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a b s t r a c t

Enzymatic hydrolysis is the unit operation in the lignocellulose conversion process that

utilizes enzymes to depolymerize lignocellulosic biomass. The saccharide components

released are the feedstock for fermentation. When performed at high-solids loadings

(�15% solids, w/w), enzymatic hydrolysis potentially offers many advantages over con-

versions performed at low- or moderate-solids loadings, including increased sugar and

ethanol concentrations and decreased capital and operating costs.

The goal of this review is to provide a consolidated source of information on studies

using high-solids loadings in enzymatic hydrolysis. Included in this review is a brief dis-

cussion of the limitations, such as a lack of available water, difficulty with mixing and

handling, insufficient mass and heat transfer, and increased concentration of inhibitors,

associated with the use of high solids, as well as descriptions and findings of studies that

performed enzymatic hydrolysis at high-solids loadings. Reactors designed and/or equip-

ped for improved handling of high-solids slurries are also discussed. Lastly, this review

includes a brief discussion of some of the operations that have successfully scaled-up and

implemented high-solids enzymatic hydrolysis at pilot- and demonstration-scale facilities.

ª 2013 Elsevier Ltd. All rights reserved.

1. Introduction

Lignocellulose is the largest renewable source of carbon on the

planet, as it is the main structural component of plants. En-

ergy from lignocellulosic biomass has been tapped as one

possible solution to decrease the United States’ foreign

dependence on petroleum, as well as serve as a more envi-

ronmentally friendly source of energy. Lignocellulose can

either be processed thermochemically or biochemically,

depending on the desired product. The biorefinery concept is

thought to be the desired model for biomass processing,

where all of the biomass is exploited. The suite of products

would be dictated by the market and selected to extract the

greatest value possible out of lignocellulose (Fig. 1).

Enzymatic hydrolysis of lignocellulose has long been

studied as a method to depolymerize the biomass into

fermentable sugars for conversion to biofuels and bio-

chemicals, with a more recent focus on operating at high-

solids loadings. It has been suggested that enzymatic hydro-

lysis conducted at high-solids loadings will be necessary to

render the lignocellulosic conversion process more economi-

cally feasible. A process is considered “high solids” if the ratio

* Corresponding author. 128 CE Barnhart Building, University of Kentucky, Lexington, KY 40546, United States. Tel.: þ1 859 257 3000; fax:
þ1 859 257 5671.

E-mail address: alicia.modenbach@uky.edu (A.A. Modenbach).

Available online at www.sciencedirect.com

ht tp: / /www.elsevier .com/locate/biombioe

b i om a s s an d b i o e n e r g y 5 6 ( 2 0 1 3 ) 5 2 6e5 4 4

0961-9534/$ e see front matter ª 2013 Elsevier Ltd. All rights reserved.
http://dx.doi.org/10.1016/j.biombioe.2013.05.031

mailto:alicia.modenbach@uky.edu
http://crossmark.dyndns.org/dialog/?doi=10.1016/j.biombioe.2013.05.031&domain=pdf
www.sciencedirect.com/science/journal/09619534
http://www.elsevier.com/locate/biombioe
http://dx.doi.org/10.1016/j.biombioe.2013.05.031
http://dx.doi.org/10.1016/j.biombioe.2013.05.031
http://dx.doi.org/10.1016/j.biombioe.2013.05.031


of solids/liquid is such that very little to no free water is pre-

sent in the slurry [1] or roughly a solids loadings �15% (w/w).

Enzymatic hydrolysis performed at high-solids loadings

offers several advantages over low- and moderate-solids

loadings, the main one being final sugar concentrations are

higher [2,3]. In theory, higher sugar concentrations translate

into higher ethanol concentrations, which could reduce en-

ergy use and costs associated with the distillation process

[4,5]. For the purpose of this paper, the term “concentration”

refers to the amount of a component dissolved in a given

volume of liquid, while the terms “yield” and “conversion”

refer to the quantity of a product obtained expressed as a

percentage of the theoretical maximum. Distillation is most

economical when the ethanol concentration is � 4% (w/w). In

order to obtain this ethanol yield, glucose yields must be at

least 8% (w/w), which translated into a lignocellulose loading

of �20% (w/w) for enzymatic hydrolysis [6]. These estimates

only account for conversion of cellulose; however, as im-

provements aremade to hemicellulose conversion (hydrolysis

and fermentation) technologies that work in combination

with cellulose conversion, this initial solids loadings estimate

may decrease. Another potential advantage is the reduction of

capital and production costs. Smaller equipment and/or fewer

reactors can be utilized to produce an equivalent output [7,8].

Fewer reactors also translate into reduced energy demands for

heating, cooling and mixing [3,5], although the latter aspect

may be a point of contention as increased solids makes

effective mixing more difficult. Additionally, less water is

needed, which reduces the cost of disposal or treatment of

process water.

The goal for this review is to provide a consolidated source

of information for the latest technological advances for

managing enzymatic hydrolysis at high-solids loadings.

Following a brief discussion of the factors limiting enzymatic

hydrolysis at high solids, various aspects and approaches

pertaining to hydrolysis operating conditions are detailed.

Additionally, reactors designed to overcome some of the

limitations associated with high-solids hydrolysis, as well as

pilot- and demonstration-scale plants operating at high-solids

loadings are discussed. Lastly, the authors comment on the

envisioned direction for high-solids hydrolysis research, as

well as the necessary advances this technology must make to

become commercially viable.

2. Factors limiting high-solids enzymatic
hydrolysis

As solids loading increases, challenges that were negligible in

low-solid systems become more prominent, which has also

been noted in high solids pretreatment [9]. One of the major

challenges for enzymatic hydrolysis at high solids loading is

the lack of available water in the reactor. Water is essential to

effective hydrolysis for two reasons: mass transfer and lu-

bricity. Water increases the effectiveness of the enzymatic

and chemical reactions, mainly by providing a medium for
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Fig. 1 e Schematic of the biorefinery concept. Lignocellulose enters the conversion process and undergoes pretreatment,

enzymatic hydrolysis and fermentation. Distillation produces liquid transportation fuels, as well as other valuable products.

The residual solids can be burned to produce energy that can be cycled back into the conversion process or shipped out to

the grid for residential or commercial use.
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