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PROJECT SUMMARY 

The Consortium for Cultivating Human And Naturally reGenerative Enterprises, or 

C-CHANGE, is a transdisciplinary partnership united in the effort to advance a new

biobased value chain. This new value chain is based on the production of renewable

natural gas (RNG) and associated bioproducts through the anaerobic digestion (AD) of

herbaceous biomass combined with manure. It is expected to provide a sustainable income

stream for agricultural stakeholders in the US Upper Midwest and Mid-Atlantic regions,

where most of the nation’s corn, soybean, hogs, poultry, eggs, biofuels, and large

quantities of dairy are produced. RNG is the best-incentivized, fastest growing product in

today’s bioeconomy. The novelty of the project lies in leveraging a successful business

model based on the AD of manure to encompass new agricultural feedstocks, more

diverse products, and increased value throughout the supply chain. C-CHANGE provides

integrated research, education, and extension activities directed toward feedstock

diversification, modularization, process intensification, and stakeholder engagement to

reduce supply chain risks, increase product value, and improve production, profitability,

and sustainability. The pressing needs to alleviate social, economic, and environmental

concerns associated with current agricultural systems, and to foster new economic

development in rural America, drives the demand for C-CHANGE. More than 55

organizations have already provided input, helped refine project scope and priorities, and

enlisted for demonstrations, deployment, and scale up. Once fully developed, the value

chain will substantially contribute to national targets for biofuels and bioproducts while

simultaneously meeting other goals promoting human health, economic prosperity, energy

security, and ecosystem resources.
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A. INTRODUCTION

Goal and Objectives 

The overarching goal of the Consortium for Cultivating Human And Naturally reGenerative En-

terprises (C-CHANGE) is to advance a new biobased value chain based on the production of 

renewable natural gas (RNG) and associated bioproducts through the anaerobic digestion (AD) 

of herbaceous biomass combined with manure (Fig. 1). We expect the value chain,1 once fully 

deployed, will foster new economic development in rural America while simultaneously promot-

ing farm prosperity, human health, energy security, and ecosystem resources. C-CHANGE will 

achieve its goal through integrated research, education, and extension activities directed toward 

modularization and process intensification to reduce risk, improve production and profitability, 

and generate valuable products and services along the entire supply chain. C-CHANGE focuses 

on rain-fed, grain-based agriculture systems of the Upper Midwest and Mid-Atlantic US, rapidly 

expanding the use of AD as a linchpin technology. These regions are home to 71 million people 

and produce most of the nation’s corn, soybean, hogs, poultry, eggs, and biofuel, and substantial 

quantities of dairy.2  

C-CHANGE addresses the interconnected challenges and opportunities facing US agriculture to-

day with an integrated solution: we leverage AD and RNG and expand the technology to herba-

ceous feedstocks, reduce economies of scale, and develop associated bioproducts, thereby

charting a practical and achievable path to both sustainability and economic development goals

(Fig. 2). The novelty of this work is expanding the successful business model based on the AD

of manure for RNG to encompass new agricultural feedstocks and more diverse products. RNG

is the fastest growing and best-incentivized product in today’s bioeconomy: since EPA approval

in 2014, RNG has accounted for 97.7% of the 1.02 billion gal equivalents of cellulosic biofuels

produced in the US.3 However, assuring the future growth and resiliency of this new industry re-

quires expansion of feedstocks beyond wastes and the development of new markets for products

Feedstock 
Production 

• Herbaceous bio-
mass, incl.
perennial grasses,
double crops, crop
residues
• Manure from swine,

dairy, beef cattle,
poultry
• Food,

processing wastes

Anaerobic 
Digestion (AD) 

• Single, 2-stage
• Mesophilic, ther-
mophilic
• Pretreatment,
co-treatment
• Process intensifica-
tion and auto-
mated control
• Biogas (CH4, CO2)
• Digestate (liquids,
solids)

Co-product 
 Processing 

• Biogas separation
• RNG* upgrading to

liquid fuels and
chemicals
• On-farm cogenera-

tion of electricity,
heat
• Solids separation
• Drying, composting
• Torrefaction, gasifi-

cation

Distribution and 
Markets 

• RNG* and CO2 for
utilization, seques-
tration
• Slurry fertilizer
• Pellets, bedding

and fiber, compost
• Process heat, acti-

vated carbon prod-
ucts, biochar
• Ecosystem ser-

vices^

Societal 
Value 

• Renewable products
and services
• Private and public

revenue
• Jobs
• Healthy environ-

ments
• Lower risk, lower
cost, more resilient
agricultural systems

Figure 1. A graphical representation of factors considered in C-CHANGE’s biobased value 

chain. *RNG = Renewable Natural Gas, may be injected into pipeline or sold as Compressed 

Natural Gas (CNG). ^Ecosystem services include improved water quality, life cycle emissions, 

and nutrient use; wildlife and pollinator habitat enhancements are also expected.
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from AD, while contributing to improved environmental performance of agriculture. We will as-

sess the technical, economic, environmental, and social potential of: (1) utilizing herbaceous 

feedstocks in AD for RNG; (2) expanding the product portfolio of AD to include process heat, 

liquid fuels, electricity, biobased chemicals (methanol, polymers, latex paint, adhesives, lubri-

cants, fertilizers), and other valorized co-products (fiber, bedding, compost, biochar, activated 

carbon, fuels); and (3) improving ecosystem services (clean air, clean water, soil health). 

Background 

The need for a C-CHANGE: Agricultural systems in the Upper Midwest and Mid-Atlantic re-

gions are highly productive and well-constructed for past conditions. While supporting state and 

national economies, these systems no longer adequately sustain farmers, rural communities, land, 

or water resources. For example, today’s dominant agricultural systems require few farmers,4 are 

dependent on economic subsidies,5 and can have negative impacts on rural communities.6,7 Soil 

loss and degradation associated with dominant annual cropping systems have been widespread 

and prolonged, and may undermine the nation’s ability to sustain long-term, efficient produc-

tion.8,9 Conventional livestock manure management practices challenge air quality, water quality, 

and public health.10–12 Water quality impairment associated with agriculture impacts individuals, 

communities, and ecosystems,13–15 including downstream in the Chesapeake Bay16 and the Gulf 

of Mexico17. Farm habitats, crucial for sustaining wildlife populations, are depauperate.18–20 

While antecedents for more sustainable systems exist, supporting concepts, technologies, infra-

structure, and markets are currently immature and not well integrated. Many paradigm-changing 

farm, business, industry, and educational practices are thus rendered non-competitive. For exam-

ple, despite its potentially positive impacts, the development of cellulosic ethanol, widely ex-

pected to monetize perennial and winter crops, energize rural economies, improve soil and water 

quality, and enhance biodiversity, has stagnated.21 In 2007, Congress called for cellulosic biofu-

els to scale up to 4.5 billion gal yr-1 by 2016, but only 0.16 billion gal were produced that year. 

Figure 2. Integration among C-CHANGE goals and objectives. 
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Of that 0.16 billion gal, over 98% was biogas upgraded to RNG.21,22 By leveraging RNG’s ad-

vantage, this project will identify and remove barriers that inhibit its growth, while boosting the 

viability of emerging concepts, technologies, infrastructure, and markets to enable transitions to 

a more sustainable agricultural system through coordinated research, education, and extension. 

State of the Art: While basic forms of AD have existed for centuries, changing conditions have 

dramatically improved the value of this technology to US agriculture.23,24 The scalability (from 

individual farms to clusters of farms) of the core technology already allows flexibility in terms of 

coproduct processing, financial models, and supply chain relationships.25,26 Improving its flexi-

bility with respect to herbaceous feedstocks will encourage the forms of crop diversification 

needed to meet farm financial and ecosystem service goals.27 Following the US Environmental 

Protection Agency’s approval of RNG from AD to satisfy Renewable Fuel Standard targets, the 

value of AD’s primary product – methane (CH4) – increased by an order of magnitude.28 Longer 

term, the US is rapidly evolving its energy, chemicals, and materials industries to use methane as 

the fundamental process molecule, offering a pathway to biobased products that leverages mas-

sive nationwide investments in natural gas infrastructure and process technology. By using exist-

ing natural gas storage and the natural gas turbines, RNG can leverage that infrastructure to 

provide dispatchable renewable electricity.29 This is a crucial advantage of RNG over solar and 

wind technologies, which depend on expensive batteries ($0.30 to $0.60 kWh-1) for energy stor-

age; RNG adds flexibility, reliability, and resilience to the overall renewable energy sector.30,31 

Further, the option to produce high-value products once these technologies are commercially ma-

ture offers access to highly lucrative markets without government incentives.32–36 Co-products 

from AD (digestate, biochar) could help farmers cut input costs, build soil health, and reduce 

vulnerability to extreme weather events.37,38 Coupling digestion of herbaceous biomass and ma-

nure – as we propose here – will allow mid-sized farms to achieve economies of scale and the 

resultant profitability currently only available to the largest livestock operations. It will also pro-

vide additional benefits important to farmers (i.e., additional markets, crop flexibility, soil health, 

nutrient retention) and society (e.g., reduced odor, reduced pathogen transport, water quality, 

wildlife and pollinator habitat).12,39–43 

Current Limitations/Gaps in Knowledge: AD that couples manure with much larger quantities of 

herbaceous biomass (i.e., co-digestion44) is essential to advancing the proposed biobased value 

chain. Yet, RNG markets are novel in the US45 and are thus limited by the uncertainties and inef-

ficiencies of an emerging technology.46,47 Additional research is needed to address pretreatment 

and co-treatment technologies;21,48–50 co-digestion of recalcitrant biomass at high solids concen-

trations;51,52 process stabilization, intensification, modularization and automation;36,53 process in-

tegration with gas cleanup and upgrading;24,54 digestate valorization;35 social, behavioral, and 

economic barriers;55,56 and the value to be returned to farms,35,43 including the value of associ-

ated ecosystem services.57,58 Significant innovation and transformation are needed within exist-

ing crop and livestock systems to bring this system to scale, including the sourcing of sustainable 

feedstocks.59,60 A substantial, integrated effort is crucial to develop necessary technical 

knowledge and infrastructural supports, such as best practices, decision tools, trainings, and 

workforce development.  

The Team: C-CHANGE is uniquely positioned to provide the needed scientific breakthroughs, 

technological support, and demonstrations to develop this new biobased value chain. The trans-

disciplinary partnership is led by Iowa State University (ISU) and Penn State University (PSU) – 

land-grant institutions and distinguished leaders in agricultural bioeconomy – and Roeslein Al-
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ternative Energy (RAE), an award-winning biofuel engineering company that joined with Smith-
field Foods in 2014 to develop one of the largest AD projects in US history.61 These lead institu-
tions are supported by FDC Enterprises and the USDA Agricultural Research Service’s National 
Lab for Agriculture and the Environment. FDC Enterprises has provided on-the-ground logistical 
support for biobased projects for over a decade, and has established and managed over 335,000 
acres of native warm-season grasses across 26 different states. Partners include 10 farms, 10 
private enterprises, 4 
trade organizations, 3 
state/ federal organiza-
tions, and 13 non-gov-
ernmental organizations 
(see DOCUMENTA-
TION OF COLLABO-
RATION). With the 
advisory board, more 
than 55 organizations 
have already helped to 
refine the scope and pri-
orities of C-CHANGE 
and have enlisted for 
demonstrations, deploy- Figure 3. Location of C-CHANGE focal regions (dark tan), leads, and 
ment, and regional scale partners. An additional advisory board member is located in Italy.
 -up (Fig. 3). 
Previous Activities and Preliminary Data  
We have also developed substantial resources and capacity to meet project goals and objectives, 
including the development of stakeholder networks (Fig. 3), datasets and tools (Table 1), and 
other infrastructure (see EQUIPMENT and FACITLITES AND OTHER RESOURCES). Our 
proposed work has been informed by decades of lab and field research and comprehensive stake-
holder input in the form of four surveys, hundreds of personal meetings, and dozens of work-
shops. Specific input from thousands of farmers has been obtained, analyzed, and integrated in 
the goals and objectives of the proposed work. Stakeholder data covering farmers, farmland 
owners, and relevant agricultural groups have been collected through several previous research 
projects. These include: the Iowa Farm and Rural Life Poll (IFRLP), an annual panel survey of 
Iowa farmers conducted since 1982, which regularly measures farmers’ perspectives on crop 
production and nutrient, soil, and water management;62 the Iowa Nutrient Reduction Strategy 
survey, a 5-year (2015-2019) annual farmer survey focused on nutrient loss reduction practices;63 
the 2012 Corn Belt-wide survey of farmers measuring attitudes toward biomass production for 
energy conducted by the NIFA-funded CSCAP and U2U projects;64 in-depth interviews with 159 
farmers on barriers to and facilitators for use of cover crops, diverse rotations, and perennials 
through the NIFA-funded CSCAP;65 a 2006 survey measuring Iowa farmer willingness to supply 
corn stover as biofuels feedstock;66 in-depth interviews and stakeholder workshops on the strate-
gic integration of perennials and the co-management of agricultural landscapes in Iowa;67–70 and 
in-depth interviews with Pennsylvania scientists, educators, and state agency representatives fo-
cused on the development/diffusion of perennial switchgrass, miscanthus, and willow; willing-
ness to plant biomass crops, and support for biobased industry development.71–73 C-CHANGE 
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further integrates numerous existing models and experiments to answer critical research ques-

tions, improve decision making, and foster learning. We are leveraging significant previous 

USDA NIFA funding in the process (Table 1). 

Table 1. Summary of models/experiments already established, employed by C-CHANGE team. 
FACILITIES AND OTHER RESOURCES includes details of these and other team resources. 

Name Description Funding by 

GOAL 1 Model: 
IBAM 

IBAM, the Iowa Biogas Assessment Model, 
combines information on biomass availabil-
ity with AD economic and environmental 
impact process models74–76 

Iowa Energy Center, Iowa 
Economic Development Au-
thority 

GOAL 2 Model:
Foresite with APSIM 

Foresite is an economic assessment tool 
and collection of public data sources77–79 
that is being integrated with APSIM, the Ag-
ricultural Production Systems sIMulator, a 
process-based agricultural model80–83 

USDA-NIFA, NSF, ISU, Iowa 
Nutrient Research Center 

GOAL 2 Model: 
Cycles 

A process-based, multi-year, multi-crop, 
and multi-soil layer simulation model84–86 

USDA-NIFA, EPA, NSF, US 
DoD, US DoE 

GOAL 2 Experiment: 
IA - COBS  

Provides quantitative, side-by-side compar-
ison of five annual and perennial biofuel 
cropping systems87–90  

Conoco-Philips, ISU, Iowa 
Nutrient Research Center, 
Leopold Center, USDA – 
NASA Carbon Cycle Science 
Program 

GOAL 2 Experiment: 
PA – DCS (Dairy 
Cropping Systems) 

Includes three 6-year, no-till dairy crop ro-
tations and a corn-soybean rotation91–98 

USDA-SARE, PSU, LTAR-ARS 
USDA  

GOAL 2 Experiment: 
MO - Ruckman Farm 

3 biomass cropping systems with swine 
manure application; replicated 6 times on 
1.5-17.8 ac fields 

USFWS, ISU, and in-kind by 
RAE and Smithfield Foods 

B. RATIONALE AND SIGNIFICANCE

Rationale for the Proposed Project 

The dominant regional agricultural systems at present do not utilize resources efficiently and re-

quire substantial external inputs in the form of nutrients, energy, and financial capital, often as 

government subsidies.99,100 The use of assets underpinning these agricultural systems – including 

land, equipment, and labor assets – is particularly inefficient when land is left fallow for 4–7 

months of the year,101,102 or when dominant annual crops are planted to areas where they do not 

perform well.77,103,104 Tighter coupling between production and processing of biomass by siting 

AD technology on farms, at livestock facilities, or ethanol plants would take advantage of exist-

ing infrastructure while also improving the efficiency and sustainability of resource use. It would 

also increase the number of farm products for more diverse and stable cash flows.59,105 Co-diges-

tion of sustainably sourced herbaceous feedstocks with manure has the potential to produce resil-

ient, marketable energy products (RNG, electricity, and process heat), bioproducts from digestate 

(compost, biochar, and activated carbon;106 and biobased chemicals (carboxylic and hydroxycin-

namic acids that can be turned into plastics, latex paint, food preservatives, flavoring additives, 

sunscreens, cosmetics, acrylic acids, fragrances, and styrene)107. The inputs (perennial and winter 
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crops, and annual crop residues) and outputs (digestate, compost, biochar)37 are compatible with 

but produce substantially greater levels of ecosystem services than achievable through current 

agricultural systems. 

In contrast to other biobased strategies, two major market drivers make this the ideal time to 

scale-up agricultural AD to meet national bioeconomy goals. The first is the Federal Renewable 

Fuel Standard (RFS2) price premium for RNG. Without incentives, methane derived from biogas 

was sold as compressed RNG for a modest premium of $4.93 GJ-1.108,109 In 2014, the EPA desig-

nated RNG from cellulosic sources (including landfills and manure) eligible for RFS2 D3 (cellu-

losic) Renewable Identification Numbers (RINs) that in 2019 are worth an additional $5.20–

$17.60 GJ-1 ($0.64–$2.16 per gallons gasoline equivalent, or gge).110 Three RNG projects by our 

commercial partner RAE are currently in operation,45 and half of the 34 digesters currently under 

construction are targeting the D3 RINs market, including an additional seven by RAE.45 C-

CHANGE will foster expansion by developing and demonstrating a suite of integrated AD feed-

stocks, technologies and markets to expand digester profitability to the over 8,000 mid-sized 

swine and dairy farms45 and beyond to farms that do not have livestock. The second market 

driver is farm profitability. Yield monitoring and economic modeling indicates over 20% of the 

cropland devoted to annual species like corn loses money as a result of poor soil, flooding, or 

drought.103,111 Strategically integrating herbaceous biomass crops as winter crops or onto areas 

where annual crops are underperforming will increase field and farm profitability, and also im-

prove nutrient retention and water quality77,112, reduce soil loss113,114, and enhance habitat for 

wildlife and pollinators115,116. 

Relationship with USDA NIFA Program Area Priorities 

C-CHANGE addresses the USDA NIFA Sustainable Agricultural Systems Program’s goal of

fostering economic development and prosperity in rural America by catalyzing the bioeconomy

through value-added innovation, and production of high-value biobased chemicals and other

products built from agricultural feedstocks. C-CHANGE will substantially contribute to this goal

by constructing and demonstrating a new value chain that combines: (1) full-year crop produc-

tion through the temporal and spatial integration of winter and/or perennial crops using state-of-

the-art precision agricultural technology; (2) the expansion of agricultural markets through AD

of sustainably sourced herbaceous biomass with manure; and (3) significant support for social,

infrastructure, and market innovations. The specific trajectory we envision for meeting USDA’s

goals starts with existing swine and dairy manure systems. The US EPA estimates that AD is

currently cost-effective for swine operations with more than 2,000 heads and dairies with more

than 500 cows,43 with a total biogas potential of 171 mmBTU yr-1, or 1.5 billion gge yr-1. Incor-

porating a winter crop onto the 96 million ac of winter fallow currently available across the US

Corn Belt would result in at least 123 million dry tons of additional biomass,117 which we esti-

mate can produce 9.4 billion gge yr-1 of RNG. Food waste, which is currently co-digested in

about 15% of farm digesters because of profitable tipping fees, has a fresh weight estimated at

1.5 billion gge yr-1 of RNG.118 With these high-protein feedstocks providing process stabil-

ity52,119 and adding value to coproducts,120 AD systems can add perennial crops to achieve econ-

omies of scale, even for farms without livestock or with limited acres in annual crops.

Nationwide, the DOE estimates that at least 411 million tons of herbaceous energy crops (not in-

cluding winter crops) and 176 million tons of crop residues (with removal rates in line with soil

health) would be available at a price of $60 Mg-1 by 2040.121 Assuming a 60% energy yield of

biomass to RNG, these energy crops and residues could produce another 31.4 billion gge yr-1and

13.4 billion gge yr-1, respectively. The total output of RNG could be 57.2 billion gge yr-1 (Table
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2), the economic impact of which would be transformational. For example, our preliminary esti-

mate, based on Liu and Iutzi122, is that an expansion of just the current cover crop supply chain 

into winter crops on these 96 million ac would result in as many as 14,000 additional jobs and 

$1.9 billion in total output. These winter crops converted through AD would sell for more than 

$43 mmBTU-1, resulting in revenues of $46.4 billion yr-1 under the market created by Califor-

nia’s Low Carbon Fuel Standard. The total RNG indicated in Table 2 would be worth $85.2 bil-

lion annually based on an average 2019 RFS2 D3 RIN price of $1.50 gge-1. For fuels sold in the 

California market, incentives are even higher: with Low Carbon Fuel Standard prices currently at 

$45.37 GJ-1 ($5.50 gge-1). An additional $6.54 GJ-1 ($0.80 gge-1) could be garnered if the CO2 

byproduct of biogas to RNG separa-

tion went to geologic carbon stor-

age. The resulting digestate could 

be directly land-applied as an 

amendment to improve soils, while 

upcycling just 15% would produce 

57 billion pounds of biochar per 

year to holistically meet USDA 

NIFA goals for productivity, profit-

ability, and sustainability.  

Significance of Agricultural Systems Investigated by C-CHANGE 

Our project will focus on agricultural systems in Iowa, Missouri, and Pennsylvania, which con-

tribute significantly to the economic value created by agricultural systems and rural economies in 

the US. In Iowa, 30.6 million ac of farmland support 86,000 farm operations.123 Iowa agriculture 

sold $29 billion products in 2017, second to California. Iowa ranks first in the nation in corn, 

swine, ethanol, and feed grain exports. Iowa’s dairy industry is smaller than other states but still 

impactful.123 Yet, Iowa faces significant new challenges to delivering abundant, affordable, and 

safe food to a growing human population.8,14,124–128 It was ranked by the US EPA in 2018 as hav-

ing the highest market opportunity of any state for biogas development.43 Agricultural produc-

tion in northern Missouri is similar to Iowa for crops, which are primarily fed to livestock. The 

value of agricultural products sold in 2017 was $10.5 billion. Missouri has 95,000 farm opera-

tions working 28 million ac.129 While beef cattle and broilers represent much of the state’s live-

stock resource, hog production is concentrated on large farms of 40,000 to 170,000 hogs in 

northern counties.61 The concentration of manure resources associated with these large farms 

causes social-ecological challenges and made the region a logical starting point for RAE and 

Smithfield Foods to bring AD technology to the state.61 In Pennsylvania, 7.3 million acres of 

farmland support 53,000 farm operations,130 which sold $7.8 billion in agricultural products in 

2017. Pennsylvania is more diverse than Iowa or northern Missouri for commodities and crops 

produced. Long a dairy state, Pennsylvania ranked sixth nationally in milk sales and eighth for 

poultry and eggs in 2017. Recent low milk prices, increasing production costs, and falling con-

sumer demand challenge traditional expectations for dairy farm viability. All three states have 

persistent water quality concerns associated with their current forms of agriculture, with down-

stream impacts to the Mississippi River/Gulf of Mexico (IA, MO)131 or Chesapeake Bay (PA).132 

C. APPROACH

GOAL 1 – Advance the AD of herbaceous feedstocks for the production of RNG and asso-

ciated products (Lead: Richard) 
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For over 50 years, AD has been used to treat manures, crop residues, and a wide range of munic-

ipal and industrial organic wastes.133 Its ability to dramatically reduce odors and pathogens, con-

vert organic nitrogen to more available and predictable ammonia for fertilization, and generate 

renewable energy is well documented.12,58,59,134 However, adoption in the US has been slow be-

cause of inadequate economies of scale, sensitivity of the anaerobic microbiome to process varia-

bility, and high levels of required technical expertise.24,43,55 C-CHANGE will address these 

issues through research to improve economic prospects associated with increasing feedstock di-

versity, including herbaceous biomass; increase diversity of markets by expanding products to 

include biobased chemicals and valorizing co-products of AD; improve operational resiliency by 

incorporating process intensification/innovation in AD systems; and replace economies of scale 

with economies of number by introducing modular manufacturing and automation. 

OBJ 1.1. Identify pathways that improve the production, profitability, and sustainability of 

RNG and associated bioproducts through modeling (Mba Wright, Costello, Bansal, Brown, 

Richard) 

Rationale: The overall economic and environmental performance of an AD system depends on 

many factors. AD has not been optimized for reactor configuration or coproducts, particularly for 

the herbaceous biomass-dominated systems needed to achieve the goals shown in Table 2.51,119 

Conventional biosolids and slurry manure reactor designs are not adept at conversion of herba-

ceous biomass.135 Several reactor configurations have been shown to improve processing; i.e., 

solid state136 or leached bed reactors,137 stirred reactors with solids recycle,138 thermophilic139 or 

temperature-phased reactors,140 pretreatment,48,141 and co-treatment.142 While these strategies 

have been shown to intensify conversion via both smaller reactor size, reduced residence times, 

increased RNG yield, and improved process stability, comparative technical and economic anal-

yses are lacking. While some prior research exists on decision-making models for biofuel supply 

chains, it only represents monetary values of cash flows.143,144 Multi-dimensional non-monetary 

objectives such as social and environmental factors are also strong motivators for various value 

chain actors.145,146 Identification of viable pathways requires systems analysis to support experi-

mental/demonstration and commercialization decisions. 

Question: What scales and combinations of feedstock/pretreatment/digestion/products, coupled 

with truck and pipeline transport to large-scale, high value markets, provide the lowest risk and 

greatest economic returns for small- to medium-size farms? 

Methods/Work Plan: Process models, technoeconomic analyses (TEA), life cycle assessment 

(LCA), and pro forma cash flow modeling will be developed for diverse scenarios of anaerobic 

digestion. TEA and LCA analysis will be performed with Aspen Plus for process design, 

SimaPro and GREET.net for estimating environmental impacts, and IBAM for biomass supply 

and logistics. Pro forma supply chain models will be built in MS Excel. Specific tasks are as fol-

lows. Task 1.1.1. Enhance the IBAM model to screen through combinations of feedstock, con-

version, and product portfolio to identify the herbaceous biomass-dominated systems needed to 

achieve economies of scale on small- to mid-sized farms and to recommend to Goal 2 modeling 

efforts. Task 1.1.2. Conduct meta-analysis of existing data on systems for AD of manure and 

plant material, including process stability boundaries and tipping points. Task 1.1.3. Conduct 

market analysis on value of potential RNG and associated bioproducts with and without incen-

tives. Task 1.1.4. Evaluate supply chain logistics and optimal facility scale options for feedstocks 

and products according to Net Present Value (NPV), pollution emissions, and greenhouse gas 

(GHG) emissions. Task 1.1.5. Select up to 7 scenarios of feedstock supply/feedstock logis-

tics/conversion pathway and scale/products/markets for a TEA/LCA risk-based analysis based on 
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sensitivity and uncertainty analyses on model outputs and stakeholder input. These results will be 

used to recalibrate research investments in Y2 – 5 and to down-select for the following 3 tasks. 

Task 1.1.6. Conduct TEA on selected AD enterprises to estimate NPV and economic uncertainty. 

Task 1.1.7. Conduct LCA on selected AD enterprises to estimate pollutant and GHG emissions 

and their uncertainty. Task 1.1.8. Develop mathematical representations of value chain prefer-

ence attributes for industrial partners in Y2. Task 1.1.9. Develop a pro forma model to represent 

cash flows and performance scores on non-monetary preferences for all value chain actors in Y3 

for specific scenarios such as specific land use allocations and digester capacity. Task 1.1.10. 

Conduct 6 controlled focus groups with approximately 5 farm owners, supply chain and service 

businesses, and industrial market partners to understand if risk-sharing tools result in greater 

willingness of value chain actors to participate in RNG and associated bioproduct value chains in 

Y4. Task 1.1.11. Integrate methods into a farm- to national-scale AD systems analysis to deter-

mine market adoption potential, potential returns, environmental impacts, and risk factors. 

Outputs: Assessments of technical, environmental, economic risks of promising AD enterprises. 

Outcomes: Farmers, entrepreneurs, and other potential investors will have information on eco-

nomic and environmental performance of enterprises based on AD of herbaceous feedstock and 

manure mixes well suited to agriculture in the Midwest and Northeastern US. 

Limitations: Large uncertainties are common for data used in TEA/LCA, leading to large uncer-

tainties in results. OBJ 1.2, 2.1, and 2.3 research will be designed to reduce these uncertainties.  

OBJ 1.2. Identify economically and environmentally viable approaches to AD process 

intensification through lab experiments (Richard, Brown, Ciolcosz, Trabue, Wen) 

Rationale: The outputs of OBJ 1.1 will inform our selection of AD scenarios for further develop-

ment through experimental investigations in Y2 – 5.  Based on current understanding of the field, 

examples of studies likely to be undertaken in OBJ 1.2 include the following. Co-treatment (mill-

ing during fermentation) and thermophilic (55 °C) fermentation of switchgrass have shown a 2-

fold increase in solubility142 and a 6-fold reduction in residence time,139 respectively. Pretreat-

ment with alkali not only improves the digestibility of lignocellulosic biomass through partial 

delignification, but creates hydroxycinnamic acids, potentially high value co-products from the 

AD system.107 Solid digestate, representing up to 30 wt% of the products from AD, is an attrac-

tive co-product for valorization, except that it is wet and contains substantial amounts of lignin, a 

very difficult material to convert to useful products. However, a combination of composting147 to 

reduce moisture and autothermal pyrolysis148 to depolymerize the lignin content without external 

sources of thermal energy can produce pyrolysis oil, which can be upgraded into fuels and bio-

asphalt, and nutrient-rich biochar, which is attractive as soil amendment and carbon sequestration 

agent that is more readily transported than raw or composted digestate.37 The oxidative environ-

ment of autothermal pyrolysis dramatically increases the porosity of biochar, with specific sur-

face areas (BET-N2) of 445 m2 g-1, expanding its potential markets to include activated carbon. 

Adding biochar to digesters also has potential to improve digestion rate and methane yield as a 

result of pH buffering and contaminant adsorption149 and promoting direct interspecies electron 

transfer,150 as has been demonstrated for activated carbon. Each of these process configuration 

strategies will be stress-tested for resilience relative to changes in feedstock, temperature, pH, 

and other factors (alkali pretreatment, co-treatment milling intensity, biochar supplementation) as 

appropriate to understand process stability, recovery rates, and tipping points toward process fail-

ure. This information will inform process automation and adaptive management strategies as 

well as data acquisition and control hardware and software configurations.  
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Questions: Can process intensification, integration, and automation of biomass pretreatments/co-

treatments, reactor configurations, biochar additions, energy integration, and co-product valori-

zation strategies greatly decrease risk and improve resilience of farm digester enterprises? 

Methods/Work Plan: AD experiments will use fresh, ensiled, or pretreated herbaceous biomass 

mixed at high ratios with ensiled winter crops and/or swine or dairy manure. Trials will be con-

ducted at both ISU and PSU laboratory-scale digesters with pH and temperature control to study 

temperature-phased, leached bed, and co-treatment configurations. Biogas yield will be continu-

ously measured and the headspace will be periodically sampled for H2S, NH3, CH4 and CO2. 

Slurry samples will be removed periodically and analyzed for moisture, pH, organic acids, and 

solubilization using quantitative saccharification. Task 1.2.1. Evaluate alternative strategies for 

digester thermal management. Investigate direct combustion of dry biomass, RNG, or fossil nat-

ural gas; and digestate valorization using composting for bio-drying before final drying and auto-

thermal pyrolysis converting dried digestate residues to phenolic oil, biochar, and waste heat 

suitable for heating of digesters. Task 1.2.2. Evaluate impact of alkali pretreatment of biomass on 

methane production potential and kinetics. Demonstrate recovery and valorization of hydroxy-

cinnamic acids. Task 1.2.3. Evaluate impact of milling during fermentation (co-treatment) on 

RNG production potential and kinetics. Task 1.2.4. Evaluate impact of biochar incorporation 

during AD on RNG production potential and kinetics. Task 1.2.5. Evaluate process stability and 

determine critical process parameters to provide guidance for full-scale biomass digesters. 

Outputs: Improved data on (1) feedstock utilization, digestion rates, and RNG yields for AD of 

mixtures of herbaceous feedstocks and manure using various pretreatments/co-treatments and re-

actor configurations; (2) moisture removal levels and rates in solid digest composting; and (3) 

yields of pyrolysis oil and biochar under different digestate compositions and moisture content.   

Outcomes: Improved TEA and LCA of AD systems that incorporate innovations such as pre-

treatment/co-treatment and solid digestate valorization. 

Limitations: Many potential pretreatment options and digester configurations exist. Experimental 

factors selected for analysis will be based on OBJ 1.1 results. Biological systems have high vari-

ability which may prove challenging for some processing intensification and automation strate-

gies, which we will address through close coupling of OBJ 1.2 and 1.3. Although autothermal 

operation enables pyrolysis of wet feedstocks, the moisture content of digestate, even after me-

chanical dewatering, may require some drying prior to pyrolysis, either through thermal drying 

from burning exhaust gas from the pyrolyzer or partial composting. 

OBJ 1.3 Characterize AD of diverse herbaceous feedstocks at pilot and commercial scales 

(Richard, Brown, Ciolkosz, Costello, Hristov, Karsten, Roeslein, Toraman, Trabue, Wen) 

Rationale: Model and lab results rarely translate precisely to pilot or commercial operations, es-

pecially with solid feedstocks.151 We will conduct pilot experiments of process innovation and 

control strategies recommended by OBJ1.1 and 1.2 results using existing 80 L anaerobic diges-

tors at PSU. Experimental results will inform operations of RAE’s commercial facilities in north-

ern Missouri; tests at that scale will provide further knowledge refinement. 

Questions: Do the strategies recommended by OBJ 1.1, 1.2, and 2.1 improve the rate, yield, and 

profitability of biogas and associated bioproducts at pilot and commercial scales? How can the 

multiple products of AD be optimized for system performance and profitability? 

Methods/Work Plan: Results from lab experiments will be tested at pilot scale at PSU and inform 

commercial operations of an AD plant at RAE’s Missouri facility. Biogas production rate and 

composition will be measured by flow meter totalizers and gas analyzers and used in process 
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control algorithms. Biogas production rate/composition will be measured by flow meter totaliz-

ers and gas analyzers. Task 1.3.1. Refine selection of feedstock and pretreatments based on out-

comes of OBJ 1.1-1.2 and 2.1 investigations. Task 1.3.2. Specify pilot-scale testing protocol for 

up to 5 experiments. Task 1.3.3. Conduct pilot-scale commissioning, startup, and experimental 

trials to document performance with herbaceous feedstocks. Task 1.3.4. Demonstrate pilot-scale 

feasibility for upgrading methane for production of fuels and chemicals. Task 1.3.5. Use results 

to design and conduct further commercial scale testing. Task 1.3.5. Conduct commercial tests 

and analyze results. 

Outputs: Novel methods that improve the production, profitability, and sustainability of RNG 

and associated bioproducts from mixed herbaceous biomass and manure feedstocks. 

Outcomes: Demonstrating innovations in AD at meaningful scale and for year-round operation 

will provide the technical data farmers, entrepreneurs, and other investors need to make technol-

ogy investment decisions. 

Limitations: Traditional feedstock supply for biorefineries requires coordination with har-

vest/storage activities, which can occur in as little as 4-6 weeks once per year. The AD system 

and feedstock mixes investigated overcome this traditional limitation as animal waste is continu-

ously generated, and winter/double crops add a 2-3 mo harvest window to warm weather months. 

OBJ 1.4 – Catalyze the new value chain through commercialization supports (Ciolkosz, 

Brown, Comito, Richard, Roeslein) 

Rationale: Market-based approaches to behavioral change have the greatest potential to be sus-

tainable in the long-term. However, the marketplace is competitive and many businesses fail 

from lack of basic knowledge and decision guidance. Entrepreneurs seeking to grow/profit from 

the RNG and associated bioproducts value chain require commercialization support to enable 

successful business ventures.91,152 The C-CHANGE team will support the development and ex-

pansion of industries by creating connections, courses, case studies, and webinars, and providing 

one-on-one guidance. 

Methods/Work Plan: Task 1.4.1. Organize and deliver annual Digester Day in Y1-Y5 at the PSU 

digester/student farm/bioenergy crops site. Content will include principles of operation, equip-

ment, project development and economics, market development, and financing. 1.4.2. Organize 

and deliver a webinar each year Y1-Y5 on developing project knowledge. Each webinar will fea-

ture a different Goal 1 researcher. Task 1.4.3. In Y2, deliver a Biomass and Biogas short course 

to attract and educate entrepreneurs, project developers, and related stakeholders, providing key 

education on the value chain. Knowledge developed through OBJ 1.1 – 1.3 will guide course de-

velopment. Follow-up interactions with stakeholders will provide guidance and support as 

needed. Task 1.4.4. Create detailed business case studies in Y3 that provide strategic, tactical, 

and operational guidance on value chain design, operation, and economics. Prepare three case 

studies based on the dairy, swine, and poultry sectors. Task 1.4.5. Carry out a market analysis of 

farm-sourced biogas-derived products in Y3, and prepare a report that details likely markets and 

pathways to commercialization for dissemination through extension publications, courses, webi-

nars, and field days. Task 1.4.6. Organize and deliver a commercialization short course in Y4-Y5 

to spur new businesses and transfer C-CHANGE research findings and recommendations. Short 

course content will be integrated into PSU’s online Applied Biogas Technology course. 

Outputs: 5 field days, 5 webinars, 2 short courses, 3 business case studies, 3 market analyses, 1 

updated online course. 

Outcomes: Strategic, tactical, and operational guidance on the design, operation, and economics 
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of the biobased value chain for entrepreneurs and businesses involved in rural economic devel-

opment and sustainability. 

Limitations: As with any new industrial sector, the bioeconomy in general and bioproducts in 

particular suffer from uncertainty and risk. We have assembled a comprehensive program to ad-

dress several major risk factors through diversity, resilience, and information technology strate-

gies. Policy risk including government subsidies for RNG are a particular concern. 

GOAL 2 – Advance productive, profitable, and sustainable sources of herbaceous 

feedstocks (Lead: Liebman) 

We will provide Goals 1 and 3 with iterative estimates of biomass from winter crop, pasture, 

prairie, and annual crop residues (for both target AD herbaceous feedstocks and current domi-

nant crops) through coupled modeling, field experimentation, and on-farm research and demon-

stration. Members of our team have been conducting long-term field experiments on perennial, 

winter, and annual crop systems and incorporated findings into agroecosystem models to deter-

mine agronomic, economic, and environmental performance under a broader set of conditions. 

77,91,153,154 Here, we will collate datasets from Iowa and Pennsylvania and use them to train, test, 
employ, and compare two leading agroecosystem models for our regions: APSIM and Cycles 

(Table 1). Field and subfield level simulation model outputs will feed into Foresite, a computa-

tional framework we developed to predict economic and environmental impacts of cropping sys-

tems at a subfield scale.77,78 Subfield management provides the opportunity to spatially integrate 

perennial herbaceous feedstocks within annual crop fields to meet financial and ecosystem ser-

vice goals.77,101,155 

OBJ 2.1. Collate existing datasets for agroecosystem and crop model development and 

calibration (Liebman, Kemanian, Helmers, Karsten, Thompson, VanLoocke, Heaton)  

Rationale: The high levels of uncertainty and/or low confidence in estimates of biomass crop-

ping systems’ performance for AD feedstock production will be addressed by focused empirical 

data collection to improve predictions of value chain productivity, profitability, and sustainabil-

ity.156 We have 20 collective site-years of AD biomass feedstocks data in hand to support 

model-ing and provide decision support data for demonstration in Y1.  

Question: What data gaps limit prediction of supporting (e.g., soil health), provisioning (e.g., 

yield), and regulating (e.g., nutrient, water cycling) ecosystem services and profit delivered by 

herbaceous AD feedstocks? 

Methods/Work Plan: We will assimilate data from diverse projects into one shared repository of 

quality-assured data for model training and testing. Task 2.1.1. Published and unpublished data 

on crop biomass, rooting depth, soil aggregation, texture, carbon and nutrient status, water run-

off and drainage, dissolved nutrients, GHG emissions, and on-site weather data from all years of 

the COBS and PA-DCS projects (Table 1). Task 2.1.2. Develop a shared data repository (similar 

to the one used in the CSCAP157), where newly collated extant data, new measurements (OBJ 

2.2), and data produced through modeling (OBJ 2.3) will be housed.  

Outputs: An organized, annotated, citable, shared data repository. 

Outcomes: Foundation for automated and iterative model calibration, testing, comparison, and 

uncertainty assessment. Documented assessment of knowledge and data gaps. 

Limitations: By using data from both ISU and PSU sites and two agroecosystem models, we will 

be able to partition uncertainty between field sites and model configurations. 

OBJ 2.2. Collect gap-filling data through field experiments and on-farm research 
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(Liebman, Karsten, Helmers, Schwartz, Thompson, Heaton) 

Rationale: Critical data gaps remain that limit our ability to predict biomass feedstock perfor-

mance: additional detail is needed on (1) perennial and winter crop phenology,88,158 (2) AD di-

gestate substitution for manure, and (3) AD digestate management to reduce nutrient loss. We 

will measure system inputs (e.g., micrometeorological conditions, fertilizer, fuel use) and outputs 

(e.g., yield, crop development dynamics, drainage, dissolved nutrients, soil health, profit) at our 

heavily instrumented COBS and PA-DCS research sites (Table 1). Data collection on research 

farms will be augmented with targeted data collection on partnering commercial farms (Fig. 3; 

see DOCUMENTATION OF COLLABORATION). By using data from both research and com-

mercial farms, we will acquire high-resolution biophysical and geochemical data to fill gaps.  

Questions: How does addition of a winter crop change soil health, water and nutrient cycling, 

and profit of annual crop systems? How do perennial feedstocks compare? How does digestate 

compare to manure as a fertilizer? What drives observed differences, e.g., feedstock/manure/di-

gestate composition, weather, crop management, soil type? 

Methods/Work Plan: Task 2.2.1 Acquire energy, water, and nutrient flow data at high temporal 

and spatial resolutions using in-place weather stations, monitored drainage, yield monitors, and 

analytical facilities. Fill gaps in extant data, e.g., rooting depth, soil aggregation, and phenology 

of perennial and winter crops. Task 2.2.2 Assess management of perennial, winter, and annual 

crops at partnering commercial farms (Fig. 3), including the Smithfield Foods-RAE Ruckman 

on-farm research site (Table 1). Task 2.2.3. Assess liquid digestate injection, cover crop inter-

seeding, and application to established perennials at up to two commercial farm sites, to be deter-

mined based on initial data collection. Collect yield, weather, and management data. 

Outputs: 60 datasets (one per year for 2 research and 10 commercial sites) detailing system in-

puts and outputs needed for modeling; Y2-Y5 annual reports to10 farmer cooperators (40 total). 

Outcomes: Long-term (>15 yr) knowledge of the productivity, profitability, and sustainability of 

biomass cropping systems. Translation of experimental research results to commercial farms.   

Limitations: All models are constrained by the accuracy of their inputs, parameterization, and as-

sumptions. We compare two process-based models trained with multiple streams of stakeholder 

data to identify where predictions are limited by data versus model attributes. 

OBJ 2.3. Use modeling to identify crop configurations that improve biomass yield, profita-

bility, and sustainability (VanLoocke, Kemanian)  

Though perennial and winter crops appear to be economically and environmentally sustainable 

AD feedstocks,59,100 these crops are not yet widely adopted in our target regions, and thus their 

expected performance must be modeled rather than being directly measured. We will simulate 

herbaceous feedstock as inputs to OBJ 1.1 value-chain scenarios, using the process-based agroe-

cosystem models APSIM and Cycles (Table 1). We will combine public data on land use, soils, 

and economics in the Foresite spatially explicit computational framework (Table 1). Foresite 

links economic costs and returns of crop production with process-based model simulations (out-

put from APSIM and Cycles) net primary productivity, yield, hydrology, GHG emissions, soil 

carbon, and nutrient retention. The addition of process-based modeling to the framework pro-

posed here is major innovative step. These models allow consideration of outcome cascades re-

sulting from changes in location or management77 and quickly and cost-effectively identify best 

management practices, benefits, and gaps in the production chain, thus merging biophysical and 

human dimensions. 

Questions: What is the optimal configuration of perennial, winter, and annual crops for a given 
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AD scenario? How does AD digestate effect farm agronomic, economic, and environmental per-

formance compared to manure or inorganic fertilizer?  

Methods/Work Plan: Task 2.3.1. Develop, train, and test APSIM and Cycles modules for prairie, 

pasture, and winter crops using data from OBJ 2.1 and OBJ 2.2. Task 2.3.2. Simulate AD scenar-

ios developed with Goals 1 and 3 at a range of spatial (subfield, farm, state, regional) and tem-

poral (daily to decadal) scales, including on partnering commercial farms. Task 2.3.3. Compare 

APSIM and Cycles predictions of provisioning and regulating services in shared scenario testing 

for inter-model comparison and uncertainty assessment. Task 2.3.4. Feed APSIM and Cycles 

output into Foresite profitability framework to calculate economic and environmental perfor-

mance of AD biomass feedstock scenarios and demonstration farm performance. Synthesize 

findings with Goals 1 and 3 to characterize the system gaps between current conditions and the 

alternative pathways articulated by stakeholders in OBJ 3.1.  

Outputs: Subfield, field, and aggregated simulation results of multiple production scenarios. 

Identification of bottlenecks/tradeoffs in herbaceous biomass systems; assessment of risks and 

uncertainty. Ten datasets and 10 final reports to farmer cooperators (one per cooperator).  

Limitations: Early conceptual harmonization among teams and timely data provision will be crit-

ical to stay on task so models can be refined in Y2-Y4 and final analysis produced in Y4-Y5. 

OBJ 2.4. Develop leadership within the agricultural community (Comito, Ciolkosz, Heaton, 

Helmers, Karsten)   
Rationale: We will include a broader suite of stakeholders by increasing farmer/landowner lead-

ership through demonstration partnerships, field days, and farmer-to-farmer networks, and build-

ing on-the-ground capacity through bottom-up engagement of farm advisors (e.g., Extension, 

CCAs, technical service providers), conservation professionals (e.g., private sector and govern-

ment employees), and agricultural retailers. Pennsylvania farmers who have biodigesters and 

manage AD digestate will have venues to convey their experience and expertise. The team will 

conduct a series of events starting in Y1 with these stakeholders to gauge their understanding of 

the bioeconomy. Programming tailored to each state’s needs will be developed in collaboration 

with Iowa Learning Farms (ILF).  

Methods/Work Plan: Task 2.4.1. Conduct 8 listening sessions (4 in IA; 4 in PA) with up to 25 

farmers in each session in Y1. These invitation-only sessions will focus on developing farmer 

partners and determine what farmers/landowners need to participate in AD value chains. Ses-

sions will be transcribed and summaries will be shared with the C-CHANGE team to inform 

stakeholder workshops, focus groups, courses, and business case studies. Task 2.4.2. Hold 8 

Rapid Needs Assessment and Response (RNR)159 winter workshops in Y1 (4 in IA; 4 in PA) 

with on-the-ground stakeholders to assess their understanding of the AD value chain. Task 2.4.3. 

Interested farmers will form a leadership group by participating in a leadership circle (two per 

state; Y2 and Y4). Task 2.4.4. Partner with commercial farmers to establish 10 demonstrations 

on their land (6 in IA; 1 in MO; 3 in PA). Low profitability/highly vulnerable areas will be con-

verted to perennial vegetation or winter cover. Farmer partners will convert desired areas and we 

will assess changes in performance over time (OBJ 2.2). Task 2.4.5. Researchers/graduate/under-

graduates will meet informally on an annual basis with farmer partners (at their farms) to discuss 

their individual biomass crop yield, soil and nutrient retention, and other issues of interest identi-

fied in farmer leadership circles, creating  a feedback loop for researchers and farmer partners. 

Task 2.4.6. Disseminate project findings through field days (10 in IA, 8 in PA in Y1-Y5), webi-

nars (1 per year), and presentations (7 presentations per state annually in Y2-Y5). Field days, 
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webinars, and presentations will focus on various components of the project for a total of 56 

presentations given at the multiple conferences and educational series conducted by Extension in 

IA and PA. Task 2.4.7. Conduct 1 short course on the AD bioeconomy for soil and water CCA 

credit in PA where there are many active digesters.  

Outputs: 8 listening sessions, 8 RNRs, 10 on-farm demonstration sites, 2 leadership circle meet-

ings, 50 individual farmer meetings, 40 demonstration farm reports, 16 field days, 56 presenta-

tions, 1 short course. 

Limitations: Farmers may drop out of the program because of time constraints, lack of interest, 

or other factors. We will reduce chances of dropout by providing trained, dedicated project per-

sonnel to foster and maintain farmer relationships. 

GOAL 3 – Advance the biobased value chain through stakeholder engagement 

Effecting change in complex social-agroecological systems requires careful attention to the per-

spectives and interests of stakeholders160,161 and engagement change agents in transdisciplinary 

partnerships that build pathways to change.162 Goal 3 will complement Goal 2 work with farmers 

and their local advisors by engaging value chain stakeholders in: (1) iterative processes that ad-

vance shared visions for investment, infrastructure, market, and workforce development in the 

new value chain; (2) evaluation of feasibility of alternative value chain scenarios; and (3) work 

toward consensus on policy and actions needed to transform the value chain. 

OBJ 3.1. Engage stakeholders toward a shared vision for value chain transformation (Ar-

buckle, Hinrichs, Fowler) 
Rationale: State-of-the art stakeholder engagement processes employ complementary qualitative 

methods to conduct comprehensive assessments of contextual factors that may influence stake-

holders’ willingness to participate.163,164 Such baseline assessments, in turn, inform social learn-

ing processes that bring key stakeholders together in facilitated spaces to employ data, predictive 

models, preference deliberation, consensus-building, and creativity to work toward shared vi-

sions and commitments to actions.69,70,163,165–167  

Question: How will stakeholders’ perspectives and interests regarding different potential value 

chain pathways coalesce (or not) into shared visions of a new biobased value chain?  

Methods/Work Plan: OBJ 3.1.1. Conduct in-depth interviews with key actors (~50) to assess per-

spectives on potential biobased value chain transformation pathways. Actors will include: (1) 

private sector firms including farm management (e.g., Peoples Company) agronomic input and 

service suppliers (e.g., Land O’Lakes WinField), livestock integrators and processors (e.g., 

Smithfield), grain handlers and processors (e.g., Feed Energy), and biofuels/products firms (e.g., 

Dominion Energy); (2) public sector actors (agricultural and conservation agencies, Extension, 

municipalities); and (3) NGOs (farmer organizations, commodity groups, rural economic devel-

opment, and environmental groups. Task 3.1.2. Analyze stakeholder interviews from Task 3.1.1 

and synthesize with results from OBJ 2.4 farmer/advisor assessments to inform two sets of work-

shops. Task 3.1.3. Convene key actors interviewed in Task 3.1.1 for a first round of value chain 

workshops (1 in IA, 1 in PA) to construct 2-4 value chain scenarios. Task 3.1.4. Provide results 

from interviews and workshops to OBJ 3.2 investigators to conduct post-workshop integrated 

modeling analyses of regional impacts of scenarios. Task 3.1.5. Conduct workshops 2 (1 in IA, 1 

in PA) to facilitate (1) key actors’ review of modeled impacts of scenarios to build consensus on 

value chain transitions, and (2) a white paper outlining policy changes to catalyze rapid develop-

ment of the new value chain.  

Outputs: 1 interview database, 4 workshop transcripts, 1 workshop report, 1 policy white paper. 



16 
 

Limitations: Because social learning activities require stakeholder willingness to participate con-

structively, a potential limitation/pitfall is refusal to participate or inability to come to consensus. 

In that case, we will purposefully select a small but diverse panel of experts (3-5) from workshop 

participants to constructively help us improve a set of illustrative, contrasting scenarios.  

OBJ 3.2 Quantify the value of products and services derived from the new value chain 

(Tyndall, Swenson, Niemi) 

Rationale: Calibrating integrated modeling platforms with our stakeholder data leads to more ro-

bust predictions of social-agroecological system transformations, and can guide both consensus 

and policies for an emerging bioeconomy.168 Likewise, comprehensive private financial and pub-

lic economic understanding is required for stakeholder buy-in, public/private investment and 

business emergence, infrastructure expansion, and integrative policy.169,170  

Question: What value/tradeoffs/risks do alternative value chains offer for society?  

Methods and Work Plan: Task 3.2.1. Integrate stakeholder data from OBJ 2.4 and OBJ 3.1 to de-

velop alternative potential land use configurations. Task 3.2.2. Input-output171 and ecosystem 

service modeling172 will combine alternative land use data layers from stakeholder workshops 

(OBJ 3.1) with production and financial data associated with new cropping choices (OBJ 2.1, 

2.3) and feedstock bioprocessing systems (OBJ 1.1) to determine primary and secondary regional 

economic outcomes. Compare results for current and alternative value chains to determine 

changes in regional economic activity. Sensitivity analysis will be based on variable market 

prices, yield conditions, discount rates, and farmer participation to explore system conditions un-

der risk and uncertainty stressors. Conduct a public benefit-to-cost assessment on ecosystem ser-

vice outcomes characterized, scaled, and measured in GOALS 1 and 2. Updated regionally 

relevant benefit-transfer data173 will monetize social benefits of enhanced ecosystem functional-

ity including nutrient retention and carbon storage. Task 3.2.3. Integrate model outputs to charac-

terize system gaps between current and alternative pathways articulated by OBJ 3.1 stakeholders. 

Outputs: 3 primary data sets (system economic multipliers, regional feedstock enterprise budg-

ets, meta-analysis data for regional benefit transfer purposes); a comprehensive economic impact 

analysis; 3 reports detailing a private farm-scale financial analysis, an overview and monetiza-

tion of social benefits, and an integrated benefit to cost assessment of various land use scenarios.  

Limitations: This integrated assessment depends on inputs from many other areas of the project. 

Regular meetings will ensure timely data sharing. 

OBJ 3.3 – Cultivate next generation leadership for the value chain (Schulte Moore, Hill, 

Campbell, Gagnon, Johnson, Kimle, Richard)  

Rationale: The problems and potential solutions described in this proposal are transdisciplinary, 

complex, and challenging. They are also interesting and accessible for younger learners.174,175 

We will prepare the next generation of bioeconomy professionals by leveraging existing ISU and 

PSU education programs involving precollege students and teachers and undergraduates with 

university research and entrepreneurial activities. ISU’s Science Bound program and PSU’s Cen-

ter for Science And The Schools (CSATS) engage precollege teachers and students, particularly 

those from traditionally underserved rural and urban communities, to develop the talent pipeline 

coming into universities. ISU’s Agricultural Entrepreneurship Initiative and PSU’s Entrepreneur-

ship and Innovation train and mentor students to bring innovations to the marketplace. Educa-

tional activities will parallel the research activities of C-CHANGE faculty, staff, and industry 

partners, but appropriately complex for the respective participants.  



17 
 

Methods/Work Plan: Task 3.3.1. Starting in Y1, collaborate with professionals in communica-

tions, web design, videography, and animation to generate educational materials for use in for-

mal and non-formal educational settings, as well as through mass media. Materials will include a 

graphics, visualizations, and videos that clearly explain AD and associated products, bioproduct 

engineering, herbaceous biomass crops, modeling, and other project topics. Videos will feature 

students where appropriate and permitted. Task 3.3.2. Engage middle and high school teachers 

and students from underserved populations in urban and rural settings in projects that utilize C-

CHANGE as a means of teaching disciplinary STEM content. In Iowa in Y1-Y5, 650 high 

school and middle school students participating in ISU’s Science Bound program will engage in 

capstone projects that can be entered in their school and district science fairs. Twenty-five ISU 

undergraduates (C-CHANGE Ambassadors) will help guide the students in these projects serv-

ing as mentors and advisors. In Pennsylvania in Y1-Y2, four precollege teachers will be hosted 

by C-CHANGE faculty and closely mentored by their graduate students in PSU CSATS’ 6-week 

Research Experiences for Teachers (RET). These teachers will be integrated into an existing 

RET program and will assist CSATS and C-CHANGE faculty and graduate students in develop-

ing and implementing weeklong workshops for 51 teachers in Y3-5, incorporating some of the 

curriculum developed during their RETs, which will be based on the content and practices in-

volved in C-CHANGE. Each teacher reaches an average of 120 students, for a total reach of 

6,600 students. Task 3.3.3. Update education modules annually in Y2-Y5 based on evaluation 

information. Task 3.3.4. Place 10 (5 in IA, 5 in PA) high school students per year for Y1-Y5 

with university researchers and instructors through summer programs (CyBound at ISU, Central 

Pennsylvania Institute of Science and Technology, a local career and technical school for high 

school and adult learners in PA). The high school students will participate in trainings, lab exper-

iments, field data collection, data entry, and outreach events. Students will receive training in in-

novation and entrepreneurship through Change Maker Academy at ISU and Ag Springboard at 

PSU. Task 3.3.5. In each year of the project, 6 or more undergraduates will participate in a year-

long entrepreneurship program at each university: Change Maker Academy at ISU, Ag Spring-

board at PSU. Student teams will be mentored by faculty in ISU’s Agricultural Entrepreneurship 

Initiative and PSU’s Entrepreneurship and Innovation Program to bring their ideas to market. 
Task 3.3.6. Support 12 or more undergraduates annually employed by C-CHANGE. We will 

host monthly round table discussions at ISU and PSU, pairing undergraduates with C-CHANGE 

experts to discuss student professional development, work processes, outputs, and outcomes.  

Outputs: 8 videos, 10 graphics, 3 animations, 8 new education modules, programming for 59 

high school teachers, 7,250 high school students, and 165 undergraduate students. 

Outcomes: A workforce more educated about the bioeconomy supporting an expanded bioecon-

omy that includes the C-CHANGE value chain. 

Limitations: Potential dropout will be minimized by leveraging long-standing programs and their 

relationships with schools (ISU Science Bound, PSU CSATS) and entrepreneurial communities 

(ISU Agricultural Entrepreneurship Initiative, PSU Entrepreneurship and Innovation). 

D. EVALUATION PLAN 

This project will use formative evaluation using multiple methods to provide a positive feedback 

loops for continual improvement to programming in each year of the grant and summative evalu-

ation in the final year.176 All C-CHANGE events will be evaluated with descriptive statistics 

(number of attendees, participant organizational affiliation, number of hours of contact) and use 

of published materials will be tracked through web analytics. Commercialization support short 
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courses will be evaluated through pre/post surveys. Farmer partners will be interviewed by Ex-

tension team members at the beginning, middle, and end of the project to understand individual 

questions, concerns, innovations, and insights. Digester Days and field days will be evaluated by 

Extension team members using ILF’s established four-step protocol177. Education team members 

will conduct a pre-/post-assessments to evaluate participant and host experiences and the devel-

opment of STEM and entrepreneurial identity.175,178,179 Progression of teacher or student work, 

community impact, and understanding of scientific content will further be assessed using experi-

mental logs and posters to code the ideas. The undergraduate intern program will incorporate an 

assessment loop where students regularly meet with their program/research mentors to evaluate 

professional development. Additional evaluation includes self-efficacy assessment (confidence, 

wherewithal) for participants. The external program evaluator will conduct interviews with 50 

team members, collaborators, and event participants annually over the period of 5 years regard-

ing program efficacy and progress toward meeting goals and objectives. The evaluator will pro-

vide annual reports to the team to ensure feedback loops between and alignment across the 

project’s activities, management structures, and outcomes. An end-of-project survey of project 

education and outreach participants (n=400) will additionally be developed and administered in 

Y5, and a summative evaluation report will be delivered.  

E. PROJECT TIME TABLE 
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LOGIC MODEL FOR INTEGRATED PROGRAM 

Project: Schulte et al.: Consortium for Cultivating Human And Naturally reGenerative Enterprises (C-CHANGE) 

Goal: To advance a new biobased value chain based on the production of renewable natural gas (RNG) and associated 

bioproducts through the anaerobic digestion (AD) of diverse feedstocks 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Inputs Activities and Outputs 

Team: Scientists, engineers, 

industry leaders, extension 

specialists, and educators • 
Institutions in 4 states IA (Iowa 

State U., USDA ARS), PA 

(Penn State U.), MO (Roeslein 

Alternative Energy), and OH 

(FDC Enterprises) • Farmer and 

industry cooperators • Data and 

experimental results from 

existing projects 

Institutional support: Research 

infrastructure: equipment, labs, 

and farmland • Teaching, 

Extension, communications staff 

and offices • Entrepreneurial 

programs • Collaboration, data 

management, and publication 

platforms 

External: Evaluator • Advisory 

board • Stakeholder and NGO 

input • Farmer and industry 

expertise and investments • 

Federal/state technical 

assistance • USDA NIFA SAS 

CAP funding 

 

Research: 1 biobased value chain with 1 commercial digester, 3 

field experiments, 10 partner commercial farms, 3 models im-

proved/expanded • 1 project-wide data management system and data 

from: ~7 biobased utilization pathway simulations, ~10 bioproduct 

intensification lab experiments, ~5 pilot digester experiments, 

commercial digester tests, 1000s of cropping systems simulations, 3 

field experiments, 10 farms, 6 focus groups, 50 interviews, 4 

workshops • Stakeholder evaluation of 2-4 alternative value chain 

scenarios • Documented knowledge gains, gaps, and policy options 

through >20 publications, 50 farm reports • Extension: 5 Digester 

Days • 10 webinars • 3 short courses • 3 business case studies, mar-

ket analyses • 1 updated online course • 50 individual farmer meet-

ings • 2 peer-to-peer farmer learning networks • 10 farm demonstra-

tions • 8 listening sessions • 16 farm field days • 8 workshops • 4 

leadership circle meetings • 56 presentations • Education: 2 

expanded high/middle school training programs • 8 new educational 

modules • 2 expanded undergraduate entrepreneurial training 

programs • 60 undergraduate internships • 720 student pro-jects • 

Evaluation: Data from web analytics, event participation, 50 farmer 

interviews, pre/post assessments of 59 teachers and 7,250 students, 

250 interviews and 400 survey of stakeholders • 5 reports 

Participants: Entrepreneurs/businesses involved in rural economic 

development and sustainability • Farmers, farm owners, farm 

advisors, conservation professionals, agricultural businesses • 

Thought, business, and policy leaders • High/middle school teachers 

and students • Undergraduates  

 
 

Situation 

Global human population 

is expected to reach 10 

billion by 2050 • The 

dominant agricultural 

systems that support 7.6 

billion people today are 

challenged by 

diminishing land and 

water resources, climate 

variability, threats of 

disease and pest 

outbreaks, and challenges 

to human health and well-

being • A convergence of 

science, technology and 

policy is needed to solve 

these challenges • Any 

new systems approach 

will need to significantly 

improve the supply of 

affordable, safe, 

nutritious, and accessible 

agricultural products, 

while fostering economic 

development and rural 

prosperity in America 



LOGIC MODEL FOR INTEGRATED PROGRAM 

 

 

Assumptions:  

The AD of herbaceous biomass with manure will improve the 

productivity, profitability, and sustainability of agricultural 

systems • Intensification and modularization will advance the 

AD of distributed herbaceous feedstocks and increase 

profitability of biobased supply chains • Coordinated research, 

education, and extension will accelerate the transformation to 

more productive, profitable, sustainable agricultural systems 

External Factors: 

Stakeholders willingness to participate in new biobased value 

chain • Fluctuating market support for row crops (i.e., trade 

restrictions) • Major changes in federal regulations dis-

/incentivizing production of biorenewables • Major changes to 

California’s Low Carbon Fuel Standard • Accelerated changes 

in weather impede/prevent economically viable crop 

production 

Outcomes 
                       Short Term                                                           Medium Term                       Long Term 

   

Anaerobic digestion (AD) of herbaceous feedstocks with 

manure is a proven strategy for (1) producing bioproducts 

with improved functionality, increased revenues, and 

reduced cost over incumbent products; (2) producing 

beneficial ecosystem services, including improved water 

quality, improved life cycle emissions, and nutrient use 

reduction; and (3) alleviating technical, economic, social, 

and behavioral barriers leading to bioeconomic devel-

opment • Increased bioeconomic content skill sets/ 

knowledge among agricultural, energy, and ecosystem 

service entrepreneurs; farmers, farm owners, farm 

advisors, conservation professionals, agricultural 

businesses; thought, business, and policy leaders; 

high/middle school teachers/students; undergraduates • 

Increased biomass conversion efficiencies • Increased 

success of existing on-farm digesters • Increase in the 

number of farmers in focal regions using subfield 

management decision tools and practices • Increase in 

crop productivity/farm profitability  

 

Improved human-health, 

economic prosperity, 

energy security, and 

ecosystem resources in 

the Upper Midwest and 

Mid-Atlantic regions •A 

society more educated 

about and supporting an 

expanded bioeconomy • 

The expansion of the 

value chain to other 

regions • A national 

supply of affordable, 

safe, nutritious, and 

accessible agricultural 

products • A prosperous 

rural America • A model 

for what can be done 

elsewhere 

 

  

 

 

Science-based decision making about 

the bioeconomy by farmers, farm 

owners, entrepreneurs, industries, 

teachers,  students, and societal 

stakeholders that improves their lives 

and livelihoods • New investments and 

policies to remove key technical, social, 

behavioral, and economic barriers to 

implementing the new value chain • 

Increased number of on-farm digesters • 

Increased number of famers in focal 

regions growing biomass crops • 

Innovation to widely expand the number 

of new value-added biobased products 

from the value chain • Expansion of 

existing and/or development of new 

businesses and value-added agricultural 

markets • Creation of new, permanent, 

technical rural jobs as a result of project 



 




