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1.1 Preface
This report describes the activities in the BESTF3 project SEGRABIO in the period 26/10-2016         to 28/2-2019
The project was terminated when approx. half the budget was consumed.
The reason for termination was partly that the 2G bioethanol technology to which this was developing technology in the project period showed unsuccesfull results. 

These unsuccesfull results made the primary scope of the project less relevant and difficult to commercialise the results of the project.  
As the market for the technology faded out the project corporation became less enthusiastic. 

It was then decided to terminate the project. 

The consequence of that is that the marketing and implementation activities have not or only very little carried out 
1,2 Short description of project objective and results 
The objectives of this project SECOND GRADE  BIOMASS are to:

· Develop and demonstrate the production of bioethanol and biogas from second-grade and low-cost biomass

· Show high energy efficiency by verifying synergies from integrated biogas and bioethanol production

· Improve critical components for pressurized acid hydrolysis

It has been shown that it is possible to produce sugar and biogas from washed manure. 

The potential of energy from solid manure has been verified.

A continuous manure washing principle has been developed in a prototype design 

A screew plug feeder, with a new plug control principle, for wet straw has been developed and tested against 20 bar and 200 C steam in laboratory scale. The feeder has been upscaled to 1000 kg pr hour in industrial design. 
This design have proved to be efficient when feeding straw into liquid reactors.

Formålet dette projekt SECOND GRADE BIOMASS har været at:
· Udvikle og demonstrereproduktion af bioethanol og biogas u fra 2 klasses og lav kvalitets biomasser
· Eftervise en høj energi effektivitet ved synergier ved at integrere biogas og bioethanol produktion
· Forbedre kritiske komponenter – mekanisk indfødning -  til tryksat syre hydrolyse
Det er vist at det er muligt at producere sukker og biogas ud fra dybstrøelse der er vasket
Energipotentialet i dybstrøelse i måtten i stalden er målt og eftervist.
Der er udviklet en kontinuert vaskemaskine til dybstrøelse til prototype stadie,

Der er udviklet en skrue prop føder der dels er tested mod 20 bar og 200 C damp på en laboratorie hydrolyse enhed og dels er opskaleret til en kapacitet på 1000 kg pr time i industriel kvalitet. 

Det indfødningsprincip har vist sig at være effektivt til at indfødehalm til biogas anlæg
1,3 Executive summary
Project management 
The activities that has been performend in the project is shown in the table below.
	No. 
	Work package title 
	WP leader (person, organization) 
	Partners involved 

	1 
	Project management 
	Thomas Koch, TKE 
	TKE, LB, LK, and LU 

	2 
	Design and construction of feeder and manure washing plant
	Thomas Koch, TKE 
	TKE, LB, and LU 

	3 
	Installation and commissioning 
	Lars Kristensen, LB 
	LB, TKE, and LU 

	4 
	Operation and optimization 
	Lars Kristensen, LB 
	LB, TKE, and LU 

	5 
	Optimization of pretreatment parameters on bench scale for mixed feedstock consisting of straw and animal bedding 
	Ola Wallberg, LU 
	LU and TKE 

	6 
	Development of fermentation and co-fermentation strategies for pretreated mixed feedstock on laboratory and bench scales 
	Ola Wallberg, LU 
	LU and TKE 

	7 
	Evaluation and dissemination 
	Anders Holm, LK 
	LK, LB, LU, and TKE 


During the project period the market for 2G bioethanol have had difficult conditions. Mostly due to the fact that results in the demonstrations plants all over the world have not shown promising results. The consequences of that is that the chances for commerlisations of the technology developed in the project are reduced. 

A number of alternative possibilities such as feeding of straw to biogas plants have been investigated with no success. The explanation from the biogas plant manufactures was uncertainty about future level of support for the technology. 

It was decided to terminate the project when approx. 50 % of the budget was spend. 
Design and construction of feeder and manure washing plant
The design and construction activities in the SEGRABIO project have resulted in the development of the 3 following technologies:

·                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                           10 kg/h feeder for Lund’s University hydrolysis pre-treatment lab facility
· 1 T/h straw feeder for hydrolysis pre-treatment

· 1 T/h animal litter separation and washing process

A New plug control system has been developed. It consists of the friction control system that was developed in an EFP project 20 years ago and system that can vary the length of the sealing plug during operation.
The plugfeeder can, with the same geometry, form a plug from loose dry straw and wet straw.
The 10 kg/h feeder has been tested during hot operation and has proven to work satisfactorily.
This feeder has been upscaled to a 1 t/hour version and tested against cold pressure. There are no signs that we have reached the maximal size of the sealing plug.
A 1ons/pr hour manure washing machine have been developed to a prototype stage. Numerous technical challeges have been solved. Most of them relating to foreign matters and big lumps of the manure.

There is still some development until this principle can work at industrial level.
Optimization of pretreatment parameters on bench scale for mixed feedstock consisting of straw and animal bedding
Animal bedding from a dairy farm at Lille Skensved, a small town close to Køge (Denmark), was studied. The barn has a rectangular shape, approximately 600 m2, hosts 150 dairy cows in loose housing regime and approximately 500 ton of straw per year are used as bedding
We have investigated and quantified the heterogeneity of animal bedding, and discussed its impact on bioenergy production. The results show that the heterogeneous nature of animal bedding originates from the fact that the material is a combination of several layers at different stages of degradation. These layers exhibit differences in both their washing and composition. It appears that washing is modified as a result of changes in the removal rate of the organic fraction of the manure. Regarding compositional differences, increasing the residence time in the barn not only increases the manure/straw ratio in animal bedding, but also modifies the composition of both the straw and manure: altering the organic fraction in manure and decreasing the content of fermentable carbohydrates in the straw. These changes result in a reduction in the quality of the material that influences its potential for bioenergy production, and suggest that farmers could increase the value of their residue by cleaning the barn more often. Furthermore, changes in the composition of animal bedding will also affect the best way to process the material, which means that operations at the farm would affect the design of the biorefinery. In terms of the C/N ratio, the results of this study suggest that high-quality bedding could be processed in a biorefinery where the carbon and nitrogen are separated, however, above a certain degree of degradation it would be more suitable to use the material directly for biogas production.
The composition of the raw material and the fibre fraction after washing in a concrete mixer with room temperature water, Fermentable carbohydrates accounted for almost 40% of the dry mass of the material, which proves that animal bedding could become an important source of substrate for bioethanol production. Moreover, 30% of the dry mass (the organic part of the manure) could potentially be used as substrate for biogas production, which shows the high potential of this material as a resource for bioenergy production, since approximately 70% of its dry mass could be used for this purpose.
Development of fermentation and co-fermentation strategies for pretreated mixed feedstock on laboratory and bench scales 
The pretreated material for each of the conditions tested in the steam explosion was converted into ethanol through SSF and the obtained yield in each case is displayed in Table 5. The ethanol yield ranged from 36.3% to 69.3% depending on the pretreatment conditions and the maximum error between duplicates, obtained for conditions 2 and 8, was 0.03 g ethanol/g glucose in the washed fiber. 

Design of experiments together with response-surface modelling was used to optimize the pretreatment conditions in order to maximize the ethanol yield from animal bedding. The optimal condition was 200 °C, 5 min and pH 2, at which an ethanol yield of 69.3% was obtained. It seems that the yield delivered by steam explosion is higher than the one obtained for other pretreatment technologies previously tested and it is in the same range as the one for steam-exploded wheat straw. This means that steam explosion could be a possibility to unlock cow manure as a resource for bioenergy production, as it allows reaching the same conversion efficiencies than for higher quality feedstocks.

1,4 Project objectives

The overall aim of the project is to develop and demonstrate a process that can convert agricultural waste into bioethanol and biogas with high energy efficiency.

The objectives of this project are to:

· Develop and demonstrate the production of bioethanol and biogas from second-grade and low-cost biomass

· Show high energy efficiency by verifying synergies from integrated biogas and bioethanol production

· Improve critical components for pressurized acid hydrolysis

The proposed process is shown in Figure 1 below:

[image: image1.emf]
Figure 1. Block flow diagram and energy balance of the proposed process.

The results from this project will be:

· A reduction in the production costs of 2G ethanol production of 20% to 30% compared with state-of-the art technology

· The possibility to generate ethanol and biogas in smaller plants at competitive prices

· The possibility to use low-cost agricultural waste, such as second-grade straw and animal bedding, for the production of 2G ethanol and biogas. 

Second-grade straw, animal bedding, and solid manure, consist of a mixture of straw, liquids, urine, and feces. The urine and feces are suitable for biogas production, and the fibrous fraction that contains the straw and cellulose can be used to generate ethanol.

The objective of using cheaper raw materials will be achieved by developing a new, innovative feedstock conditioning and separation technology for biomass. This technology will comprise a robust “farm-like” solid manure spreader, a wet-mixing stage in which all of the biomass is preprocessed, and a mechanical separation stage (Figure 2).
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Figure 2. Sketch of the proposed technology for this project

The second-grade straw bales and animal bedding/solid manure are placed onto a belt conveyer (1). The straw manure spreader delivers the biomass to a basin (2) that contains water or degassed manure from the biogas plant; the residence time for the biomass at this step is estimated to be 1–5 hours to ensure that the biomass is wetted. The biomass is wetted to 12% to 30% dry matter by spraying the degassed manure onto the biomass and stirring the basin. The biomass obtains a fairly uniform texture that can be handled by a

robust transport screw.

· The wet-mixing stage has 3 functions:

· The most important function is to ensure that the biomass is soaked thoroughly.

· Most of the foreign matter will sink to the bottom of the basin(s) and will be removed from there.
The texture of the biomass is homogenized and transported to the mechanical separation stage.

In the hydraulic piston separation stage (3), the biomass is separated into 2 fractions:

· A dry fibrous fraction that is sent to the 2G ethanol process.

· A wet and “muddy” fraction that is delivered to the biogas process.

After the fibrous fraction of the biomass is dewatered to the optimal dry matter content for a particular

biomass, it will be transferred to the acid impregnation tank (5) and then to the thermal acid hydrolysis step.

The wet fraction will be sent directly to the biogas process for digestion.

The preconditioning and separation technology have a significant potential to optimize the mass streams, depending on the types of raw materials that are available.

The homogenized biomass/manure is delivered to the hydraulic piston separation stage (3), in which the soft parts are separated from the fibrous parts. The separator is a hydraulic piston press. The fibrous fraction is sent to the acid impregnation tank (5), in which the fibers are soaked with weak acid, and then dewatered by the dewatering press (4) to the optimal water content for the thermal hydrolysis. In the separation press, water is pressed out of biomass with the soft parts of the biomass. The operating pressure can reach 25 MPa, and the piston speed can be up to 25 mm/s; thus, there is the possibility to accommodate various properties of the fibers and optimize the proportion of dry matter in the fractions.

Due to the high pressure in the separation stage, the water will be distributed evenly throughout the biomass structure that remains in the chamber, ensuring that the biomass that undergoes thermal acid hydrolysis has a moisture content as uniform as possible.

In the hydraulic piston separation stage, it is possible to vary the proportion of dry matter that ends up in the dry and wet fractions and simultaneously alter the dry matter content in the mass flow of the wet (5% to 25% dry matter) and dry fractions (40% to 60% dry matter) within a wide range, thereby increasing the potential of several types of agricultural waste for use as raw materials for an integrated biogas-bioethanol process. The above mentioned control of the separation process is possible, because the biomass/manure mixture has disparate physical behaviors, depending on how fast the piston moves. At slower piston speeds, more dry matter content remains in the dry fraction, but the capacity decreases.

This phenomenon occurs, because the water has time to escape, and mechanical strength can build up in the dry fraction, allowing for higher pressures.

From the separator (4), the dry fraction from the separation stage will advance directly to a thermal acid hydrolysis reactor (7), in which the biomass is hydrolyzed at 170–210°C and 0.7–1.2 MPa in 1–10 minutes in weak acid, and 30% to 40% of the biomass (primarily the cellulose and hemicellulose fraction) is converted into sugar.

The process parameters will be examined in the laboratory thermal hydrolysis unit at LU to obtain the best possible design data for the thermal hydrolysis demonstration unit.

In this project, a sample of the hydrolyzed biomass will be sent to LU to determine the production potential of 2G ethanol. Most of the biomass will be will be delivered directly to the biogas plant, and the residues will be returned to the field.

However, in a future commercial biogas/ethanol plant, the hydrolyzed biomass will be sent for enzymatic hydrolysis and fermentation to ethanol. The residues from the ethanol production will be transferred to the biogas plant and converted to biogas. The residues from the biogas plant, comprising the residues from fermentation, will be dewatered to 45% to 50% dry matter and used to generate process electricity and process heat.

Samples of hydrolyzed biomass from the acid hydrolysis step will be taken, and the ethanol potential will be determined by enzymatic hydrolysis and fermentation in laboratory- and bench-scale reactors. The technoeconomic analysis will entail a parameter study of operation parameters to maximize the value of the products and minimize the fuel costs from the plant. The process parameter studies for enzymatic hydrolysis and fermentation will be examined in laboratory- and bench-scale trials at LU.
1.5 Introduction, background and project execution
The transport sector is one of the major sources of fossil CO2 and is an area of special interest in the strive to reduce CO2 emmisions. Yet, many countries in the EU rely on the cheap transport of people and goods, and restrictions in this area will influence many lives significantly. The availability of locally produced biofuels for transport can to some extent reduce the impact that stricter policies will have. EU is implementing stricter biofuel policies, targeting a reduction in total CO2 emissions to sustainable levels. 

Discussion in the EU concerning mandatory blending in of biofuels has been ongoing for the last 10–15 years. But one of the barriers for the commercial introduction of the technology is the doubt over the actual costs of production of 2G bioethanol. A project that demonstrates that biofuels can be produced at a competitive price will strongly sway the decision to blend in biofuels. 

There are few full-scale 2G ethanol plants worldwide. These plants have been designed for large production volumes to lower their specific capital costs.

“Grøn RoadMap 2030” Ea Energianalyse, Nov 2015, written for the Danish Energy Agency”, states “På nuværende tidspunkt er der en håndfuld større anlæg i Europa (Italien og Finland), USA og Brasilien, men data om produktion og økonomi i disse anlæg har ikke været tilgængeligt for dette projekt.” (“There are no data that are available from a handful of large demonstration plants in Europe and the USA”).

One of the reasons that these plants are struggling is that the operational costs are too high. One of the main capital costs of the bioethanol process is the steam pretreatment equipment, and because this type of machinery is usually found in the pulp and paper industry, the smallest available instrument from traditional machine manufacturers in this industry is designed for a throughput of approximately 25 ton DM/h. Logistically, there is a rationale for smaller-scale production units to limit the transport distance, especially for raw materials with low bulk density, such as straw. The demonstration of a pretreatment technology that operates at lower raw material loadings will promote the introduction of 2G ethanol by: i) reducing the operational costs for raw materials and transport by using cheap bedding material that fits a nutrient recirculation system and ii) decreasing the total investment costs for an ethanol plant while maintaining low production prices, thereby facilitating financing of the production plant.

The environmental requirements on manure handling are large, and municipal regulations have many stipulations regarding storage, covering, smell reduction, and protection against the buildup of insects. All of these restrictions complicate and increase the cost of the workflow for the individual farmer. Concurrently, it is impossible to achieve the desired use of the nutrients (nitrogen) in the field from this fraction, because it is difficult to transform in the soil. Delivery to the field is also difficult and cannot be performed for all types of crops. Thus, the allocation of the product to the field is always compromised.

Overall, the costs for storage, treatment, and spreading to the fields are high, and the benefits to the soil are moderate. Manure/animal bedding is far from reaching its full potential as a fertilizer when it spread on the fields as solid manure. Thus, the main interest from the farmer is to deliver the straw beddings to a bioethanol/biogas plant and receive degassed liquid digestate to spread onto his field, which will be an economic gain for the farmer and an environmental advantage.

Based on this benefit for farmers, they will all be interested in delivering animal bedding to such a plant. Thus, it is expected that the availability of raw materials will be high for a combined bioethanol/biogas plant.

Currently, bedding/manure is stacked on the farm and spread several times per year. These stacks create anaerobic conditions within, and a certain proportion of the energy is released to the atmosphere as methane. As a greenhouse gas, methane is a 25 times stronger than CO2. This reduction of emission of greenhouse gasses alone, can decrease emissions of greenhouse gas by an amount that far exceeds the total emissions from the energy that is produced on the developed plant. 

Compared with the current situation, in which bedding material is distributed as fertilizer, a biofuel production facility will “borrow” the carbon in the bedding material and convert it into valuable fuel components. 

The main difference from today’s utilization of the solid bedding/manure in the farms is that the CO2 and CH4 that is emitted to the atmosphere from the present stacks of manure will be eliminated. The emissions of greenhouse gas will be CO2 from fuel for the transportation sector, The nutrients will be returned to the fields as fertilizer in the degassed manure The extra transport of bedding to the plant will increase CO2 emissions, as will the energy production that is needed for supplying biofuel production facilities with energy for the fractionation and separation processes. However, the latter energy requirement will be supplied by raw materials that are generated through combustion of some of the residues from the bioethanol process, and this energy and the associated CO2 emissions will thus have biogenic origin. As with current biogas plants, with residues and waste as raw materials, bioethanol production will be part of a cyclic system for nutrients while extracting a significant part of the energy that is harbored by the raw material. Compared with today’s practices, the main differences will be an additional short transport and the lack of some carbon being recycled back to the fields with the fertilizer. This emission will be more than pout balanced by the saved emission from the stacks of manure. Furthermore some unprocessed carbon material will be returned to the fields. The latter can be rectified to some extent by retaining more straw in the fields after harvest to maintain the carbon fraction in the soil. 

A cost analysis by Inbicon in 2009 claimed a price of 6.02 DKK/liter, stating that this level creates great uncertainty with regard to the performance of the technology (ref : Samfundsøkonomiske aspekter ved produktion af 2. Generations bioethanol EA Energianalyse 2009). A study from 2015 estimate the price to be 5,8 DKK/liter but points out that there are great uncertainties on the technical performance. In a state-of-the-art plant, approximately 40% of the total production is related to raw material costs (Combined production of biogas and ethanol at high solids loading from wheat straw impregnated with acetic acid: Experimental study and techno-economic, Elisabeth Joelsson, Lund University, 2015). By reducing raw material outlays by 50% to 75%, the production costs of 2G ethanol can be reduced by 20% to 30% to 4.1–4.8 DKK/liter, which can be achieved by developing a new method that uses an unrecognized source of low-quality biomass and simplifying the design of the pretreatment process—a key technology in lignocellulosic ethanol production.

Implementation

The work package is summarized in the table below. Bold indicates the parts lead by Lund University and which was mostly funded by the Swedish part of the project. Italic are the work packages that where mostly affected by the withdrawal of Lemvig Biogas and Lemvig commune. 
	No. 
	Work package title 
	WP leader (person, organization) 
	Partners involved 

	1 
	Project management 
	Thomas Koch, TKE 
	TKE, LB, LK, and LU 

	2 
	Design and construction 
	Thomas Koch, TKE 
	TKE, LB, and LU 

	3 
	Installation and commissioning 
	Lars Kristensen, LB 
	LB, TKE, and LU 

	4 
	Operation and optimization 
	Lars Kristensen, LB 
	LB, TKE, and LU 

	5 
	Optimization of pretreatment parameters on bench scale for mixed feedstock consisting of straw and animal bedding 
	Ola Wallberg, LU 
	LU and TKE 

	6 
	Development of fermentation and co-fermentation strategies for pretreated mixed feedstock on laboratory and bench scales 
	Ola Wallberg, LU 
	LU and TKE 

	7 
	Evaluation and dissemination 
	Anders Holm, LK 
	LK, LB, LU, and TKE 


WP 1 Project management (Thomas Koch, TKE) 
The project will be managed by the commercial partner TKE, which will also oversee the production of the facilities that are tested in this project.  
Task 1.1 Project management 
The project management will focus on close communication between the partners to secure the work flow in the project. 
Task 1.2 Project and quality assurance meetings 
Every 3 months, a project meeting will be held in which the progress of the project is evaluated, centered on an open discussion of the quality of the work that is being performed. 
Task 1.3 Status report 
An annual report is written, based on input from the work packages. 
Task 1.4 Final report 
The final report is written, based on input from the work packages. 
WP 2 Design and construction (Thomas Koch, TKE) 
The semi-industrial facilities will be designed and constructed with a capacity of 1 ton of dry matter per hour. The design experiments and the design and construction will be performed at TKE. 
Task 2.1 Design and construction of hydrolysis design experiments 
Design and construction of small-scale experiments for the inlet and outlet of the hydrolysis facility. 
Task 2.2 Design and construction of pretreatment design experiments 
Design and construction of small-scale experiments for the pretreatment facility, focusing on the screw from the water pool and experiments on the separator with actual biomass. 
Task 2.3 Design experiments 
Completion of small-scale experiments for the hydrolysis and pretreatment facility. 
Task 2.4 Design of hydrolysis facility 
Design of the hydrolysis facility. The design will be based on the results of Task 2.3. 
Task 2.5 Design of acid addition facility 
Design of the acid addition facility, based on the recommendations from Task X.X. 
Task 2.6 Design of pretreatment facility 
Design of the pretreatment facility. The design will be based on the results of Task 2.3. 
Task 2.7 Construction of facilities 
All facilities will be constructed with an expected lifetime of 3000 hours of operation as standalone facilities with an integrated safety system. 
Task 2.8 Debugging of facilities 
All facilities and components will be debugged and tested at TKE before being sent to LB. 
WP 3 Installation and commissioning (Lars A. Kristensen, LB) 
Task 3.1 Installation of auxiliary equipment 
Task 3.2 Installation of pretreatment facility 
Task 3.3 Commissioning of hydrolysis facility 
Task 3.4 Commissioning of acid addition facility 
Task 3.5 Commissioning of pretreatment facility 
WP 4 Operation and optimization (Lars A. Kristensen, LB) 
Task 4.1 Standalone operation of hydrolysis facility 
Task 4.2 Standalone operation of acid addition facility 
Task 4.3 Standalone operation of pretreatment facility 
Task 4.4 Operation of complete facility 
Task 4.5 Optimization of complete facility 
WP 5 Pretreatment experiments on lab and bench scale (Ola Walberg, LU) 
In this WP, the pretreatment conditions will be established to obtain the maximum output in terms of yield, based on the raw material composition, and will be closely associated with WP6. The outcome of the pretreatment will be evaluated using standardized protocols. The experiments will be performed using batch and continuous steam pretreatment (with and without catalyst). 
Task 5.1. Analysis of materials. 
An important aspect of this WP is to analyze the material to determine the overall yields of the main compounds (cellulose, hemicellulose, and lignin) and examine the compounds that might influence the enzymatic hydrolysis step and fermentation. The content of manure can have a negative impact on the fermenting organism; thus, the content of potential inhibitory compounds in the manure must be identified. The presence of nitrogen can benefit the yeast as an additional nutrient, which can help the organism withstand the somewhat toxic compounds in the liquid after steam pretreatment. The chemical composition of the raw material, intermediary solids and liquids, and final products will be analyzed with regard to the main polymers, sugars, and degradation products from the steam pretreatment, such as furfural.  
Task 5.2. Pretreatment of bedding on bench scale. 
Pretreatment will be performed using steam pretreatment of a washed mixture of manure and wheat straw to mimic the procedure in the demo-scale pretreatment reactor (WP2). For efficient hydrolysis and fermentation, the steam pretreatment must yield a material that can be processed with minimal enzyme to maintain costs. Thus, suitable conditions will be established by varying, temperature, residence time, and the addition of catalyst, for example, which will be assessed in WP6.  
WP 6 Hydrolysis and fermentation experiments on lab and bench scale (Ola Walberg, LU) 
Task 6.1 Hydrolysis and fermentation of bench-scale pretreated materials. 
This WP aims to develop enzymatic hydrolysis and fermentation strategies that are efficient for the low-grade biomass that will be used in the project. The experiments will be performed on lab- and bench-scale equipment, and the resulting data will be used in WP7. The yields and product concentrations will be determined regarding ethanol and biogas potential. The pretreated material that is prepared in WP6 will be used to maximize the total energy output in terms of liquid (ethanol), gaseous (biogas), and solid (lignin residue) fuels. Various methods for enzymatic hydrolysis and fermentation will be applied to establish a suitable process configuration that maximizes yields after a reasonable residence time. 
Task 6.2. Hydrolysis and fermentation of demo-scale pretreated materials. 
The material that is processed in the demo-scale hydrolyzer that is described in WP2 will be used to evaluate the methods in WPs 5 and 6. It is vital that the pretreated materials from the demo-scale and bench-scale equipment be compared to adopt the results for use in the techno-economic evaluations. It will be especially important to evaluate material from WP2 regarding its hydrolyzability and fermentability, because it might be less efficiently washed than the material that is produced in WP5. The overall yields will be determined after analyzing such compounds as sugars, by-products, and ethanol. 
Task 6.3. Evaluation of biogas potential after ethanol production. 
The residual materials (solids and liquids) from the ethanol production are likely to contain unfermented sugars, organic acids, and other compounds that can be suitable substrates for biogas production. This aspect will be evaluated by estimating the biogas methane potential using standardized methods. In addition, the total organic content (TOC) will be analyzed and used to estimate the overall energy recovery from the starting material. 
WP 7 Evaluation and dissemination (Anders Holm, LK) 
Task 7.1 Technical evaluation 
Task 7.2 Process evaluation 
Task 7.3 Techno-economic evaluation 
Task 7.4 Scientific dissemination 
Task 7.5 Commercial dissemination 
Project results and dissemination of result
TK Energy’s activities in the SEGRABIO project have resulted in the development of the 3 following technologies:
· 10 kg/h feeder for Lund’s University hydrolysis pre-treatment lab facility

· 1 T/h animal litter separation and washing process

· 1 T/h straw feeder for hydrolysis pre-treatment
The results of these 3 activities are described hereinafter.

10 kg/h feeder for Lund’s University

One of the first tasks of the SEGRABIO project has been the upgrading of Lund’s University hydrolysis pretreatment facility. Experimental pretreatment at lab-scale was essential to the project in order to study and determine the optimal parameters for the hydrolysis pretreatment when processing straw separated and washed from animal bedding.

Lund’s University was initially equipped with a continuous lab-scale hydrolysis pretreatment facility but was facing feeding problems making it difficult and unreliable to run continuous experiments.

TK Energy developed a new feeder for this purpose and integrated it to the existing facility.
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The technology used a screw feeding system generating a sealing plug that can inject biomass into the reactor without letting the process steam leak out. The feeder was made versatile so it has the capability to regulate the sealing plug density and therefore can maintain a stable feeding even if the properties of the biomass are changing or different biomass types are used.
The feeder has 2 mechanisms allowing regulation of the sealing plug density. A system of mechanical jaws applies radial pressure to the biomass at the end of the screw. Actuated by hydraulic cylinders the jaws can generate a plug by reducing the orifice section; the plug density is then maintained by regulating the hydraulic pressure in the cylinders. If the mechanical properties of the biomass are changing and the hydraulic pressure necessary to maintain an optimal sealing plug is getting out the of control range, the axial position of the screw can also be modified. The axial position of the screw changes the length of the sealing plug. By increasing the sealing plug length, the friction increases between the plug and the walls of the feeder, resulting in higher plug density.
The sketch below shows where the pressure is applied to the plug by the jaws (in yellow) and the sealing plug (in red).
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The feeder has been thoroughly tested with straw at 10 kg/h and small wood chips at 20 kg/h. Stable and tight continuous feeding was successfully achieved against steam up to 16 bar and 200°C.

Improvement of the dosing system was also carried out. Modification of a few components improved the accuracy and stability of the biomass intake flow and the integration of load cells gave the possibility to measure the mass flow injected into the reactor.
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The development of this feeding technology was an important milestone for the project, as the continuous pre-treatment facility of Lund’s University was then able to be used for determining the optimal parameters for processing the straw separated from animal bedding and washed. Parameters to be studied and optimized by Lund’s University include the degree of washing required, the percentage and type of acid necessary for the hydrolysis and potentially the moisture content.
1 T/h animal bedding separation and washing process
A separation and washing process was developed at TK Energy’s premises with the purpose of conditioning animal bedding from a dairy farm into 2 separate fractions for further processing for ethanol and biogas production:
· The straw or dry fibrous fraction, containing the cellulose: to be hydrolyzed and fermented into ethanol

· The wet fraction, containing feces and urine: to be digested in a biogas plant.
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The main steps and components of the process are as following:

1. Material intake
2. Stone trap & chain scrapper
3. Straw washing drum

4. Straw dewatering
5. Water flow
The steps are described hereinafter:
a. Material intake

The animal bedding is loaded into a standard agricultural muck spreader. Driven by a tractor’s PTO shaft, the muck spreader moves the litter thanks to a walking floor towards a spreading mechanism located at the back. The spreading mechanism consists of 2 fast rotating horizontal beaters (see below) that distribute the material uniformly. Steel plates have been added around the back of the muck spreader to direct the material downwards into the stone trap.
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The muck spreader has also a dosing function as it determines the mass flow of animal bedding going into the process. This parameter can be changed by adjusting the shaft rotation speed of the tractor and adjusting the speed of the walking floor on the muck spreader.
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Stone trap & chain scrapper
The stone trap is a 10 m3 tank filled with water where the animal bedding is spread into. The first side of the tank, where the material comes in, is equipped with 2 propellers driven by one shaft and generating water circulation around the tank. 

The first propeller, which has 2 small flights, generates the flow required for moving the animal bedding towards the second propeller. The second propeller, bigger and consisting of 3 flights homogenizes the material and helps separate the wet fraction from the straw. Also it generates enough flow to push the straw around to the chain scrapper. The water flow prevents straw from agglomerating on the perforated plate located between the stone trap and the pump compartment, allowing the liquid to flow to the compartment and be pumped.

On the other side of the stone trap, an angled chain scrapper equipped with rows of steel pins catches the straw and conveys it up into the washing drum.
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The stone trap has several functions:

· The main one is to remove stones and other foreign matters from the animal bedding. When spread onto the water of the stone trap, stones sink to the bottom of the tank and can be removed by a screw conveyor (not included here). 
· The stone trap is also a first washing step. Most of the wet fraction (feces & urine) is separated from the straw. The stone trap water is constantly pumped and filtered (cf. next section “3. Water filtration”) from a pump compartment mounted on the side of the stone trap and separated by a perforated plate, letting the liquid going through while keeping the straw in the stone trap.

· The stone trap collects the dirty water from the washing drum, which works at counter current. Therefore, the “dirty” fraction flows back through the inlet of the washing drum and falls back into the stone trap where it is pumped for filtration.
c. Straw washing drum
The straw is conveyed from the stone trap to the washing drum by the chain scrapper. The washing drum is a rotating cylindrical steel pipe with a diameter of 1700 mm and a length of 7000 mm. 
The circular inlet has a diameter of 1500 mm whereas the outlet has a diameter of 1000 mm. The water injected by the outlet flows therefore naturally backwards, exiting the washing drum through the inlet and resulting in the counter current washing.
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Screw flights are welded on the inner side of the drum. The pitch of the screw flights is 1000 mm and their height is 200 mm. When the drum is rotating the screw flights move the straw forward.
In between the screw flights, 100 mm high flat bars (further designated as “splash bars”) are mounted in axial direction. The function of the splash bars is to lift the straw and make it fall back in the water at the bottom in order to improve the washing efficiency, similarly to the way a washing machine works.
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Truck wheel axles, mounted on a frame, are used for bearing and driving the washing drum. A 5 kW electric geared motor mounted on a rear axle drives the washing drum at a speed of 1.5 rpm. On the periphery of the drum, a welded flat ring maintains the axial position by rotating through two small wheels mounted on the frame.
The last section (~1000 mm) of the drum is not equipped with screw flights or splash bars. Instead, 2 larger lifting plates made out of perforated steel sheets are mounted at 180( from each other. Their function is to lift the straw into the screw conveyor located in the center of the washing drum. The holes of the perforated plate ensure most of the water is not transported up into the screw conveyor with the straw.
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d. Straw dewatering
In order to take the washed straw out of the washing drum, a dewatering and conveying screw was built. It is mounted on a frame outside the washing drum but the screw is sticking inside last section of the drum where it collects the straw from the lifting plates.
The dewatering screw is open on the top so the straw can fall into. A compression mechanism consisting of 2 jaws reduces the size of the outlet, resulting in compression of the straw and dewatering. The walls of the dewatering system being made out of perforated plate, the water is squeezed out and falls back into the washing drum.

This way, the washed straw can be dewatered to a dry matter content of approximately 35%.

The dewatering stage is important for the process. The water recovered there stays in the washing process and reduces the amount of fresh water that has to be introduced in the process to maintain a stable water level.

e. Water flow
Water optimization is one of the key parameters of this project. The use of low grade biomass requires water consumption for washing of the dry fraction. Excessive water consumption could affect the interest of the process.
The water flows are illustrated on the sketch below.
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The stone trap is the part of the process where the wet fraction of the feedstock concentrates in water; because it is the first washing step and because counter current washing water falls back into the stone trap.

Therefore the stone trap is where the dirty water is pumped from for filtration and recirculation. There is a pump compartment on the side of the stone trap. This circular compartment is separated from the stone trap by a perforated plate which prevents the straw from going into the pump and potentially stop it. The pump compartment is strategically placed after the second propeller of the stone trap where the water flow is highest in order to keep the perforated clean from solid particles. There is also a 50 mm high gap between the bottom of the stone trap and the perforated plate for allowing the dense part of the wet fraction, looking like sludge, to be pumped and separated from the water.
A 500W submersible pump takes the water into a drum filter. The drum filter has a cylindrical rotating sieve where the liquid to be filtered comes inside. The water goes out through the sieve while the solid particles are retained on the< inner side of the sieve. At the top of the filter, nozzles spray (fresh) water at high speed making the filter cake fall into a conveying screw that takes the solid fraction out of the filter into a separate tank; this fraction is supposed to be digested in a biogas reactor (not included in the facility built). 

Clean water is used for removal of the filter cake from the drum. Spraying with recycled water was also tested but can result in blockage of the small rinsing nozzles.

The filtered water at the outlet of the drum filter falls into an intermediate tank from where it is pumped to the straw washing drum. The pump used is also a standard 500W submersible pump. The recycled water comes into the straw washing drum from its outlet, rinsing the straw at counter current. The water flows back through the washing drum towards the inlet and then falls back into the stone trap. There is also possibility to add fresh water into the washing drum if the process requires additional water.
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The process water is continuously filtered and recirculation resulting in minor water consumption. Only a minor flow of fresh water is added in the drum filter from removal of the filter cake.

An 8 m3 buffer tank is also connected to the stone and ensures water savings during start-up and shutting down of the process. When starting, the drum filter and the washing drum have a lower water level than during steady state, because water needs to be pumped from the stone trap into the drum filter and then to the washing drum. In order to maintain a high water level in the stone trap necessary for its operation, water is pumped from the buffer tank. When stopping the process water falls naturally down from the washing drum into the stone trap. Instead of overflowing the stone trap, the water runs through a wide connecting pipe between towards the buffer tank. This way the buffer tank is refilled and the water can be pumped back at next process start-up, saving a significant amount of water.
Power
The nominal power of the components is summarized in the table below. However, the process power consumption wasn’t measured as the project was stopped prematurely. It can be expected that the power consumption of the separation and washing process is lower than 30 kWh/T of animal bedding.
	Component
	Nominal power (kW)

	Muck spreader
	Powered by tractor

	Propellers
	7.5 kW

	Chain scrapper
	2.2 kW

	Washing drum
	5.5 kW

	Dewatering screw
	3 kW

	Pumps
	3 x 0.5 kW

	Filter
	1.5 kW


1 T/h feeder straw feeder for acid hydrolysis pre-treatment
One of the most significant technological innovations of the SEGRABRIO project was the development of a 1 T/h straw feeder for acid hydrolysis pretreatment. Feeding is usually one of the most challenging parts of pressurized processes for biomass. 
Acid hydrolysis pretreatment aims to break down straw compounds, such as cellulose and hemicellulose, into sugars for further conversion into bioethanol. This reaction occurs by processing straw with acid catalysts and saturated steam typically between 15 and 20 bar, corresponding to a temperature between 200 to 215°C.

The main technical specifications for the feeder were therefore the following:

· Continuous feeding of 1T/h wet straw
· Acid resistant

· Feeding pressure up to 20 bar

· Process temperature up to 215°C
The design of this feeder is inspired by the 10 kg/h feeder developed at the beginning of the project and is described below.
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The technology is a screw plug feeder. Straw is fed into the inlet chamber ( in which a conical screw ( is driven by a gear motor (. The conical screw pre-compresses the straw and transports it towards the plug chamber (. During this process, water is squeezed out of the straw and runs out of the inlet chamber through holes drilled through the bottom.

The plug chamber is equipped with 4 jaws actuated by hydraulic cylinders. By controlling the pressure in the cylinders, the jaws can compress the straw coming out of the screw and generate a sealing plug. If the sealing plug is hard enough, it can seal against downstream process steam.

The plug density can be monitored by measuring the power consumption of the gear motor and adjusted by changing hydraulic pressure of the cylinders in the operating range from 10 to 100 bar.

If the plug is not sealing satisfactorily at hydraulic pressure within the control range, the axial position of the screw can also be modified by another hydraulic cylinder ( placed at the back of the screw. This function allows changing the plug length which has also an effect on plug density and sealing.
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Inlet chamber

The inlet chamber is made out of 8 mm thick acid resistant stainless steel (1.4404). 6 “counter flights” are welded on the inner side of the inlet chamber. Their function is to generate friction between the material to be transported and the inlet chamber, in order to prevent the material from rotating in the screw and not being transported forward. 

The counter flights are made out of 8 mm square steel bars of the same material grade as the walls. They are arranged in a helical way and rotate the opposite direction compared to the screw flights. Their special helical arrangement ensures the most efficient material transportation by having the counter flights always perpendicular to the screw flights. The pitch of the counter flights variates as the screw flights pitch does.
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Screw

As this feeder is designed for straw, the screw is conical for allowing an optimal filling of the screw at the inlet. Straw can easily build bridges but larger pitch and diameter prevent from this phenomenon from happening. Also the conical shape of the screw pre-compresses the straw resulting in a denser and more homogeneous material which eases generation of the sealing plug.
The last flight of the screw faces high friction as it is constantly rotating against the sealing plug. One way of limiting wear on the screw is to make the last flight out of hard metal, as it was done on the 10 kg/h version of the feeder.

Here a new design was experimented where, instead of having a single continuous screw flight, the last 200 mm section consists of 3 screw flights placed at 120° from each other. The idea behind this design was to share the load and friction between the screw flights and extend the lifetime of the screw.
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However the test of this screw was not conclusive as the straw formed a plug within the screw flight. Within the screw flight, it is important that the material is only slightly compressed but not as dense a plug. It is not possible to control density of a plug formed within the screw whereas the control mechanism can easily adjust the plug density after the screw.
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It was decided to remove the 2 extra screw flights (see picture below). This change highly improved the operation of the feeder. The wear issue can be handled by using wear resistant material on the last flight in future production of the feeder.
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Note: This screw was built in steel (S355) for cost savings during this development phase where design changes were potential. It was planned to build a final version in acid resistant stainless steel but it was not yet produced when the project was stopped.
As mentioned, the screw can be moved axially by a hydraulic cylinder located at the back of the gearbox in order to adjust the sealing plug length. The cylinder has an inner diameter of 125 mm and a stroke of 150 mm. The link between the cylinder and the screw is ensured by two spherical roller thrust bearing (SKF 29412E) which allows the cylinder (not rotating) to both pull and push the rotating screw.

Plug chamber

The plug chamber is the most critical part of the feeder. It is the control mechanism for the sealing plug. It has to be able to generate a sealing plug, maintain it during the whole process operation, but also be able to lower the plug density if change in conditions results in a risk of blockage or when the process is shutdown. The plug chamber reliability is essential and must not be affected by the material and/or the process conditions (steam + acid, pressure and temperature).

The plug chamber has 4 jaws for plug density control. They are actuated by Ø50 mm hydraulic cylinder operating in a pressure range from 10 to 100 bars. The cylinders are controlled by the same pump and all apply the same pressure. Pressure is only applied at the back of the cylinders which are moving back only if the force applied to the jaw by the sealing plug is higher than the force applied by the hydraulic pressure. A vent plug is mounted on the front connector of the hydraulic cylinder for letting air in and out. 

The hydraulic pressure set-point depends on the power consumption of the motor, which gives a good idea of the sealing plug density.

The jaws are fitted in a “cage” that prevents the biomass from accumulating behind the jaws and eventually affect its operation. When the jaws are open, the form a smooth conical pipe with the cage (the outlet diameter is larger than the inlet diameter), giving the possibility to the sealing plug to go through the plug chamber without being compressed and therefore resulting in loosening of the plug.
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The plug chamber is crossed by the screw shaft which helps maintaining the sealing plug. The 4 hydraulic cylinders are fitted with stop rings inside so the jaws do not hit the screw shaft when they are fully closed.

Each hydraulic cylinder is also equipped with a nose that is in contact with the jaw. The end of the nose is rounded in order to avoid slippage on the jaw’s contact area. 
Instead of having specially made cylinders that can withstand against external pressure and temperature, it was chosen to use standard cylinders with acid resistant stainless steel rod. For protection against pressure and temperature, a distance piece containing a special shaft seal. This seal made out of Viton material seals against the cylinder’s rod.
Control system

The feeder is controlled by a PLC and a Human Machine Interface.
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The following parameters can be changed:

Screw speed: the gear motor output speed can be controlled via a frequency converter. Tested in a range from 8 to 20 rpm.

Screw position: a 3.3 L/min hydraulic pump dedicated to the back cylinder can move the screw forward and back

Plug chamber hydraulic pressure: a 1.6 L/min hydraulic pump equipped with a proportional control valve drives the control mechanism.

The following data are measured, monitored on the control panel and logged:

· Screw speed from the frequency converter

· Screw motor power consumption from the frequency converter

· Hydraulic pressure back of the screw

· Hydraulic pressure plug chamber

Tests

The following tests were conducted but the amount of documented test results is limited as the feeder was under testing when the project stopped.
1 Standalone test at atmospheric pressure dry and wet straw

2 Coupled with the washing process: test at atmospheric pressure wet straw 1 T/h

3    Coupled with the washing process: feeding of wet straw against 6 bar compressed air 1           T/h for 15 minutes.
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Test of feeder with dry straw
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Test of feeder with wet straw from the washing and separation process
The graph belows shows the power consumption of the screw’s gearmotor as a function of the hydraulic pressure applied to the jaws, controlling the plug density. The parameters for this experiment were as following:

· Atmospheric pressure

· Dry straw

· Screw running at 14 rpm

· [image: image44.jpg]


Plug length of 50 and 100 mm

As expected, the hydraulic pressure applied to the jaw as a significant effect on the power consumption. There is a clear correlation between sealing plug density and power consumption which makes the feeder easy to operate and maintain the sealing plug. 
The hydraulic pressure in the cylinder at the back of the screw was also measured during the tests. Those data give a good estimate of the axial force generated by the sealing plug on the screw. The friction between the screw’s shaft and the gearbox should ideally also be taken into account but is considered negligible here. The two graphs below plot the back pressure and corresponding force as a function of the hydraulic pressure applied to the jaws.
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Similarly to the power consumption, the axial force is also increasing significantly when the pressure in the plug control mechanism increases. 

Another important result is the ability for the feeder to loosen the sealing plug. In order to avoid risks of blockages or for shutting down, it is essential that the design allows to lower the density of the sealing plug or even to completely release it. Several tests were conducted where high density sealing plugs were generated and the hydraulic pressure subsequently released. After a few seconds, loose straw came out of the feeder.
Results – animal bedding
The aim of this study was to explain the variability of animal bedding by proposing the following hypothesis: animal bedding can be described as the linear combination of several layers at different stages of degradation. Each of these layers was analysed separately, as opposed to previous studies where only values for the bulk were presented, to quantify the differences in terms of the washing profile and composition. In addition, we contribute to the discussion on the processing of manure-containing feedstocks by proposing a novel approach based on comparing the C/N ratios in animal bedding with optimal values for biogas production. Based on the implications of this study, it could be said that our new analysis methodology has the potential to be extrapolated to analyse similar materials and investigate other farms.

a. Material and methods

i. Animal bedding collection and sampling

Animal bedding from a dairy farm at Lille Skensved, a small town close to Køge (Denmark), was studied. The barn has a rectangular shape, approximately 600 m2, hosts 150 dairy cows in loose housing regime and approximately 500 ton of straw per year are used as bedding. Samples were collected on three different occasions in September 2016, January 2017 and September 2017. The material was stored frozen before being analysed, according to previous recommendations [1].

On the first two occasions, samples were taken from an outdoor pile where animal bedding was stored after cleaning the barn. Material from these two samples was used to create artificial mixtures of bedding at different stages of degradation in order to test the hypothesis of an ideal mixture. The material collected in September 2016 (S16) had remained in the barn considerably longer than that collected in January 2017 (J17), and can therefore be expected to show a higher degree of degradation. 

The samples collected in September 2017 (S17) were taken from several places in the barn after the accumulation of bedding for 5 weeks. Non-agitated systems can exhibit considerable variability in manure composition [2], and it has therefore been recommended that at least around 40 samples be collected to obtain representative mean values [3]. Following these recommendations, 13 sampling positions were established: 8 around the perimeter of the barn, 1 in the centre and 4 along the diagonals (Figure 1), where the greatest variability was expected [4]. Three different samples were collected at each sampling position: bedding from the top layer, bedding from the middle layer and bedding from the bottom layer. This gives 39 samples in total, which should ensure representability.[image: image14.png]& é b
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Figure 1. Manure sampling positions.

After sample collection, a subsample was taken from each of the 13 positions after thorough mixing of the material in a concrete mixer. The 13 subsamples were then mixed to create an average sample that is representative of the whole barn. This procedure was repeated for each of the three samples from different layers of the bedding, rendering three average samples: top layer, middle layer, and bottom layer.

ii. Characterization of the washing: washing profile and washing efficiency

Four hundred g of wet animal bedding was mixed with 1 L distilled water and then pressed in a filter press at 6 bar to remove the liquid. The procedure was repeated until a total of ten washing cycles had been performed. The weight of the expressed liquid was recorded, and liquid samples were taken for further analysis after each washing cycle.

The results of washing were characterized by two parameters: the mass removed and the washing efficiency. The first is the accumulated mass removed during the ten washing cycles, while the second is the ratio of the mass removed in the nth cycle to the total mass removed in all ten washing cycles (see Eqs. 1 & 2). 
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where, Mliquid,i is the weight of the expressed liquid after washing cycle i; TSi the total solids content of the liquid after washing cycle i; bedding mass is the initial animal bedding weight in the first washing cycle; TSbedding the total solids content of the bedding; Mliquid,n is the weight of the expressed liquid after washing cycle n; and TSn the total solids content of the liquid after washing cycle n.

iii. Compositional analysis

Animal bedding was considered to be a mixture of two components: manure and straw. The manure content in the animal bedding was assumed to be equal to the proportion of mass removed during washing, while the rest was assumed to be straw. Soluble organic carbon from the straw is a source of error in this methodology, but to a minor extent since only a small portion of the soluble organic carbon would be transferred to the liquid when using room temperature water. In fact, the National Renewable Energy Laboratory (NREL) analysis methods recommend the use of much higher temperature (around 100 °C) to successfully extract all these components from the straw [5]. Thus, we consider that our assumption is true as the mentioned effect is negligible.

Each of these fractions was further analysed to determine its chemical composition, and each analysis was performed in triplicate. The composition of the animal bedding was then obtained by multiplying the composition of manure and straw by their respective content in the mixture.

iv. Analysis of the washed straw
The solid material remaining after the ten washing cycles was dried at 45 °C and milled to a particle size of 1 mm prior to analysis using the methodology described by NREL. The ash content was determined by incineration at 575 °C for 3 h [6]. The extractives content corresponded to the mass removed by 24 h of water extraction followed by 24 h of ethanol extraction [5]. Double-step acid hydrolysis was performed on the extracted fibre to determine the content of structural carbohydrates and lignin [7].

The sugar content in the structural carbohydrates and lignin analysis was determined using high-performance anion-exchange chromatography coupled with pulsed amperometric detection. A Dionex system with a Carbo Pac PA1 column, a GP50 gradient pump and an AS50 autosampler were used. The flow rate was 1 mL/min and the solutions used as eluents were: deionized water, 200 mmol/L sodium hydroxide, and 200 mmol/L sodium hydroxide mixed with 170 mmol/L sodium acetate. 

Samples of the washed fibre were sent to an external laboratory, where total carbon and total nitrogen were analysed with a Vario Max CN elemental analyser (Elementar, Langenselbold, Germany). The operating principle of this equipment consists of combusting the sample at 850-1150 °C and analysing the exhaust gas.

v. Analysis of the washing liquid

The total solids (TS) in the washing liquid after each cycle was analysed by drying an aliquot at 105 °C overnight. The resulting solids were incinerated at 575 °C for 3 h to determine the organic matter content. The inorganic matter content was calculated as the difference between the total solids and organic matter content.

Lange cuvette tests (LCK 338 and LCK 138) were used to determine the total nitrogen in the washing liquids. This analysis consists of converting the nitrogen compounds to one species through chemical treatments and subsequently measure the absorbance of this species to determine the nitrogen content. The spectrophotometer used was a Hach Lange DR2800. Total carbon was analysed with a TOC-5050A Shimadzu total organic carbon analyser, equipped with an ASI-5000A autosampler. This analysis is based on combusting the sample at 680 °C and then determining the CO2 content in the exhaust gas.

b. Results and discussion – animal bedding
i. Validation of the ideal mixture hypothesis

Animal bedding was collected on two occasions from an outdoor pile after the barn had been cleaned. The material collected in September 2016 showed a higher degree of degradation than the material collected in January 2017. This is indicated by the higher manure content, as can be seen in Figure 2 (a): S16 contained 52% manure while J17 contained 38%. S16 not only contained more manure, the fibre in this material also showed a higher degree of degradation. For example, S16 contained 18.4% hexoses, while the content in J17 was 27.2% (Table 1). The chemical composition of the samples thus corroborates the visual assessment of the degree of degradation of the materials.
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Figure 2. Washing profiles.

The degree of degradation had a clear effect on the washing of the materials. Manure was removed from S16 at a slower rate than from J17 (Figure 2). J17 showed a high initial washing efficiency, which decreased rapidly after a few washing cycles. 80% of the manure was removed during the first two washing cycles, and only residual amounts were removed in the subsequent cycles. The slower decrease in washing efficiency for S16 indicates that manure was not removed as quickly as from J17 (60% removal in the first two cycles), but that removal was distributed over more washing cycles. This can be seen in Figure 2 (b). 

Since S16 was more degraded than J17, mixing the two materials may provide a mixture that resembles animal bedding in the barn. Figure 3 shows the results obtained for a 50:50 mixture of S16 and J17 during washing, and the predicted values based on the ideal mixture hypothesis (i.e. linear combination). It can be seen that there is good agreement between the experimental and predicted values, which means that the profiles for the 50:50 mixture are the same as the average of the profiles for S16 and J17, thus proving that our hypothesis was correct. A similarly good fit was obtained when performing the same experiment with a 25:75 mixture of S16 and J17 (data not shown), which further confirms our hypothesis. 
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Figure 3. Validation of mixing theory

The results of the chemical analysis provided some evidence that the ideal mixture hypothesis may also apply to the chemical composition (Table 1). However, accurate values were only obtained for the main components in animal bedding: manure, glucan, xylan and lignin, while the determination of minor carbohydrates (galactan, arabinan and mannan), ash and extract​ives was not sufficiently accurate to confirm this. 

Table 1. Predicted and experimental compositions of the 50:50 mixture of S16 and J17 and the experimentally determined compositions of materials S16 and J17
	Content (%TS)
	S16
	J17
	50:50 S16 & J17
Experimental
	50:50 S16 & J17
Predicted

	Total solids
	28.2%
	29.3%
	26.8%
	28.8%

	Manure
	52.0%
	38.1%
	43.9%
	44.9%

	Fibre
	48.0%
	61.9%
	56.1%
	55.1%

	Glucan
	17.8%
	26.3%
	21.3%
	21.9%

	Xylan
	11.4%
	16.6%
	13.9%
	13.9%

	Galactan
	0.1%
	0.3%
	1.3%
	0.2%

	Arabinan
	0.7%
	1.3%
	2.0%
	1.0%

	Mannan
	0.5%
	0.6%
	1.2%
	0.5%

	Lignin
	13.8%
	13.6%
	13.5%
	13.9%

	Ash
	2.8%
	1.8%
	2.1%
	2.4%

	Extractives
	2.5%
	3.8%
	4.3%
	3.1%


The verification of the ideal mixture hypothesis describes the heterogeneity of animal bedding: the properties of animal bedding result from the mixing of several fractions with different properties due to different stages of degradation. The proportion of each of these fractions in the material would be key in assessing the quality of the material, and therefore in establishing its value and possible price. In principle, our findings suggest that it is possible to measure the properties of each fraction and those of the mixture, and then calculate the amount of each fraction in animal bedding using the washing profile and the content of glucan, xylan and lignin. However, due to practical problems during the sampling procedure, it is difficult to validate this principle empirically. In order to validate the principle, it would be needed to develop a sampling method that does not modify the amount of each fraction during the collection, i.e. the amount of each fraction in the sample is the same as in the native material. 

ii. Effect of degree of degradation on washing
After our hypothesis had been verified, material S17 was collected to identify the different fractions in animal bedding and to quantify the differences in their properties. It was observed that each of the layers had a slightly different washing efficiency profile (Figure 4), which confirms that the degree of degradation influences the behaviour of the material during washing. The reproducibility of the analysis was investigated by washing the bottom layer of material S17 twice, where greater variability was expected due to its higher degree of degradation. Due to the lack of replicates in the analysis of other samples, errors could not be calculated, but the small difference between the two replicates from the bottom layer of S17 indicates that these should be small. Thus, the differences are significant compared to the standard deviation, i.e. the different curves do not overlap when considering the standard deviation and therefore it can be said that pure experimental error is not enough to explain such differences, even if they are small.

[image: image19.emf]0%

10%

20%

30%

40%

50%

60%

1 2 3 4 5 6 7 8 9 10

Total washing efficiency (%)

Number of washing cycles

Top layer Middle layer Bottom layer


Figure 4. Washing efficiency of the different layers

It can then be said that manure was removed more efficiently from the top layer than from the middle and bottom layers, which indicates that manure becomes more attached to the straw during degradation of animal bedding, making the washing more difficult. Interestingly, the middle layer showed a lower removal rate than the bottom layer. For example, after two washing cycles, 63% and 73% of the manure had been removed from the middle and bottom layers, respectively. Thus, loss of performance during washing was not proportional to the residence time in the barn. In other words, it is not necessarily true that the longer animal bedding stays in the barn, the more difficult it is to separate the manure from the straw. 

Figure 5 shows the washing efficiency for the inorganic and organic fractions of manure for each of the layers. The removal of inorganic mass was similar in all the layers, but differences were seen in the profiles for organic mass. Furthermore, the patterns for the organic fraction were very similar to those obtained for the washing efficiency based on total mass (Figure 4). These results imply that the heterogeneous behaviour of the layers during washing is due to different degrees of change in the organic fraction of manure. A longer residence time in the barn, and thus a higher degree of degradation, leads to changes in the organic fraction of manure that modify its behaviour during washing, however, differences in the overall removal rate are counterbalanced by the similar behaviour of the inorganic fraction in all three layers.
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Figure 5. Washing efficiency of organic and inorganic matter.

Effect of degree of degradation on bedding composition

Residence time in the barn affects animal bedding composition, as shown by analysis of the fibre and washing liquid after ten washing cycles. The manure content in the bedding was 26%, 36% and 41% in the top, middle and bottom layers (average samples), respectively (Figure 6). This increase in manure content is probably due to the sinking of manure towards the bottom due to gravity. These values are in agreement with compositions reported previously [8,9], and show that the longer the bedding remains in the barn, the higher its manure content or, the lower its fibre content.

[image: image21.emf]0%

20%

40%

60%

80%

100%

Top Middle Bottom

    Ash

    Extractives

    Lignin

    Pentoses

    Hexoses

Manure (inorganic)

Manure (organic)


Figure 6. Compositional analysis of the different layers.

Apart from affecting the content of manure in the mixture, residence time also had an effect on the composition of the manure. The manure composition in each layer was different as residence time did not affect inorganic and organic compounds in the same way. Inorganic compounds increased with increasing residence time, but the highest organic fraction was found in the middle layer, which means that the organic compounds in manure started to decrease after a certain residence time (Figure 6). This could explain the observed pattern in the washing of the layers, i.e. the middle layer was the most difficult to wash because the manure in this layer contained the highest fraction of organic compounds, the washing of which was modified by residence time. The total manure content in the middle layer was approximately 10% more than in the top layer, the main reason being an increase in organic compounds, 9% more than in the top layer (Figure 6). However, the origin of the 5% higher amount of manure in the bottom layer than in the middle layer was that the inorganic fraction increased by 7% while the organic fraction decreased by 2%. A possible explanation of this may be that the methanogenic bacteria present in the manure degrade organic matter to methane and carbon dioxide [10], while inorganic matter (e.g., sand, gravel, stones, etc.) increases due to mixing with soil from the barn [11]. 

The composition of the other component in animal bedding, straw, also underwent changes with increased residence time. The top, middle and bottom layers had hexose contents of 35%, 25% and 22%, and pentose contents of 18%, 14% and 13%, respectively (Figure 6), which are similar to values reported previously [8,9]. This accounts for a variation of almost 20% in the content of fermentable carbohydrates: 13% difference in hexose content and 5% in pentose content. This decrease in fermentable carbohydrates resulted from the combination of two factors: a lower amount of straw in the mixture and a lower amount of fermentable carbohydrates in the straw. The decrease in hexose and pentose contents in the straw could be due to the high cellulolytic activity of microorganisms in rumen fluid, which makes these bacteria very efficient in degrading lignocellulosic material [12,13].

An interesting observation is that the variability in the composition of the animal bedding found in this study was much greater than that in other agricultural waste investigated for bioenergy production. Wheat straw from the same source showed only an 8% variation in fermentable carbohydrate content between different occasions [14,15], which is the same variation as in wheat straw from another source [16,17]. The variations between wheat straw from several sources are also smaller than the variation in animal bedding from the same occasion. Thus, the variability in the composition of feedstock for bioenergy production when using animal bedding can be expected to be more than twice that when using wheat straw. This will have important implications on the planning of biomass supply to the biorefinery as the amount of substrate available for bioenergy production per ton of biomass could vary considerably.

These compositional changes strongly affect the bioenergy potential of animal bedding. During the time spent in the barn, fresh bedding, consisting of straw with some manure (top layer), is transformed into degraded straw with a high manure content (bottom layer). Initially, the loss of bioenergy potential of the straw due to a decrease in its fermentable carbohydrate content would be counteracted by the higher potential of the manure, due to the increase in its organic fraction. However, the organic fraction in manure starts to decrease after a few weeks residence time, which means that the potential of both the straw and manure would decrease, seriously compromising the usability of this feedstock in a biorefinery. This suggests that farmers could increase the value of their waste by cleaning the barn more often, since this would reduce the residence time in the barn, thus avoiding the formation of low-quality fractions, leading to a decrease in bioenergy production, and thus revenue. However, this would lead to higher costs for the farmer, both in terms of raw material and labour.

C/N ratio as an indication of the best processing technology

The analysis of the chemical composition of each layer was complemented with the deter​min​ation of the total carbon and total nitrogen content in order to estimate the C/N ratio. It can be seen from Table 2 that residence time in the barn had little effect on the total carbon and total nitrogen contents of the straw in animal bedding. However, it affected the nitrogen content of the manure; the total nitrogen content almost doubling between the top and bottom layers. This means that the nitrogen content in animal bedding increases with increasing residence time in the barn, due, not only, to an increased manure content, but also to a higher nitrogen content in the manure.

Table 2. Total carbon and total nitrogen contents in each of the layers in material S17
	Content (%TS)
	Top layer
	Middle layer
	Bottom layer

	Manure
	
	
	

	Total carbon
	22.4%
	24.3%
	24.7%

	Total nitrogen
	1.3%
	2.0%
	2.4%

	Straw
	
	
	

	Total carbon
	45.6%
	46.7%
	46.5%

	Total nitrogen
	0.5%
	0.5%
	0.5%


This variation in nitrogen content results in a modification of the C/N ratio in animal bedding, being 56, 38 and 30 for the top, middle and bottom layers, respectively. This difference in C/N ratio affects the suitability of the material for anaerobic digestion, since this process is best operated at a C/N ratio of 25 to 30 [18,19]. Thus, the bottom layer of animal bedding, with the highest degree of degradation, is suitable for anaerobic digestion, in terms of the C/N ratio, while the top and middle layers contain too much carbon.

We therefore suggest that high-quality animal bedding (short time in the barn) be processed using a biorefinery concept in which carbon and nitrogen are separated, for example, by removing the manure through washing with water. If correctly designed, this would render a stream containing mainly carbon with little nitrogen, and the carbohydrates could be hydrolysed without the risk of the Maillard reaction, even if the process is performed at elevated temperatures [20], and another stream with an optimal C/N ratio for anaerobic digestion, which could be used for biogas production. However, above a certain degree of degradation, it seems more suitable to feed the material directly to an anaerobic digester. Further research should be directed towards establishing more appropriate indicators for the quality of animal bedding, and using them together with techno-economic calculations to determine this threshold.

Discussion – animal bedding

In this study, we have investigated and quantified the heterogeneity of animal bedding, and discussed its impact on bioenergy production. The results show that the heterogeneous nature of animal bedding originates from the fact that the material is a combination of several layers at different stages of degradation. These layers exhibit differences in both their washing and composition. It appears that washing is modified as a result of changes in the removal rate of the organic fraction of the manure. Regarding compositional differences, increasing the residence time in the barn not only increases the manure/straw ratio in animal bedding, but also modifies the composition of both the straw and manure: altering the organic fraction in manure and decreasing the content of fermentable carbohydrates in the straw. These changes result in a reduction in the quality of the material that influences its potential for bioenergy production, and suggest that farmers could increase the value of their residue by cleaning the barn more often. Furthermore, changes in the composition of animal bedding will also affect the best way to process the material, which means that operations at the farm would affect the design of the biorefinery. In terms of the C/N ratio, the results of this study suggest that high-quality bedding could be processed in a biorefinery where the carbon and nitrogen are separated, however, above a certain degree of degradation it would be more suitable to use the material directly for biogas production.

Results – Pretreatment and SSF

c. Steam explosion
The washed animal bedding was impregnated with sulfuric acid through soaking it with a dilute sulfuric acid solution for 1 hour. The soaking was performed at a solid-to-liquid ratio of 1:20 and sulfuric acid was added progressively until the desired pH was reached. Different pH levels, from 1.6 to 3.4, were tested according to the experimental design described in section 2.5. The material was pressed at 13 bar in a filter press to remove the liquid and the soaked fiber was left overnight at room temperature in a sealed container prior to steam explosion. 

The soaked fiber was then subjected to steam explosion in a 10 L reactor (Process & Industriteknik AB, Kristianstad, Sweden), which has been described elsewhere [21]. The steam explosion was performed at various conditions, from 186 to 204 °C and 3 to 12 min, according to the experimental design described in section 2.5. The pretreated materials were stored at 4 °C before its further use for analysis or experiments.

d. Simultaneous saccharification and fermentation
The simultaneous saccharification and fermentation (SSF) experiments using the whole pretreated slurry were performed in 2 L Labfors bioreactors with a working weight of 1 kg. Prior to running the experiments, the fermenters with the slurry in it were sterilized (after correcting the pH of the material to 5). A water insoluble solid (WIS) load of 8%, Cellic CTec 2 enzyme cocktail at a load of 0.05 g enzyme/g WIS (which approximately corresponds to 10 FPU/g WIS) and Ethanol Red at a dry weight concentration of 3 g/L was used during the experiments. Due to severe mixing difficulties, mixing at 400 rpm was applied 1 hour after adding the enzymes and the yeast, when the material had been liquefied enough for it to be mixable. The experiments were performed at 35 °C and the pH was maintained at a value of 5 through automatic addition of 10% NaOH solution. The SSF media were supplemented with 0.5 g/L (NH4)2PHO4, 0.025 g/L MgSO4, 1 g/L yeast extract and, to avoid the risk of infection, 10 mg/L streptomycin and 10000 U/L penicillin. All the SSF experiments were performed in duplicate.

The samples obtained from the SSF experiments were centrifuged in 2 mL Eppendorf tubes at 13000 rpm for 5 min. The supernatant was filtered through 0.2 μm syringe filters (GVS North America, Sanford, United States) and stored at -20 °C prior to high-performance liquid chromatography (HPLC) analysis. Ethanol, organic acids and other by-products were analyzed in a Shimadzu LC-20 AD PHLC system equipped with a Shimadzu RID 10A refractive index detector (Shimadzu Corporation, Kyoto, Japan). The chromatography column used was an Aminex HPX-87H with a Cation-H Bio-Rad micro-guard column (Bio-Rad Laboratories, Hercules, United States) at 50 °C and a 5mM sulfuric acid solution was used as eluent at a flow rate of 0.5 mL/min.

e. Yield calculations
The ethanol yield was calculated based on total available glucose in the washed fiber, which corresponds to 1.11 times the amount of glucan in it (due to the addition of water during the hydrolysis). The yield is presented as g ethanol/g glucose in the raw material and also as percentage of the theoretical stoichiometric ethanol yield (0.51 g/g), which were the values used for development of the model described in section 2.6.

f. Experimental design and statistical analysis
The effect of the three pretreatment variables temperature (T), residence time (t) and pH in the soaking (pH) on the ethanol yield were investigated through response-surface methodology. A spherical central composite design was chosen due to its improved performance [22] and four replicates were performed at the center point (195 °C, 7.5 min, pH 2.5), which was chosen based on previously reported optimal conditions for wheat straw [23]. The variables were coded to avoid scale effects influencing the modelling. The coding was based on centering so that the zero value was assigned to the value of the variables at the center point and the rest of the values are calculated based on the following conversion factors: 5 °C/coded unit, 2.5 min/coded unit and 0.5 pH units/coded unit. 3 shows the value of the variables in each of the 18 runs in both uncoded and coded units.

Table 3. Experimental design used to investigate the pretreatment step.
	Condition
	Temperature (°C)
	Residence time (min)
	pH1
	Coded units

	1
	200
	10
	3
	(1   1   1)

	2
	200
	10
	2
	(1   1   -1)

	3
	200
	5
	3
	(1   -1   1)

	4
	200
	5
	2
	(1   -1   -1)

	5
	190
	10
	3
	(-1   1   1)

	6
	190
	10
	2
	(-1   1   -1)

	7
	190
	5
	3
	(-1   -1   1)

	8
	190
	5
	2
	(-1   -1   -1)

	9
	195
	7.5
	1.6
	(0   0   -1.8)

	10
	195
	7.5
	3.4
	(0   0   1.8)

	11
	195
	3
	2.5
	(0   -1.8   0)

	12
	195
	12
	2.5
	(0   1.8   0)

	13
	186
	7.5
	2.5
	(-1.8   0   0)

	14
	204
	7.5
	2.5
	(1.8   0   0)

	15
	195
	7.5
	2.5
	(0   0   0)

	16
	195
	7.5
	2.5
	(0   0   0)

	17
	195
	7.5
	2.5
	(0   0   0)

	18
	195
	7.5
	2.5
	(0   0   0)

	1 pH in the impregnation step


An empirical model was built through multiple linear regression, which has been previously described in [24]. The model includes an intercept term, linear effects, quadratic effects and interaction terms (Eq. 3). The latter account for the possibility that the level of one variable influences the effect of another one on the response [24]. For example, the effect of the pH may be different at low temperatures than at high temperatures.
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To evaluate the validity of the model, the R2 value was complemented with further significance analyses based on the ANOVA methodology, which is described elsewhere [25]. First, a test for the significance of the regression was performed to evaluate the effectiveness of the model as whole, i.e. determine whether at least one of the terms in the model is significant. Since this test offers no insight into which terms are significant, a test for a set of parameters was used to determine the significance of each part of the model (linear, quadratic and interaction) and calculate their respective contribution to the R2 value. Finally, a test for the lack of fit was performed to identify whether the terms in the model are fitted correctly. This test provides insight into the cause of error in the prediction, as it specifies whether the lack of fit originates from a poor fitting of the model or pure experimental error. All these statistical tests were performed according to the methodology presented in [25].

All the calculations regarding the development of the model and further statistical analyses were performed in MATLAB and the probability density for the F-function was calculated using the in-built MATLAB command fpdf.

g. Raw material composition
Table 4 shows the composition of the raw material and the fiber fraction after washing in a concrete mixer with room temperature water. Fermentable carbohydrates accounted for almost 40% of the dry mass of the material, which proves that animal bedding could become an important source of substrate for bioethanol production. Moreover, 30% of the dry mass (the organic part of the manure) could potentially be used as substrate for biogas production, which shows the high potential of this material as a resource for bioenergy production, since approximately 70% of its dry mass could be used for this purpose.

The composition of the animal bedding presented in this study is similar to the one reported in [26]. However, the manure content is lower and the fermentable carbohydrates content is higher compared to the composition reported in [26], but the opposite result can be found when comparing to the composition in [8]. This was expected, as the composition of the material is affected by many factors, such as kind and number of animals, diet, animal housing, etc. and thus can vary much among different farms [27]. 

Table 4. Composition of the animal bedding before and after washing.
	Content (%DM bedding)
	Animal bedding
	Fiber after washing

	Manure
	43.4%
	10.5%

	    Organic matter
	29.7%
	7.2%

	    Inorganic matter
	13.7%
	3.3%

	Fiber
	56.6%
	89.5%

	    Glucan
	24.1%
	38.1%

	    Xylan
	11.6%
	18.3%

	    Galactan
	0.5%
	0.8%

	    Arabinan
	1.2%
	1.9%

	    Mannan
	0.6%
	0.9%

	    Lignin
	11.8%
	18.7%

	    Extractives
	4.2%
	6.7%

	    Ash
	1.9%
	2.9%


The manure content of the material was reduced from 43% to 10% during the washing (Table 4), since the washing efficiency was 75.8% on average with a standard deviation of 3.6%. After the washing, the material has a composition very similar to the composition of the wheat straw reported in [28, 29], despite the fact that the washed fiber still contains a small fraction of manure. Even though the residual manure could give place to the Maillard reaction during the pretreatment [20], it could be expected that the washed fiber behaves similarly to wheat straw during steam explosion, as both materials have a very similar composition.

h. Pretreatment
The fiber fraction after washing the material with water was pretreated through steam explosion and subsequently analyzed before its conversion to bioethanol. Rather than discussing the complete composition of all the materials, which can be found in the supplementary material, the intention of this section is to validate the data through checking its consistency with the chemistry of steam explosion previously reported in the literature and compare the results to those obtained when performing steam explosion with wheat straw.

The fiber fraction of the pretreated materials contained 43-59% glucan, 4-14% xylan and 32-38% lignin, depending on the pretreatment conditions, while the liquid fraction contained mainly xylose, at concentrations between 21 and 41 g/L, and only minor amounts of glucose and other sugars. This implies that cellulose and lignin mostly remained in the solid phase after pretreatment, while hemicelluloses were solubilized (Figure 7), which is consistent with the chemistry of a pretreatment performed at low pH [30]. Moreover, these compositions are similar to the ones reported for the steam-exploded wheat straw in [17, 31], which indicates that washed animal bedding beahves similarly to wheat straw during steam explosion.
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Figure 7. Glucose (a) and xylose (b) yield after steam explosion of the fiber fraction of animal bedding.

A part of the released sugars during pretreatment further degraded into other by-products, such as furfural and hidroximetilfurfural (HMF), being this effect more acute as the severity of the pretreatment increased (Figure 8). This result is consistent with the conclusions about carbohydrate degradation during steam explosion presented in [32]. The generation of by-products during steam explosion does not follow the same pattern as for wheat straw, as the furfural production is higher and the HMF production is lower compared to the results in [23]. It seems that, even though sugars are recovered in a similar fashion, carbohydrate degradation during steam explosion is different for animal bedding than for wheat straw, possibly due to the presence of residual manure in the material that can trigger different degradation mechanisms, such as the Maillard reaction [20].  
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Figure 8. Furfural and HMF content in the pretreatment liquor after steam explosion of the fiber fraction of animal bedding. 
Despite the differences in by-products generation, the amount of furfural generated during the pretreatment is not enough to compromise the viability of the fermentation, since it is far from lethal levels for S. cerevisiae [33]. Thus, it could be said that by-product formation is not critical when pretreating the fiber fraction of animal bedding, as the concentration of by-products obtained are not toxic to the fermenting microorganism.

i. Simultaneous saccharification and fermentation
The pretreated material for each of the conditions tested in the steam explosion was converted into ethanol through SSF and the obtained yield in each case is displayed in Table 5. The ethanol yield ranged from 36.3% to 69.3% depending on the pretreatment conditions and the maximum error between duplicates, obtained for conditions 2 and 8, was 0.03 g ethanol/g glucose in the washed fiber. 

Table 5. Combined sugar yield after SSF for each of the conditions tested in the steam explosion.
	Condition
	Combined sugar yield (g/g)
	Combined sugar yield 
(% max theoretical)

	1
	0.302
	59.1%

	2
	0.279
	54.7%

	3
	0.228
	44.6%

	4
	0.354
	69.3%

	5
	0.253
	49.5%

	6
	0.318
	62.3%

	7
	0.185
	36.3%

	8
	0.284
	55.7%

	9
	0.262
	51.3%

	10
	0.215
	42.2%

	11
	0.222
	43.4%

	12
	0.288
	56.4%

	13
	0.202
	39.5%

	14
	0.301
	59.0%

	15
	0.248
	48.6%

	16
	0.263
	51.5%

	17
	0.204
	42.7%

	18
	0.300
	58.9%


The maximum yield obtained in this study (69.3% for condition 4) is higher than the ones delivered by acid hydrolysis pretreatment, even though the results are not strictly comparable since the methodology applied to perform the biological steps was not the same. For example, a yield of 55.3% have been achieved through acid hydrolysis previously [26] and another study reported a lower yield of 22.2% for the same technology [9]. The results delivered by steam explosion compare also well to other technologies based on high pH, such as the NaOH pretreatment applied in [34], through which the authors achieved a yield of 39.9%. A favorable outcome is also obtained when comparing to radically different technologies, such as the pretreatment through anaerobic digestion followed by NaOH treatment proposed in [35]. The authors obtain a highly digestible fiber that leads to a high enzymatic hydrolysis and fermentation yield (90% and 72% respectively) but, based on their mass balances, there is a cellulose loss in the NaOH treatment of 24%, which lowers the combiner sugar yield based on the original fiber to 46.7%. Thus, it seems that our initial hypothesis could be true and steam explosion allows reaching higher yields than the previously tested technologies, although to actually confirm the hypothesis it would be necessary to evaluate the performance of the different technologies with the same methodology to obtain results that can be directly compared.

The limitation in the ethanol yields from cow manure could be attributed to the relatively low recoveries achieved in the pretreatment step, as the hydrolysis and fermentation yields are usually within an acceptable range. For example, the authors in [26] reported a 79% sugar recovery, which is very similar to the one obtained in [35]. This means that the excellent sugar recovery that characterizes steam explosion at the severity used in this study [32] might be the reason why this technology enables higher conversion efficiencies. 

The maximum yield in this study is also in the same range as the one reported for ethanol production from steam-exploded wheat straw [15, 23, 37-38], which indicates that fractionation with water followed by steam explosion allows reaching the same conversion efficiencies than for higher quality residues. This implies that the technology proposed in this study could help to unlock the potential of cow manure as a resource for bioenergy production, since the same conversion efficiencies can be reached but at a reduced feedstock price.

j. Modelling and optimization
i. Model development and validation
Through multiple linear regression, we developed a model that relates the ethanol yield to the operational parameters in the pretreatment step (Eq. 4). The model was developed based on the coded variables, which implies that the coefficients in the model are a measure of the significance of each of the terms included in the model [24], i.e. a larger coefficient means that the term has a larger influence on the response (ethanol yield).
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To validate the model, the variance was disaggregated in several fractions through an ANOVA analysis (Table 6). The variance due to the residuals, i.e. the variance not explained by the model, can be used to calculate the R2 value of the model, which is 0.758. Although this value might seem low, the R2 is not enough to evaluate the goodness of a model, since it does not consider the degrees of freedom and does not contain information about the cause of error in the prediction [25]. In fact, when considering the degrees of freedom through a test for the significance of the regression, it can be said that there is an 85% probability (p=0.1405) that at least one of the coefficients is different from zero or, in another words, that the model is significant, which seems acceptable for this kind of system.

Table 6. ANOVA table for the developed model that related ethanol to the operational parameters in the pretreatment step.
	Source
	Degrees of freedom
	Sum of squares
	Mean square

	Total
	18
	48853.0
	2714.1

	Mean
	1
	47535.0
	47535.0

	Corrected
	17
	1318.6
	77.6

	Factor effects
	10
	999.1
	99.9

	Residuals
	8
	319.5
	39.9

	Lack of fit
	4
	183.5
	45.9

	Purely experimental uncertainty
	3
	136.0
	45.3


The ANOVA analysis deals with this apparent inconsistency through further separating the variance due to the residuals into the variance due to the lack of fit, which corresponds to that originated from not fitting the coefficients correctly, and the variance due to the purely experimental uncertainty. Based on these variances, a test for the lack of fit was applied and the result showed that there is only a 66% probability (p=0.3394) that the lack of fit is significant, which is low compared to the usually applied 95% confidence level. It can then be said that the effects of the temperature, residence time and pH on the ethanol yield are correctly fitted, even though the prediction power of the model is low due to the relatively high experimental error and maybe uncontrolled factors related to the composition of the feedstock or the biological steps, such as the vitality of the yeast or the activity of the enzymes.

The practical translation of these results in terms of the ethanol production process would be that the operating conditions in the steam explosion determine to a large extent the ethanol yield of the process, but not completely, which implies that the ethanol yield could not be predicted solely on the chosen conditions for this step. Small fluctuations could be expected due to random errors in the process and larger ones might originate from uncontrolled changes in factors deemed constant, such as the composition of the feedstock, the activity of the enzymes, the vitality of the yeast, etc. 

ii. Size of the effects
The influence of the pretreatment variables on the ethanol yield was further investigated by performing a test for a set of parameters to determine the significance of each part of the model. The test showed that there is a 98% (p=0.0159) probability that the linear terms are significant, while this probability is only 36% (p=0.6426) for the quadratic terms and 76% (p=0.2343) for the interaction terms. The reason for this is that, out of the 75% variance explained by the model (R2 value), 69% is explained by the linear terms, 2% by the quadratic terms and 29% by the interaction terms. It can then be said that the pretreatment variables have a strong linear effect on the ethanol yield in the studied range and there are relevant interactions between them, while the curvature due to quadratic effects is minimal.

It could be possible that the small size of the quadratic terms is caused by the range of the study, which is relatively small, and not necessarily because these effects do not exist. A function with curvature might appear as linear when analyzed in a small range and therefore it could be that larger quadratic effects would have been found if bigger ranges for the pretreatment variables had been selected. However, a bigger range in the pretreatment variables would lower the precision in the fitting of the model [25, 39]. Thus, the presented model provides a more accurate representation of the effects near the optimal operating conditions, even though it may not be valid for extreme conditions at much lower or higher severity than the ones tested in this study.

The curvature in the model is provided by the interaction effects, which means that an increase in severity in one of the variables limits the severity that can be achieved through the others. This result is consistent with the fact that there is an optimal severity in the pretreatment due to carbohydrate degradation [32] and also with the results in [26], where interactions between the pretreatment variables were also found for an acid hydrolysis pretreatment of cow manure. The existence of these interactions adds complexity in predicting the outcome of the pretreatment because the pretreatment variables are not completely interchangeable, i.e. different results could be achieved when increasing the severity through temperature than through residence time.

To understand which of the pretreatment variables is more significant, it was needed to analyze the model as whole rather than a set of parameters. Response surfaces were used for this purpose, in particular three surfaces at the value of each pretreatment variable for the best condition tested, i.e. T=200 °C, t=5 min and pH=2 (Figure 9). The more significant a variable is, the more an optimal value in it can compensate for suboptimal values in the other variables and therefore the change in ethanol yield through the response surface can be used as an indication of the significance of the variable. For example, when the time is at its optimal value but the other variables are not, the ethanol yield decreases to 35% (Figure 9b), but in the analogous situation for the pH the yield is only lowered to 55% (Figure 9c), which indicates that the pH has a bigger influence on the yield than the residence time. Based on this, it can be said that the residence time influences to a much lower extent the ethanol yield than the temperature and the pH, which have a similar level of influence although the one of the pH is slightly higher. 
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Figure 9. Response surfaces at 200 °C (a), 5 min (b) and pH=2 (c) based on the predictions of the model.
iii. Model-based optimization
Based on an optimization of the obtained model, the best condition to operate the steam explosion reactor is 200 °C, 5 min and pH 2, which is one of the tested conditions during the experimentation so no further validation was required. The optimal condition found for animal bedding is the same that has been previously reported for wheat straw [15, 23], which shows that the time spent in the stable does not help to overcome the recalcitrance of the material, as the same severity is needed in the pretreatment.

Due to the relatively low prediction power of the model, it might be possible that the optimum lies at 190 °C, 10 min and pH 2 instead. These two conditions perform very similarly in terms of ethanol yield in the subsequent biological processes [23] and therefore it is difficult to reach an accuracy level that allows differentiating between them. In spite of this, the optimum does not lie outside the tested range, since the best yields were not obtained for neither the lowest nor the highest severity, although a more accurate estimation might be achieved through further experimentation in the vicinity of the reported optimum.
Discussion – Pretreatment and SSF

Design of experiments together with response-surface modelling was used to optimize the pretreatment conditions in order to maximize the ethanol yield from animal bedding. The optimal condition was 200 °C, 5 min and pH 2, at which an ethanol yield of 69.3% was obtained. It seems that the yield delivered by steam explosion is higher than the one obtained for other pretreatment technologies previously tested and it is in the same range as the one for steam-exploded wheat straw. This means that steam explosion could be a possibility to unlock cow manure as a resource for bioenergy production, as it allows reaching the same conversion efficiencies than for higher quality feedstocks.

Further analyses of the obtained model showed that the pH has the biggest influence on the ethanol yield, followed closely by the temperature and, with a bigger differentiation, by the residence time. Even though the effects were properly fitted, the prediction power of the model was low due to the high experimental variability and possibly the existence of uncontrolled factors. This implies that, in an ethanol production process from cow manure, it would not be possible to predict the yield of the process based only on the pretreatment conditions, although they determine it to a large extent.

1,6 Utilization of project results

The utilization of the project results have been complicated by a number of factors that occurred during the project execution.

First the core technology that this project was intended to target – 2G Bioethanol – did not prove to be as succesfull as anticipated.

The interest in investment in new technology in the project period was greatly influenced by growing doubts about the continuation of green support for 2G Bioethanol and biogas.   
One of the technologies that this project should develop – the manure washing technology-  proved more complicated than expected. 

The feeder that was developed in this project worked satisfactorily and some experiments was conducted to feed loose straw into the bottom of liquid reactors – Biogas reactors. 4 biogas plant manufactures was contacted.

One went bankrupt during the negotiation.

The three others gave the same response, that nobody would invesyt in such technology before the future level of green support for biogas plants was known.

The response from the agricultural endusers is that if the technology is intended to be used for biogas it must be simpler, and if the end goal is 2G Bioethanol technology a higher level og green support is needed at the present level og technology development.  

1.7 Project conclusion and perspective
The conclusion of this project is that it is possible to co-produce bioethanol and biogas from solid manure, but especially the ethanol part makes the technology complex. 

The feeder that has been developed in the project can possible be used in other projects and technologies where feeding of in homogenious materials are needed
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