such as temperature, precipitation, soil type, or previous land use (Nair, 2011). Simply 
scaling national level estimates to the local level often leads to major inaccuracies between 
estimated sequestration potential and real carbon sequestration (Nair, 2011). For instance, 
vegetation that is native to hotter regions tend to have faster rates of growth and subsequently 
higher carbon sequestration (Ji, 1995). For Minnesota, which is a colder state, this means 
national estimates may predict carbon sequestration rates that are too high. While small carbon 
sequestration estimate inaccuracies may be irrelevant on a national scale, where carbon storage is 
being evaluated in the context of millions of tons of carbon released annually, they are much 
more important on a smaller scale, where only thousands of tons of carbon are emitted annually. 
Our study will attempt to take local differences into account to produce more accurate 
measurements of carbon sequestration.  

Implementing NCS can offer environmental benefits aside from carbon sequestration that 
are important to consider (Drever et al., 2021; Fargione et al., 2018; Griscom et al., 2017). Co-
benefits of NCS can be categorized into the following four categories: biodiversity, water, air, 
and soil (Fargione et al., 2018). Although much of the literature acknowledges the presence and 
value of co-benefits, their value is typically listed separately and rarely quantified in the 
evaluation processes. This could potentially be because co-benefits vary a lot depending on how 
and where the specific strategies are implemented, which results in high uncertainty when 
calculating non-market value and monetizing co-benefits (Roe et al., 2021; Seddon et al., 2019).  

Although NCS are a robust tool for sequestering carbon and providing environmental co-
benefits, economic constraints limit their feasibility. If the costs of implementing NCS are 
greater than the benefits of emission reduction, NCS policies would not be very convincing. 
Most studies distinguish between a technical potential and a cost-effective potential. Technical 
potential (also referred to as maximum potential) is the carbon sequestration achievable with 
current technologies regardless of cost (Roe et al., 2021). Cost-effective potential considers 
economic, social, political, and other trade-offs that more realistically represent climate 
mitigation outcomes (Roe et al., 2021). Economic barriers to implementing NCS mainly fall into 
two categories: operational costs and opportunity costs. Operational costs include site 
preparation costs, seeding and planting costs, and maintenance while opportunity cost usually 



concerns revenue loss from agricultural lands (Malkamäki et al., 2018; Ott et al., 2019; Roe et 
al., 2021). Additionally, taking a local approach allows for a more refined and relevant cost-
effectiveness analysis because operational costs vary across regions while opportunity costs are 
difficult to generalize - the forgone value of the land when NCS are implemented should be 
analyzed case by case. 

A local approach to NCS also allows for nuances in ethical considerations. Sustainable 
land use initiatives that consider ethical issues and compromise on conflicts with local people are 
more permanent (Cortina-Villar et al., 2012). In general, NCS necessitates changes in land use 
which can often lead to conflict between new land managers and previous land managers (Jiang 
et al., 2021).The nature of such a conflict will be dependent upon the population density in the 
area, resources needed by local people, and the history of land use in the area (Jiang et al., 2021). 
Thus, it is often more pertinent to analyze the socio-ethical implications of NCS on a local scale. 
It would be impossible for national or even state-level studies to definitively identify what the 
ethical issues are for each pathway because different regions have different resources, history, 
and so on. Our study takes advantage of the scale of Carleton College to review ethical 
consequences of different NCS.  

Through a sequential explanatory mixed-methods approach, we determined the most 
effective NCS that could be implemented at Carleton College in terms of both carbon 
sequestration potential and cost-effectiveness. We assessed carbon sequestration amounts and the 
associated costs of implementation for each NCS pathway using Scope 3 emission reference for 
analyses. We also considered the environmental and ethical barriers to implement each NCS. 
Our combination of the cost-effectiveness framework and co-benefit analysis allows us to 
evaluate NCS holistically and provide a policy recommendation to the College on the basis of 
both climate mitigation and other environmental and ethical considerations. Our findings can 
help various stakeholders at Carleton assess whether NCS should be implemented as a carbon 
mitigation strategy as well as understand which NCS pathway would be the best fit. Moreover, 
the methods and considerations in this study may act as a framework that can inform other small 
landowners and institutions who are considering NCS as an emissions reduction strategy.  

Methods 

Our first step to evaluate Natural Climate Solutions at Carleton College was to decide 
which solutions, or pathways to study. We assessed possible pathways based on two criteria, a) 
whether the pathway is feasible on the Carleton campus, and b) what solutions have the potential 
to sequester the largest amount of carbon according to previous literature. For example, the tidal 
wetland restoration pathway is not applicable to the Carleton since the campus is not on a tidal 
wetland. Other solutions like reduced tillage are potentially applicable to the Rice County area 
but have lower estimated carbon sequestration potential compared to other feasible pathways and 
therefore were not evaluated due to the time frame of this study. Based on these criteria, we 
chose to evaluate three Natural Climate Solution pathways in our model- reforesting the 
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arboretum, introducing cover crops on farmland, and switching to perennial grains for the 
agricultural land surrounding Carleton. 

Reforestation was chosen because it is the natural climate solution with the highest 
predicted carbon sequestration potential in Minnesota and it is possible to implement on 
Carleton’s campus (Ahlering et al., 2021). Reforestation could potentially be implemented on 
fallow agricultural land in the Carleton arboretum. The total area of land for reforestation is 
identified through the Arboretum Landcover map (Arboretum Landcover, 2020). We excluded 
pre-existing forestland, wetland, and prairie restoration areas for reforestation. Figure 1 shows 
land in the Arboretum that is currently classified as areas of agriculture, monoculture, or old 
fields, which would be available for reforestation.  

 

 
 
Fig 1. Map of the Carleton arb showing the areas that could potentially be reforested (Arboretum 
Landcover, 2020).  
 

Cover cropping the pathway with the second highest carbon sequestration in Minnesota 
(Ahlering et al., 2021). For cover cropping in agricultural systems, instead of converting the 
Arboretum to agricultural land and implementing cover cropping, a more efficient strategy is that 
the school subsidizes local farmers in Rice County to plant cover crops. Carleton could then 
claim the carbon sequestered from cover-cropping for emission reduction credits. Cover crop 
subsidy programs are a fairly common way to introduce farmers to the practice, with more than 5 
million dollars directed towards such programs in Minnesota alone (Lazarus & Keller, 2018).  



For our third pathway, although improved forest management is the natural climate 
solution with the third highest carbon sequestration potential, because the majority of land in 
Rice County is agricultural, we decided to instead evaluate an agricultural solution. We chose to 
explore a newly emergent climate solution- planting Kernza wheatgrass Thinopyrum 
intermedium, a perennial wheatgrass that was recently developed by the Land Institute as an 
alternative to annual wheat. Although Kernza was developed in Kansas, Minnesota is becoming 
a hub for both researchers studying the grain and the Kernza market (Bajgain et al., 2020; 
Muckey, 2019). A high yield strain of Kernza called ‘MN-Clearwater’ was recently developed at 
the University of Minnesota and there are several potential buyers, such as brewers in Southern 
Minnesota and General Mills (Bajgain et al., 2020; Muckey, 2019). The Kernza pathway 
fulfilled our criteria- it could be implemented in Rice County, and it has the potential to 
sequester a large amount of carbon. Like implementing cover-cropping, Carleton would 
subsidize farmers growing Kernza to lower the risk of planting a newly developed grain. In 
return, the school can claim a portion of the carbon stored by Kernza to offset Scope 3 emissions. 

For each NCS pathway, we calculated and compared the raw carbon sequestration values, 
cost-effectiveness, and co-benefit scores (see Fig. 2).  

 

 
 
Fig 2. Diagram demonstrating general workflow that will be conducted for each pathway being 
evaluated. Each component of the analysis will be factored into the final evaluation. 
 
Carbon Sequestration 

 Carbon sequestration refers to the processes through which carbon dioxide (CO2) is 
removed from the atmosphere and stored in the ocean, terrestrial environments, and geological 
formations. Our calculations focuses only on terrestrial carbon sequestration, where CO2 is 
absorbed from the atmosphere through photosynthesis and stored in soils and biomass (Lal, 
2008). It is important to note that carbon sequestration is different from carbon stock or storage. 



Sequestration concerns the processes and rates of carbon input whereas carbon stock or storage 
measures the total amount of carbon contained in soils and biomass (Lal, 2008). 

For each pathway, a linear rate of sequestration was calculated based on estimating 
sequestration numbers from relevant literature, existing databases, and running probabilistic 
simulations where appropriate. Linear rates of sequestration can accurately reflect soil organic 
carbon (SOC) accumulation for up to 40 years (McLauchlan et al., 2006). Most carbon 
sequestration occurs in the soil for the cover crop and Kernza pathways, meaning a linear rate of 
sequestration can produce a meaningful prediction of carbon sequestration. In the case of 
reforestation, carbon sequestration occurs at different rates throughout the tree’s lifetime (Köhl et 
al., 2017). Our calculation method accounts for the varying sequestration rates and uses the 
average rate for the first fifty years.  

Cover Crop Pathway 

We calculated and compared carbon sequestration estimates for cover crops using two 
different methods: the Fargione method and the Monte Carlo method. In the Fargione method, 
the average carbon sequestration rate for cover crops, 0.32 t C ha-1 yr-1 (Poeplau & Don, 2015), 
is multiplied by the amount of available agricultural land in Rice County that cover crops are not 
currently planted on, 201430 acres (USDA, 2017). This method is similar to and uses the same 
number for cover crop carbon sequestration as Fargione et al. (2018) and from here on out will 
be referred to as the Fargione method.  

In the second method, we ran a Monte Carlo simulation to estimate average cover crop 
carbon sequestration with associated errors. Monte Carlo simulations are commonly used in 
environmental studies to estimate uncertainty and additionally have a low barrier to entry in 
terms of ease of use (Fargione et al., 2018; Graves et al., 2020; Jarecki & Lal, 2003). Monte 
Carlo simulations can provide an accurate range of probabilities for how much carbon will be 
sequestered in each pathway. Additionally, the range of probabilities allows us to calculate a 
margin of error and quantify the uncertainty of carbon sequestration. This is particularly useful 
for ecological systems, which are affected by many different variables and can thus be somewhat 
random rather than deterministic (Kroese et al., 2014).  

We first identified several cover crop species that could potentially be grown in Rice 
County based on the cash crops that are currently planted (corn and soy), the winter hardiness 
level (4b), and the cover crops that are currently in use by farmers in southern Minnesota 
(DeJong-Hughes, 2021; Minnesota Office for Soil Health, 2020; USDA, 2005, 2017). We also 
used a cover crop selector tool developed by the Midwest Cover Crops Council which was aimed 
at farmers. We assumed that farmers living in Rice County may use that tool to determine what 
cover crop to plant. Using these tools, we decided to evaluate the cover crop scenario under the 
assumption that the primary crops would be winter rye, alfalfa, hairy vetch, ryegrass, and winter 
wheat. 

Carbon sequestration estimates specific to each cover crop species were obtained from a 
cover crop meta-analyses (Jarecki & Lal, 2003). When possible, we tried to use estimates from 



studies that occurred on agricultural land with a similar winter hardiness level and soil type to 
southern Minnesota. Unfortunately, these estimates did not include the standard error in 
measurements. The estimated soil carbon sequestration for each crop species evaluated is shown 
in Table 1. 

 
Table 1. Soil Organic Carbon Sequestration (SOC) estimates for each species of cover crop. 
 

Cover Crop Type SOC (Kg ha-1 y-1) 

Winter Rye 527 

Alfalfa 481 

Hairy Vetch 106 

Ryegrass 317 

Winter Wheat 370 

 
 To obtain the average carbon sequestration (in kg ha-1 y-1) potential of cover crops 
realistic to southern Minnesota, we calculated the frequency at which each cover species would 
be planted. Because the exact planting frequencies of each cover crop are unknown, we created 
an estimated range of frequencies for each crop based on a survey of 29 farms conducted by the 
Minnesota Department of Agriculture and the University of Minnesota cover crop guide. The 
most popular and consistent cover crop for southern Minnesota was winter rye, so we estimated 
that around 50-70% of farms (.5-.7 frequency) would adopt winter rye. None of the other crop 
species stood out as being used particularly often so, for each simulation, they were each 
randomly assigned a frequency in the interval: 
 
(1)                                [1−𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦 𝑜𝑓 𝑤𝑖𝑛𝑡𝑒𝑟 𝑟𝑦𝑒

4
− 1, 1−𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦 𝑜𝑓 𝑤𝑖𝑛𝑡𝑒𝑟 𝑟𝑦𝑒

4
+ 1]                            

  
In each simulation, we first randomly generated frequencies for cover crop species 

according to the frequencies detailed above. Then, we randomly selected a cover crop according 
to the frequency distribution 1200 times, given that there are around 1200 farms in Rice County. 
This part of the experiment is akin to assuming each farm will choose one cover crop randomly 
based on the frequencies that we generated in the first step. We conducted the simulation 10000 
times to obtain a probabilistic distribution of cover crop average carbon sequestration per acre. 
This method also allowed us to estimate a margin of error for the carbon sequestration. After an 
average SOC sequestration number was calculated, we calculated the final carbon storage 
number for the scenario by multiplying the average SOC sequestration number by the number of 
acres in Rice County that currently do not have cover crops, similar to the last step of method 1.  



Kernza Pathway 
 To calculate the carbon sequestration potential for the Kernza scenario, we used an 
estimate of Kernza carbon sequestration from de Oliveira et al. 2018. The study site was in 
Salinas, Kansas on farmland that was previously cropped with annual wheat (de Oliveira et al., 
2018). Kernza was planted once in the first year and then fertilized and harvested every year over 
the span of 4 years, to simulate agricultural conditions. Carbon sequestration was measured each 
year using eddy covariance (de Oliveira et al., 2018). Eddy covariance is a technique that takes 
advantage of knowledge about atmospheric conditions to measure gas exchange over a fixed area 
(Burba et al., 2013). It is important to note that this technique measures carbon changes caused 
by both Kernza and inputs needed to grow Kernza, such as fertilizer (de Oliveira et al., 2018).  

Forest Sequestration Pathway 
In the reforestation scenario, the majority of the available land sits close to the upland 

forest (Fig. 1), where maple (Siberian maple, Norway maple, Red maple, Silver maple, Sugar 
maple), birch (Yellow birch, Paper birch), aspen (Big-tooth aspen, Quaking aspen), and oak trees 
(White oak, Northern pin-oak, Bur oak, Northern red oak) are some of the most commonly found 
species (Braker, 2021). We used species-specific data in our estimation to produce more accurate 
carbon sequestration results.  

We first used the United States Forest Service (USFS) yield table to estimate the carbon 
sequestration rate based on previous literature (Fargione et al., 2018). The regional estimates of 
timber volume and carbon stocks include information of stand age, mean non-soil carbon density 
in MgC acre-1 y-1. Data were presented with five-year intervals. We used a constant soil carbon 
accumulation rate of 0.004 MgC acre-1 y-1 that was taken from previous studies (Fargione et al., 
2018). We calculated the annual carbon sequestration rate using the following equation: 

 
(2)                 𝐶𝑎𝑟𝑏𝑜𝑛 𝑆𝑒𝑞𝑢𝑒𝑠𝑡𝑟𝑎𝑡𝑖𝑜𝑛 =  𝑇2 𝐶−𝑇1 𝐶

5
 + 𝑆𝑜𝑖𝑙 𝐶𝑎𝑟𝑏𝑜𝑛 𝐴𝑐𝑐𝑢𝑚𝑢𝑙𝑎𝑡𝑖𝑜𝑛 𝑅𝑎𝑡𝑒          

              
T2 C and T1 C refer to the carbon stock at different time periods. Equation (2) calculates 

annual carbon sequestration at year 5, year 10, year 15, etc. We estimated the final reforestation 
sequestration rate by taking the average sequestration value from year 5 to year 55 for the 
appropriate time frame of this study. The yield table we referred to was the maple-beech-birch 
stands after clear-cut harvest in the Northern Lake States, which matches the characteristics of 
reforestation species in the Arboretum. The species and region-specific carbon sequestration 
rates allowed for a more accurate prediction. 

Our second approach takes data from the EVALIDator, an application that draws data 
from USFS Forest Inventory and Analysis (FIA) to produce estimates with sampling errors 
(EVALIDator Version 1.8.0.01, n.d.). EVALIDator uses attributes including total forest carbon, 
above and belowground carbon in live trees, standing dead trees, soil, litter to estimate carbon 
sequestration. One of the limitations of using FIA data is the accuracy of generated carbon 
sequestration data relies on the sample size of the underlying forest data. To avoid biased results, 



we use aspen and oak forest data with 2127 non-zero plots and 724 non-zero plots respectively. 
Both forest types are possible for planting in the proposed reforestation area. The application 
provided data for aboveground and belowground carbon in live trees in MgC and forest land area 
in acres of the given plots. The output for each forest type is listed with 5-year intervals. Ratio 
estimates were calculated from the sum of carbon stock for oak and aspen divided by the total 
forest land area. Sampling error for the two forest types combined (𝜎1+2) was calculated from the 
standard errors of aspen plot (𝜎1) and oak plot (𝜎2) using the formula 𝜎1+2 = √𝜎1

2 + 𝜎2
2.  

 
Economic Analysis 

We analyzed the net cost-effectiveness of each pathway. Monetary benefits were 
estimated by using the value of a megagram of carbon at three separate price points. Total 
benefits were determined through carbon values and carbon sequestration rate. Total costs 
include operational costs and opportunity costs for each NCS pathway, i.e., the loss of future 
economic returns from crops (Fargione et al., 2018; Griscom et al., 2017). 

For monetary benefits of each pathway, the first and lowest price point is the current cost 
of carbon (2020), the second and third will be based on predicted carbon prices in 2030 and 2050 
according to previous literature (Fargione et al., 2018). NCS can take years to implement, so 
cost-effectiveness is often evaluated at different timestamps. Another rationale for using these 
two-time points is the ongoing climate policy goals. Under the Biden administration, the U.S. has 
set an ambitious target of reducing emissions by 50% below the 2005 level in 2030 (White 
House, 2021). Carleton also has a Climate Action Plan that aims to reach Carbon neutrality by 
2050.  

There are multiple ways to approach carbon pricing. However, the current carbon market 
is volatile and not well established - prices vary drastically across countries and states. Although 
some states have enacted carbon pricing systems over the last decade, there is no established 
emissions trading system across the U.S. (Doniger, 2021). As a result, instead of using volatile 
carbon prices, we took the social cost of carbon (SC - CO2), a measure that federal agencies use 
to value climate impacts in policymaking, to represent the monetary benefits of each pathway 
(Parncutt, 2019). The social cost of carbon aims to capture the long-term damage done by a ton 
of carbon dioxide in a year. The social cost of carbon multiplied by the carbon sequestered 
equates to the damages avoided by reducing one megagram (Mg) of carbon dioxide, therefore 
representing the benefits of carbon sequestered for each pathway. 

Both the cover crop and reforestation scenarios used two methods to calculate carbon 
sequestration and we chose to use the results from the methods that took local conditions into 
account (Monte Carlo for cover crops and EVALIDator for reforestation). Both methods allow 
us to identify sampling errors and theoretically should have produced the most accurate carbon 
sequestration estimates. SC - CO2 values were first converted from MgCO2 to Mg C to match the 
carbon sequestration units. The dollar values are also inflation-adjusted to 2021$.  



Both operational and opportunity costs are included in our calculation. We assume that 
the opportunity cost, or the second-best option, is the current status quo of the land management 
method. The detailed list of the cost of each pathway is listed below: 

I. Reforesting the Carleton Arboretum 
a) Operational costs include site preparation, seeding and handling, planting, and 

yearly maintenance. For reforestation, since site preparation cost includes initial 
investment cost, the average cost of carbon sequestered decreases as time goes by; 
b) the agricultural land in the arboretum is fallow and there are no current plans 
for planting crops that would be interrupted by reforestation. Therefore, we 
assume that maintaining the status quo is the second best option for the school and 
considered the opportunity cost of reforestation to be zero. 

II. Planting Kernza 
a) Operational costs include buying seed, seeding, maintenance, and harvesting costs 

of planting Kernza; b) opportunity costs are the profits of cash crops that could be 
planted instead of Kernza (Drever et al., 2021). 

III. Cover Crops 
a) Operational costs include buying seed, the cost of annual seeding, and termination 

costs; b) in the case of cover cropping, a profitability change is generally analyzed 
in lieu of an opportunity cost calculation. This is because agricultural fields are 
typically left fallow in the winter if cover crops are not planted so there is no 
opportunity cost. The change in profitability can be either negative or positive, 
although appropriate cover cropping design tends to lead to positive results 
(Clark, 2007; Fargione et al., 2018). 

The abatement costs are typically compared against the carbon market price or the social 
cost of carbon to determine the cost-effectiveness of different NCS (Heyes & Urban, 2019). We 
calculated net benefits by subtracting the total costs of each NCS pathway from the total benefits 
for each pathway. If the net benefit is positive, then the NCS is considered cost-effective at that 
time point i.e. 2030 or 2050, and vice versa.  

 
Co-benefit analysis 

As a complementary analysis to the cost-effectiveness model, our research identifies 
potential positive or negative environmental, social, or ethical benefits of each NCS. In order to 
evaluate and compare co-benefits for each scenario, we used a simplified ternary scoring system. 
For each pathway, our scoring system evaluated each co-benefit and, for every co-benefit, a -1 
was assigned if the pathway had a negative impact, 0 if there was a neutral impact, and 1 if there 
was a positive impact. After scores were assigned for each individual co-benefit, they were 
added up to produce an overall co-benefit score.  
 The co-benefits considered fell into two broad categories: environmental-ecological and 
socio-ethical. The following is a list of the co-benefits evaluated for each NCS implementation. 



i. Environmental-Ecological: biodiversity, air quality, water quality, and soil 
quality. 

ii. Socio-ethical: indigenous land management, the livelihood of local farmers, and 
recreational value. 

The environmental-ecological side effects we decided upon encompassing the major 
environmental benefits or detriments that a NCS pathway could cause and align with the 
categorization of co-benefits from similar studies that have assessed NCS on a national scale 
(Fargione et al., 2018). Socio-ethical co-benefits were determined according to literature reviews 
that examine the consequences of past implementations of NCS (Fleischman et al., 2020; 
Malkamäki et al., 2018; Seddon et al., 2019). Our co-benefit scoring will be followed by a more 
nuanced discussion of each co-benefit and the situations in which they would carry more weight. 
For instance, if considering implementing a NCS in an agricultural area with heavy nitrogen 
pollution, it may be more important to have a pathway that improves water quality even if there 
are no other co-benefits (Anderegg et al., 2020). Our discussion of co-benefits aims to consider 
such considerations through a more qualitative approach based mostly on a literature review of 
relevant research and expert opinions. We will also further analyze factors that affect the 
feasibility of implementing each scenario.  

The scoring provides a clearer understanding of what co-benefits each NCS has, and the 
total scores can be used to estimate whether a pathway has many positive or many negative side 
effects. However, the total scores compiled for each NCS were not analyzed as a definitive 
ranking of how desirable or practical the NCS would be (i.e., a NCS pathway with a score of 5 is 
not necessarily better to implement than a NCS pathway with a score of 4). There may be 
situations in which the co-benefit scoring is inaccurate because one side effect is much more 
important than another. The post-scoring discussion will provide clarity into when these 
situations may occur for each co-benefit and help administrators decide how practical a 
particular NCS may be. 

Results 

 The following section details the carbon sequestration estimates, economic costs and 
profit, and co-benefit scoring for each scenario. When applicable, error estimates and uncertainty 
will be reported as well. These numbers help form a high-level understanding of the general 
effectiveness and applicability of various NCS.  
 
Carbon Sequestration 

Of the pathways we analyzed, Kernza had the greatest carbon sequestration rate (1.5 
MgC  acre-1 yr-1) followed by reforestation (0.38 MgC acre-1 yr-1) followed by cover crops at (0.2 
MgC acre-1 yr-1) (Table 2). In order for Carleton to cover its scope 3 emissions (~5,000 metric 
tons of CO2) we calculated that it would require 0.40% (911 acres) of available agricultural land 
in Rice County in a Kernza scenario and 3.36% (7606 acres) of land in a cover crop scenario. 



Reforestation was not considered for this analysis because the reforestation scenario is 
specifically about replanting old agricultural land in the arboretum, not agricultural land in the 
general Rice County area. While reforestation can help store a significant amount of carbon per 
year (219 t CO2  yr-1), because our reforestation scenario is limited to replanting the old 
agricultural land in the arboretum, it would not be able to sequester enough carbon to cover all 
scope 3 carbon emissions each year. If the reforestation scenario were to involve replanting 
agricultural land in Rice County, around 1.59% of available land would be needed to cover all of 
Carleton’s scope 3 emissions. 

 
Table 2. Carbon sequestration metrics for each pathway. For cover crops, available land area is 
determined by all agricultural land in Rice County that does not currently have cover crops. For 
Kernza, it is all agricultural land in Rice County. For reforestation, it is all the fallow agricultural 
land in the Carleton Arboretum. 
 

Pathway 
Available 
Land area 

(acres) 

Sequestration 
rate (C yr-1 

acre-1) 

Land Needed 
to Sequester 
5,000 metric 
tons of CO2 

(acres) 

Percentage 
of land in 

Rice County 

CO2 Sequestered 
per Year if all 

Available Land 
was Used 
(MgCO2) 

Cover Crop 
(Fargione 
Method) 

201340 0.13 10530 4.65 95603 

Cover Crop 
(Monte Carlo 
Method) 

201340 0.18 ± 0.005 7606 ± 218 3.36 ± 0 132349 ± 3690 

Kernza 226225 1.50  911 0.40 1242028 

Reforestation 
(EVALIDator 
Method) 

157 0.38 ± 0.009 3589 ± 112 N/A 219 ± 7 

Reforestation 
(USFS Yield 
Table) 

157 0.65 2098 N/A 374 

 
 

Standard error was calculated for the cover crops Monte Carlo method (± .005 t C/acre 
per year) and the reforestation EVALIDator method (± .009 t C/acre per year). While the 
reforestation error was slightly higher than the cover crop error, both are in the same order of 
magnitude, indicating similar levels of uncertainty for carbon storage estimates. A more in-depth 
discussion of uncertainty quantified by the error and the sensitivity of the carbon sequestration 
estimates will be expanded upon further in the discussion section. 
 



Cost-Effectiveness  

 The estimated operational and opportunity costs are listed in Table 3. For cover cropping, 
the estimated costs to plant and terminate an acre of cover crop is $30 - $50 for farmers in 
Minnesota (Mold & Rhees, 2020). According to the Sustainable Agriculture and Research 
Program, it usually takes three years for farmers who plant cover crops to break even, and only 
3% of the farmers report losing money (‘SARE National Cover Crop Survey’, 2019). Combining 
the two, the costs of cover crop range from $0 to $50 depending on the individual farmers, with 
the upper bound a less likely scenario, because most farmers will have $0 operational costs from 
planting cover crops. The opportunity cost for planting cover crops is zero.  

For Kernza, the operational cost is estimated to be $112.5 per acre (Lazarus and Keller, 
2018). The opportunity cost is $219 per acre based on the net income farmers in Rice County 
currently make planting corn and soy. We consider the forgone agricultural value of the land as 
the next best outcome if farmers do not plant Kernza.  

For reforestation costs, the operational cost includes initial establishment costs and yearly 
management costs. There are two ways to approach hardwood regeneration: seedling planting 
and direct seeding. Establishing hardwood trees by sowing seed is a relatively new method of 
reforestation compared to traditional seedling planting. Although direct seeding is more costly 
($500 per acre vs. $350 per acre average), it provides better and quicker establishment, higher 
quality timber, better adaptability to variations in site conditions (Minnesota Department of 
Natural Resources, 2022). The $500 per acre establishment cost is spread over 10 years for 
estimated annual cost in 2030 and 30 years for estimated annual cost in 2050. The yearly 
management cost is $3.46 per acre according to USFS estimation in the Lake States (Bair & 
Alig, 2006). There is no opportunity cost because the land in the Arboretum is currently fallow 
and not in agricultural use. 
 
Table 3. Operational and opportunity costs of cover cropping, Kernza, and reforestation in 2020 
dollars. Reforestation cost is lower in 2050 because establishment cost is spread over the years 
between the initial investment and the estimation year.  
 

 
 2030 2050 

 
  

Cover crop Kernza Reforestation Cover crop Kernza Reforestation 

Operational Cost 
($ acre-1 yr-1) 
  

0 - 50 112.50 53.46 0 - 50 112.50 20.13 

Opportunity Cost 
($ acre-1 yr-1) 0 219 0 0 219 0 

 
 



Social costs of carbon are listed in Table 4 with different discount rates. Discount rates 
represent the amounts of reduction in future value of emissions avoided so that they are 
comparable with current value. A lower discount rate suggests a higher value attached to future 
carbon reduction. A 3% discount rate is the average scenario for the social cost of carbon, but all 
discount rates should be considered to address the uncertainty of quantifying carbon reduction 
(US EPA, 2017). For instance, the current market price of carbon is at $10 per MgCO2, but to 
keep the 100-year average temperature from warming more than 2.5°C, the carbon pricing has to 
be set at least $100 (Fargione et al., 2018). 
 
Table 4. Social Cost of Carbon from 2015 to 2050 with 5%, 3%, 2.5%, and High Impact 
discount rate with 95th percentile at 3% rate.  
 

Year 5% Average 3% Average 2.5% Average 
High Impact 

(95th pct at 3%) 
2020 $12 $42 $62 $123 
2025 $14 $46 $68 $138 
2030 $16 $50 $73 $152 
2035 $18 $55 $78 $168 
2040 $21 $60 $84 $183 
2045 $23 $64 $89 $197 
2050 $26 $69 $95 $212 

 
 

 
Our final calculation of cost-effectiveness uses a 3% average discount rate of the social 

cost of carbon for 2030 and 2050 (Fig. 3). Data shows that Kernza has the potential for the 
highest net profit per acre (Appendix A and Fig. 3). In the most likely 3% discount rate scenario 
in 2030, the net profit per acre for Kernza is $85, $44 for cover cropping, and $39 for 
reforestation (Fig. 3). The cost-effectiveness of Kernza is mostly due to its high potential for 
carbon storage and is thus dependent on the development of a stable market for carbon credits. 
The net profits go up in 2050 for all NCS pathways because the social cost of carbon increases. 
The net profit per acre for Kernza is $225, $108 for reforestation, and $61 for cover cropping 
(Fig. 3).  
 



 
Fig 3. Net profit earned per acre in 2030 and 2050 for each Natural Climate Solution pathway 
with the benefits of carbon sequestration taken into account. Net profit was calculated by 
subtracting total operational and opportunity costs from profit earned by carbon sequestered from 
each pathway. A 3% discount rate is used to estimate the social cost of carbon. In the case of 
cover crops, we selected the most likely cost scenario to represent in this graph, which is $0 
operational costs if the farmers break even within a short period of time.  
  
 
Co-benefit Analysis 

 When evaluating co-benefits in the context of the Rice County area, cover crops had the 
highest co-benefit score (6/7), followed by reforestation (5/7), and then Kernza (4/7). The lower 
score of Kernza may partly be attributed to a lack of literature about its co-benefits. The specific 
co-benefits and their associated scores are listed in Table 5. 
 
 
 
 
 
 
 
 
 
 



Table 5. Scores for each co-benefit in each scenario. 1 indicates a predicted positive overall 
effect and a 0 indicates a predicted negative overall effect. 
  

Cover Crops Kernza Reforestation 
Biodiversity 1 0 0 
Air Quality 1 1 1 
Water Quality 1 1 1 
Soil Quality 1 1 1 
Indigenous Land 
Management 0 0 0 

Livelihood of Local 
Farmers 1 0 1 

Recreational Value 1 1 1 
 
 Cover crops generally have positive ecological effects on the surrounding environment. 
Leguminous crops have been shown to have small positive, long-term (>3 years) effects on 
earthworm and soil arthropod biodiversity (Elhakeem et al., 2019; Fiorini et al., 2022). While 
most of the cover crop planted in Rice County is likely to be winter rye, a small percentage of 
farmers may plant alfalfa, a legume that could increase soil biodiversity. Non-leguminous cover 
crops, such as grasses and rye, could also potentially provide habitat for songbirds and game 
birds, although this effect has not been quantified (Clark, 2007). Cover crops, particularly annual 
ryegrass and winter rye, are predicted to improve soil quality by preventing erosion and soil 
clumping (Minnesota Office for Soil Health, 2020; Schipanski et al., 2014). Farmers in 
Minnesota have reported that cover crops have helped control soil erosion while cutting tillage 
and fuel costs (Mold & Rhees, 2020). Depending on the mixture, cover crops may also 
significantly reduce N leakage while also reducing the amount of fertilizer needed on the farm 
(Minnesota Office for Soil Health, 2020; White et al., 2017). Reduced N leakage is particularly 
strong in crops such as winter rye, ryegrass, and winter wheat (Minnesota Office for Soil Health, 
2020). Crops that fix N include alfalfa and hairy vetch (Minnesota Office for Soil Health, 2020). 
Through reducing fertilizer needed and N leaching into the water, many cover crop species can 
help improve water quality (Schipanski et al., 2014). An indirect result of improved soil health 
and N management is better air quality. By preventing soil erosion, cover crops decrease the 
amount of soil dust in the air, and reduced N leakage can prevent the release of nitrous oxide 
(Aneja et al., 2009). 
 Cover crops also have a positive social effect. There is a 0 given for the indigenous land 
management category because it is unlikely that the establishment of cover crops on private 
agricultural land in Rice County will involve the use of indigenous land management. As for the 
livelihood of local farmers, a nationwide survey of 1,172 farmers, including 91+ who were from 
Minnesota, found that, of farmers who planted cover crops, 23% reported making a profit, 3% 
lost money, and the rest broke even (SARE National Cover Crop Survey, 2019). Notably, the 



survey was conducted in 2019, a year with a very rainy spring and low commodity prices, and 
most farmers still either broke even or gained money. In general, it seems like planting cover 
crops would, on balance, improve the livelihoods of local farmers. Cover crops can also increase 
recreational value by providing habitat and winter forage for local wildlife. For instance, cover 
crops may increase cover for game birds that can be hunted for sport and songbirds, increasing 
the recreational value of an area (Clark, 2015). 
 Kernza’s high root biomass provides several ecosystem services besides carbon storage. 
In comparison to annual wheat, Kernza increases water quality and decreases nitrate leaching, 
decreasing leakage by up to 86% over the span of 2 years (Culman et al., 2013). Additionally, 
the perennial nature of Kernza eliminates the need for yearly tilling, decreasing soil turnover 
(DeHaan & Ismail, 2017).This works in conjunction with Kernza’s large root systems to rapidly 
decrease soil erosion and clumping thereby increasing the quality of the farmland (Culman et al., 
2013; DeHaan & Ismail, 2017). By extension, this will improve air quality by reducing soil 
particulate pollution. As for biodiversity, while it’s entirely possible that Kernza’s root system 
may encourage microbial or fungal diversity, thus far there have been no studies examining this 
effect so the co-benefit score is 0. 
 Social co-benefits of Kernza are mostly neutral due to a lack of literature studying them 
or a lack of consensus on Kernza’s effects. In a similar vein as the cover crops pathway, planting 
Kernza on agricultural land isn’t related to indigenous land management. Whether Kernza 
improves the livelihood of local farmers is relatively uncertain. On one hand, our economic 
analysis indicates that there could be a huge input in profitability compared to other crops such 
as corn, soy, or annual wheat (Fig. 3). We also did not quantify the potential ecosystem benefits 
which could have a positive effect on the profitability of the farm. On the other hand, early 
adopter farmers have reported losing money from Kernza as a result of supply chains logistical 
issues such as late seed arrival, lack of knowledge about proper Kernza management, and lack of 
machinery that can process Kernza after it is grown (Lanker et al., 2020). At this point in time, it 
is difficult to determine whether planting Kernza has no significant negative or positive effect on 
farmers’ livelihoods. Like cover crops, Kernza may increase recreational value by providing 
forage and habitat for wildlife in the winters, although this effect has not been quantified, 
meaning that the magnitude of the effect has not yet been determined (DeHaan & Ismail, 2017). 

The effects of reforestation on its surrounding environment are overall positive. For 
biodiversity, previous literature sources agree that reforestation increases biodiversity through 
wildlife corridors and biological conservation (Fargione et al., 2018). However, there are caveats 
to the generally positive effect of reforestation. In our study, the reforestation pathway includes 
planting aspen and oak trees, both of which are native to the Rice County area. Native plantings 
have been found to have a greater positive effect on biodiversity in comparison to non-native 
plantings (Hulvey et al., 2013; Seddon et al., 2019). Planting fast-growing and highly productive 
species can sequester carbon rapidly but have limited contributions to biodiversity (Cunningham 
et al., 2015). In other words, if we were to consider non-native species for reforestation, the 
positive effects of reforestation on biodiversity might be reduced. Moreover, a study in 



Northfield found that deer populations could pose a threat to forest regeneration and affect the 
effectiveness of forest establishment (Rand, 2009). In the case of the Arboretum, although 
reforestation would not negatively affect biodiversity, the deer population could affect the 
success of establishment and mute the positive contribution that reforestation has on increasing 
biodiversity.  

Additionally, reforestation has positive effects on air quality and soil quality. Previous 
studies are in consensus that reforestation can reduce ground-level ozone while enriching soil-
level fauna (Bin & Xin-Hua, 2006; Kroeger et al., 2014; Trail et al., 2015). For the water quality 
co-benefit, reforestation improves drought mitigation and reduces sedimentation in local rivers 
(Cunningham et al., 2015). Given that the Cannon River flows through the Arboretum, 
implementing reforestation as a NCS at Carleton College improves water quality. The co-
benefits on water are also determined by species planted because planting production species 
instead of native trees and shrubs could lead to a substantial reduction in water yields (Jackson et 
al., 2005). 

On the other hand, reforestation increases the recreational value in the local community. 
Expanding the forest land in the arb provides additional ecosystem services to not only members 
of the College but those in the broader Rice County community as well. There are few literature 
sources discussing the effect of reforestation on the livelihood of local farmers and indigenous 
land management. The land that we identified for reforestation is currently fallow, therefore 
reforestation efforts would not negatively affect farmers. Reforestation interfere little with 
indigenous land management in the Arboretum. Although Carleton stands on the homelands of 
the Dakota Nation, but most Dakota people were forced out of the state in the 1800s. Indigenous 
land management contributes to conservation efforts through decreasing deforestation rates, 
therefore avoiding carbon emissions (FAO and FILAC, 2021). As a result, it is less relevant for 
the reforestation pathway at Carleton in the short term, however, traditional knowledge about 
forestry is important to consider for forest management in the future.    

Discussion 

At Carleton, which NCS is best? 

 Our study evaluated the carbon sequestration potential, cost-effectiveness, and co-
benefits of three different NCS. On the basis of only cost-effectiveness, Kernza is the best NCS 
(see Fig. 3). However, uncertainty associated with how much carbon would be stored makes 
Kernza a high-risk pathway. Because it is a newly developed crop, there is only one paper from 
Kansas quantifying its overall carbon sequestration potential (de Oliveira et al., 2018). The lack 
of literature makes it difficult to assess the accuracy of the carbon sequestration estimate and 
relevance for Minnesota.  

The estimated economic value of Kernza is also highly uncertain. The market for Kernza 
grain is very new and has numerous supply chain issues. There are a limited number of retailers 
who sell Kernza seed, which means that farmers who order seed often receive it weeks later than 



their intended planting date (Lanker et al., 2020; Muckey, 2019). Farmers also feel 
uncomfortable growing Kernza because they don’t know who will buy it at the end of the season, 
unlike with corn and soybeans where buyers are determined before the crop is even planted 
(Muckey, 2019). Finally, there is a limited number of Kernza dehulling plants in Minnesota, 
meaning that, even if farmers had a decent Kernza yield to sell to interested buyers, there 
wouldn’t necessarily be factories that could process the grain (Muckey, 2019). Additionally, the 
predicted high economic value of Kernza is dependent upon a reliable market for carbon credits 
which farmers a) may not know how to enter and b) has not yet been established in Minnesota. 
Likely because of supply chain uncertainty and a carbon market with highly volatile prices, 
farmers in Minnesota who have grown Kernza have actually lost money, despite our own 
analysis indicating that Kernza should be cost-effective in the current year (Appendix A, Table 
2) (Muckey, 2019). The disparity between the predicted profit earned by growing Kernza and the 
real cost of growing Kernza is indicative of a high degree of uncertainty regarding real-life cost-
effectiveness. 
 Among all the scenarios, cover crops have the lowest long-term cost-effectiveness (see 
year 2050 in Fig. 3) but also the lowest risk. The primary reason it is cost-effective is because it 
has very low operational costs. In fact, 74% of farmers who have planted cover crops in the past 
find that they break even within 3 years, meaning that, in most cases, the operational cost is 0 
(Appendix A, Table 1) (SARE National Cover Crop Survey, 2019). Thus, even if farmers are 
unable to sell carbon credits or if the price of carbon goes down for some reason, they would still 
likely not lose money. 

However, it may be possible that the actual carbon sequestration of cover crops will be 
slightly lower than predicted. The error in the cover crop Monte Carlo Method quantifies the 
effect of the uncertainty about which cover crop species will be planted. Recall that the five 
cover crop species simulated in the Monte Carlo model are winter rye, hairy vetch, ryegrass, 
alfalfa, and winter wheat, with winter rye having the greatest estimated planting frequency and 
greatest estimated soil carbon storage. It follows that the carbon sequestration estimate is very 
sensitive to the amount of winter rye planted. Although the error in carbon sequestration 
calculated in the Monte Carlo analysis is relatively small (RSE = 2.8, Table 1), there are also 
sources of uncertainty not accounted for in the cover crops Monte Carlo method. Our model did 
not factor in the standard error for carbon sequestration of each crop species or uncertainty due to 
each crop species storing variable amounts of carbon depending on climatic conditions such as 
precipitation, temperature, and so on. For instance, the growth of the primary cover crop species, 
winter rye, is challenged by low precipitation (Strock et al., 2004). A study on winter rye growth 
in southern Minnesota determined that conditions favorable to its growth occur roughly 1 out of 
every 4 years (Strock et al., 2004). This means that approximately 25% of the time, the carbon 
sequestration numbers will look very similar to the predicted carbon sequestration for cover 
crops (Monte Carlo method). The other 75% of the time, there may be lower rates of 
sequestration due to poor conditions for winter rye growth.  



 Reforestation has been proven to be the most effective strategy for carbon sequestration 
from past studies (Fargione et al., 2018; Griscom et al., 2017). In our study, however, 
reforestation is not the most effective strategy mainly due to the smaller amount of land available 
for reforestation. Since the College has no plan to expand the campus, there are only 157 acres of 
the College property that could be used for reforestation. Despite the limited available land and 
lower carbon sequestration rate compared to Kernza, reforestation is an established NCS method 
assessed across studies. Research on the compromises between carbon sequestration efficiency, 
biodiversity, and water quality improvement allows for a more informed decision regarding 
reforestation implementation in the Arboretum. In addition, reforestation could be economically 
efficient when considering other implicit costs. The Arboretum sits on the college-owned land 
and implementing the reforestation NCS would not incur negotiating costs with local farmers 
compared to the other strategies evaluated in our study. The reforestation pathway also takes 
advantage of the decreasing investment cost. The initial establishment cost of reforestation is 
averaged over the years and the cost of reforestation reduces over the years. In our analysis, 
reforestation is less cost effective compared to cover cropping in 2030 using a 3% discount ratio. 
However, the relationship is reversed in 2050, suggesting a long-term economic efficiency of 
reforestation as a NCS strategy (see Appendix A2 and A4). 
 All the scenarios had additional environmental co-benefits, with cover crops having the 
most, followed by reforestation and then Kernza. Because our analysis only accounts for whether 
a pathway influences a particular co-benefit instead of how much a pathway influences that co-
benefit, it is difficult to determine what the exact value is of the co-benefits in each pathway. For 
example, even though cover crops have a co-benefit score of 6 and Kernza has a co-benefit score 
of 4, it could be possible that Kernza is much better at reducing soil erosion and has a similar co-
benefit value. However, two co-benefits that could be particularly important is the livelihoods of 
local farmers and soil quality. Farmers in Southern Minnesota have reported that one of their 
biggest concerns is soil erosion (Mold & Rhees, 2020). Rice County is an area that depends a lot 
on agriculture, thus any NCS that have multiple benefits to farmers’ livelihoods have the 
potential for a large impact on the community surrounding Carleton College. In this respect, 
cover crops may be slightly more beneficial than the Kernza or reforestation pathways. 
 In comparison to reforestation, the cover crop and Kernza pathways face unique 
challenges in terms of the feasibility of implementation. This is because the cover crop and 
Kernza pathways involve actors outside the institution of Carleton College. While all three NCS 
face the challenge of being approved and funded by the college, cover crops and Kernza also 
have to be adopted by farmers in the greater Rice County community.  

As part of our study, we interviewed Carleton alumni Lydia English ‘13, an expert 
working with farmers towards sustainable agricultural practices. Lydia works at Practical 
Farmers of Iowa, an organization that often collaborates with and obtains funding for farmers to 
grow cover crops. Throughout her time working with farmers, Lydia found that, when adopting a 
practice like cover crops, farmers need to be taught how by someone they trust, particularly 
neighboring farmers in their community. If there are no farmers in their community who have 



planted cover crops, it is more difficult to establish it as a beneficial agricultural practice. In Rice 
County, around 11% of farmers plant cover crops on their farm (USDA, 2017). This means that 
most farmers in the county are likely not familiar with cover crops but that there are a few 
farmers who know how to grow and maintain cover crops and can act as liaisons or guides to this 
practice. Hesitation to adopt cover crops may also be reduced if the school adopts a subsidy 
program where they pay farmers to plant crops. Applying similar logic to Kernza, it stands to 
reason that it would be extremely difficult to persuade farmers to grow Kernza as no one in the 
county currently grows it (USDA, 2017). Additionally, while cover crops are grown in place of 
fallow ground, Kernza would be grown in place of the usual corn/soybean cash crop, which is of 
greater risk to the farmer. 

Each pathway has the potential to be a cost-effective carbon sequestration tool that could 
be implemented by Carleton College. If the school were to choose an NCS to implement in the 
present day, the best choices would be cover cropping or reforestation because both methods are 
more well-researched and can provide greater certainty. Cover cropping has low operating costs 
and subsequently is relatively low risk. Although it doesn’t have the highest potential for carbon 
sequestration, it could still be cost-effective if the carbon market fluctuates in prices drastically. 
Reforestation has slightly more risk because of a higher initial operating cost and the cost-
effectiveness is dependent on value gained by the carbon storage of the specific tree species. It is 
also worth noting that, even if all the fallow agricultural land in the Carleton arboretum was 
reforested, the reforestation scenario still would not store enough carbon to cover Carleton’s 
scope 3 emissions (Table 2). However, the cost of planting trees is relatively stable and 
implementing reforestation would not require the participation of stakeholders outside of 
Carleton College. If the school is considering a solution to implement over a longer timeframe 
Kernza may become one of the best NCS, as more research emerges, and the market continues to 
develop. Each pathway has tradeoffs and particular timelines in which they would be the best 
choice for the college to implement.  
 
Our Study as a Framework for Future NCS Modeling 

 The methods presented in our study can be used as a framework for other institutions that 
operate at a scale similar to Carleton College. Our study compared methods from Fargione et al. 
(2018), a national level review, to methods that were more specialized to local conditions. We 
found that the methods of calculating carbon sequestration that were more specific to Minnesota 
had significantly different estimates than those methods that were used to calculate carbon 
sequestration on a national level in Fargione et al. 2019.  
 Our cover crops Monte Carlo method had a 28% or ±.03 MgC acre-1 yr-1 difference in 
comparison to the Fargione method. The primary reason for the difference is likely because the 
Monte Carlo method only uses cover crops that would realistically be planted in Rice County 
and the Fargione method uses a carbon sequestration number computed by taking the average of 
27 different species of 37 different sites (Poeplau & Don, 2015). Additionally, our study used 
carbon storage numbers obtained from species grown in winter hardiness zones 5-6, which are 



similar to Rice County (4b) and in loam soil because the soil in Rice County is classified as 
Lester Loam (Minnesota Office for Soil Health, 2020; USDA, 2005). Given that our method 
considers conditions more local to Minnesota, it is reasonable to assume that the Monte Carlo 
method produced a more accurate estimate of carbon storage than the Fargione method. As an 
indication of how large the difference between the two methods is, if the school were to cover all 
its scope 3 emissions, under Monte Carlo they would need around 7606 acres of land and under 
Fargione they would need around 10530 acres of land. The considerable difference between the 
Monte Carlo number and the Fargione number suggests that calculations that take into account 
local conditions can more accurately reflect the actual amount of carbon being stored, potentially 
saving money and land.  

For reforestation, both the EVALIDator method and the USFS Yield Table method 
produce reasonable results that could be used for carbon sequestration analyses. The 
EVALIDator average carbon sequestration number results should be between 0.1 to 0.5 MgC 
acre-1 yr-1 for trees in Minnesota, according to Matt Russell, extension forest specialist at the 
University of Minnesota, whom we corresponded with. The number from the USFS yield table 
used in the Fargione et al. (2018), although valid for NCS analyses, only has data for the Lake 
states as a whole instead of state-level data. The less accurate estimation could explain why its 
estimated sequestration rate is slightly higher than the upper limit of forest sequestration in 
Minnesota. The EVALIDator tool also allows users to easily calculate the margins of errors for 
their estimated sequestration rates. The caveat is that if the sample plots in the estimation method 
are too small, it yields inaccurate and biased estimation. Future studies should take into account 
such considerations. The method measuring errors from Fargione et al. (2018) also requires 
advanced model fitting, which is out of the scope of this study. Both the EVALIDator method 
and the USFS Yield Table are valid for analyses, but the EVALIDator method is more fitting for 
local-level studies done on private properties, because a) it provides more geographically 
specific estimates, and b) such studies tend to receive less funding and access to advanced 
modeling tools. 
 Although the co-benefit scoring system does not have an exact analog in Fargione et al. 
(2018), it is still possible to see the difference between our local analysis and the analysis at a 
national level. Nuanced analyses of co-benefits allow for a holistic view of each NCS in local 
environments. In Fargione et al. (2018), cover crops was marked as a pathway that would not 
have an effect on biodiversity. However, our review of the literature indicated that cover crops, 
especially legumes, have been shown to moderately increase arthropod and earthworm diversity 
(Elhakeem et al., 2019; Fiorini et al., 2022). Additionally, cover crops may provide habitat to 
wildlife in the winter, increasing song and game bird populations (Clark, 2015). Fargione et al. 
(2018) also only considered ecological co-benefits while our scoring system incorporated social 
co-benefits such as indigenous land management and the livelihood of local farmers. While they 
did not greatly affect our recommendation of what NCS to use in this scenario, they may be 
larger factors in future local NCS studies.  



One of the questions we had coming into this study was whether it is possible to estimate 
carbon sequestration of a NCS on a local level by simply taking the national level method and 
scaling it down to a smaller amount of available land. In both our carbon sequestration and co-
benefit portions, we found that using the same methods from national studies on NCS is 
significantly different and less accurate than adapting methods to take the local environment into 
account (i.e., estimating the carbon sequestration of plants that would grow in Minnesota 
weather). Other institutions of a similar size to Carleton College who want to produce accurate 
estimates of carbon sequestration will benefit from using a similar framework with numbers that 
are accurate to local conditions. 
 
Limitations and Future Research 

One of the limitations of the study is that, because of the scope and timespan of comps, 
we were unable to evaluate more NCS that could potentially work at Carleton College. 
Expanding the breadth of this study to solutions such as biochar or fire management could be an 
interesting topic for future research. The more NCS that are examined, the more complete the 
analysis of NCS at Carleton becomes, allowing for a more holistic picture of what the best 
carbon offset strategy is. Beyond the limited breadth of this study, each individual component 
(carbon sequestration calculation, economic analysis, co-benefit scoring) had various limitations 
and areas where future research could be conducted. 

When calculating the soil organic carbon (SOC) storage of cover crops, there were 
several limitations. Because we were unable to find SOC storage numbers with errors reported, 
we could not take into account the standard error of carbon sequestration within a crop species. 
For instance, if winter rye were to have a highly variable SOC storage with a 50% error margin, 
our study would not have taken that into account. If a similar study were to be conducted for 
another institution, we would recommend that they attempt to find the standard error of carbon 
sequestration within a crop species as this could drastically affect the carbon sequestration error 
estimates for the cover crops pathway. When calculating the SOC of different cover crops, we 
were unable to acquire carbon storage numbers for cover crops grown in Minnesota or even 
crops that were grown in the same hardiness zone as Rice County (4b), forcing us to approximate 
carbon sequestration with crops that were grown in similar hardiness zones (around 6). 
Theoretically, this could make the carbon estimates on the high side since our area of interest is 
colder than where the crop carbon storage estimates were obtained. Additionally, there was very 
little data on the distribution of specific species of cover crops currently used in Rice County so 
we had to approximate the potential cover crop species distribution using a survey conducted of 
27 farmers in Minnesota. 27 farmers is a relatively small sample size and the survey did not 
quantify exactly how many farmers were using a particular species of cover crop so it is possible 
that the frequencies we approximated for each cover crop are wrong. In order to refine crop 
species frequency estimates in the future, further research is needed on the cover crop 
preferences of the farmers in Southern Minnesota. 



With regards to Kernza, the primary limitation was a lack of literature studying its effects 
on the carbon cycle given that it is a relatively new strain of perennial wheat. The article that we 
used was based in Kansas and was the only article that calculated carbon sink numbers for 
Kernza. It is difficult to confirm whether an estimated carbon sequestration number for Kernza 
would be similar in other environments or even whether a similar number could be reproduced if 
the experiment was run again.   

For the reforestation estimation, there are potential measurement inaccuracies in 
calculating the total carbon sequestration in both the USFS Yield Table method and the 
EVALIDator method. We used an average of the sequestration rate across the first 50 years of 
the carbon sequestration number for estimating the benefit of sequestering carbon. Given that the 
rate changes by year, future studies could estimate the sequestration number by integrating the 
rates over the years for more accurate results.  

There were several limitations that reduced the accuracy of carbon sequestration 
estimates for all of the scenarios. The first is that we assume a linear rate of carbon accumulation 
in the soil but SOC accumulation tends to reach a steady state after a certain amount of time 
(West & Six, 2007). Future studies may consider using the RothC model, which takes soil C 
turnover into account and estimates total SOC change (Coleman et al., 1997). Additionally, for 
each scenario, current data, time, and modeling limitations did not allow us to model all the 
potential ecological changes that could occur due to climate change. Future research projects 
could center around understanding the response of different NCS to climate change.  

Economic analyses could pose limitations to the study as well. Our study only looked at 
carbon costs through the year 2050 but, because of the long-term nature of NCS, it may be worth 
estimating carbon costs for an even longer timeframe. In addition, the social cost of carbon can 
be a good measurement for estimating the benefits of avoided carbon emissions, however, the 
estimation does not capture the full catastrophic and non-catastrophic impacts, adaptation and 
technological changes, and assumptions on risk aversion. Future studies could explore other 
means to quantify carbon sequestration benefits.  

Due to time constraints, our co-benefit analysis did not include an in-depth discussion of 
the magnitude of each pathway on each co-benefit. For instance, even though we could say that 
both the cover crops and Kernza pathways would have a positive effect on soil quality, we were 
not able to quantify the extent to which either pathway affected soil quality. Future research 
could focus on quantifying the value of the ecosystem services for each NCS, which would make 
it easier to compare the NCS and provide Carleton with a more complete picture of the cost-
effectiveness of each pathway.  

 
 
 



Conclusion 

Our evaluation of NCS at Carleton College revealed that establishing cover crops, 
planting Kernza, and reforestation are all valuable strategies for storing carbon. Each pathway 
was cost-effective, meaning they all have the potential to benefit Carleton College 
environmentally and economically. We determined that the best NCS to implement on a shorter 
timeline are cover crops and reforestation. Kernza is a currently an uncertain pathway, but it has 
the potential to become a very powerful, reliable, and highly cost-effective carbon sink given a 
few years. Overall, Carleton may decide on which scenario to implement based on how much 
risk they are willing to take and whether they want to implement NCS in the next few years or 
over a longer timeline. Our study also demonstrated that calculating carbon sequestration using 
methods that adapt to local conditions produces more accurate estimates than simply scaling 
down methods used at a national level. This is a valuable paradigm for other institutions or 
landowners that operate at the same scale as Carleton College and want to implement NCS in the 
future. 
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Appendix A 

Table A1. NCS Economic Analysis with Current Social Cost of Carbon. The cost 
effectiveness for the three NCS pathways with a 3% discount rate at the current social cost of 
carbon are listed below. Reforestation is not cost effective because of its high initial 
implementation cost. Both cover crop and Kernza pathways are cost effective if Carleton College 
implement these strategies at this moment. Cover crop is the most cost effective. 

 



Table A2. Cover Crop NCS Economic Analysis. Rows in green indicate the net profit of cover cropping with lower ($0) and upper 
($50) bounds gross costs reported by farmers in Minnesota. Cover crop pathway with the most likely operational cost ($0) is cost 
effective in both 2030 and 2050 with all discount scenarios. Depending on the discount ratios, per acreage net profit for cover crop 
ranges from $14 to $134 in 2030 and from $23 to $187 in 2050.  
 

 
 
 



Table A3. Kernza NCS Economic Analysis. Kernza pathway is cost effective in all scenarios except for 5% discount rate scenarios 
where the avoided social costs of carbon are valued the least. Depending on the discount ratios (excluding the 5% rate), per acreage 
net profit for Kernza ranges from $85 to $838 in 2030 and from $225 to $1280 in 2050. 
 

 
 
 



Table A4. Reforestation NCS Economic Analysis. Reforestation pathway is cost effective in 2050 with all discount scenarios and in 
2030 except for the 5% discount ratio. For all cost-effective scenarios, per acreage net profit for reforestation ranges from $40 to $230 
in 2030 and from $28 to $375 in 2050 depending on the discount ratios. 
 

 
 
 
 
 
 


