
Photo: H. Raab

2nd Northwest Wood-Based Biofuels & Co-Products Conference, Seattle, WA, May 4, 2016

IMPACTS OF CO-PRODUCT 
OPERATIONAL FLEXIBILITY ON 
BIOFUEL ENVIRONMENTAL 
PERFORMANCE

Rylie Pelton, Taegon Kim, Timothy M. Smith



CO-PRODUCTS ROLE IN BIO-REFINERIES
• ECONOMICS

“The economics of bio-refineries are dependent on the 
production of co-products…to provide revenue streams 
that offset processing costs.” – Kamm 2012 

(Fiorentino et al 2014; Contana et al 2014; Jong et al 
2012; Wang et al 2011; Luo et al 2010; Davis et al 2013)

• ENVIRONMENT
Co-products can have a large influence on the 
environmental performance of biofuels, depending on 
application, quantity and allocation methods used. 

(Davis et al 2013; Cherubini et al 2011; Wang et al 
2011; Malca and Friere 2006; Allen et al 2010; 
Contreras et al 2009)



Renewable  
(20% impact reduction)

Cellulosic Biofuel  
(60% impact reduction)

Biomass-based Diesel
(50% impact reduction)

Advanced Biofuel
(50% impact reduction)

Biofuels are the only regulated product to meet GHG reduction targets.
• Biofuel products are the ’main’ products for GHG accounting.

RENEWABLE FUELS STANDARD (2009-2022)

Market mechanism of RFS 
(RINs) are dynamic!!!



HIERARCHY FOR ALLOCATING ENVIRONMENTAL 
IMPACTS IN MULTI-PRODUCT BIOREFINERY 
SYSTEMS
1. Avoid Allocation (subdivide processes)

2. Displacement/Substitution (account for avoided impact of 
displaced products, credits/debits given to main product)
• For co-products that substitute for conventional products

3. Allocation based on physical relationships (e.g. mass or energy)
• For co-products with established markets
• For multi-product output processes



ALLOCATION IMPACTS ON BIOFUEL GHG 
PERFORMANCE

Case 1: Operational Variability of Co-Product Production Mix
• Maximizing gross profits under varying market conditions and production 

scenarios. 
• Demonstration: Cellulosic (NARA) biorefinery at typical 2014 market conditions

Case 2: Operational Variability of Sourcing and Co-Product Displacement
• Spatially explicit for feedstock sourcing and co-product displacement credits 

impact on biofuel GHG performance.
• Demonstration: Corn Ethanol facility-level assessment based on spatially-explicit 

parameterized inputs and DDGS displacement credit



ALLOCATION RULES APPLIED TO CELLULOSIC BIOREFINERY



CELLULOSIC BIOREFINERY PRODUCT PORTFOLIO 
POSSIBILITIES

Portfolio output 
dependent on 
market conditions



Maximize =     aOYO – bIZI (Revenue – Costs)
Gross Profit

Subject to:      YO – cMXM ≤ 0     (Sales cannot exceed production)
dMXM – ZI ≤ 0      (Use of input cannot exceed purchase of input)
dM XM ≤  b      (Use of input cannot exceed endowment of input)

Coefficients of Production
ao = Price per unit of product ON

bI= Cost per unit of input IN

cM = Output per unit of production activity M
dM = Input per unit of production activity M
b = Endowment on input IN

Decision Variables
XM = Amount of production activity to produce product ON

YO = Amount of sales output of product ON

ZI = Purchased inputs required for production activity XM

ECONOMIC OPTIMIZATION (LINEAR PROGRAMMING)

 Varies based on Market Conditions



Output Market Assumption

Jet Fuel ($/ton) 704

RIN ($/ton jet fuel) 560

Gasoline ($/ton) 796

RIN ($/ton Gasoline) 622

Ethanol ($/ton) 712

RIN ($/ton Ethanol) 407

Activated Carbon 
($/ton)

2623

Paraxylene ($/ton) 1603

Isobutanol ($/ton) 1342

Cement Dispersant
(50%MC) ($/ton)

143

Cement Dispersant 
(7% MC) ($/ton)

650

Char ($/ton) 2486

Fly Ash ($/ton) 24

Inputs Market Assumption

Wood ($/ton) 67

Natural Gas ($/m3) .155

Hog Fuel ($/ton) 45

Biogas ($/m3) .512

Hydrogen ($/ ) 3840

Electricity ($/Mwh) 90

Wind Electricity
($/Mwh)

103

MARKET ASSUMPTIONS FOR CO-PRODUCT PORTFOLIOS
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IPK % Reduction in GHG emissions 
compared to fossil kerosene  
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IPK GHG (inc. distribution) and Displacement Credits

Jet Fuel Isobutanol Gasoline Char Activated Carbon Cement Dispersant (dried)
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Economic Optimal Outputs

Jet Fuel (tons) Isobutanol (tons) Gasoline (tons)

Char (tons) Activated Carbon (tons) Cement Dispersant (dried)

0 Gal IPK 5M Gal IPK 10M Gal IPK 15M Gal IPK

ENVIRONMENTAL PERFORMANCE OF ECONOMICALLY OPTIMAL CO-PRODUCT 
PORTFOLIOS

0 Gal IPK 5M Gal IPK 10M Gal IPK 15M Gal IPK

Advanced Biofuel Reduction Threshold

19M Gal IPK 19M Gal IPK

$239.9M $222.0M
$204.1M $188.7M

$171.9M
($131.2M)



ALLOCATION IMPACTS ON BIOFUEL GHG 
PERFORMANCE

Case 1: Operational Variability of Co-Product Production Mix
• Maximizing gross profits under varying market conditions and production 

scenarios. 
• Demonstration: Cellulosic (NARA-like) biorefinery at typical 2014 market 

conditions under varying IPK (Bio-Jet) Fuel production constraints

Case 2: Operational Variability of Sourcing and Co-Product Displacement
• Spatially explicit for feedstock sourcing and co-product displacement credits 

impact on biofuel GHG performance.
• Demonstration: Corn Ethanol facility-level assessment based on spatially-explicit 

parameterized inputs and DDGS displacement credit



CORN SUPPLY NETWORKS

https://foodscube.umn.edu

http://www.foodscube.umn.edu/


ETHANOL PRODUCTION SOURCES HIGH AND 
LOW CARBON FEEDSTOCK (CORN)



1/3 OF THE ETHANOL PLANTS CAN NOT MEET RFS 
20% THRESHOLD BASED ON THE CORN SUPPLY
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DDGS: DISPLACEMENT FOR FEEDS

Demand
Type

DDGS displacement ratio
(kg/kg co-product)

Beef 1.203

Swine 0.577

Poultry 0.552

Others* 0.788

Exports 0.775

(Arora et al., 2010)
* Aggregated values for domestic market



SPATIAL DISTRIBUTION OF DDGS DEMAND

Beef Hog
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VARIATION OF GHG IMPACT AMONG PLANTS

62 (-34%) 72.2 (-23%) 58.4 (-38%) 66.6 (-29%) 120.3 (+28%)

(Wang et al., 2012; Arora et al., 2010; Bremer et al., 2010)
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FINAL THOUGHTS
• Operational decisions have consequences to both economic and 

environmental performance.

• EPA’s current approach to certifying technology pathways for RFS 
compliance likely needs refinement within advanced bio-refinery contexts.

• Spatial variability is not only an issue with regard to feedstock inputs, but 
also in the assignment of displacement credits to biofuels – this will likely be 
of increasing importance in systems where co-product production is more 
pronounced.
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